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ABSTRACT OF THE THESIS 

 

 

 

Nitrous Acid (HONO) Chemistry over Snow 

in the Uintah Basin, Utah 

 

by 

 

Chengxi Li 

Master of Science in Atmospheric and Oceanic Sciences 

University of California, Los Angeles, 2024 

Professor Jochen Peter Stutz, Chair 

 

OH radicals are crucial for the formation of secondary organic aerosol (SOA) and ozone in 

the atmosphere. HONO photolysis is one of the main sources of OH radicals, especially in 

winter. HONO chemistry in polluted areas has been a widely discussed in the last five dec-

ades. However, HONO chemistry is often absent or simplified in air quality models, making 

its impact on OH radical chemistry uncertain. In this thesis, I investigated the formation of 

HONO over snow in a polluted rural area. 

The platform for atmospheric chemistry and vertical transport in one dimension (PACT-1D) 

model was used to calculate a 4-day cycle (Jan. 18th -Jan. 21st,2014) of atmospheric composi-
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tion and HONO figures. The model output was compared with observational data from the 

Uintah Basin Winter Ozone Study 2014(UBWOS 2014). Modeled HONO mixing ratios 

compared well with observation. HONO fluxes from surface chemistry in the model shows 

good agreement of shape and magnitude. 

In conclusion, PACT-1D model calculations show that chemical HONO formation on the 

snow explain the observed HONO mixing ratios. 
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1. INTRODUCTION 

The hydroxyl radical (OH) is one of the most important oxidizing species in the atmosphere. 

The OH radical reacts with organics at their carbon-carbon unsaturated bonds, substitutes on 

aromatic rings, or undergoes monoelectronic oxidation of organics (Gligorovski et al., 2015). 

OH radical is crucial for the formation of ozone and secondary organic aerosols (SOA).  

OH can produce HO2(R1-R2) to maintain the OH-HO2 balance: 

𝑂𝐻 + 𝐶𝑂 + 𝑂2 → 𝐻𝑂2 + 𝐶𝑂2 (R1)  

𝑂𝐻 + 𝑉𝑂𝐶 → 𝐻𝑂2 + 𝑐𝑜𝑚𝑝𝑜𝑢𝑛𝑑𝑠 (R2)  

And the HO2 radical produces NO2 (R3): 

𝐻𝑂2 + 𝑁𝑂 → 𝑂𝐻 + 𝑁𝑂2 (R3)  

Produced NO2 will thus form ozone as in R4-R5: 

𝑁𝑂2 + ℎ𝜈(𝜆 < 420𝑛𝑚) → 𝑁𝑂 + 𝑂(
3𝑃) (R4)  

𝑂(3𝑃) + 𝑂2 → 𝑂3 (R5)  

 

This illustrates how the OH radical is involved in ozone production. 

There are various methods of producing OH in the air. According to Rohrer and Berresheim 

(2006), in the troposphere, OH is produced primaily by ozone photolysis (R6-R7): 
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𝑂3 + ℎ𝜈(𝜆 < 330𝑛𝑚) → 𝑂(
1𝐷)  + 𝑂2 (R6)  

 𝑂(1𝐷) + 𝐻2𝑂 → 2𝑂𝐻 (R7)  

A second source of OH is formaldehyde (HCHO) photolysis (R8-R11) followed by HO2+NO 

reaction (Meller & Moortgart, 2000): 

𝐻𝐶𝐻𝑂 + ℎ𝜈(𝜆 < 370𝑛𝑚) → 𝐻 + 𝐻𝐶𝑂 (R8)  

                                                  → 𝐻2 + 𝐶𝑂 (R9)  

 𝐻 + 𝑂2 → 𝐻𝑂2 (R10)  

𝐻𝐶𝑂 + 𝑂2 → 𝐻𝑂2 + 𝐶𝑂    (R11)  

𝐻𝑂2 + 𝑁𝑂 → 𝑂𝐻 + 𝑁𝑂2 (R3)  

Alkenes also serve as significant OH sources while reacting with ozone (Paulson et al., 1999). 

Nitrous Acid (HONO) photolysis (R13) is another significant source of OH radicals (Tuite et 

al., 2021; Alicke et al., 2003). 

𝐻𝑂𝑁𝑂 + ℎ𝑣(< 440 𝑛𝑚) → 𝑂𝐻 + 𝑁𝑂 (R12)  

Therefore, HONO chemistry in polluted areas has been a widely researched topic in the last 

half-century. However, HONO chemistry is usually not included or is included in a simplified 

way in air quality models, which leads to its concentration being underestimated. Conse-

quently, this underestimation will also affect the prediction of secondary pollutants' concen-

trations like ozone.  
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1.1 HONO Formation and Loss Mechanisms 

The main gas reactions of gas-phase HONO besides its photolysis(R12), are R13 and R14: 

𝐻𝑂𝑁𝑂 + 𝑂𝐻 → 𝑁𝑂2 + 𝐻2𝑂 (R13)  

𝑂𝐻 + 𝑁𝑂
𝑀
→𝐻𝑂𝑁𝑂 (R14)  

Measured diurnal profiles show that HONO accumulates at nighttime, but once the photolysis 

rate increases in the day, its concentration drops. The highest level of HONO is measured in 

polluted areas near the ground at night, which mixing ratios reaching several parts per billion 

(ppb) (Kleffmann et al., 2006; Stutz et al., 2010; Wong et al., 2011), while the missing ratio is 

a few hundred parts per trillion (ppt) during the day (Acker et al., