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MEASUREMENTS AND MODEL PREDICTIONS OF HYDROXYL RADICAL, 

PEROXY RADICALS, AND NITROUS ACID: EVIDENCE OF MISSING SOURCES OR 

SINKS IN FORESTED AND INDOOR ENVIRONMENTS 

The hydroxyl radical (OH) is the dominant oxidant in the atmosphere, controlling the 

lifetimes of volatile organic compounds (VOCs) and contributing to the formation of ozone (O3) 

and secondary organic aerosols (SOA). The oxidation of VOCs by OH propagates a radical cycle 

between OH, the hydroperoxy radical (HO2), and organic peroxy radical (RO2). Due to its 

importance in the atmosphere, there is a substantial body of literature investigating ROX (≡ OH + 

HO2 + RO2) chemistry in the outdoor environment, but few measurements occurring indoors, 

where people spend the majority of their time. This work includes the first measurements of OH 

and HO2 in a residential environment during use of a gas stove. Emissions from the gas stove 

quickly create a complex indoor atmosphere with unexpectedly high concentrations of OH and 

HO2, suggesting missing radical sources in indoor spaces. 

In more pristine regions, there has been significant disagreement between measurements 

and modeled concentrations of ROX. While progress has been made in improving OH agreement 

in deciduous forests, HO2 and RO2 model disagreement persists. Measurements of radicals 

spanning three forested campaigns are compared through a chemical coordinate analysis and 

suggest that newly proposed radical loss pathways still cannot account for the discrepancies 

between model and measurements.  

Finally, measurements of radical species and their major precursors in a coniferous forest 

emphasize the importance of nitrous acid (HONO) on ROX concentrations. HONO photolyzes to 
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form OH and NO, producing a substantial amount of total ROX. HONO concentrations are 

particularly difficult to model, as there are numerous sources of varying importance in different 

environments. While common chemical mechanisms only include gas-phase reactions of HONO, 

heterogeneous reactions were added in order to characterize sources of HONO in the remote, 

forested environment.  

Overall, this work discusses missing sources and sinks of radicals and their major 

precursor, HONO, in indoor spaces, deciduous, and coniferous forests, addressing gaps in our 

understanding of radical chemistry that impact the formation of secondary air pollution. 
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1 Introduction 

Air pollution contributes to over 6.5 million deaths globally each year and is ranked the 

fourth-greatest mortality risk, behind high blood pressure, tobacco use, and dietary habits (Wang 

et al., 2020). The World Health Organization (WHO) estimates that the majority (>80%) of the 

global population live in areas that exceed their air quality guidelines (World Health Organization, 

2021). While air pollution can include many different compounds, the US Environmental 

Protection Agency (EPA) regulates six air pollutants: ozone (O3), particulate matter (PM), lead 

(Pb), carbon monoxide (CO), sulfur dioxide (SO2) and nitrogen dioxide (NO2). Globally and 

nationally, the most problematic air pollutants in the past few decades have been O3 and PM2.5 

(particulate matter with a diameter less than 2.5 microns), both in terms of nonattainment of 

recommended guidelines and effect on global public health. In the United States, the EPA National 

Ambient Air Quality Standard (NAAQS) for O3 is to not exceed 70 ppb for an 8-hour average. 

Approximately 125 million Americans live in areas of nonattainment for O3 pollution, which 

includes most of California and many metropolitan areas (US EPA, 2020). Likewise, for PM2.5, 

the annual average concentration of PM should not exceed 12 μg/m3, and over 20 million 

Americans live in regions that do not meet this standard (US EPA, 2020). Since air pollution 

regulation began in the 1970s, concentrations of the other criteria pollutants have decreased to 

within the recommended concentrations, and only O3 and PM2.5 have areas that consistently 

exceed the national standards (Seinfeld, 2004). Unlike the other criteria pollutants, O3 and 

secondary organic aerosol (SOA, a component of PM2.5) are not directly emitted into the 

atmosphere, but rather form from chemical reactions among both natural and anthropogenic 

precursors, hindering efforts to reduce ambient concentrations. 
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1.1 Production of O3 and SOA 

O3 is produced from the photolysis of NO2 and subsequent reaction with molecular oxygen 

(R1.1) (Finlayson-Pitts and Pitts Jr, 1999). NO2 is an air pollutant primarily emitted into the 

atmosphere through anthropogenic combustion sources, such as power generation, biomass 

burning, and automobile exhaust. Natural sources of NO2 include forest fires, lightning strikes, 

and microbial processes in soil (Logan, 1983). NO2 is often co-emitted with nitric oxide (NO), and 

the two compounds are commonly measured together as NOX (NOX ≡ NO + NO2). While O3 is 

produced by NO2, its dominant loss pathway is by reaction with NO (R1.2), resulting in a steady-

state concentration dependent on the ratio of NO2/NO (Eq. 1.1) (Finlayson-Pitts and Pitts Jr, 1999). 

In Equation 1.1, JNO2 refers to the photolysis frequency of NO2, and kO3+NO is the rate constant of 

Reaction 1.2. 

NO2 + hν → NO + O(3P) (R1.1a) 

O2 + O(3P) 
M
→ O3 (R1.1b) 

O3 + NO → O2 + NO2 (R1.2) 

[O3]ss =
JNO2[NO2]

kO3+NO[NO] (Eq. 1.1) 

The NO2/NO ratio can be perturbed by the chemical processing of volatile organic 

compounds (VOCs) by the hydroxyl radical (OH). VOCs are emitted from biogenic sources as 

plants emit isoprene (C5H8), monoterpenes (C10H16), and sesquiterpenes (C15H24), likely as a 

response to environmental stressors (Sharkey and Yeh, 2001; Pichersky and Raguso, 2018). VOCs 

can also be emitted through anthropogenic sources, including automobile exhaust, biomass 

burning, power generation, industrial solvent evaporation, and the use of personal care products 

(Kansal, 2009; McDonald et al., 2018). As the dominant oxidant in the atmosphere, OH reacts 

with almost all ambient compounds and determines the lifetime of most VOCs (Gligorovski et al., 
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2015). OH reacts with a VOC by abstracting a hydrogen atom to produce an alkyl radical, which 

is quickly converted in normal atmospheric conditions to a peroxyl radical (RO2) by molecular 

oxygen (R1.3). RO2 can react with NO to produce an alkoxy radical (RO, R1.4). Ambient oxygen 

(O2) is able to abstract a hydrogen atom from alkoxy radicals, producing the hydroperoxyl radical 

(HO2) and an aldehyde (R1.5). Finally, HO2 reacts with NO to regenerate OH, closing the radical 

cycle (R1.6) (Finlayson-Pitts and Pitts Jr, 1999; Monks, 2005). These reactions are summarized in 

Figure 1.1. 

OH + RH → H2O + R (R1.3a) 

R + O2 → RO2 (R1.3b) 

RO2 + NO → RO + NO2 (R1.4) 

RO + O2 → R(O) + HO2 (R1.5) 

HO2 + NO → OH + NO2 (R1.6) 

As the radical cycle propagates, there are two notable consequences for air pollution. The 

oxidation of ambient VOCs into aldehydes, ketones, or multifunctionalized compounds often 

results in lower vapor pressures of the compounds (Bilde and Pandis, 2001; Mentel et al., 2015). 

These new, oxidized compounds become more likely to exist in the condensed phase, resulting in 

the increase of SOA through either the formation of new particles or the growth of existing 

particles (Kavouras et al., 1998; Claeys et al., 2004; Laaksonen et al., 2008). The oxidation of 

VOCs, which is often initiated by OH, ultimately results in an increase in particulate matter.  

Additionally, as the cycle propagates, Reactions 1.4 and 1.6 both consume NO and produce 

NO2, increasing the ratio of NO/NO2 and, likewise, the steady-state concentration of O3. The gross 

production rate of O3 can then be expressed as the rate of production of NO2 (Eq. 1.2). It follows 
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Figure 1.1: The radical cycle. Initiation reactions are shown in green, propagation in black, termination by 
NOX reactions in red, and termination routes by radical reactions in blue. Reactions 1.3b and 1.5 from the 
text are omitted because under normal, atmospheric conditions, they occur near instantaneously due to the 
high concentration of O2.  

that the production of O3 is dependent on both NOX and VOC concentrations, as VOCs will 

propagate the radical cycle and amplify the oxidation of NO into NO2. However, this dependence 

is non-linear, as NO2 can also react with OH to nitric acid (HNO3, R1.6), creating radical 

termination pathways that can compete with propagation at high concentrations of NOX.  

PO3 = kHO2+NO[HO2][NO] + kRO2+NO[RO2][NO] (Eq. 1.2) 

OH + NO2
M
→ HNO3 (R1.6) 

As shown in Figure 1.1, OH can either react with VOCs (R1.3) to propagate the cycle or 

with NO2 (R1.6) to terminate the cycle. Which reaction is faster will determine whether the 

environment is in a NOX-limited or VOC-limited region of O3 production. In a NOX-limited region, 

OH reacts with VOCs to propagate the cycle, but there is insufficient NOX to continue propagation, 

resulting in increased concentrations of RO2 and HO2. Radical termination pathways (R1.7–9) 

become more competitive than the NO propagation reactions (R1.4, R1.6). In the NOX-limited 
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region, any increase in NOX concentration will radical propagation and subsequently increase the 

concentration of O3. In contrast, in a VOC-limited region, any increase in VOC concentration will 

result in more OH reacting through Reaction 1.3 to propagate the cycle compared to terminating 

by reaction with NO2 to increase O3 concentrations. When an area is in a VOC-limited region of 

O3 production, decreases of NOX will result in the increase of O3, as decreasing NOX will favor 

radical propagation over termination until the area switches from VOC-limited to NOX-limited. 

Understanding where an area falls between VOC- and NOX-limited regions of O3 production can 

inform policies to effectively mitigate secondary air pollution.  

HO2 + HO2 → H2O2 + O2 (R1.7) 

HO2 + RO2 → ROOH + O2 (R1.8) 

RO2 + R′O2 → ROOR′ + O2 (R1.9) 

1.2 Radical sources  

While radical propagation and termination reactions determine O3 production, OH and HO2 

radicals need to be produced through initiation reactions. Radicals are primarily formed through 

photolytic reactions, such as O3, HONO, hydrogen peroxide (H2O2) and aldehydes (such as 

formaldehyde, HCHO) photolysis (R1.10–14), typically resulting in greatest production at local 

noon and in the summer months (Finlayson-Pitts and Pitts Jr, 1999; Whalley et al., 2011). Radicals 

can also be formed through alkene ozonolysis and subsequent atmospheric degradation of the 

resulting Criegee intermediates (Johnson and Marston, 2008; Alam et al., 2013).  

O3 + hν (λ < 325 nm) → O2 + O(1D) (R1.10a) 

O(1D) + H2O → 2OH (R1.10b) 

HONO + hν (λ < 400 nm) → OH + NO (R1.11) 

H2O2 + hν (λ < 370 nm) → 2OH (R1.12) 
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HCHO + hν (λ < 340 nm) → H + HCO (R1.13a) 

H + O2
M
→ HO2 (R1.13b) 

The relative importance of these radical source varies by location and time of day, as shown 

in Figure 1.2 (Cantrell et al., 2003; Dusanter et al., 2009; Wood et al., 2009; Liu et al., 2012; 

Griffith et al., 2013; Yang et al., 2021). As the only source not dependent on ultraviolet (UV) light, 

alkene ozonolysis dominates nighttime production and can be a significant source during winter 

months, when solar irradiance is lower (Ariya et al., 2000). Among daytime sources, O3, HCHO, 

and H2O2 exhibit diurnal trends with highest concentrations at noon or in the early afternoon, 

owing to their own formation routes through photochemical processes (Sakugawa et al., 1990; 

Finlayson-Pitts and Pitts Jr, 1999; Franco et al., 2016). HONO concentrations often display diurnal 

trends, although two opposite patterns have been observed in different environments (Bottorff et 

al., 2021; Jiang et al., 2022). When HONO is elevated at night, its photolysis produces a morning 

pulse of OH while O3 concentrations are still low (Alicke et al., 2003; Aumont et al., 2003). In 

environments where HONO is elevated during the day, its photolysis can be a significant source 

of OH throughout the entire daylight period (Mallik et al., 2018).  

Additionally, HONO can photolyze at longer wavelengths, making it a major source in the 

indoor environment, where glass windows filter out much of the UV light (Gligorovski, 2016; 

Kowal et al., 2017; Burkholder et al., 2020). Because of this, photolysis of O3 and HCHO are not 

expected to occur in indoor environments, except when very close to fluorescent light sources 

(Kowal et al., 2017). However, the longer residence times and higher concentrations of VOCs can 

increase radical production through alkene ozonolysis compared to outdoor environments (Fan et 

al., 2003; Rosales et al., 2022).  
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Figure 1.2: Measured production rates of radicals at two locations over different years. Michigan data (a, 
c) were from the University of Michigan Biological Station in Pellston, MI and Indiana data (b) were from 
Indiana University Research and Teaching Preserve in Bloomington, IN. 

1.3 Sources of HONO 

HONO is one of the most variable radical precursors in the atmosphere, resulting in the 

opposite diurnal trends observed in different environments. It can be directly emitted by 

combustion processes along with other NOY (NOY ≡ reactive nitrogen oxide) species. Elevated 

HONO concentrations have been found from studies in automobile tunnels and during indoor use 

of a gas stove (Kurtenbach et al., 2001; Bottorff et al., 2022). HONO can be formed by gas-phase 

reactions, mainly between OH and NO (R1.14), but the photolysis of ortho-nitrophenols has also 

been posited as a HONO source (Bejan et al., 2006). Particularly in remote environments, 

combustion emission and gas-phase reactions alone are insufficient to describe measured HONO 

concentrations (Sörgel et al., 2011; Li et al., 2014; Michoud et al., 2014; Lee et al., 2016; Lu et al., 

2018).  

OH + NO
M
→ HONO (R1.14) 

Heterogeneous reactions on ground and aerosol surfaces can be major HONO sources, 

including NO2 disproportionation on humid surfaces (R1.15), the photolysis of particulate nitrate 

(R1.16), and acid displacement following deposition of atmospheric acids (Finlayson-Pitts et al., 

2003; VandenBoer et al., 2015; Ye et al., 2017; Shi et al., 2021). NO2 reactions on surfaces has 
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been extensively studied, with findings that HONO production is increased in both sunlight and 

the presence of organic compounds, such as humic acid in soils (Kalberer et al., 1999; George et 

al., 2005; Stemmler et al., 2006; Han et al., 2016). The photo-enhancement of this HONO source 

is expected to ameliorate some measurement and model disagreement, as HONO is quickly lost 

due to photolysis. The photolysis of nitrate on surfaces has been found to occur at a much faster 

rate than the photolysis of gas-phase nitric acid, suggesting that this could also play a significant 

role in daytime HONO formation (Romer et al., 2018; Andersen et al., 2023). Finally, HONO can 

be emitted as a byproduct of microbial metabolism occurring in soils (Oswald et al., 2013; 

Mushinski et al., 2019; Wu et al., 2019). Nitrification and denitrification processes interconvert 

different oxidation states of nitrogen compounds, resulting in the net production of HONO. The 

presence of ammonia-oxidizing bacteria, in particular, has been shown to be correlated with higher 

fluxes of NOY from soils (Oswald et al., 2013; Mushinski et al., 2019). Overall, while many 

different sources of HONO have been posited, but there have only been a few attempts to test the 

relative importance of all HONO sources in modeling studies compared against measured 

observations (Wong et al., 2013; Liu et al., 2019; Tuite et al., 2021).  

2NO2 + H2O → HNO3 + HONO (R1.15) 

NO3,ads
− + hν → NO2,ads

− + O(3P) (R1.16a) 

NO2,ads
− + Hads

+ → HONOads (R1.16b) 

1.4 Measurement and model disagreement 

Because of their importance in the atmospheric degradation pathway of many compounds, 

there have been many measurement campaigns dedicated to measuring OH and other ROX. 

Furthermore, ROX are excellent candidates to test our overall understanding of atmospheric 

chemistry through modelling studies, as they react with most compounds and have short 
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atmospheric lifetimes, so they are not subject to transport. This allows for 0-dimensional box 

models to be used, simplifying input parameters and reducing computational demand. In 0-D 

models, the measured compounds react according to laboratory kinetic studies and produce 

unmeasured or unconstrained species, which can further react.  

Measurements and models of ROX have shown some concerning disagreements. OH has 

been well-reproduced in urban areas, while severely underpredicted in forested regions (Rohrer et 

al., 2014). Since radical chemistry in urban environments has high levels of NOX for propagation 

of the radical cycle, this discrepancy indicates unknown radical recycling that is independent of 

NOX. Since then, the models have included an additional mechanism for the degradation of 

isoprene which regenerates radicals (Peeters et al., 2009; Peeters et al., 2014; Jenkin et al., 2015). 

Furthermore, a positive interference in some OH instruments was discovered and primarily 

impacts measurements in environments with high biogenic VOC emissions (Mao et al., 2012; 

Novelli et al., 2014; Rickly and Stevens, 2018). Accounting for this interference in addition to 

using the updated isoprene degradation mechanism has improved measurement-model agreement 

of OH (Tan et al., 2017; Lew et al., 2020). Discrepancies still remain with peroxy radicals (HO2 + 

RO2), although with fewer studies overall and more varied results (Heard and Pilling, 2003). 

Studies have found peroxy radicals to be well-represented (Fleming et al., 2006; Sjostedt et al., 

2007), underpredicted (Wolfe et al., 2014), and overpredicted by models (Cantrell et al., 1996; 

Bottorff et al., in review). In some campaigns, measurement/model agreement varied within the 

campaign as a function of NOX concentration (Mihelcic et al., 2003; Ren et al., 2005). 

Additionally, there have been recent laboratory investigations into additional reaction pathways 

among peroxy radicals that have yet to be incorporated into chemical mechanisms (Mentel et al., 

200015; Berndt et al., 2018; Bianchi et al., 2019; Fittschen et al., 2019). As OH, HO2, and RO2 are 
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closely interrelated, any mechanisms added to improve the HO2 and RO2 model agreement may 

also impact OH concentrations. Overall, the measurement and model discrepancies in peroxy 

radicals highlight our incomplete understanding of radical chemistry, particularly in remote, 

forested environments.  

HONO has also not been well-represented by models, but typically requires 1-dimensional 

or 3-dimensional models to describe its heterogeneous chemistry as well as the resulting vertical 

gradient in concentrations commonly observed (Czader et al., 2012; Wong et al., 2013; Lee et al., 

2016; Tuite et al., 2021). Good agreement has been found in measurements from Los Angeles, 

with a 1-D model incorporating detailed surface chemistry and high ambient concentrations of 

NO2 were able to reproduce the observed HONO concentrations (Tuite et al., 2021). However, 

rural and forested regions are more strongly impacted by soil emissions, which can vary widely 

between soil types, water content, fertilizer use, and microbiome (Oswald et al., 2013; Mushinski 

et al., 2019; Wang et al., 2021). 

1.5 Outline of dissertation 

The focus of this work is to investigate OH, HO2, RO2, and HONO in different 

environments and explore the processes that govern their production and loss. Chapter 2 describes 

detection methods for OH, HO2, and HONO and provides a detailed, technical description of the 

Indiana University Laser-Induced Fluorescence – Fluorescence Assay by Gas Expansion (LIF-

FAGE) instrument and Laser Photofragmentation Laser-Induced Fluorescence (LP-LIF) 

instrument. This will also include a discussion of the calibration techniques currently used for OH 

(UV photolysis of water vapor) and HONO (photofragmentation efficiency).  

Chapter 3 describes OH concentrations measured indoors while cooking with a gas stove 

at the House Observations of Microbial and Environmental Chemistry (HOMEChem) campaign. 
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While many of the production pathways of OH are limited indoors due to the attenuation of UV 

light, we observed elevated concentrations of OH during cooking that could not be replicated with 

current 0-D models. However, interferences in supporting measurements suggested an unknown, 

photolytic compound was emitted during gas cooking and could explain the missing radical source 

inferred from the modeled concentrations.  

Chapter 4 employs a chemical coordinate analysis to investigate loss mechanisms of OH, 

HO2, and RO2 in deciduous forested environments. Radical concentrations were well-represented 

by models in a forest in Indiana, but overestimated in a Michigan forest, suggesting that there are 

insufficient loss processes in chemical mechanisms. The chemical coordinate analysis allows for 

investigation of radical production and loss pathways across different chemical regimes, such as 

the influence of NOX or isoprene reactions. Deviation from the steady-state assumption were 

largest in high-isoprene, low-NOX environments, indicating a loss pathway important in remote 

areas. Recently characterized loss mechanisms were added to the analysis in order to determine 

whether the addition of these reactions improves the agreement between measurements and 

models. 

Chapter 5 describes OH and HONO concentrations measured in a coniferous forest during 

the Flux Closure Study (FluCS 2021). Elevated HONO concentrations initiated much of the radical 

chemistry occurring at this location, but current understanding of HONO sources were unable to 

accurately predict HONO concentrations. The missing source strength is calculated and posited to 

be likely related to direct soil emissions of HONO. Chapter 6 provides a summary of the 

conclusions of each chapter and details future directions of scientific inquiry for the research 

presented here.  
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However, this technique is not completely free of interferences. It has been seen that the 

addition of an OH-scrubbing gas (hexafluoropropylene, C3F6, Matheson Gas) to remove all 

ambient OH does not always remove positive signals, indicating the existence of a species that 

breaks down to produce OH within the detection cell. This type of interference was first reported 

by Mao et al. (2012) but has since been shown to affect multiple LIF-FAGE instruments (Novelli 

et al., 2014a; Tan et al., 2017; Rickly and Stevens, 2018). The interference signal has been shown 

to increase with temperature, OH reactivity, and ozone, indicating a possible source linked to 

biogenic VOCs (Mao et al., 2012; Lew et al., 2020). One explanation is the degradation of Criegee 

intermediates, which are produced by the ozonolysis of alkenes (Novelli et al., 2014b). Organic 

trioxides (ROOOH) that are produced from R2.2 have also been shown to decompose to form OH 

under low pressures and could also be a source of interference in LIF-FAGE instruments (Fittschen 

et al., 2019).  

RO2 + OH
M
→  ROOOH (R2.2) 

2.2 Detection of HONO 

HONO, a major precursor of OH, can exhibit large variations in concentration due to its 

variety of sources, which include automobile exhaust, soil microbial emissions, gas-phase 

reactions, heterogeneous surface reactions, photolysis of nitrogen compounds, photo-enhanced 

surface reactions (R2.3–2.5), as well as indoor sources such as gas appliances and fireplaces 

(Oswald et al., 2013; Spataro and Ianniello, 2014; Liao et al., 2021). This source heterogeneity 

causes significant inaccuracy in model predictions of HONO concentrations, necessitating in situ 

measurements of HONO to understand the radical chemistry occurring. There are several methods 

capable of measuring HONO, but only a few have limits of detection below expected non-urban 
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Table 2.1: Summary of HONO detection methods with their respective limits of detection and time 
resolutions. 

 

mixing ratios 100-300 ppt, which will be briefly described here and summarized in Table 2.1 

(Kleffmann et al., 2006; Bottorff et al., 2021).  

DOAS in ambient air can be used to measure HONO in a similar manner as for OH, relying 

on the absorbance of HONO in the UV-visible region (Stutz et al., 2000). Likewise, it also has the 

benefit of no external calibration, and its lack of an inlet or sampling line eliminates any 

interferences that may arise from the heterogeneous chemistry of HONO. Additionally, the UV-

visible region is commonly used for detection of other trace gases (NO2, SO2, O3, and HCHO), 

allowing for simultaneous measurements of multiple species with spectral deconvolution (Alicke 

et al., 2002; Stutz et al., 2010).  Incoherent broadband cavity-enhanced absorbance spectroscopy 

(IBBCEAS) achieves the long pathlengths required for absorbance spectroscopy using highly 

reflective mirrors in a cavity (Wu et al., 2012; Duan et al., 2018; Jordan and Osthoff, 2020). Unlike 

DOAS, the sampled air mass comes into contact with surfaces within the IBBCEAS instrument, 

requiring confirmation that HONO is not lost or formed in the cavity (Duan et al., 2018). HONO 

can also be measured using CIMS. A reagent ion, such as acetate, reacts with HONO to form its 

conjugate base NO2
−, which is then detected by a mass spectrometer (Roberts et al., 2010; Veres et 

al., 2010; Wang et al., 2020).  

Method LOD (ppt, 2σ) Time resolution Reference 
DOAS 90 7–30 m Stutz et al., 2010 
IBBCEAS 180 30 s Duan et al., 2018 
CIMS < 50 5 s Roberts et al., 2010 
IC 8 15 m Cheng et al., 2013 

HPLC 3 5 m Afif et al., 2016 
Zhou et al., 1999 

LOPAP 3 4 m Heland et al., 2001 
LP/LIF 18 10 m Bottorff et al., 2021 
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OH + NO
M
→  HONO (R2.3)   

C6H5NO3 + hν → HONO + products (R2.5) 

There are also wet-sampling techniques that collect gas-phase HONO into solutions for 

subsequent analysis. Ion chromatography (IC) uses basic or neutral solution to dissolve ambient 

HONO as nitrite ions, which are then separated from the matrix on an anion-exchange column  

(Cheng et al., 2013). HONO can also be derivatized after dissolution by 2,4-

dinitrophenylhydrazone (DNPH) or sulfanilamide/N-(1-naphthyl)-ethylenediamine (SA/NED) to 

produce compounds that are both stable and quantifiable through high-performance liquid 

chromatography (HPLC) (Zhou et al., 1999; Afif et al., 2016).  SA/NED is also used in long path 

absorption photometry (LOPAP) in which ambient HONO is dissolved in a stripping solution, 

derivatized, and measured by absorbance spectroscopy (Heland et al., 2001). The primary 

detraction of wet-sampling techniques is the possibility of heterogeneous chemistry confounding 

the accurate concentration, as HONO is known to be produced through heterogeneous reactions 

(Goodman et al., 1999; Indarto, 2012; Alvarez et al., 2014). There is also the possibility of other 

compounds, particularly other reactive nitrogen oxides (NOY), derivatizing to form the same 

analyte, artificially increasing the signal attributed to HONO (Zhou et al., 1999; Heland et al., 

2001). This is a known problem with LOPAP instruments and to correct for it, two stripping coils 

are placed in series, such that theoretically, the first column contains signal from HONO and any 

interferences and the second column contains signal from only the interferences, to allow for 

HONO alone to be obtained through subtraction (Heland et al., 2001).  

HONO can also be measured by laser photofragmentation/laser-induced fluorescence 

(LP/LIF) on the same instrument as OH through the addition of a photofragmentation laser before 

the excitation laser (Liao et al., 2006; Boustead, 2019; Bottorff et al., 2021). HONO will photolyze 
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to form OH and NO (R2.1) and the subsequent OH fragment can then be detected through LIF. 

The third harmonic of an Nd-YAG laser coincides with an absorbance peak of HONO, shown in 

Figure 2.2. Subtraction of the background signal (i.e. without the photofragmentation laser) gives 

the signal due to HONO alone. This instrument is therefore capable of measuring OH as well as 

one of its major precursors, allowing for more complete characterization of radical oxidation with 

fewer instrumentation.  

HONO + hν (λ < 400 nm) → OH + NO (R2.6) 

 

Figure 2.2: The absorbance spectrum of HONO with the wavelength of the photofragmentation laser shown 
in the dashed line. 

2.3 Instrument Description 

A Nd:YAG laser (Spectra Physics Navigator II YHP40-532Q) operates at a repetition rate 

of 10 kHz and produces approximately 10-12 W of radiation at 1064 nm, which is frequency-

doubled to generate 6-8 W of radiation at 532 nm. This pumps a tunable dye laser (Sirah Credo) 

consisting of 225 mg/liter of Rhodamine 610 and 80 mg/liter of Rhodamine 640 in pure ethanol to 

produce 300-500 mW of 616 nm light, which is then frequency-doubled with a β-barium borate 

crystal to 30-70 mW of 308 nm light. Approximately 10% of the laser emission is directed towards 
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the cell, the laser beams are split using a dichroic mirror and are each focused onto a photodiode 

(OSI Optoelectronics, UDT-555UV) to continually measure laser power.  

The detection cell is kept at a low pressure (1-4 Torr) using either one or two scroll pumps 

(Edwards XDS-35i). Ambient air enters the cell through a pinhole (ca. 1 mm diameter) at a flow 

rate of 1-2 LPM expands before interacting with the laser radiation. The sampled air meets the 

laser approximately 13 cm below the inlet. The OH fluorescence signal is detected orthogonal to 

the laser path to reduce any signal from the laser. A concave mirror opposite the detector collects 

additional light to increase sensitivity. The fluorescence is then focused onto a multichannel plate 

photomultiplier tube (MCP-PMT, Photek, PMT325) by two lenses (f = 75 mm, CVI Laser Optics) 

and a band-pass filter centered at 308 nm (Barr Associates) selectively transmits OH fluorescence 

while reducing the detection of solar scatter or other stray light. Signal from the MCP-PMT is then 

amplified (Advanced Research Instruments Corp. F100T, Stanford Research Systems SR445A, or 

Photek UMPA200-10) and pulses are counted (Stanford Research Systems SR400).  Signals from 

the detector, pressure gauges, photodiodes, flow meters are recorded using a National Instruments 

Data Acquisition board (USB-6341) using LabView programming that also coordinates cycling 

the 355-nm laser shutter and the excitation laser wavelength. 
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400E). Commercial O3 monitors can experience interferences with samples of rapidly changing 

humidity, resulting in negative concentrations when sampling dry air (Wilson and Birks, 2006). 

To counteract this, a steady concentration of water vapor is maintained throughout the 

characterization.  

O2 + hν (λ = 184.9 nm) → O(3P) + O(3P) (R2.8a) 

O(3P) + O2
M
→ O3 (R2.8b) 

(F × t) =
[O3]

[O2]σO2ϕO3→O
(Eq. 2.6) 

 

 

Figure 2.10: O3 concentration emitted by the calibrator with varying intensities of the Hg pen lamp. The 
data point near zero occurred with the Hg lamp off and is excluded from the linear fit.  

The 184.9 nm output of the mercury lamp is within the Schumann-Runge absorption bands 

of O2, a spectral region characterized by hundreds of distinct peaks between 175-205 nm 

(Burkholder et al., 2020). Because of the high variation in absorbance even across minute 

differences in wavelengths, the cross-section of O2 at 184.9 nm is determined for each lamp. The 

cross-section of O2 (σO2) can be calculated through Equation 2.7, in which IAir and IN2 are the 
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intensity of the light reaching the photodiode when sampling air or N2, respectively and measured 

through the photodiode response, [O2] is the concentration of O2 in air (molecules/cm3
), and L is 

the pathlength (cm). A 2.5-cm quartz cell is placed between the lamp and the photodiode (Fig. 

2.11). The housing for both the lamp and the photodiode are used to ensure the band-pass filters 

are consistent with the setup for OH calibrations. Approximately 200 sccm of either zero air or 

zero nitrogen is delivered to the quartz cell. 750 sccm of zero nitrogen is used to purge the lamp 

housing, as in an OH calibration. The entire setup is covered in black cloth to reduce the 

photodiode signal from ambient light. The signal from the photodiode is recorded while alternating 

between air and nitrogen in the quartz cell every few minutes. Because the intensity of the lamp 

can slightly decrease over time (Fig. 2.12), the O2 cross-section is calculated for each air sample 

period and uses the average of the N2 sample before and after it.  

σO2 =
− ln �IAir

IN2
�

[O2]L  (Eq. 2.7) 
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Figure 2.11: Experimental setup to determine the O2 cross-section from the side (right) and top (left) the 
quartz cell is clamped between the photodiode on the bottom and the lamp on top. There are band-pass 
filters after the lamp and before the photodiode.  

 

Figure 2.12:  Signal from the photodiode to determine the O2 cross-section of the lamp. Black points are 
during air samples and indicate the absorbance due to O2 in comparison to N2 samples shown in blue.  
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2.4.2 Loss of radicals within the calibration source 

OH produced within the calibrator can react with HO2 and O3 that are also produced by the 

pen lamp and can be irreversibly lost on surfaces before reaching the instrument inlet. Unaccounted 

for, these loss processes will reduce overall sensitivity by decreasing the concentration of OH in 

the instrument. To calculate how much OH is lost on the surfaces and through reactions, the lamp 

housing is moved along the calibration wand to vary the reaction time of the sample air before 

reaching the instrument. The instrument signal displays a nearly linear correlation when plotted 

against lamp distance (Fig. 2.13), and the y-intercept would correspond to signal expected from 

the total amount of OH produced. During an OH calibration, the lamp is placed 12.7 cm (5′′) from 

the exit of the calibrator (i.e. the edge of the lamp housing is 7.62 cm (3′′) from the exit, and the 

lens in front of the lamp is 5.08 cm (2′′) from the edge of the lamp housing) and the percentage of 

OH remaining at this distance is found from the trendline and the y-intercept.  

The final calculation of the concentration of OH in the instrument is shown in Equation 

2.8. During a calibration, [H2O] and UVcal (photodiode output of calibrator lamp) are measured 

and recorded for this calculation, all other values are constants defined in Table 2.2.  The limit of 

detection (LOD) of the instrument is calculated through Equation 2.9, in which SNR is the signal-

to-noise ratio, ROH is the instrument sensitivity to OH for a particular water concentration and laser 

power, Sbkg is the average signal during the offline measurements for a specific duration, m is the 

number of online points for that duration, and n is the number of offline points for that duration. 

Typical values for the OH LOD are between 1.1 and 2.2×106 cm-3 for a 10 min average with 1–3 

mW of 308-nm laser emission. 
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Figure 2.13: Effect of lamp distance from the exit of the calibrator on signal. Longer distances allow for 
greater reaction time for OH to react or be lost on surfaces.  

[OH] = Xloss ×
[H2O]σH2OϕH2O→OH+H�UVcal × AO3UVcal�

[O2]σO2ϕO2→O(3P)
 (Eq. 2.8) 

LOD =
SNR
ROH

�Sbkg �
1
m +

1
n�  (Eq. 2.9) 

Table 2.2: Values used to calculate [OH] during calibrations. 

Constant Definition Value Source 
Xloss OH remaining after loss 0.472 Experimental 

σH2O Absorbance cross-section of 
water vapor 7.1×10-20

 cm2  (Cantrell et al., 1997) 

ϕH2O→OH+H Quantum yield of radical 
production 1  (Burkholder et al., 

2020) 

AO3UVcal 
Linear correlation of [O3] to 

photodiode output 

Slope: 131.49 ppb/V 
Intercept = ‑10.65 

ppb 
Experimental 

[O2] Concentration of O2 21%  (Finlayson-Pitts and 
Pitts Jr, 1999) 

σO2 Absorbance cross-section of O2 1.12×10-20 cm2 Experimental 

ϕO2→O(3P) Quantum yield of O3 production 2  (Burkholder et al., 
2020) 
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Figure 2.14: A schematic diagram of the calibration source producing HONO from the reaction of HCl and 
NaNO2. MFC = Mass flow controller, RH = Relative humidity probe. 

The primary drawback of this calibration source is its inherent instability. The source often 

requires long warmup times for the output concentration to become stable. Additionally, the output 

must be quantified with an absolute HONO detection method often in a laboratory setting (e.g.  

incoherent broadband cavity-enhanced absorbance spectroscopy, IBBCEAS), then transported to 

the field site, setup in the same manner, and assumed that previous characterization is still accurate. 

While there have been improvements in the stability of this style of HONO generation (Lao et al., 

2020; Villena and Kleffmann, 2022), a more robust and reproducible calibration was needed.  
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Figure 2.15: HONO calibration during the 2017 ROX intercomparison campaign at the Indiana University 
Research and Teaching Preserve.  

2.5.2 HONO calibration through determination of the photofragmentation efficiency of the 

instrument 

Instead of a direct calibration using the signal response from sampling a known amount of 

HONO, the instrument is calibrated by determining its photofragmentation efficiency (PE), or the 

amount of HONO photolyzed over the total amount of HONO present (Bottorff et al., 2021). The 

instrument sensitivity to HONO (RHONO) is calculated through Equation 2.10 and incorporates the 

instrument sensitivity to OH (ROH), as determined in Section 2.4, as well as the PE. This method 

utilizes the OH calibration source, so it is easier to use in a field setting.  

RHONO = ROH × PE (Eq. 2.10) 

In this method, NO is added to the OH calibration source and HONO is produced by the HO2 + 

NO reaction converting HO2 produced in the calibrator into OH, followed by the OH + NO reaction 

(Reactions 2.3 and 2.10). These two reactions result in the conversion of the known concentrations 

of OH and HO2 produced in the calibrator into HONO.  



42 
 

In brief, the PE is determined by measurements of the instrument signal during four distinct 

conditions. (a) Production of OH and HO2 from the calibrator and detection of OH. (b) Introduction 

of NO into the calibrator to convert most of the radicals into HONO, but without the 

photofragmentation laser, the instrument only detects any unreacted OH. (c) The sample emitted 

from the calibrator is unchanged, but the photofragmentation laser is then turned on in order to 

detect HONO. (d) The mercury pen lamp used to produce OH is then turned off to stop the 

production of radicals. Without the production of radicals, the instrument only detects any laser-

generated OH coming directly from impurities in the NO tank. Typical signals during these four 

conditions are shown in Figure 2.16. The PE is then calculated from the instrument signal due to 

HONO (SHONO) and the expected signal if all of the HONO present is photolyzed and detected 

(SExp,HONO), shown in Equation 2.11. These conditions are summarized in Table 2.3. 

HO2 + NO → OH + NO2 (R2.10) 

PE =
SHONO

SExp,HONO
 (Eq. 2.11) 

 
Figure 2.16: Example of PE measurements showing relative signals from each condition. (a) OH generated 
from the photolysis of water vapor. (b) Unreacted or remaining OH upon the addition of NO. (c) Remaining 
OH in addition to HONO signal from the photofragmentation laser. (d) Signal from an impurity in the NO 
cylinder without any OH present to form HONO.  



43 
 

Table 2.3: Summary of cycle conditions used to determine photofragmentation efficiency. Int refers to any 
interfering species coming from the NO cylinder. 

Condition 
308-
nm 
laser 

355-
nm 
laser 

NO Hg 
lamp 

Compounds 
present 

Compounds 
detected 

(a) Initial OH On -- -- On OH, HO2 OH 

(b) Remaining OH On -- 800 
ppb On HONO, OH, 

HO2, Int OH 

(c) HONO + 
remaining OH On On 800 

ppb On HONO, OH, 
HO2, Int HONO, OH, Int 

(d) Impurity On On 800 
ppb -- Int Int 

Without the photofragmentation laser, any decrease in signal upon addition of NO is 

attributed to the formation of HONO. As OH and HO2 are produced within the calibrator in equal 

amounts (Reaction 2.7), the amount of HONO produced is related to twice the difference in signal 

after addition of NO, as HO2 reacts with NO to form OH that can subsequently produce HONO 

from reaction with NO. OH can be lost in the calibrator, but modeled simulations indicate that in 

the presence of at least 800 ppb of NO, most of the OH reacts with NO before it can react with O3,  

HO2, or irreversibly lost on the walls (Fig. 2.17). HONO concentrations do not show any decrease 

with increasing reaction time, indicating for the relevant reaction times, HONO is not significantly 

lost on the walls. Therefore, the difference in signal between conditions 1 and 2 must be corrected 

for loss before converting to an expected HONO signal, using the wall loss factor (XOH) 

determined in Section 2.4.2 and shown in Equation 2.12, where Sinitial OH is the signal due to OH in 

the absence of NO and SRemOH  is the unreacted OH when the NO is added. 

SExp,HONO = 2 ×
Sinitial OH − SRemOH

XOH
 (Eq. 2.12) 



44 
 

The concentration of NO added is the amount needed to remove the majority of signal from 

OH. Modeling studies shown in Figure 2.18 suggest that the NO concentration added must be at 

least 500 ppb to convert the OH and HO2 radicals produced in the calibrator into HONO, with 

diminishing returns of the production yield of HONO at higher concentrations. However, even at 

NO concentrations as high as 80 ppm, the OH signal was never fully removed, most likely due to  

 

Figure 2.17: Results from chemical modelling replicating the environment of the calibrator. The dotted 
line represents 100% conversion of both OH and HO2 into HONO. As the initial NO increases, the amount 
of HONO produced approaches twice the amount of OH. Typical mixing ratios of OH produced during 
calibrations are 0.2–3 ppb.  
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Figure 2.18: Modeled loss rates of OH in the calibration source (a) without NO and (b) with 800 ppb of 
NO. Numbers in the legend refer to the percent of each reaction compared to the total loss rate. Note the 
difference in scale between the two plots.  

impurities within the tank leading to laser-generated OH, and poor mixing of NO in the calibrator. 

Typically, about 100 sccm of NO from a 99.6 ppm tank (Matheson) was added instream to 10 

LPM of humidified air at least 1m upstream from the calibrator to ensure adequate mixing. This 

resulted in a concentration of approximately 1000 ppb of NO.  

The PE is calculated through Eq. 2.13, the signal due to HONO alone must be disentangled 

from signal from any other source. Signal during the HONO cycle (SHONO+remOH) is the sum of 

photofragmented HONO, the remaining OH (SRemOH), and any impurities from the NO cylinder 

(Simpurity). While there may be some overlap in these three signal sources, Simpurity is dependent on 

the presence of the photofragmentation laser, which is not present during SRemOH, implying that 

these two cycles represent signals from different sources. SExp,HONO is the corrected expected 

concentration of HONO, as calculated in Equation 2.12. 

PE =
SHONO+remOH − SremOH − Simpurity

SExp,HONO − SremOH
Eq. 2.13 

The PE of the instrument is measured before and after intensive measurement campaigns. 

Measured PE values had substantial variation within and between different experiments. Overall, 
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these showed little correlation (R2 < 0.4) with laser powers, relative humidity, NO concentration, 

or any other measured parameter. However, initial PE experiments saw values highly correlated 

with Simpurity (R2 = 0.93), suggesting that the impurity in the tank is affecting the PE. A different 

NO tank was used for subsequent experiments, which showed little correlation between Simpurity 

and PE. Experiments with chemical scrubbers including Ascarite II (NaOH on a silicate carrier, 

Sigma Aldrich) and iron (ii) sulfate heptahydrate (Acros Organics) to remove any impurities from 

the NO flow have not yielded consistent results.  

Because of the variation, PE from experiments before and after campaigns were averaged 

to apply to the entire campaign. For the HOMEChem 2018 campaign, the PE was 0.35±0.21%, 

while for the iRACE campaign in 2019, the average was 0.25±0.20%. This difference could be 

due to differences in spatial and temporal overlap between the two lasers. Using typical values for 

excitation laser power and ambient water concentration, these PEs result in a 1σ LOD between 9–

18 ppt of HONO for a 10-minute average. 

2.5.3 Comparison between both calibration methods 

The measurements from the oven calibration shown in Figure 2.15 was used to compare 

the instrument sensitivity derived from the two calibration methods. The resulting HONO 

concentrations are plotted against each other in Figure 2.19. There is good agreement between the 

two calibration methods, with an overall slope of 1.071. The variation between data is likely due 

to the fact that the PE method addresses changes in the instrument sensitivity due to ambient 

relative humidity because it uses the OH calibration, which accounts for humidity, while the oven 

calibration method does not account for the humidity dependence. On the other hand, the oven 

calibration is normalized to photofragmentation laser power, while the PE method does not 

account for variations in the photofragmentation laser power. Theoretically, the PE should increase 
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with increasing photofragmentation laser power, allowing the laser power dependence of the PE 

to be normalized. Measurements of the PE and the power of the photofragmentation laser when 

other conditions were held constant were highly correlated (R2 = 0.76). Additional measurements 

of the laser power dependence of the PE are still needed to provide a robust calibration of the 

instrument under a variety of conditions. Regardless, the power of the photofragmentation laser 

does not significantly change over the course of a field campaign, so the characterization before 

and after should be representative of the instrument during the measurement period.  

 

Figure 2.19: Data analyzed with the sensitivity found from an oven calibration on the x-axis, with the same 
data analyzed with the sensitivity determined by the photofragmentation efficiency on the y-axis. The red 
line indicates the 1:1 ratio, which is slightly different than the linear fit of the data set.  
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radicals through HONO photolysis but can also (a) propagate the radical cycle through reactions 

of NO with peroxy radicals produced by the reaction of OH with VOCs (denoted by RH, reactions 

R3.2–3.4) as well as (b) terminate the cycle via the reaction of OH with NO2 (R3.5) (Finlayson-

Pitts and Pitts Jr, 1999). The oxidation of VOCs by OH leads to the production of oxygenated 

VOCs (R′O in R3.3), which can lead to secondary organic aerosol formation and potentially impact 

human health (Mauderly and Chow, 2008; Hallquist et al., 2009).  

OH + RH
O2�� RO2 + H2O (R3.2) 

RO2 + NO
O2�� R′O + HO2 + NO2 (R3.3) 

HO2 + NO → OH + NO2 (R3.4) 

OH + NO2
M
→ HNO3 (R3.5) 

Only three previous studies have directly measured concentrations of OH in indoor 

environments. Measurements in a classroom found OH concentrations as high as 1.5×106 

molecules/cm3 (Gomez Alvarez et al., 2013; Mendez et al., 2017). In comparison, typical outdoor 

concentrations of OH reach a maximum of 2–10×106 molecules/cm3. The elevated indoor OH 

concentrations occurred both when the windows were opened as well as when the room received 

direct sunlight while windows were closed. Steady-state comparisons and modeled analysis 

posited that the main source of OH was the photolysis of HONO (Gomez Alvarez et al., 2013; 

Mendez et al., 2017). In a second study, OH concentrations of 4.0×106 molecules/cm3 were 

measured in a classroom during a cleaning episode using limonene, a common ingredient in lemon-

scented cleaners and source of radicals upon its reaction with O3. The ambient concentration of 

OH increased to 1.8×107 molecules/cm3 when an air-cleaning device was operated near the 

sampling instrument (Carslaw et al., 2017). A third, recent study focused on the effect of different 

VOC concentrations from painted surfaces on indoor radical concentrations. OH was measured at 
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6–10×105 molecules/cm3 in direct sunlight, in good agreement with a 0-dimensional model 

(Fiorentino et al., 2023).  

In this study, measurements of OH were conducted during several cooking experiments 

during the House Observations of Microbial and Environmental Chemistry (HOMEChem) 

campaign. While these measurements may not be characteristic of the average household 

concentration due to the short lifetime of OH (Lakey et al., 2021), the observed concentrations of 

OH were compared to the results of a chemical model to determine whether known radical sources 

such as HONO could explain the observed OH radical concentrations. Interferences associated 

with measurements of NO2 and O3 during cooking episodes were also analyzed to determine 

whether unmeasured VOCs may be responsible for the observed interferences and potentially 

contribute to the production of radicals during indoor cooking events. 

3.2 Experimental Methods 

3.2.1 The HOMEChem Study 

The HOMEChem campaign was a collaborative study designed to investigate the chemical 

transformations in a residential environment during a variety of realistic household events. The 

campaign took place during June 1–28, 2018, in a previously unoccupied, 111 m2 manufactured 

home located on the J. J. Pickle Research Campus of the University of Texas, Austin. The fan in 

the AC system operated continuously to provide consistent mixing within the house throughout 

the campaign at an equivalent rate of 8 h-1. The house thermostat controlled the indoor temperature 

at 25 °C by turning on and off the condenser and cooling coil of the AC system. As the AC did not 

provide outdoor air, a dedicated ventilation system was installed, and it provided constant outdoor 

air supply to the house; the average air change rate (ACR) was 0.5±0.1 h-1 throughout the whole 

campaign when the doors and windows were closed.  
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While the HOMEChem campaign involved a variety of cooking, cleaning, and other 

experiments (Farmer et al., 2019), here we focus on two cooking experiments: the 12 June 

experiment featuring repeated, stir-fry cooking events, and the 27 June experiment replicating a 

traditional American Thanksgiving. Replications of these experiments were also done, but the 12 

June and 27 June days represent the most comprehensive data required to constrain the model. On 

12 June, the first cooking episode used an electric hotplate, while the next three used a single 

burner of the propane gas stove to cook the same meal. After the first two trials, the house was 

extensively ventilated by opening all windows and doors for thirty minutes, approximately one 

hour after the cooking event ended. The final cooking trial occurred after sunset. In each trial, three 

volunteers would enter the house, cook, eat, and then leave so that the house was unoccupied 

between trials. During the 27 June Thanksgiving experiment, the gas burners and oven were used 

as needed, and at times all four burners and the oven were on simultaneously. There were no 

dedicated ventilation periods, rather four volunteers entered in the morning to cook, then nine 

others entered in the afternoon to eat and clean before everyone left around 17:00, local time.  

Several instruments were used to characterize the indoor environment, with locations 

shown in Figure S3.1 and summarized in Table S3.1. Overall, instrumentation was centered around 

the kitchen, where the majority of emissions occur. However, instrument size and logistical 

restrictions prevented all instruments from being located in the kitchen. To reduce concentration 

gradients, the AC fan was run continuously, regardless of heating and cooling, mixing the indoor 

air at a rate of 2000 m3 h-1 and resulting in a well-mixed environment for compounds with a lifetime 

greater than 20 minutes. NO and NO2 were measured using a Thermo Fisher model 42i TL monitor 

with a custom-built blue light converter (BLC) for the detection of NO2. NO2 was also measured 

using a cavity attenuated phase shift spectroscopy (CAPS) instrument from Environnement, S. A. 
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O3 was measured using a 2BTech model 202 instrument sampling near the kitchen (hereafter KIT 

O3) and also using a Horiba APOA 370 instrument sampling from before the cooling coiling of 

the AC within the air handling unit (hereafter AHU O3). As the AC provided no ventilation and 

only recirculation, concentrations from the AHU O3 represent the indoor air concentration. 

Polytetrafluoreethylene (PTFE) filters were used to prevent particulate matter interferences with 

the measurements. VOCs were measured with a custom 4-channel gas-chromatograph (GC) 

(Abeleira et al., 2017), a proton transfer reaction-time of flight-mass spectrometer (PTR-MS, 

Ionicon Analytik GmbH, Austria, PTRTOF 8000), and a chemical ionization mass spectrometer 

(CIMS, Tofwerk AG and Aerodyne Research Inc) paired with iodide chemical ionization with 

inlets located in the kitchen. Photon flux from windows was measured with an Ocean Optics 

USB4000 spectrometer equipped with a cosine corrector (Zhou and Kahan, 2022). This 

spectrometer was located on top of the OH instrument for the two cooking episodes examined. 

Photon fluxes were used to calculate photolysis rates of relevant indoor species. Concentrations of 

OH and photon fluxes likely exhibited gradients due to the short lifetime of OH and the large 

difference between indirect and direct sunlight. Because of this, they were co-located near the 

window so modeled OH concentrations could be compared to measurements. HONO was 

measured using another CIMS (Tofwerk AG and Aerodyne Research Inc.) instrument paired with 

acetate chemical ionization sampling from an inlet in the kitchen and also measured in the living 

room by a custom-built laser-photofragmentation laser-induced fluorescence (LP/LIF) instrument 

(Wang et al., 2020a; Bottorff et al., 2021). 

3.2.2 Measurements of OH during HOMEChem 

OH radicals were measured using a laser photofragmentation laser-induced fluorescence 

instrument which has been described in detail elsewhere (Bottorff et al., 2021). In this technique, 
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OH radicals are detected after ambient air is sampled through a pinhole inlet into a low-pressure 

cell (ca. 0.26 kPa). The detection cell was located in front of the westward-facing living room 

window, while much of the chemically active emissions came from the kitchen, approximately 5.5 

m away. 

A separate detection axis was deployed to measure HO2. In this instrument, addition of NO 

within the low-pressure detection cell converts HO2 into OH through R3.4. The OH is then 

detected by laser-induced fluorescence. This technique is susceptible to interferences from peroxy 

radicals  (RO2) derived from the OH-initiated oxidation of alkenes and aromatics, as these radicals 

can be quickly converted to HO2 (and subsequently OH) upon reacting with NO (R3.3) (Lew et 

al., 2018). Because of this interference, measurements of peroxy radicals are denoted as HO2*, 

defined as the sum of HO2 plus a fraction of interfering RO2 radicals, and represents an upper limit 

to the actual HO2 concentration. 

In a trailer next to the test house, a tunable dye laser (Sirah Credo) pumped by the second 

harmonic of a Spectra Physics Navigator II YHP40-532 Nd-YAG laser produced approximately 

40 mW of radiation at 308 nm at a repetition rate of 10 kHz. A portion of the laser emission was 

transmitted to the detection cell inside the test house via a 12-m optical fiber (ThorLabs), resulting 

in approximately 2–6 mW within the cell. The OH fluorescence in each axis is temporally 

separated from the laser excitation occurring at the same wavelength and is detected with a gated 

micro-channel plate photomultiplier tube (Photek PMT325). To distinguish the OH fluorescence 

from background signals such as scatter from the laser that extends into the gated detection 

window, the laser wavelength is varied on- and off-resonance with the Q1(3) transition of OH at 

308.1451 nm through spectral modulation. The net OH fluorescence signal is derived by 

subtraction of the off-resonant signal from the resonant signal.  
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The sensitivity of the instruments to OH is calibrated intermittently throughout the 

campaign using the photolysis of water vapor at 185 nm as an OH source, as described previously 

(Dusanter et al., 2008). The OH instrument had a limit of detection (1σ) of approximately 6.2×105 

cm⁻3 and 1.2×106 cm⁻3 for the Thanksgiving and repeated cooking experiments, respectively 

(S/N=1, 30 min average). The uncertainty associated with the UV water photolysis calibration 

technique is estimated to be ±18% (1σ) (Dusanter et al., 2008). The conversion efficiency of HO2 

to OH is determined by adding NO to the OH calibration source, as the photolysis of water vapor 

produces equal quantities of OH and HO2 (Dusanter et al., 2008). 

3.2.3 Modeling OH concentrations 

The measured OH concentrations were modeled using a zero-dimensional chemical box model 

with the Regional Atmospheric Chemistry Mechanism v.2 (RACM2) in the Framework for 0-

dimensional Atmospheric Modeling (F0AM) (Goliff et al., 2013; Wolfe et al., 2016). The model 

was constrained with measurements of VOCs, NO, NO2 (from CAPS), O3, and measured 

photolysis frequencies. A list of all VOCs used to constrain the model is included in Table S3.2. 

The model OH concentrations were not sensitive to VOC concentrations and increasing or 

reducing total VOC concentrations by a factor of two did not result in a difference greater than the 

model error of ±15%. Since the photolysis frequencies were measured at the same location as the 

OH measurements, this model should simulate the concentration of OH near the window rather 

than a household average. To account for heterogeneity in photolysis with direct and indirect light 

coming in through windows (in addition to artificial light), the measured photolysis frequencies 

under indirect light was doubled in the model, similar to that done previously (Cotte et al., 1997; 

Gomez Alvarez et al., 2013). As a result, the modeled OH concentrations during periods of indirect 

light (i.e., before 15:00) represent an upper limit. To account for transport between the indoor and 
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outdoor environments, a loss pathway with a rate equal to the air change rate of the house 

(approximately 0.5 hr-1) was applied to all chemical species in the model. While point sources, 

such as the gas stove, could introduce significant gradients in concentration that would not be 

captured in 0-D modeling, the continuous operation of the fan in the AC system provided constant 

mixing and minimized concentration gradients.  

3.3 Results and Discussion 

3.3.1 Measurements and model constraints 

Figure 3.1 shows the measured ambient concentrations of relevant species and 

environmental parameters for the 27 June Thanksgiving experiment. The temperature and 

humidity (RH, Fig. 3.1a) were largely controlled by the AHU of the AC and cooling coil on-off 

operation, which was running throughout the day. AHU O3 concentrations were typically below 5 

ppb during the day. In contrast, KIT O3 displayed a significant interference leading to reported 

mixing ratios as high as 60 ppb (Fig. 3.1b). AHU O3 may have been affected by the same 

interference, as the observed increase to 4 ppb in the afternoon (ca. 13:00-16:30) is unlikely given 

the high concentration of NO present at this time (approximately 900 ppb). This interference will 

be discussed further in section 3.3.4. 

The alkene mixing ratios shown in Figure 3.1b represent a subset of all VOC measurements 

and indicate significant emissions during cooking. The majority of alkenes measured were 

monoterpenes (Fig. S3.2) and the two peaks in the day (150–100 ppb) correspond to particularly  
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Figure 3.1: Measurements from the 27 June Thanksgiving experiment. Orange-shaded regions indicate 
periods of gas cooking. (a) Temperature and RH, (b) alkene concentrations and both O3instruments, with 
the KIT O3 divided by 10, (c) HONO and JHONO, (d) NO and both measurements of NO2, (e) measured 
HO2* and modeled HO2 concentrations from the base and high O3 scenarios (see text), and (f) measured 
and modeled OH concentrations from the base and high O3 scenarios (see text). The green points in (f) 
indicate a period of increased human activity near the OH instrument, potentially creating a local OH sink 
or a sink of photolytic precursors resulting in lower concentrations.  



61 
 

fragrant events (i.e. cutting citrus fruits at 11:50 and cooking celery, onion, carrots, and sage at 

14:00). The HONO and NO2 photolysis rate constants (JHONO and JNO2, Fig. 3.1c) clearly indicated 

the presence of direct light on the LIF instruments from the west-facing window from 15:00 until 

sundown as the spectrometer was located in the living room near the LIF instruments. From sunrise 

until 15:00, indirect light was present in the living room from the both the west-facing window in 

the living room and the east-facing window in the kitchen. The measured spectral irradiance from 

the west-facing window is shown in Figure S3.3. NO, NO2 (Fig. 3.1d), and HONO (Fig. 3.1c) 

increased whenever the gas stove was in use (Spicer et al., 1993; Weschler and Carslaw, 2018). 

The NO2 concentration measured by the CAPS instrument was significantly higher than the NO2 

concentration measured by the BLC monitor. This discrepancy will be further discussed in section 

3.3.5.  

HO2* concentrations (Fig. 3.1e) reached a peak of 1.2×108 molecules/cm3 at 18:00, during 

the period of direct sunlight. This peak also coincides with the decrease in NO, which represents 

a major sink of HO2. Measured OH concentrations (Fig. 3.1f) were above the limit of detection of 

the instrument for most of the day. Measured concentrations in the morning were approximately 

2×106 molecules/cm3, increasing to approximately 6×106 molecules/cm3 at 15:15 when direct 

sunlight begins to illuminate the living room area through the west-facing window. Due to the 

decreasing HONO concentrations, this peak also corresponds to the highest value of 

JHONO×[HONO]. The measured OH concentration decreased between 15:35–17:00 (green points 

in Fig. 3.1e), when thirteen people were present. During this time the bulk of the activity also 

moved from the kitchen into the living room, nearer to the OH instrument. A recent study has 

shown that under low-O3 conditions, the surfaces of skin and clothing can act as a radical sink 

(Zannoni et al., 2022). It is possible that this introduced new heterogeneity in VOC concentrations 
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and radical sinks resulting in a greater loss of OH or any radical precursors nearer the instrument 

than cannot be accounted for by the measured VOC concentrations sampled from the kitchen. 

After people left the house at 17:00, OH returned to its previous concentration of about 6×106 

molecules/cm3 likely due to the removal of radical sinks adjacent to the instruments. The OH 

concentration then began slowly decreasing in concentration while remaining above the limit of 

detection of the instrument until the end of the day. Modeling results (discussed in sections 3.3.2 

and 3.3.6) are also shown in Figure 3.1e, f. 

These same chemical species and environmental parameters for the 12 June repeated 

cooking experiments are shown in Figure 3.2. Many of the same trends can be seen on this day, 

with relatively lower concentrations of HONO (Fig. 3.2c), NO, and NO2
 (Fig. 3.2d) due to the 

reduced use of the gas stove compared to the Thanksgiving experiment. The ventilation periods 

can be clearly seen in temperature, RH (Fig. 3.2a), and O3 concentrations (Fig. 3.2b). During these 

times, the air conditioner was turned off resulting in the increase in temperature, while the fan 

remained on to maintain air flow through the house. O3 significantly increased during ventilation 

periods due to the higher ambient concentration outside. Otherwise, O3 concentration remained 

stable through the day. A noticeable peak in HO2* at 15:00 coincides with the ventilation period, 

potentially due to increased infiltration of outdoor HO2 or increased concentrations of O3, a radical 

precursor. Unlike the Thanksgiving experiment, OH remained at or the below limit of detection 

throughout the morning period and only rose to significant concentrations in the afternoon and 

evening, when the instrument was illuminated by sunlight through the westward facing windows, 

peaking at approximately 18:30. Observations from the other cooking events are shown in Figures 

S3.4–6.  
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Figure 3.2: Measured concentrations and environmental parameters for the 12 June repeated cooking 
events. Measurements include temperature, relative humidity (a), O3, alkenes (b), HONO, light (c), NO, 
NO2 (d), HO2* (e) and OH (f). Modeled concentrations from the base model are also shown in (e, f). Blue-
shaded regions indicate ventilation periods while orange-shaded regions indicate use of the gas stove.  
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3.3.2 Base model predictions of OH concentrations 

Initial modeling results of the 27 June Thanksgiving experiment using both the KIT O3 and 

AHU O3 measurements to constrain the O3 concentration are shown in Figure 3.1e, f. Due to the 

significant interference with the KIT O3 measurements (discussed in Section 3.3.4), the model 

using the AHU O3 measurements is considered the base model for this day (blue line, Fig. 3.1e). 

This model underestimates OH concentrations, with a median observed-to-modeled ratio of 5.0 

(quartiles = 2.9, 7.5). The modeled HO2 is also substantially lower than the measured HO2*, 

although modeled concentrations should be considered a lower limit, as they do not include any 

RO2 interference. Recent studies have suggested that other photodegradable or photolabile 

compounds in secondary organic aerosol are not included in models and may greatly impact radical 

production rates (Badali et al., 2015; Krapf et al., 2016; Wang et al., 2022). An unmeasured or 

unmodeled photolytic species could increase the modeled OH concentrations and improve 

agreement with measurements.  

Constraining the model with the KIT O3 (red line, Fig. 3.1e, f) recreates the observed OH 

concentrations better than the base model due to enhanced radical production from alkene 

ozonolysis (66% of total radical sources) and unreasonably high O3 concentrations. The high-O3 

model had a median observed-to-modeled ratio of 1.9 (quartiles = 1.4, 3.2). The ability of this 

model to capture the early afternoon trends of OH, including the brief pause in cooking around 

13:00, suggests that there may be a link between the interference in the ozone measurements and 

the disagreement between measured and modeled OH concentrations in the base model. This is 

indicative of either missing radical sources in the model, an interference in the OH measurements, 

or some combination of both. 
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3.3.3 Analysis of potential interferences with the OH measurements 

Several potential interferences have been reported for some LIF instruments, including 

laser-generated interferences and degradation of organic trioxides and Criegee intermediates 

(Davis et al., 1981a; Davis et al., 1981b; Mao et al., 2012; Rickly and Stevens, 2018; Fittschen et 

al., 2019). Laser-generated interferences include the photolysis of O3 by the laser leading to the 

production of excited oxygen atoms which can react with water vapor to artificially produce OH 

in the detection cell (R3.6). This interference was calibrated in the laboratory before and after 

HOMEChem by sampling air with varying concentrations of water vapor and O3. Expected signal 

from O3 photolysis within the cell did not exceed the limit of detection of the instrument. Any 

uncalibrated laser-generated interferences should correlate with laser power. However, shown in 

Figures 3.3d and S3.7, there is actually an anti-correlation for 27 June and no correlation on 12 

June, so it is unlikely that any laser-generated interferences affected the measurements.  

O3 + hν → O2 + O(1D) (R3.6a) 

O(1D) + H2O → 2OH (R3.6b) 

Criegee intermediates, formed from the reaction between O3 and alkenes, and organic 

trioxides (ROOOH) produced from the reaction of OH with RO2 radicals, have been shown to 

decompose inside the low-pressure detection cell to produce OH (Mao et al., 2012; Rickly and 

Stevens, 2018; Fittschen et al., 2019). These and any other potential interference can be measured 

using chemical modulation through the addition of a chemical scrubber such as hexafluoropropene 

(C3F6) just above the inlet to remove ambient OH. Any OH signal that is measured when the 

scrubber is added is due to OH that is generated inside the detection axis. However, to avoid 

contaminating the indoor environment during HOMEChem, chemical modulation was not used to 

measure potential interferences. Instead, the OH concentrations were compared to a primary 

indoor OH source (HONO photolysis) as well as precursors of Criegee intermediates, such as 
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monoterpenes and ozone as shown in Figure 3.3 for 27 June and Figure S3.7 for 12 June. In Figure 

3.3a, the OH concentrations are correlated to JHONO × [HONO] (R2 = 0.76), suggesting that the 

source of OH is photolytic. This includes periods when direct sunlight was illuminating the living 

area, as well as periods when indirect light was illuminating the area. In contrast, the measured 

OH concentrations were not correlated with the measured HONO concentrations from the CIMS 

or LP/LIF instruments, suggesting that potential interferences from elevated HONO 

concentrations, such as photolysis by the 308 nm laser in the detection cell, were not responsible 

for the measured OH concentrations.  

If the measured OH concentrations were the result of interferences from the decomposition 

of Criegee intermediates produced from the ozonolysis of alkenes, one would expect that the 

measured OH concentrations would exhibit some correlation with the measured concentrations of 

ozone and reactive VOCs emitted during the cooking episodes. As illustrated in Figure 3.3e–g, 

there is little or no correlation of the measured OH concentrations with VOCs that react with ozone, 

such as monoterpenes (MT) or the product of ozone with these VOCs reflecting the rate of 

ozonolysis, indicating that the OH measurements are probably free from interferences due to the 

decomposition of Criegee intermediates in the detection cell. The measurements are also likely 

free from interferences from the decomposition of organic trioxides in the detection cell as the 

high concentration of NO likely dominated the fate of peroxy radicals in these experiments.  
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Figure 3.3:  Measured OH concentrations plotted against indoor sources (a) and indications of potential 
LP/LIF instrument interferences (HONO (b), JHONO (c), laser power (d), monoterpenes (e), O3 (f), and the 
product of O3 and monoterpenes (g)) during the 27 June Thanksgiving experiment. Points when guests 
arrived (15:30–17:30) were omitted. The strong correlation with HONO photolysis compared to weak 
correlations with interference precursors suggest that the measurements do not suffer from interferences. 
In panel a, JHONO×[HONO] was calculated using LP/LIF values for HONO.  
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The correlation of the measured OH concentrations with JHONO×[HONO] during the cooking 

episodes suggests that the source of OH is related to the photolysis of HONO. There is also 

correlation with JHONO alone (Fig. 3.3c), implying the main production route of OH is photolytic, 

as the photolysis frequencies for all compounds will scale similarly. During Thanksgiving, the 

correlation of JHONO×[HONO] is greater than that of either JHONO or [HONO], suggesting that the 

photolysis of HONO is likely a dominant source. The lower concentrations of HONO during the 

repeated cooking experiment resulted in comparable correlations between JHONO and 

JHONO×[HONO]. The correlation to JHONO×[HONO] would also be consistent with the photolysis 

of an unmeasured radical source co-emitted with HONO during the cooking episodes. As 

discussed below, interferences observed by some of the instruments measuring ozone and NO2 

indicate the presence of a photolytic source of radicals during the cooking episodes that could 

contribute to the measured OH concentrations. Because the measured OH concentrations are not 

correlated to the KIT O3 (Fig. 3.3, R2 = 0.06) or the difference between NO2 measurements 

(R2 = 0.07, not shown), interferences in these instruments are unlikely to indicate an interference 

in the OH measurements. 

3.3.4 Evidence of a photolabile interference in ozone instruments 

Figure 3.1b and Figure S3.8 show the measurements by the KIT O3 instrument with the 

measurements by the AHU O3 instrument during the 27 June Thanksgiving experiment, illustrating 

the large discrepancy between the two instruments. The calculated steady-state concentration of 

O3 and the measured concentrations of both instruments are also shown in Figure S3.8. The 

consistently high concentrations of the KIT O3 instrument clearly suggest an interference, which 

may also have affected the AHU O3 instrument as the increase from 13:00 to 17:00 occurs during 

a marked decrease in the calculated steady-state O3 concentration due to the high NO 



69 
 

concentrations during this period. While both instruments measure O3 through its absorbance at 

254 nm (see Supporting Information), it is possible that the interference is irreversibly lost within 

the air conditioning system, similar to water soluble trace gases (Schwartz-Narbonne et al., 2021). 

This would result in a lower interference in the AHU O3 measurements compared to the KIT O3 

measurements.  

Discrepancies between the two O3 instruments also occurred on three other days during the 

HOMEChem campaign, all during cooking events (8 June, 25 June, and 26 June, Fig. S3.9). The 

interference in the KIT O3 measurements exhibited an exponential decay after each episode, 

allowing the calculation of the total decay rate constant (Fig. S3.10). The 26 June cooking event 

took place at night and exhibited a slower decay than the daytime events (k = 1.15×10-3 s-1 

compared to 1.45–6.99×10-3 s-1, Fig. S3.10), suggesting that the interference is photolytic, 

resulting in a shorter lifetime during the day. With the assumption that all other decay pathways 

remain relatively similar between different days, the photolysis rate constant of the interferent can 

be calculated by subtracting the total decay rate constant calculated at night from the total decay 

rate constant calculated from each day (see Supporting Information). This provides an approximate 

rate constant for the photolysis of the interferent (JINT) averaged throughout the house during four 

different times of the day, and the results are shown in Figure 3.4 overlaid with measurements of 

JHONO measured from both the east- and west-facing windows throughout the campaign showing 

the diurnal trend of sunlight in the house. There is a substantial difference between the interference 

J-values calculated around 9:00 on the two days, when the house usually received direct sunlight 

from the eastern window. Unfortunately, photolysis rates from the east-facing window were not 

measured on 8 June. The reason for this discrepancy is unclear and may be due to either 

uncertainties associated with the calculation or uncertainties related to the amount of local cloud  
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Figure 3.4: Calculated photolysis frequencies of the interfering species (JINT, right axis) based on 
measurements during 8 June (red points) and 25 June (blue points) with all of the measured JHONO values 
from the entire campaign (small dots, left axis) as a function of time of day. The bimodal distribution is due 
to individual measurements from the two main windows, one facing east in the kitchen (green dots) and 
one facing west in the living room (gray dots). 

cover on that day (see Supporting Information). While these calculated photolysis frequencies are 

highly uncertain due to their reliance on assumptions, they do suggest that the interfering 

compound is most likely photolytic in the indoor environment.   

Ozone instruments have known interferences with aromatic species, HONO, and aldehydes 

(Kenner et al., 1986; Martinez et al., 1992; Spicer et al., 2010; Turnipseed et al., 2017), but 

concentrations of these species measured during HOMEChem can only account for a maximum 

increase in signal of 1 ppb (Figure S3.11). Other classes of compounds, such as polycyclic aromatic 

.hydrocarbons, could absorb at 254 nm  but were not measured (Keller-Rudek et al., 2013). As O3 

absorbs very strongly at 254 nm compared to these interfering compounds, to account for a 

difference in O3 signal of more than 50 ppb, interferences would have to be present in significant 

concentrations. Nevertheless, if the absorption cross section of the interference at 254 nm was 
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much larger than that of other known interferences, then smaller concentrations could explain the 

observed interference. 

3.3.5 Evidence of a photolabile interference in NO2 instruments 

The instruments that measured NO2 during the campaign used two different techniques 

(BLC and CAPS) with inlets located adjacent to one another within the house during experiments. 

Any discrepancy between the two instruments could be due to calibration differences or an 

interference in one of the techniques. Throughout the campaign, the BLC instrument measured 

higher values at low concentrations of NO2 compared to the CAPS instrument, while the CAPS 

instrument measured higher values compared to the BLC instrument at high concentrations (Figure 

S3.12). There are also periods of significant discrepancies with negative BLC NO2 concentrations, 

clearly indicative of an interference. An interference photolyzing into a compound that quickly 

reacts with NO (such as the hydroperoxy radical (HO2) or a peroxy radical, RO2), would decrease 

the NO2 signal when the BLC is active by reducing the detected NO in the NO+NO2 signal, while 

not affecting the ambient NO signal when the BLC is off, resulting in a NOX signal that is smaller 

than NO (Villena et al., 2012; Farmer et al., 2019). The interference was greatest during 

exceptionally high NOX events such as the Thanksgiving experiments, leading to negative signals 

when NO was greater than NO2, but could also be present at elevated NOX concentrations, such as 

the 12 June repeated cooking experiment, leading to lower NO2 signals compared to the CAPS 

instrument.  

If an interference is present in the BLC NO2 measurements, it must be distinguished from 

any differences from the CAPS measurements due calibration uncertainties. With the assumption 

that the interference is tied to emissions from the gas stove, one experiment during the campaign 

featured elevated NO2 concentrations without the use of the gas stove or any other combustion 
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sources through the addition of O3 inside the house. The O3 reacted with NO to form NO2, resulting 

in elevated concentrations of NO2 in the absence of combustion and presumably no interference. 

During this experiment, the measurements by the two instruments were highly correlated but did 

diverge at both low and high mixing ratios of NO2 (Fig. S3.13), suggesting that the difference was 

due to calibration uncertainties during this experiment. Assuming that this systematic difference 

between the instruments was consistent throughout the campaign, the linear relationship between 

the two instruments on this day can be used to correct the BLC measurements on other days so 

that any remaining discrepancy with the CAPS instrument is assumed to be due to the interference. 

This discrepancy is significant during the Thanksgiving experiment (Figure 3.1d), but also 

noticeable on repeated cooking days, as shown in Figure S3.14, suggesting the interference was 

emitted during all cooking events.  

Quantification of the interference in the NO2 instrument is inherently challenging due to 

two reasons. First, the photolytic efficiency of the interfering species is unknown. To interfere with 

NO2 measurements, the species would need to absorb and photolyze at 395 nm. As blue light 

converters use wavelengths at particularly high absorbance cross sections of NO2, any interfering 

species will likely have a lower absorbance and lower rate of photolysis. Therefore, determining 

the difference between the two signals would only account for the fraction of the interfering species 

that photolyzes and would represent a lower limit. Second, if the compound reacting with NO is a 

peroxy radical, there is the possibility that the radical cycle continues to propagate and each 

interfering RO2 molecule can cause the loss of multiple NO molecules in the instrument. As a 

result, the difference between the two NO2 concentrations could represent the upper limit of the 

interference concentration.  
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3.3.6 Model results with an additional photolytic source of radicals 

To examine the effect of an unmeasured or under-measured photolytic source of radicals 

during the Thanksgiving experiment, an additional VOC was added to the 0-D model. The 

photolysis pathway of this VOC was modeled after pyruvic acid (CH3C(O)C(O)OH, reactions 

R3.7–3.10), while the total photolysis frequency was scaled to match the calculated values shown 

in Figure 3.4. Pyruvic acid was chosen as the proxy in the model for four reasons. 1) Organic acids 

are commonly found in food, including many cooked during Thanksgiving (Klampfl, 2007; Pereira 

Da Costa and Conte‐Junior, 2015), 2) the concentration of pyruvic acid measured during the 

Thanksgiving experiment was correlated to the KIT O3 measurements (Fig. S3.15), 3) it can absorb 

at 254 nm and interfere with the O3 instrument, and 4) it absorbs up to 400 nm and can photolyze 

to form peroxy radicals which would interfere with the NO2 instrument. While pyruvic acid was 

measured during the HOMEChem campaign by an iodide chemical ionization mass spectrometer 

(I-CIMS), including the concentration measured during the Thanksgiving experiment in the model 

does not impact the modeled radical concentrations greater than the model error of ±15%. 

However, as the I-CIMS instrument was not specifically calibrated for pyruvic acid against a 

standard but rather was calibrated for formic acid, acetic acid, propionic acid, butyric acid, valeric 

acid, hypochlorous acid, chlorine, and nitryl chloride. The mixing ratios of all other compounds 

were estimated using a voltage scanning approach (Lopez-Hilfiker et al., 2016; Mattila et al., 

2020), resulting in high uncertainty for all uncalibrated compounds, including pyruvic acid. 

Because of this, it is possible that the instrument is not as sensitive to pyruvic acid or that pyruvic 

acid could be lost on sample lines. Both possibilities could indicate a higher true concentration of 

pyruvic acid inside the house compared to the measured concentration. Additionally, although the 
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proxy is a single compound, it could represent the sum of many functionalized, photolytic 

compounds that are emitted from cooking, each contributing to the total rate of radical production. 

CH3C(O)C(O)OH + hν → CH3CHO + CO2 (ϕ = 0.48) (R3.7) 

CH3C(O)C(O)OH + hν → CH3CO + COOH (ϕ = 0.39) (R3.8a) 

COOH + O2 → HO2 + CO2 (R3.8b) 

CH3C(O)C(O)OH + hν → CH3COOH + CO (ϕ = 0.08) (R3.9) 

CH3C(O)C(O)OH + hν → CH3CO + CO + OH (ϕ = 0.05) (R3.10) 

For the Thanksgiving experiment, the concentration of the additional radical source used 

in the model was scaled to the difference in signal between the two O3 monitors during the day, 

with the maximum concentration varied to obtain the best match between the modeled OH 

concentrations and the measurements (Fig. S3.16). The results for both the base model and the 

model including the additional radical source are shown in Figure 3.5, and a radical budget analysis 

can be found in the Supporting Information (Fig. S17). Scaling the expected photolysis rate 

constant for pyruvic acid to the measured JINT and assuming a maximum indoor concentration of 

the photolytic VOC of 1 ppb increases the modeled OH concentration by 10% over the base model 

during indirect sunlight (11:50-13:00) and 35% during direct sunlight (13:30–18:00). However, 

with this additional photolytic VOC, the model still underestimates the measured OH 

concentrations. Increasing the maximum concentration of the photolytic VOC to 10 ppb (Fig. 3.5, 

purple line) using the same photolysis rate constant improves the agreement of the modeled OH 

concentrations with the measurements, leading to a median observed-to-modeled ratio of 1.3 

(quartiles = 0.71, 3.6). While the models were unable to capture the elevated concentrations in the 

morning (10:30–12:00) or late in the evening (20:00–0:00), the additional photolytic VOC was 

able to bring the model into better agreement for most of the time when the interference 
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Figure 3.5: Measurements of HO2* (a and b) and OH (c and d) during cooking events. Model results for 
the base case (blue) and with an additional photolytic VOC with a maximum concentration of 1 ppb (red) 
and 10 ppb (purple) for the 27 June Thanksgiving experiment (a and c) and the 12 June Repeated Cooking 
event (b and d). Variations in the concentration of the photolytic VOC were scaled to the difference in 
signal between the O3 instruments for the Thanksgiving experiment, and the ratio of interference/NO2 was 
subsequently used to constrain the 12 June model (see text). Occupancy of the house is indicated by the 
color of the points, with red points when 3–4 people were present, green points with 13 people present, and 
unoccupied times in black points. The shading of the 12 June model represents indicates a model run with 
the photolytic VOC changed by ±50%. 

concentration was high or when the evening light was coming through the west-facing window. 

Differences in the absorption cross section between pyruvic acid and the unknown photolytic VOC 

could be responsible for some of the discrepancies between the modeled and measured OH 

concentrations in the morning and early evening. The discrepancy could also be due to additional 

radical production from the ozonolysis of alkenes that were not included in the model.  

The repeated cooking experiment on 12 June also displayed evidence of an interfering 

species in the O3 and NO2 measurements, though significantly smaller (Figs. S3.14, S3.18, S3.19). 

Similar to the 27 June Thanksgiving experiment, the base model underestimated the OH 
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measurements from this day by an average of 62% in the afternoon and evening. However, unlike 

the Thanksgiving experiment, there was not a clear, consistent interference in the O3 measurements 

to scale the concentration of the photolytic VOC interference in the model. Assuming that the 

interference was emitted by the gas stove, the average ratio of the concentration of the photolytic 

interference to the NO2 concentration measured by the CAPS instrument during cooking and non-

cooking periods was calculated for the model run that best fit the Thanksgiving data. The 

concentration of additional photolytic VOC input into the model for the 12 June experiment was 

then calculated based on this ratio, resulting in a maximum of about 2.7 ppb (Fig. S3.16). Because 

of the estimation required to calculate the concentration of the photolytic VOC, the model was run 

with a VOC concentration of ±50%, with results indicated by the shaded region. As with the 

Thanksgiving experiment, the addition of the photolytic VOC improves overall agreement 

between the model and the measured values (Fig. 3.5), with a median measured/model ratio of 

1.08 (quartiles = 0.35, 1.8) compared to 2.1 (quartiles = 1.2, 4.5) for the base case. However, the 

measured maximum concentration is approximately one hour later than predicted by the model, 

occurring after peak concentration of compounds emitted by the gas stove and the maximum 

sunlight intensity. While the true cause of this discrepancy is unclear, one explanation is that 

similar to the Thanksgiving experiment, the presence of people in the house created a localized 

sink during the peak OH concentrations. Although the concentration of the photolytic VOC is 

lower compared to the Thanksgiving experiment, the model is able to reproduce the high 

concentrations of OH observed on this day as the lower mixing ratios of NO2 result in lower rates 

of OH radical termination.  
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3.3.7 Environmental Implications 

An unknown photolytic radical source tied to the use of cooking with gas appliances can 

significantly alter the oxidative capacity of indoor environments. Adding this radical source into 

the chemical model greatly improves the agreement with measured concentrations of OH radicals, 

both during normal use of the gas stove and the more extreme case of cooking a large Thanksgiving 

meal for multiple hours. In the model, the novel source was primarily responsible for the 

production of radicals, and while the model used estimates and assumptions for the concentration, 

photolysis frequency, and reaction pathway of the unknown radical source, a compound with lower 

concentrations and a higher photolysis frequency could produce similar results, and vice versa. 

However, to explain the discrepancy in the O3 and NO2 instruments, concentrations of the 

interference would need to be significantly higher than measurements of any other potential 

interfering compounds. During HOMEChem, there was no evidence of a photolabile interference 

in either the NO2 or O3 instruments outside of cooking experiments. While this radical source can 

alter the oxidative capacity during gas cooking, there is no evidence that it is a common compound 

in indoor air. 

Studies on indoor photolysis have primarily focused on the photolysis of small molecules 

such as HCHO, HONO, HOCl, and Cl2 (Kowal et al., 2017; Wang et al., 2020b; Zhou et al., 2021). 

Indoor environments can have higher concentrations of several oxygenated and otherwise 

functionalized VOCs which can photolyze to form radicals and may be overlooked in current 

indoor chemical mechanisms (Arata et al., 2021; Takhar et al., 2022). Cooking, and even just the 

heating of oil, can produce a large variety of functionalized VOCs that can further react or 

photolyze to influence the indoor environment. While many compounds were measured at 

HOMEChem (Farmer et al., 2019; Arata et al., 2021), highly functionalized molecules may be 
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difficult to measure if they are lost in long sampling lines or fragment within instrumentation. If 

these compounds remain unmeasured and uncharacterized, our understanding of indoor oxidative 

capacity during cooking events is severely limited. The presence of additional radical sources 

would increase overall VOC oxidation resulting in increased production of secondary organic 

aerosols and other potentially harmful compounds, such as aldehydes, ketones, acids, and 

peroxides (Hakola et al., 1994; Jones, 1999; Lee et al., 2006). To our knowledge, these results are 

the first direct measurements of OH in a residential setting, indicating that significant OH 

concentrations can occur in houses during normal occupancy behavior, enhancing the oxidative 

capacity and the potential for chemical transformations and aerosol formation in the indoor 

environment.  
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4 Radical chemistry in forested environments: A chemical coordinate analysis 

4.1 Introduction 

The hydroxyl radical (OH) is the dominant oxidant in the atmosphere, controlling the 

lifetimes of volatile organic compounds (VOCs) (Levy II, 1972). The OH-initiated oxidation of 

VOCs (R4.1) propagates a radical cycle by forming peroxy radicals (XO2 ≡ RO2 + HO2) that react 

with nitric oxide (NO) to form nitrogen dioxide (NO2) and regenerate OH (R4.2–4.3). The 

propagation of this cycle produces ozone (O3) pollution through the photolysis of NO2 and 

promotes the growth of secondary organic aerosol through the deposition of oxidized VOCs. This 

cycle can be terminated through either NOX (NOX ≡ NO + NO2) reactions (R4.4–4.5) or ROX (ROX 

≡ OH + HO2 + RO2) reactions (R4.6–4.9) (Finlayson-Pitts and Pitts Jr, 1999).  

OH + RH →
O2�� RO2 (R4.1) 

RO2 + NO → HO2 + NO2 (R4.2) 

HO2 + NO → OH + NO2 (R4.3) 

OH + NO2
M
→ HNO3 (R4.4) 

RO2 + NO
M
→ RNO3 (R4.5) 

OH + HO2 → H2O + O2 (R4.6) 

HO2 + HO2 → H2O2 + O2 (R4.7) 

RO2 + HO2 → ROOH + O2 (R4.8) 

RO2 + R′O2 → R(O) + R′OH + O2 (R4.9) 

As NOX emissions are primarily from anthropogenic combustion of fossil fuels, radical 

termination in remote forested environments is expected to proceed mainly through ROX reactions 

(Hens et al., 2014). Observations and model results from remote environments have shown, in 

general, that OH is underpredicted (Mao et al., 2012; Rohrer et al., 2014), while HO2 and RO2 
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have been overpredicted (Cantrell et al., 1993; Cantrell et al., 1996a; Cantrell et al., 1996b; Cantrell 

et al., 1997; Carslaw et al., 1999; Carslaw et al., 2002; Fleming et al., 2006; Sommariva et al., 

2006), underpredicted (Burkert et al., 2001; Wolfe et al., 2014), and accurately represented by 

models (Cantrell et al., 2003a; Cantrell et al., 2003b; Sjostedt et al., 2007; Feiner et al., 2016). 

Additionally, the agreement with models has varied within measurement campaigns, with Ren et 

al. finding that models overpredicted XO2 at low NO concentrations and underpredicted XO2 at 

high ambient NO concentrations (Ren et al., 2005). This has also been seen by Mihelcic et al., 

although the XO2 measurements were near the detection limit of their instrument, so the trend is 

less clear (Mihelcic et al., 2003). Furthermore, some studies have found good agreement for XO2, 

while HO2 was consistently overpredicted, possibly due to misrepresentation of radical cycling 

within chemical mechanisms or missing HO2 loss processes (Cantrell et al., 1997; Carslaw et al., 

1999; Carslaw et al., 2002; Fleming et al., 2006; Sommariva et al., 2006).   

Several recent developments have improved OH model and measurement agreement, 

including accounting for interferences in some measurements as well as radical regeneration 

through peroxy radical isomerization reactions (Peeters et al., 2009; Mao et al., 2012; Lew et al., 

2020). However, additional radical production could exacerbate the model disagreement for HO2 

and RO2 concentrations in environments where models overestimate XO2, indicating 

underestimated radical loss pathways affecting peroxy radicals. As a result, there is a need to 

improve our understanding of peroxy radical chemistry, particularly in rural, forested 

environments. Observations of ROX from two deciduous forests displayed different trends when 

compared to modeled concentrations. 

Recent investigations into the degradation of pathways of VOCs have elucidated additional 

radical loss processes that can become significant in low-NOX environments, such as additional 
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radical-radical reactions and heterogeneous uptake by aerosols. Yields of peroxides from 

RO2 + RO2 reactions for small RO2 species (i.e. C1–2 alkane and acyl peroxyl radicals) have been 

measured and are small enough to be insignificant in most environments (Weaver et al., 1975; 

Anastasi et al., 1983). However, this is not the case for larger RO2 species such as those originating 

from biogenic VOCs, such as monoterpenes and isoprene, which can form large, highly oxidized 

molecules (HOMs) through R4.10 (Berndt et al., 2018b). The rate constant for this reaction varies 

between 10‑13 and 10‑10 cm3 s-1 depending on the RO2 species involved, with the fastest biogenic 

reactions occurring between isoprene and α-pinene peroxy radicals (1.3–2.3×10-11 cm3 s-1) (Berndt 

et al., 2018a). HO2 can also deposit onto aerosol surfaces, and the addition of aerosol uptake has 

been observed to result in better agreement between measurements and models, particularly in 

marine environments (Heard and Pilling, 2003; Sommariva et al., 2004). Agreement between 

measurements and models during some campaigns have relied on high aerosol uptake coefficients 

(γ) for HO2 (Sommariva et al., 2004; Emmerson et al., 2007; Whalley et al., 2010).  However, 

measurements of the uptake coefficient have varied significantly with different aerosol 

compositions (Burkholder et al., 2020). Aerosols in forested environments typically have higher 

concentrations of organic compounds, particularly oxidized and functionalized compounds 

compared to sea spray aerosol common in marine environments (Heald et al., 2010; VanReken et 

al., 2015), introducing more uncertainty in the uptake coefficient of HO2 onto aerosols. Finally, 

the reaction between OH and RO2 has been posited to form organic trioxides (ROOOH, R4.11) 

with rates that could become competitive in remote, low NOX, forested regions (Fittschen et al., 

2019).  

RO2 + R′O2 → ROOR′ + O2 (R4.10) 

OH + RO2
M
→  ROOOH (R4.11) 
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While individual studies have attempted to address discrepancies between measurements 

and model through proposed additions to atmospheric chemical mechanisms, there have been few 

attempts to analyze multiple studies to see if the radical measurements are consistent with each 

other. A chemical coordinate analysis is a method to normalize different chemical environments 

for their intercomparison (Cohen et al., 2000; Thornton et al., 2002). Due to their high reactivity, 

radicals are expected to exist in steady-state, with equal rates of production and termination. The 

termination reactions (R4.4–4.9) have varying importance in different environments, so chemical 

coordinates employ the fraction of a specific pathway to the total radical termination to normalize 

data from different measurement campaigns.  

Additionally, there has not been widespread use of a mechanism that has been updated with 

recently proposed ROX termination reactions in forests. In this study, three campaigns in two 

forested regions are reviewed for the effect of additional ROX loss processes. Analysis through 

chemical coordinates and experimental radical budgets allows for the intercomparison of these 

campaigns and provides insight into the balance between radical initiation and termination during 

these campaigns and the effect of newly proposed radical reactions in these forested environments.  

4.2 Experimental Methods 

Data for this analysis were collected over three intensive summer field campaigns at two 

different locations. The Community Atmosphere-Biosphere INteractions EXperiment 

(CABINEX) and the Program for Research on Oxidants: PHotochemistry, Emissions, and 

Transport—Atmospheric Measurements of Oxidants in Summer (PROPHET-AMOS) campaigns 

occurred at the University of Michigan Biological Station in Pellston, Michigan during 2009 and 

2016, respectively (Griffith et al., 2013; Bottorff et al., in review). The Indiana Radical Reactivity 

and Ozone ProductioN InterComparison (IRRONIC) campaign took place at the Indiana 
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4.2.1 Measurements of OH, HO2, and total peroxy radicals 

During these field campaigns, OH and HO2 radicals were measured by the Indiana 

University Laser-Induced Fluorescence—Fluorescence Assay by Gas Expansion (IU-FAGE) 

(Dusanter et al., 2009). In this technique, OH radicals are detected through fluorescence of the 

Q1(3) transition near 308 nm. Ambient air is expanded into a detection cell at low pressure (ca. 4–

7 torr, 5.3–9.3 hPa) through a pinhole (0.64–1 mm in diameter) using 1–2 scroll pumps (Edwards 

XDS 35i). A dye laser pumped by a Spectra Physics Navigator II YHP40-532Q Nd:YAG laser to 

produce tunable radiation near 616 nm which is frequency-doubled to 308 nm. During CABINEX, 

the dye laser was a Lambda Physik Scanmate 1 using Rhodamine 640 in isopropanol and the 

system operated at a repetition rate of 5 kHz to generate 10-15 mW of 308 nm light. For all 

subsequent field campaigns, a Sirah Credo Dye laser was used with 255 mg/L of Rhodamine 610 

and 80 mg/L of Rhodamine 101 in ethanol and operated at a repetition rate of 10 kHz to produce 

30–100 mW of 308 nm light. To account for detection of laser light or any interfering species, the 

net signal is determined by spectral modulation between a wavelength resonant with the Q1(3) 

transition and a wavelength 0.01 nm shorter. The resonant wavelength is determined and 

monitored through a reference detection cell in which OH is continuously generated by thermal 

dissociation of water vapor on a heated alumel filament. Approximately 10% of the total laser 

emission is directed toward the reference cell while the rest is sent to the ambient detection axes 

through fiber optic cables (12 m or 50 m, for Indiana and Michigan field campaigns, respectively). 

The detection cell has a multi-pass White configuration that allows the laser emission to 

transect the sampled air mass approximately 24 times, increasing the generated fluorescence, and 

likewise, the instrument sensitivity. Fluorescence signal was detected orthogonal to both the air 

flow and laser path using a gated microchannel plate photomultiplier tube (Hamamatsu R5946U-
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50), followed by a preamplifier (Stanford Research Systems SR445), and a gated photon counter 

(Stanford Research Systems SR400). Instrumentation was controlled and data logged through 

LabVIEW programming and hardware (National Instruments).  

It has been shown that some LIF instruments are susceptible to an unknown interference 

potentially due to the degradation of Criegee intermediates or organic trioxides in the low-pressure 

detection cell (Mao et al., 2012; Lew et al., 2018; Rickly and Stevens, 2018; Fittschen et al., 2019). 

To account for this interference, a chemical scrubber (hexafluoropropylene, C3F6, Matheson) 

removes all ambient OH before it enters the detection cell. Any positive signal occurring during 

this test is due to interferences and can be subtracted from the signal to yield only OH. This 

technique was used continuously in all campaigns except CABINEX. During CABINEX, a similar 

chemical scrubbing technique was intermittently used to test for unknown interferences. 

Subsequent experiments suggest that the instrument did not suffer an unknown interference during 

CABINEX and any signal measured during chemical scrubbing could be explained by the known 

ozone-water interference (Griffith et al., 2013). Due to the inconsistency in use of chemical 

scrubbing, the long averaging times typically needed for ambient OH measurements, and the good 

agreement between diurnal measurements and models for these campaigns, modeled OH 

concentrations were used in this analysis.  

HO2 was detected by the same instrument by the addition of NO through a Teflon injector 

just below the sampling inlet. HO2 quickly reacts with NO to form OH which is subsequently 

detected (R4.3). However, some RO2 species such as those produced from the OH-initiated 

oxidation of isoprene can also react with NO (R4.2) to quickly produce HO2 which can further 

react with NO, resulting in an interference in the HO2 signal (Fuchs et al., 2011; Lew et al., 2018). 

In 2016, the flow rate of NO alternated between a low and high flow, such that primarily HO2 was 
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measured under low flows and HO2* (HO2* ≡ HO2 + αRO2) was measured under high flows. This 

allowed for the determination of the HO2 concentration from the different conversion efficiencies 

under both conditions. The earlier field campaigns used a single high flow of NO and measured 

HO2* and were unable to distinguish between HO2 and HO2*. However, calibrations suggest that 

60–100% of isoprene-based peroxy radicals were detected during these campaigns (Griffith et al., 

2013; Lew et al., 2020). 

Total peroxy radicals (XO2 ≡ RO2 + HO2) were measured by Ethane Chemical Amplifier 

(ECHAMP) technique in 2015 and 2016. This method has been described in detail elsewhere 

(Wood et al., 2017). ECHAMP measures XO2 indirectly using cavity-attenuated phase-shift 

spectroscopy (CAPS) to measure the NO2 produced from radical cycling with the addition of NO 

and ethane. The NO reacts with RO2 and HO2 (R4.2–4.3) and produces the measured NO2, while 

added ethane propagates the cycle (R4.1) to amplify the production of NO2. In a background 

measurement, the ethane is added later, such that all the OH produced from radical propagation 

has reacted with NO (R4.4), terminating the cycle. The net signal subtracts the background 

measurement to account for all ambient NO2 as well as any impurities from either gas flow. XO2 

was not measured during CABINEX, but an estimate of RO2 was derived from the measured HO2* 

(Section 4.2.4). 

4.2.2 Model description 

All campaigns were simulated with a 0-dimensional chemical box model using the 

Regional Atmospheric Chemical Mechanism (RACM, version 2) to calculate concentrations of 

OH and speciated RO2 for further analysis (Goliff et al., 2013). In contrast to an explicit 

mechanism, in which each VOC follows a unique degradation method, RACM groups together 

VOCs that react similarly to form generalized products that continue to react. The lumped 
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mechanism of RACM reduces computing time while still reproducing measured radical 

concentrations (Lew et al., 2020). Additional radical recycling through the Leuven Isoprene 

Mechanism (LIM1) was added into the base mechanism for all campaigns (Tan et al., 2017). In 

LIM1, isoprene peroxy radical isomerization produces HOX radicals in addition to forming 

hydroxyperoxy aldehydes (HPALDs), which can photolyze and produce additional OH. All 

models were constrained with supporting measurements of O3, NO, NO2, VOCs, JNO2, RH, and 

temperature. 

4.2.3 Estimation or calculation of concentrations of unmeasured radical species 

Analysis of radical chemistry relies on the concentrations of OH, HO2, and RO2, which can 

differ from the species actually measured. While OH was measured during all campaigns, HO2 

was only measured during PROPHET 2016, and RO2 alone was never measured. However, the 

HO2* measured during CABINEX 2009 and IRRONIC 2015 can be used to calculate an estimate 

of the HO2 concentrations. The measured conversion efficiencies of different RO2 species can be 

applied to model results to calculate a modeled HO2* concentration (Lew et al., 2018). The ratio 

of HO2/HO2* from the model can then be applied to the measured HO2* concentration to calculate 

an observed HO2 concentration.  

Total peroxy radical (XO2) concentration was measured during IRRONIC 2015 and 

PROPHET 2016, and concentrations of RO2 were calculated by subtracting the calculated or 

measured HO2 concentrations, respectively. For CABINEX 2009, follow-up investigations 

showed that the isoprene-derived RO2 species (ISOP) likely accounted for the majority of RO2 

interference for that campaign, with a conversion efficiency close to 100% (Griffith et al., 2013). 

For this campaign, the difference between the measured HO2* and the calculated HO2 can be 

attributed to ISOP. Non-isoprene derived RO2 can then be calculated from the modeled ratio 
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between RO2 and ISOP. For the other two campaigns, the RO2 concentrations were also divided 

into ISOP and non-isoprene derived RO2 species (henceforth denoted nRO2) by applying the 

modeled ratio of these to the calculated, observed RO2 concentrations in order to estimate the 

concentration of ISOP. These calculations are summarized in Table 4.2.  

4.2.4 Calculations of experimental radical budgets and chemical coordinate analysis 

Chemical coordinate analyses have been used previously as a method of normalizing 

datasets to compare different campaigns in different environments (Cohen et al., 2000; Thornton 

et al., 2002). Chemical coordinates can be any measured or calculated value used to gauge the 

entire range of a chemical landscape. In this analysis the measured radical production to 

termination ratio is plotted against the fraction of specific termination reactions to the total radical 

termination rate. These coordinates are used to determine the conditions where the ratio deviates 

from the expected steady-state value of one, and whether recently proposed loss mechanisms can 

account for the deviations.  

Both experimental radical budgets and the chemical coordinate analysis rely on the steady-

state assumption. Photolytic production or initiation of radicals is calculated through Equation 4.1, 

which includes the photolysis of O3 (R4.12), formaldehyde (HCHO, R4.13), and nitrous acid 

(HONO, R4.14). The photolysis of O3 produces high-energy oxygen atoms that can either react 

with water vapor to produce OH or collide with air (M = N2, O2) to become ground-state oxygen 

atoms. Radical formation through alkene ozonolysis was simplified to include only the ozonolysis 

reactions of isoprene (ISO) and α-pinene (API, Eq. 4.2 and 4.3, respectively). Reaction coefficients 

and quantum yield of radical products were taken from the Master Chemical Mechanism (MCM), 

an explicit degradation scheme of many VOCs (Jenkin et al., 2015).  
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Inclusion of these reactions will inherently be an underprediction of total radical 

production, as it does not include the photolysis of unmeasured species (such as aldehydes or 

peroxides), radical production through isomerization of isoprene oxidation products (LIM1 

mechanism), or the ozonolysis of alkenes. Alkene ozonolysis relies on measurements of VOCs 

which varied between the campaigns. As isoprene and monoterpenes (specifically, α-pinene) were 

consistently measured in all three campaigns, only the ozonolysis of these alkenes were included 

in this analysis. Previous modeling studies of these campaigns suggest that included radical 

initiation rates encompass approximately 80% of total radical production (Griffith et al., 2013; 

Lew et al., 2020; Bottorff et al., in review). 

For the base analysis, radical termination pathways were categorized as either ROX + NOX 

(Eq. 4.4), ROX + RO2 (Eq. 4.5) and HO2 + HO2 (Eq. 4.6), encompassing all the termination 

pathways that are included in both MCM and RACM. In Equation 4.4, α represents the yield of 

organic nitrates from the reaction of peroxy radicals and NO, compared to the propagation of the 

radical cycle. All rate constants were calculated according to MCM specifications, with rate 

constants for RO2 reactions from a weighted average of the most prominent RO2 species.  

O3 + hν (λ < 320 nm) → O(1D) + O2 (R4.12a) 

O(1D) + H2O → 2OH (R4.12b) 

O(1D)
M
→ O(3P) (R4.12c) 

HCHO + hν(λ < 330 nm) → H + HCO (R4.13a) 

H + O2
M
→ HO2 (R4.13b) 

HCO + O2 → HO2 + CO (R4.13c) 

HONO + hν(λ < 400 nm) → OH + NO (R4.14) 
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PHOX =
2JO3→O(1D) [O3]kO(1D)+H2O[H2O]

kO(1D)+H2O[H2O] + kO(1D)+N2 ,O2[N2 + O2] + 2JHCHO[HCHO] + JHONO[HONO]  (Eq. 4.1) 

PHOX = 0.595 × kO3+ISO[O3][ISO] (Eq. 4.2a) 

kO3+ISO = 1.03 × 10−14 exp �−
1995
T(K)� (Eq. 4.2b) 

PHOX = 1.6 × kO3+API[O3][API] (Eq. 4.3a) 

kO3+API = 5 × 10−16 exp �−
530
T(K)� (Eq. 4.3b) 

LROx+NOX = αkRO2+NO[RO2][NO] + kOH+NO2[OH][NO2] (Eq. 4.4) 

LROX+RO2 = 2kRO2+HO2[RO2][HO2] + 2kOH+HO2[OH][HO2] (Eq. 4.5) 

LHO2+HO2 =  2kHO2+HO2[HO2]2 (Eq. 4.6) 

To calculate the experimental radical budgets, the initiation and termination rates from all 

pathways were calculated for each radical concentration measurement, then diurnally averaged. 

For the chemical coordinate analysis, fractions of each loss pathway were calculated by dividing 

each termination rate by the total radical termination (F). F(OH+NO2) is shown in Equation 4.7 as 

an example. The ratio of total initiation to termination is then plotted against different fractions to 

identify chemical regimes where the data deviates from the steady-state assumption where the ratio 

is equal to one. Due to variations in the data availability between the campaigns, the sources of 

each term in Equations 4.1–4.6 are summarized in Table 4.2. In general, measured values were 

prioritized unless the data were too sparse to produce meaningful trends. In that case, modeled 

values, diurnal averages, or values derived from measurements were used instead. 

F(OH + NO2) =
kOH+NO2[OH][NO2]

LROX+NOx + LROX+RO2 + LHO2+HO2
 (Eq. 4.7) 
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Diurnal modeled (red), measured (black), and/or calculated (gray) concentrations for all 

radicals during each campaign are shown in Figure 4.2.  The calculations for all compounds are 

described in section 4.2.3 and summarized in Table 4.2. OH was measured during every campaign 

and is shown with modeled diurnal values in the first row. All campaigns show reasonably good
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Figure 4.2: Diurnal modeled and measured values for all radicals during all campaigns. For the chemical 
coordinate analysis, measured (black points) and calculated concentrations (gray line) were prioritized over 
modeled concentrations (red line).  

agreement between measured and modeled concentrations of OH. Concentrations of HO2 and 

HO2* in the second and third row show good agreement during IRRONIC 2015 but are 
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overestimated by the model in both Michigan campaigns, while in 2009 there is agreement within 

the collective uncertainty with an assumed model uncertainty of ±15%. Model overestimation is 

worse during PROPHET 2016, which overall experienced lower concentrations of NO and NO2 

and higher concentrations of isoprene compared to CABINEX 2009. Total RO2 concentrations 

calculated from XO2 and HO2 measurements are shown in the fourth row and are consistently 

overpredicted by models in all campaigns. Likewise, measurements of XO2 are shown in the last 

row and are overestimated by models at both locations. 

4.3.1  Experimental radical budgets 

Because radicals exist in steady-state equilibrium, the total rate of production and loss 

should be equal. Chemical models typically have this assumption built-in to calculations, so 

modeled radical budgets of their production and loss are inherently balanced. Conversely, 

experimental radical budgets based on measured concentrations are not necessarily balanced, and 

their analysis can identify gaps in understanding of radical chemistry, as well as the importance of 

various reactions on radical concentrations (Tan et al., 2019). 

Experimental radical budgets for the base analysis are shown for each campaign in Figure 

4.3. Radical initiation rates are shown as positive in shades of red, while radical termination rates 

are shown as negative in shades of blue. The total initiation and termination rates are shown in the 

black lines and reflected such that total initiation is on the negative axis and total termination is on 

the positive axis. The percent contribution of each initiation and termination reaction as well as 

the average ratio of initiation to termination is shown in Table 4.3. Radical termination occurring 

through ROX + NOX pathways (dark blue) represents a similar fraction of total radical termination, 

particularly between CABINEX and IRRONIC. Budgets are balanced when the total radical 

production is approximately equal to the total radical loss. During the IRRONIC 2015 and 
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CABINEX 2009, the radical budget is near balanced, although there is still slight bias where the 

initiation to termination ratio tends to be greater than 1. In contrast, during PROPHET 2016, there 

is a significant discrepancy with greater radical initiation compared to termination, suggesting that 

a significant radical termination reaction is missing from the radical budget, which is likely 

responsible for the model overprediction of peroxy radicals at this site.  

 

Figure 4.3: Radical budgets for CABINEX 2009 (right), IRRONIC 2015 (center), and PROPHET 2016 
(left). Total radical production is shown in shades of red, while radical termination pathways are grouped 
into similar reactions and shown in shades of blue. The sum total of radical initiation and termination is 
shown in the black lines, with error bars representing the propagated standard deviation.  

Table 4.3: Contribution of each pathway to the total initiation or termination rate during the daylight hours 
(8:00–20:00). Average initiation/termination ratio from 8:00–20:00 is shown in the last row. 

 CABINEX 2009 IRRONIC 2015 PROPHET 2016 
Initiation    
HCHO + hν 6% 30% 20% 
HONO + hν 24% 5% 21% 
O3 + hν 57% 57% 44% 
O3 + alkene 13% 8% 15% 
Termination    
ROX + NOX 18% 16% 10% 
ROX + RO2 65% 49% 60% 
HO2 + HO2 17% 35% 30% 
Initiation / 
Termination 

1.51 ± 0.83 1.29 ± 0.80 3.28 ± 1.58 
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4.3.2 Chemical coordinate analysis 

To gain insight into differences between the three campaigns, Figure 4.4 shows the ratio of 

the experimental radical initiation to termination plotted against three chemical coordinates, with 

the steady-state assumption of 1 depicted in the graphs with the black dashed line. As mentioned 

above, the initiation reactions included in this analysis are likely an underestimate of total radical 

initiation, although modeling suggests that they represent approximately 80% of radical sources. 

Including unmeasured radical sources, such as the photolysis of secondary aldehydes produced 

within the model, would increase all initiation to termination ratios and exacerbate the deviation 

from the steady-state assumption.  

The calculated ratio was plotted against the fraction of radical termination through ISOP + 

HO2 in the top graph and against the fraction of termination through NOX pathways in the middle 

graph. Additionally, the initiation to termination ratio was plotted against the bimolecular lifetime 

of ISOP radicals (τISOP), calculated through Equation 4.8. These coordinates provide an estimate 

of the relative importance of established chemistry through either NOX or radical termination 

pathways for each campaign, which can be considered similar to NOX- and VOC-limited regimes 

commonly used in studies of O3 production. The medians of data from each campaign are shown 

in the colored diamonds, with error bars representing the first and third quartile. From these 

medians, it can be seen that PROPHET consistently experienced a different chemical regime 

compared to IRRONIC and CABINEX, despite CABINEX and PROPHET occurring at the same 

location. During PROPHET, higher temperatures drove higher isoprene emissions while lower 

NOX concentrations were observed compared to CABINEX. Relative to these coordinates, 

CABINEX and IRRONIC campaigns were similar, with the ISOP + HO2 reaction accounting for 

τISOP = �kISOP+NO[NO] + kISOP+HO2[HO2] + kISOP+RO2[RO2]�−1 (Eq. 4.8) 
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Figure 4.4: Initiation / termination ratio against the fraction of radical loss of ISOP+HO2 (a), the fraction 
of loss due to total NOX (b) and τISOP (c). Points are colored according to its campaign, and the large black 
points represent medians of data organized into equally sized bins (n = 87 or 88) of increasing loss fraction 
with error bars of first and third quartiles. The large colored points are medians of all data from each 
campaign. A ratio of 1 is shown in the dashed line. 
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approximately 30% of total radical termination and NOX reactions accounting for 15–20% of total 

radical termination. However, the lower mixing ratios of NO observed during CABINEX result in 

lifetimes of ISOP radicals approximately a factor of 2 greater than that for IRRONIC overall and 

similar to that observed at PROPHET. In contrast, the ISOP + HO2 reaction accounted for a greater 

fraction of total radical termination at PROPHET, with NOX reaction accounting for less than 10% 

of total radical termination. 

The black diamonds show medians from all campaigns, grouped into equally sized bins 

increasing along the chemical coordinate. There is not a clear trend with increasing F(NOX, Fig. 

4.4b), unlike previous studies (Thornton et al., 2002). However, the median initiation to 

termination ratios remain consistently above 1 along the entire coordinate, although this is strongly 

influenced by the PROPHET dataset, while CABINEX and IRRONIC experienced median ratios 

much closer to 1. A positive trend was observed with the F(ISOP + HO2, Fig. 4.4a) coordinate, 

suggesting that radical termination pathways are not sufficiently described in environments where 

radical-radical reactions dominate termination processes. This chemical regime is more prevalent 

in forested and remote environments.  

There is also a clear trend observed when the initiation to termination ratio is plotted against 

the chemical lifetime of ISOP (τISOP, Fig. 4.4c), where a ratio of initiation to termination increases 

as τISOP increases. The ratio calculated from both of the Michigan campaigns consistently increase 

as τISOP increases, although the slope of PROPHET 2016 is much greater than CABINEX 2009. 

The peroxy radical lifetimes were much shorter during IRRONIC, resulting in initiation to 

termination ratios that were closer to one on average. The overall increase in the initiation to 

termination ratio at higher values of τISOP seen in the medians of all observations could indicate 
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that other termination pathways that are missing from the model become important in chemical 

regimes where known termination reactions occur at slower rates. 

The chemical coordinate analysis can also show similarities and differences in chemical 

environments experienced by the three campaigns. In Figure 4.4, the IRRONIC 2015 (orange) and 

CABINEX 2009 (green) data experience similar chemical regimes with respect to FISOP + HO2 and 

FNOx (panels a and b), although the ISOP lifetime was longer during CABINEX (panel c). If the 

higher concentration of NOX experienced during IRRONIC resulted in greater fraction of 

termination occurring through NOX pathways, this would be seen in a separation of these 

campaigns along the x-coordinate of panel b. Rather, the increased NOX likely resulted in faster 

radical propagation that shortened the lifetime of ISOP, separating the two campaigns in Figure 

4.3c and resulting in higher concentrations of HO2 and faster radical reactions overall (Figures 

4.3). The increased radical termination during IRRONIC is likely due to a greater contribution of 

the HO2 self-reaction compared to the other campaigns.  

The overlap in the chemical regimes between the IRRONIC and CABINEX campaigns can 

be further explored by examining some of the measurements from CABINEX 2009. Several days 

during CABINEX exhibited high mixing ratios of NO and one day is shown in Figure 4.5. 

Backward trajectories of air masses for this day were calculated using the NOAA HYSPLIT model 

(Stein et al., 2015; Rolph et al., 2017) and shown in Figure 4.6 confirm that the site primarily 

sampled air from remote regions with little expected anthropogenic influence, so the explanation 

behind these unexpectedly high NO concentrations is not fully understood. It is possible that the 

slightly cooler temperatures experienced during these days resulted in a planetary boundary layer 

that concentrated local NO emissions.  
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Figure 4.5: Isoprene (black, top) and NO (blue, top) concentrations from two days during CABINEX 2009, 
showing a day of high NO (left) and high isoprene (right). Measured (black points) and modeled (blue line) 
HO2* are shown in the bottom panels. Model agreement improved as isoprene concentration dropped and 
NO increased. 

 

Figure 4.6: 24-hr backward trajectories (left) of sampled air masses during CABINEX for a day 
experiencing elevated NO concentrations (right). The green light depicts the diurnal average NO 
concentration for the entire campaign, and the colored points refer to the corresponding backward 
trajectories. 



108 
 

These episodes allowed for brief interludes of NOX-dominated chemistry in an otherwise 

remote setting. Two days exemplifying the NOX-dominated and isoprene-dominated chemistry are 

shown in Figure 4.5. As illustrated in this figure, the model is better able to calculate the observed 

HO2* concentrations on 30 July when the maximum NO was greater than 0.25 ppb. However, on 

25 July when NO was less than 0.25 ppb, the model overestimates HO2*. Similar to the results 

from the Indiana measurements discussed in Lew et al., 2020, the models appear to be able to 

reproduce the measured HO2* concentrations under higher NOX conditions and overestimate the 

peroxy radical concentrations under lower NOX conditions.  

Interestingly, the two Michigan campaigns occurring at the same location in different 

years, do not have a similar overlap in chemical regimes, particularly with respect to NOX with 

F(NOX) responsible for typically less than 10% of termination during PROPHET, but typically 

greater than 10% and as high as 95% during CABINEX (Figure 4.4b). The PROPHET campaign 

experienced lower concentrations of NOX compared to the CABINEX campaign and worse 

agreement between the peroxy radical measurements and models, with measurement and model 

agreement during CABINEX and PROPHET discussed in Griffith et al., 2013 and Bottorff et al., 

in preparation, respectively.  Similarly, the chemical coordinate analysis resulted in initiation to 

termination ratios consistently above 1 for PROPHET 2016, indicating insufficient radical sinks 

and likely contributing to the model overestimation of the measurements. 

4.3.3 Impact of additional radical loss pathways 

The average initiation to termination ratio from all campaigns is 1.87 ± 1.3. A ratio greater 

than one suggests either an overestimation of radical sources or missing radical sinks. Since the 

initiation reactions likely represent 80% of total radical termination, incorporating unmeasured 

radical sources will increase the overall initiation to termination ratio. Consistent with the 
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experimental radical budgets described above, it is likely that radical sinks are underrepresented 

in chemical regimes where radical termination is predominantly through radical-radical reactions 

rather than radical reactions with NOX. Potential radical sinks that are not included in this base 

analysis include RO2 + RO2 accretion reactions (R4.15), deposition of radicals on aerosol surfaces, 

and the formation of organic trioxides from the OH + RO2 reactions (R4.16). Because the initiation 

to termination ratio increases as the lifetime of ISOP increases as well as F(ISOP + HO2), isoprene-

based peroxy radicals in particular are likely involved in the underestimated radical sinks as they 

are estimated to be the dominant RO2 radical in these environments (Griffith et al., 2013; Lew et 

al., 2020; Bottorff et al., in review) 

RO2 + R′O2 → ROOR′ + O2 (R4.15) 

OH + RO2
M
→ ROOOH (R4.16) 

RO2 accretion reactions (R4.12) have recently been shown to be potentially significant in 

forested regions (Berndt et al., 2018a). Reaction coefficients for some accretion reactions have 

been published for RO2 species resulting from the oxidation of α-pinene, n-hexane, isoprene, 1-

butene, and 1,3,5-trimethylbenzene (Berndt et al., 2018a; Berndt et al., 2018b). To include these 

reactions in the chemical coordinate analysis, the scheme was simplified into three reactions: 

ISOP + ISOP, ISOP + APIP (peroxy radicals originating from α-pinene), and APIP + APIP. The 

ISOP + ISOP accretion rate coefficient was measured as 6.0×10-13 cm3 s-1 (Berndt et al., 2018b) 

and this rate constant was used in the analysis. Measurements of the ISOP + APIP rate coefficient 

were found to be between 1.3–2.3×10-11 cm3 s-1, and measurements of the APIP + APIP reaction 

rate coefficient varied between 9.7×10-12–7.9×10-11 cm3 s-1 depending on the product channel 

(Berndt et al., 2018a). Secondary or tertiary oxidation product channels were found to be produced 

at faster rates, therefore, the lower value of 9.7×10-12 cm3 s-1 was used for the rate constant for the 
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APIP + APIP accretion reaction and a value of 1.3×10-11 cm3 s-1 was used for the rate constant of 

the ISOP + APIP reaction. Concentrations of APIP were estimated from the measured peroxy 

radical concentrations using modeled RO2 speciation. Accretion reactions of other RO2 species 

(such as methyl peroxy and ethyl peroxy radicals) were not included as the rate of these reactions 

are not expected to be significant, although these radicals can be present in significant 

concentrations (ca. 30% of modeled non-isoprene RO2).  

The reaction between OH and RO2 has been shown to produce a trioxide (ROOOH, R4.16) 

(Fittschen et al., 2019). Several studies of the kinetics of this reaction have measured a rate 

coefficient of approximately 1.5×10-10 cm3 s-1 for C1–C4 RO2 species (Assaf et al., 2016; Assaf et 

al., 2017). The reaction between OH and RO2 initially produces an excited trioxide which can then 

either decompose to form an alkoxy and hydroperoxy radical or collide to produce a thermally-

stabilized trioxide. While C1–2 compounds significantly decompose, C3–4 species heavily favor 

the stabilization of the trioxide (Assaf et al., 2018). There have not been many studies on 

degradation pathways for trioxide species, but theoretical calculations and observations suggest 

that the lifetime of ROOOH is between 20 minutes and 2 hours (Berndt et al., 2022). With a short 

atmospheric lifetime, this loss pathway might be more representative of a temporary reservoir of 

ROX rather than a permanent radical sink.  

HO2 radicals can also deposit onto aerosol surfaces. The reaction coefficient for aerosol 

loss can be calculated through Equation 4.9, in which cg is the mean molecular speed (cm/s, 

calculated in Equation 4.10), A is the aerosol surface area density (μm2/cm3) and γ is the uptake 

coefficient. Typical aerosol surface area densities of forested regions are 100–200 μm2/cm3. As 

aerosol size distributions were not measured during these campaigns, a typical value of 100 

μm2/cm3 will be used here, although there are likely significant variations in aerosol concentrations 
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and sizes both between and within campaigns. There have been some studies attempting to 

measure the uptake coefficient of HO2 onto ammonium sulfate aerosols, with values ranging from 

0.003–0.19 (Taketani et al., 2009; George et al., 2013; Matthews et al., 2014; Lakey et al., 2015). 

With an aerosol surface area density of 100 μm2/cm3, these values result in rate coefficients of 3.3–

210×10-5 s-1. For this analysis, an uptake coefficient of 0.1 was used, which is likely an upper limit 

for HO2 and results in a rate coefficient of 1.08×10-3 s-1.  

kloss′ =
cgAγ

4
(Eq. 4.9) 

cg = 100 × �
8RT
πMw

(Eq. 4.10) 

The chemical coordinate analysis including all of the above reactions is shown in Figure 

S4.1. Including these additional termination reactions only reduces the initiation to termination 

ratio of an average 13.8 ± 4.6%. This effect is most noticeable along the τISOP coordinate and 

specifically at long lifetimes of ISOP in both PROPHET and CABINEX. The average chemical 

coordinate of each radical loss pathway is shown in Figure 4.7 for different τISOP ranges. The added 

loss processes can be significant throughout the range of reactivity of peroxy radicals but increase 

in importance in regimes with low reactivity of ROX, accounting for an average of slightly over 

20% of total radical loss when τISOP > 150 s. Among the added reactions, the accretion reactions, 

formation of organic trioxides, and loss of HO2 to aerosols all account for a similar fraction of total 

loss at long peroxy radical lifetimes. However, only radical termination through accretion reactions 

increase at longer lifetimes, suggesting that this termination route would be mainly significant in 

forested environments. While the calculation of these additional reaction rates relied heavily on 

estimates, in remote environments, these reactions should be included within chemical 

mechanisms in order to more accurately model OH, HO2, and RO2.  
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Figure 4.8 shows the average fraction of HO2 and ISOP loss rates over range of τISOP. 

Because the lifetime of ISOP is strongly determined by NO concentrations, at short lifetimes of 

ISOP, radical propagation through reaction with NO accounts for over 85% of loss of both HO2 

and ISOP. As ISOP reactivity decreases, more termination occurs as the fraction of loss through 

radical and additional reactions increases. Even at the longest lifetimes and lowest reactivity, the

 

Figure 4.7: (a) The fraction of observations of each campaign binned by the lifetime of ISOP. The majority 
of observations with long ISOP lifetimes come from the more remote sampling site in Michigan, while 
shorter lifetimes were more common at the Indiana site. The number in parentheses indicates the number 
of observations in each category. (b) Average fraction of termination rates binned by the bimolecular 
lifetime of ISOP. The proposed termination pathways (yellow, gray, and green bars), particularly the 
accretion reactions increase in importance with increasing ISOP lifetime.  
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Figure 4.8: Loss rates of HO2 (top) and ISOP (bottom) including loss due to reaction with NO that results 
in radical propagation.  

reaction with NO remains a substantial fraction of peroxy radical loss, indicating that propagation 

of the radical cycle remains important over the entire chemical regime of the dataset. 

Including the additional loss pathways into the experimental radical budgets has a minimal 

impact on the overall radical termination rates as illustrated in Figure 4.9, with average daytime 

ratios of total radical initiation to termination of 1.28 ± 0.67, 1.14 ± 0.69, and 2.69 ± 1.2 for 

CABINEX, IRRONIC, and PROPHET, respectively. In the updated  IRRONIC budget, radical 

losses were, on average, higher compared to radical production. This could be because the included 
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radical production pathways (photolysis of O3, HCHO, and HONO, and ozonolysis of isoprene 

and α-pinene) were insufficient to describe the total radical production at this location. Including 

more radical production, such as ozonolysis of other alkene species, radical regeneration through 

the Leuven Isoprene Mechanism (LIM1), and the photolysis of unmeasured aldehydes and other 

oxidation products, would likely improve agreement between radical initiation and termination in 

the IRRONIC budget, although it would worsen the agreement in both Michigan campaigns.  

 

Figure 4.9: Experimental radical budgets from the three campaigns with the proposed reactions shown in 
orange. All campaigns experienced a similar fraction of termination occurring through the additional 
reactions.  

Noticeably, the initiation to termination ratio of radicals during PROPHET 2016 are still 

significantly higher than the steady-state assumption value of 1, with consistent missing radical 

termination reactions throughout the day. The additional reactions are insufficient to reducing the 

deviation from the steady-state assumption for PROPHET, indicating that there are more 

undescribed termination reactions that are particularly important in this high-isoprene, low-NOX 

environment. In order to reach an average ratio of 1, an additional, first-order HO2 loss rate of 

2.42×10-2 s-1 is needed to be added to the model. Likewise, if this additional loss process instead 

acted upon peroxy radicals, a first-order loss rate of 1.93×10-2 s-1 is needed to bring the calculated 

production and termination reactions in agreement with the steady-state assumption (Figures S4.2 
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and S4.3). It is also possible that the additional unknown loss pathway of peroxy radicals acts on 

both HO2 and RO2, and therefore would require a lower rate to reach an average ratio of 1. The 

additional unknown loss process is the largest termination pathway of radicals during PROPHET.  

Another explanation for the discrepancy experienced during PROPHET 2016 is a negative 

interference in the HO2 or RO2 instruments that underestimates total peroxy radical concentrations. 

However, measurements of isoprene-derived hydroxyhydroperoxides (ISOPOOH), a product of 

the HO2 + ISOP reaction, during PROPHET were overpredicted by the model and were in better 

agreement when the model was constrained to the measured peroxy radical concentrations 

(Bottorff et al., in review). This suggests that the measured peroxy radical concentrations were 

consistent with the measured ISOPOOH concentrations and that the model is overestimating the 

peroxy radical concentrations as a result of missing radical termination reactions.  

4.4 Conclusions and Implications: 

The chemical coordinate analysis of three field campaigns in two locations suggests that 

models are missing significant radical termination pathways in low NOX, isoprene-dominated 

environments, particularly when radical-radical reactions dominate the fate of ISOP radicals. 

Additional radical termination pathways including RO2 + RO2 accretion, radical loss on surfaces, 

and ROOOH formation reduced the overall disagreement between the steady-state production and 

loss rates of radicals at these sites. As the lifetime of ISOP increases, the additional loss pathways 

become more significant, accounting for over 20% of all radical loss at τISOP > 500 s, and an 

average of 13% across the entire range τISOP. These proposed reactions still underestimated radical 

termination, and inclusion of additional, unmeasured sources of radicals would require even 

greater rates of radical termination. As anthropogenic emissions of NOX decrease, radical 

termination will increasingly be due to reactions with other ROX species. Therefore, 
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characterization of these reactions and incorporation into chemical mechanisms is necessary to 

accurately model radical chemistry in forested environments. Additionally, the proposed reactions 

are still insufficient to fully describe radical termination in the campaign with the lowest NOX 

concentrations, suggesting that there are more termination pathways that are not included in this 

analysis.  
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5 Characterization of HONO sources in a ponderosa pine forest and their contribution 

to OH radical production 

5.1 Introduction 

Nitrous acid (HONO) is a major source of radical oxidants, as its photolysis leads to the 

production of the hydroxyl radical (OH, R5.1) (Finlayson-Pitts and Pitts Jr, 1999; Kleffmann et 

al., 2005). The concentration of OH contributes to the atmospheric oxidation capacity as well as 

the lifetime of many volatile organic compounds (VOCs) by initiating many reactions that 

ultimately result in photochemical air pollution (Levy II, 1972). As a major source of OH, HONO 

can significantly impact the chemistry occurring in a given environment, and measurements of 

HONO are necessary to understanding atmospheric oxidation.  

HONO + hν (λ < 400 nm) → OH + NO (R5.1) 

Previous measurements of HONO have shown one of two diurnal trends. HONO 

concentrations can increase throughout the night and rapidly decrease during the day due to loss 

by photolysis (Alicke et al., 2002; Alicke et al., 2003; Ren et al., 2010; Sörgel et al., 2011b; Czader 

et al., 2012; Tuite et al., 2021). However, HONO concentrations have also been shown to remain 

low throughout the night and increase during the day despite photolysis due to the presence of a 

strong, daytime source (Acker et al., 2006; Villena et al., 2011b; Zhang et al., 2012; Meusel et al., 

2016; Crilley et al., 2021). Urban environments tend to observe high concentrations at night, and 

remote regions are more likely to experience elevated HONO concentrations during the day 

(Bottorff et al., 2021; Jiang et al., 2022). Regardless of the location, modeling efforts to reproduce 

HONO concentrations have typically underpredicted ambient concentrations of HONO, further 

indicating our insufficient understanding of the sources of HONO (Sarwar et al., 2008; Czader et 

al., 2012; Lee et al., 2016).  
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Gas-phase sources of HONO are limited to the reaction between OH and NO (R5.2) and 

the photolysis of ortho-nitrophenols. Nitrophenols have been shown to be a source of HONO in 

laboratory settings, but there are few measurements of ambient concentrations (Bejan et al., 2006). 

Most studies have occurred in urban environments, and since ortho-nitrophenol is primarily 

formed through anthropogenic processes, its concentration is expected to be too low to have a 

significant impact on ambient HONO concentrations in remote environments (Harrison et al., 

2005). Likewise, the low concentrations of OH also limit the strength of Reaction 5.2 as a source 

of HONO (Su et al., 2008). Despite these limitations, Reaction 5.2 is often the only HONO source 

included in many modeling studies, particularly those using 0-D models that rely solely on gas-

phase chemistry such as the Regional Atmospheric Chemistry Mechanism (RACM) or the Master 

Chemical Mechanism (MCM) (Goliff et al., 2013; Jenkin et al., 2015).  

OH + NO 
M
→ HONO (R5.2) 

Other HONO sources have been explored, but there is still a need to understand the overall 

impact each of the proposed sources have in different environments. Several observations of 

vertical gradients of HONO suggest a strong surface or ground source, as the concentration 

consistently decreases as the altitude increases (Kleffmann et al., 2003; Villena et al., 2011a; Wong 

et al., 2012; Zhang et al., 2012; VandenBoer et al., 2013). Some studies have suggested that gas-

phase HONO is in equilibrium with dissolved nitrous acid (HNO2) in soils and its emission and 

deposition is strongly influenced by soil pH (VandenBoer et al., 2015; Bao et al., 2022). 

Additionally, the ground source could be partially explained by NO2 conversion by surfaces in the 

presence of water vapor (R5.3), but this source is typically unable to fully account for the elevated 

concentrations occurring during the daytime (Jenkin et al., 1988; VandenBoer et al., 2013). 

Because the unmeasured HONO source often correlates with photolysis frequencies, several 
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photochemical or photo-enhanced formation mechanisms have been suggested (Sörgel et al., 

2011a; Yang et al., 2014). The uptake coefficient of NO2 onto different surfaces, including organic-

rich urban grime, has been shown to increase under illuminated conditions, with a dependence on 

relative humidity (Baergen and Donaldson, 2016; Liu et al., 2019a; Yu et al., 2022). While an 

increased uptake coefficient of NO2 alone can increase the reaction rate of a surface source, the 

presence of photo-sensitive organic compounds on the surface might also play a large role in the 

overall reaction mechanism, as the reducing agent to NO2 (George et al., 2005). These photo-

sensitive compounds include polycyclic aromatic hydrocarbons (PAH) present in urban grime, 

humic acid found in soils, and titanium dioxide often found in indoor paints, resulting in a potential 

photo-enhanced surface source of HONO impacting the urban, remote, and indoor environments 

(Stemmler et al., 2006; Bartolomei et al., 2014; Cazoir et al., 2014; Gandolfo et al., 2015; Yang et 

al., 2021).  

2NO2,g + H2Oads → HONOg + HNO3,ads (R5.3) 

HONO can also be formed from the photolysis of nitric acid or nitrate adsorbed to ground 

or aerosol surfaces (R5.4), producing adsorbed nitrite which can be protonated and emitted as 

HONO. This photolysis can occur at significantly faster rates compared to the gas- or aqueous-

phase photolysis of nitric acid, although there is much discrepancy between studies (Zhou et al., 

2003; Shi et al., 2021) and it has been suggested to be a significant HONO source in some urban 

environments (Wong et al., 2013; Liu et al., 2019b). Some of this discrepancy could be due to the 

conditions and concentrations of compounds present on the studied surfaces or particles. The 

presence of humic acids, a major component of soils, has been found to increase the production of 

HONO under illuminated conditions by approximately a factor of 6 (Yang et al., 2018). 

NO3,ads
− + hν →  NO2,ads

− H+
�� HONO (R5.4) 
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Finally, HONO can be produced by biological communities within the soil, as a result of 

metabolic pathways of nitrogen cycling (Su et al., 2008; Weber et al., 2015; Wu et al., 2019). 

When influenced by biological activity, HONO emission from soils has been found to depend on 

soil water content, temperature, pH, nitrogen and carbon availability, and microbial ecology 

(Oswald et al., 2013; Donaldson et al., 2014; Mushinski et al., 2019; Wu et al., 2019). It has also 

been seen to correlate well with NO emissions, since many of the same metabolic pathways result 

in the production of NO as well (Oswald et al., 2013). Emissions also seem to occur through two 

distinct pathways, as evidenced through peak emissions occurring at a both high and low soil water 

content (ca. 115% and 25%, respectively), possibly giving rise to the NO emission pulsing that is 

observed when rainfall occurs after a dry period (Wu et al., 2019; Huber et al., 2023).  

In this paper, we present measurements of HONO and OH from a ponderosa pine forest in 

Colorado, USA. Previous measurements of OH and related compounds, hydroperoxy and organic 

peroxy radicals (HO2 and RO2, respectively) at this research site revealed a significant missing 

source of radicals (Wolfe et al., 2014). However, HONO was not measured in that study, but rather 

calculated from gas-phase chemistry alone. The measured concentrations of HONO in this study 

will be compared to model simulations in order to determine whether known sources of HONO 

can reproduce the measurements. Finally, the contribution of the measured concentrations of 

HONO on the production  OH will be discussed.  

5.2 Methods 

5.2.1 Site and measurement description 

Measurements occurred at the Manitou Experimental Forest Observatory (39.10°N, 

105.09°W, elevation = 2380 m above sea level) in the Front Range of Colorado, USA from 10 

August to 15 September 2021. This is a remote site 12.5 km north of the town of Woodland Park 
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(population approximately 8,000) and 38.5 km northwest of the city of Colorado Springs 

(population of 480,000). The forest canopy is dominated by ponderosa pine trees, with some 

Douglas fir and aspen trees, while the understory contains mostly grasses and sage. Occasionally, 

the site was impacted by smoke transported from regional forest fires.  

OH and HONO were measured with a laser photofragmentation, laser-induced 

fluorescence (LP/LIF) instrument that has been described in detail previously (Bottorff et al., 

2021). Briefly, air is sampled into a low-pressure cell (approximately 2 Torr), where the ambient 

OH is excited by a laser pulse coinciding with the Q13 transition near 308 nm. The laser light is 

generated by a tunable dye laser (Sirah Credo, 225 mg/liter of Rhodamine 610 and 80 mg/liter of 

Rhodamine 640 in pure ethanol) pumped by the second harmonic of a Nd-YAG laser (Spectra 

Physics Navigator). The laser pulse is transmitted to the detection cell through a 12 m fiber optic 

cable (ThorLabs). The fluorescence emitted by the OH upon relaxation is then focused onto a gated 

photomultiplier tube (Photek), amplified (Stanford Research Systems Model SR445A), and 

counted (Stanford Research Systems Model SR400). HONO is detected on the same axis through 

the addition of a third-harmonic Nd-YAG laser (Spectra Physics Navigator) 100 ns before the 

excitation laser. The 355 nm emission coincides with an absorption band of HONO, resulting in 

photofragmentation into OH and NO, and the resulting OH is subsequently detected.  

The instrument was situated at two heights during this campaign. From 10 August to 28 

August sampling was done from the forest floor, with the inlet approximately 0.5 m above the 

ground surface. During this time, it was co-located with another LIF detection axis devoted to 

measuring HO2. After 28 August, the detection axis measuring HONO and OH was moved to the 

roof of the trailer that housed the laser and ancillary instrumentation. At this location, the inlet was 
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approximately 3.5 m above the ground, which corresponded with the lowest sampling height on 

the gradient tower. 

VOCs were measured by a proton transfer reaction mass spectrometer (PTR-MS) that 

sampled from the tower on the gradient line. The gradient line consisted of six heights, each 

sampled for 5 minutes: 3.2 m, 6.9 m, 10.6 m, 14.6 m, 19.8 m, and 27.8 m. NOX and O3 were 

measured by a Thermo Environmental Instruments NOX analyzer (model 42C) and an 2B 

Technology O3 Monitor (model 202), respectively, that both sampled from the gradient line. O3 

was also measured by a Teledyne Instruments UV Absorption O3 Analyzer (model 400E) that 

sampled continuously near the HO2 instrument, approximately 1 m from the ground surface. A 

sonic anemometer measured wind speed, wind direction and temperature from the top of the tower. 

Temperature was also measured at 1 m above the ground level, along with relative humidity (RH) 

with a Vaisala probe (model HMP 110). The photolysis frequency of NO2 was measured by a 

spectroradiometer that was moved between the ground level (1 m) and the top of the trailer (3.5 

m).  

5.2.2 Model Description 

The measurements were modeled using the Framework for 0-dimensional Atmospheric 

Modeling (F0AM) and using the Master Chemical Mechanism (MCM v.3.3.1) (Jenkin et al., 2015; 

Wolfe et al., 2016). The model was constrained with 30-minute diurnally-averaged measurements 

of OH, HO2, O3, NO, NO2, isoprene, the sum of monoterpenes (input as limonene, α-pinene, and 

β-pinene using the ratio measured by a gas-chromatography mass spectrometry), 2-methyl-3-

buten-2-ol (MBO), methanol, ethanol, acetone, acetaldehyde, formaldehyde, and the sum of 

methyl vinyl ketone (MVK) and methacrolein (MACR), assuming equal concentrations of MVK 

and MACR for input into the model. The base model focuses only on gas-phase reactions and does 
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not include any heterogeneous chemistry occurring on the ground surface or aerosols. It has been 

well-reported that including only gas-phase sources of HONO results in a substantial 

underprediction of HONO by models (Sarwar et al., 2008; Sörgel et al., 2011a; Villena et al., 

2011b; Wong et al., 2012; VandenBoer et al., 2013; Li et al., 2014; Meusel et al., 2016; Liu et al., 

2019b; Xue et al., 2020). Additional HONO sources were added into the model to better replicate 

heterogeneous HONO production, including the photolysis of particulate nitrate, heterogeneous 

conversion of NO2 on ground and aerosol surfaces, and photoenhanced heterogeneous conversion 

of NO2 on ground and aerosol surfaces.  

The MCM includes a loss pathway of gaseous nitric acid depositing onto surfaces and 

aerosols but uses a generic rate constant of 6.00×10-6 s-1. This rate constant was changed according 

to Equation 5.1, using 0.42 cm/s as the deposition velocity (vd) of nitric acid (Nguyen et al., 2015). 

The boundary layer height (BLH) was not measured, but often exhibits diurnal variation, reaching 

a minimum before sunset and a maximum in the afternoon (Liu and Liang, 2010). The boundary 

layer height was estimated from the measured temperature with a minimum of 300 m and a 

maximum of 1500 m. The photolysis of adsorbed nitrate was then calculated through Equation 

5.2, in which the enhancement factor of 32.4 was determined experimentally by Zhou, et al., 2003, 

and represents the increased photolysis frequency of nitric acid in the adsorbed phase, JHNO3 is the 

gas-phase photolysis frequency of nitric acid, and HNO3,ads is the concentration of nitric acid in 

the adsorbed phase (Zhou et al., 2003). The enhancement factor has been measured by others with 

large amounts of variation, with values ranging between less than 1 and 300 (Ye et al., 2016; Shi 

et al., 2021).  

kd =
vd,HNO3

BLH  (Eq. 5.1) 

d[HONO]
dt = 32.4 × JHNO3 × �HNO3,ads� (Eq. 5.2) 
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The production of HONO from heterogeneous reactions of NO2 through Reaction 3 was 

parameterized according to Equations 5.3 and 5.4 for ground and aerosol surfaces, respectively 

(VandenBoer et al., 2013). The uptake coefficients of NO2 (γNO2) used were 8.0×10-6 and 1.0×10‑5 

cm/s for ground and aerosol surfaces, respectively. RH indicates the measured relative humidity 

in percent, R is the ideal gas constant, T is the temperature in K, Mw is the molecular weight of 

NO2 in kg/mol, and A is the aerosol surface area to volume ratio, here assumed to be 1×10-4 m-1
. 

Photoenhanced HONO production from heterogeneous NO2 reactions rate constants were 

calculated through Equations 5.5 and 5.6, with a maximum uptake coefficient (γmax)  of 6×10-5 and 

1×10-3 for ground and aerosol, respectively (Wong et al., 2013; Liu et al., 2019b). Wong et al., 

2012, found that the photoenhanced surface source of HONO correlated better with irradiance than 

with other measured photochemical measurements and raised the measured JNO2 to the third power 

to estimate irradiance in their modeling study (Wong et al., 2013). 

kg =  
1

4BLH × γNO2,g ×
RH
50 × �

3RT
Mw

(Eq. 5.3) 

kaer =
1
4 × γNO2,aer × A × �

3RT
Mw

(Eq. 5.4) 

kenh,g =
JNO2
3

JNO2,noon
3 ×

1
4BLH × γmax,g ×

RH
50 × �

3RT
Mw

(Eq. 5.5) 

kenh,aer =
JNO2

JNO2,noon
×

1
4 × γmax,aer × A × �

3RT
Mw

(Eq. 5.6) 

Other production pathways of HONO have been posited including the photolysis of ortho-

nitrophenols, direct emission from soil microbial communities, and catalysis of NO2 reduction by 

components within soils (Bejan et al., 2006; Kebede et al., 2016; Scharko et al., 2017; Mushinski 
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et al., 2019). Due to limitations in measurements and parameterization of these pathways for input 

into the 0-dimensional model, only the five additional HONO sources detailed here have been 

added to the chemical mechanism. 

With the addition of surface production of HONO, the possibility of HONO deposition 

onto ground surfaces must also be considered. Heterogeneous loss of HONO was added into the 

model and parameterized with a rate constant calculated through Equation 5.7 (VandenBoer et al., 

2013). The uptake coefficient of HONO (γHONO) was set to 8.7×10-5, representing the best fit of 

experimental data found by VandenBoer et al. (2013).   

kd =
1

4BLH × γHONO ×
RH
20 ×�

3RT
Mw

 (Eq. 5.7) 

5.3 Results and Discussion 

5.3.1 Campaign measurements 

A time-series of the measured compounds of interest along with their diurnal averages are 

shown in Figure 5.1. Temperature and RH shown in Figure 5.1a exhibited clear diurnal trends, as 

expected for this region, with low temperatures of 5–10°C occurring overnight and high 

temperatures exceeding 30°C in the afternoon. This site is located in a semi-arid region, receiving 

an average of 400 mm of precipitation each year. The RH measured during this campaign was 

typically between 10–20% during the daytime. O3, shown in Figure 5.1b, varied on average 

between 20 and 60 ppb, and remained elevated into the evening and night, most likely due to the 

low ambient concentrations of NOX measured at this site. NO and NO2 (Figure 5.1c) both peaked 

in the early morning hours of 2 September, reaching maximum values of 6.5 ppb and 15.0 ppb for 

NO and NO2, respectively. These maxima occurred in the middle of a stretch of days with more 

frequent precipitation compared to the rest of the campaign. Because of how distinctly different 

concentrations NO and NO2 were during this event, they were excluded from the diurnal averages.  
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Interestingly, HONO concentrations increased following this peak in NOX and remained 

elevated for a few days, in contrast to the quick decay of NOX concentrations. HONO 

concentrations show distinct diurnal patterns between dry and rain days (Figure 5.2). Because of 

this, days experiencing rain (blue-shaded regions in Fig. 5.1) were excluded from the diurnal 

average of HONO. After this period, beginning on 5 September, the HONO, NO, and NO2 

concentrations show clear diurnal patterns. This timeframe was also free from any precipitation in 

addition to experiencing consistently sunny conditions, as seen by the JNO2 values displayed in 

Figure 5.1b. The diurnal pattern of NOY concentrations could suggest that soil emissions strongly 

influence the gas-phase NOY compounds during this period. Strong soil emissions should result in 

a gradient of NOY concentrations; however, this was not observed in this campaign, as shown in 

Figure 5.3. The stated limit of detection for the NOX instrument is 0.5 ppb for a 1-minute average, 

lower than much of the observations. While increasing the averaging time to 30 minutes, as 

displayed in Figure 5.1c, should decrease the limit of detection, most of the observations remain 

 

Figure 5.2: Diurnal average of HONO concentrations during rain and dry days. The error shown is the 
standard error of all measurements within the binned timeframe.  
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Figure 5.3: Diurnal averages of a) NO, b) NO2, and c) O3 at different heights over the entire FluCS 
campaign. Only O3 was measured at 1.0 m, since a separate instrument was measuring that was not 
connected to the gradient sampling line.  

near the lower limit of the instrument and have high uncertainty. O3 measurements were well above 

the instrument limit of detection (3.0 ppb for a 10-second measurement) and displayed a clear 

gradient trend. O3 is primarily lost either through its reaction with NO or by deposition onto forest 

surfaces, so the lower O3 concentrations closer to the ground could suggest that there are higher 

concentrations of NO near the soil surface that are within the uncertainty of the instrument. This 

would suggest a ground source of NO, particularly overnight, but chamber flux measurements at 

this site would be needed to confirm. Studies of NOY emissions from microbial communities have 

found that NO and HONO are often co-emitted, so a soil source of NO suggests the possibility of 

a soil source of HONO, as well (Oswald et al., 2013; Mushinski et al., 2019).  

HONO concentrations were measured at two heights (0.5 m from 12 August until 28 

August, and 3.5 m after 28 August), and while not all data are shown in Figure 5.1d due to the 

availability of data from other instruments, the diurnal average of each height did not display a 

significant difference. Previous measurements of HONO at different heights consistently observe 

a vertical gradient, although the vertical scale is typically much greater than a few meters (Stutz et 

al., 2002; Kleffmann et al., 2003; Villena et al., 2011a; Wong et al., 2012). The lack of a vertical 

gradient in HONO in this campaign could be due to the different time periods measured at each 
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height, or that the open canopy facilitated faster vertical diffusion compared to other studies, which 

would also affect the NO, NO2, and O3 gradients. Gradients were also not detected in many VOC 

signals from the PTR-MS.  

The HONO signals were calibrated using the photofragmentation efficiency of the 

instrument, as detailed in Section 2.5. The photofragmentation efficiency was determined to be 

0.36% in laboratory experiments performed after the campaign. During the campaign, an optic 

focusing the photofragmentation laser emission broke on 18 August and was replaced with a 

similar optic, resulting in a reduced focus of the laser beam. This primarily affected the ability of 

the photodiode to measure the laser power, as that occurs approximately 50 cm further along the 

beam path than where the air mass interacts with the laser light. As a result of the change in optics, 

no significant difference in HONO signal was detected. Regardless, 30-minute averages of the 

HONO concentration were slightly positively correlated with factors accounted for in the 

instrument sensitivity (shown in Figure 5.4). An increase in the water concentration would result 

in a lower instrument sensitivity, which would increase the HONO concentration, given the same 

net signal. An increase in the excitation laser power would ultimately result in a lower HONO 

concentration for an identical net signal. The photofragmentation laser power is not accounted for 

in calibrations but was included due to the unexpected change in optics.  

90-minute averages (mean) of measured OH concentrations are shown in Figure 5.1f. 

Several days experienced elevated concentrations of OH (25 August; 5, 6, 9, and 10 of September). 

As a result, the diurnal average of OH is influenced by the outlier days of elevated OH 

concentrations, as shown in Figure 5.5, but the expected diurnal trend of increasing concentrations 

during the day remains even without the influence of the elevated OH concentrations. Removing 

the elevated concentrations also brings the mean diurnal OH concentrations much closer to the 
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Figure 5.4: Measurements of HONO plotted against environmental conditions (a, humidity) and 
instrumental parameters (b, excitation laser power, and c, photofragmentation laser diode response) that 
affect the instrument sensitivity. The photofragmentation laser measurement from before the optic broke is 
shown in blue, while after is shown in black. Pearson correlation coefficients for each are shown at the top. 

median diurnal, indicating that the remaining days are not subject to bias from outlying points. The 

reasoning behind why elevated OH concentrations were observed on some days is not entirely 

clear. The FluCS campaign did experience smoke transported from wildfires that could affect the 

atmospheric composition and the OH concentration. Acetonitrile is often used as a tracer of air 

masses impacted by biomass burning. While acetonitrile does have anthropogenic sources that 

could obfuscate its use as an indicator of wildfires, these are unlikely to impact the remote forest 

location of this site (Huangfu et al., 2021). The concentration of acetonitrile measured by the PTR- 

MS is shown in Figure 5.1d. No distinct diurnal pattern was observed in the acetonitrile 

concentration, but its relatively constant concentration indicates that the site was at least somewhat 

affected by smoke throughout the campaign. The reduction in photon flux and increase of HONO 

concentrations associated with a smoke plume have opposite effects on OH concentrations, and 

while these two opposing forces have been studied in fresh wildfire plumes, only a slightly 

significant correlation can be seen during this campaign between OH and acetonitrile 

concentrations (R = 0.09, p < 0.1) (Forberich et al., 1996; Peng et al., 2020; Palm et al., 2021; Xu 

et al., 2021).  
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Figure 5.5: 1-hour diurnal mean of OH concentrations from the entire campaign (black) and removing days 
that experienced elevated OH concentrations (red). Shaded gray region or the red error bars represent the 
standard error of the measurements. The median of concentrations from the entire campaign is shown in 
blue.  

5.3.2 Model Results 

The model was run while changing several different parameters, as described in Table 5.1, 

with calculated HONO concentrations shown in Figure 5.6. The base model included only 

homogeneous chemistry present in the MCM, and consistently underpredicted HONO 

concentrations throughout the day, but particularly during sunlight hours. When heterogeneous 

reactions (“Het. Added”) were added, HONO concentrations increased slightly during the day, but 

the added sink drastically reduced HONO concentrations at night (orange solid line, Figure 5.6). 

When just the deposition of HONO onto ground surfaces is removed (“Without HONO loss”, 

orange dashed line, Figure 5.6), the model can recreate the observations at night, but there is no 

significant increase in daytime HONO concentrations compared to the “Het. Added” model run.  

Because of the underprediction of HONO during the daytime, the model was also run with 

the rates of the photoenhanced pathways and photolysis of surface nitrate multiplied by a factor of 


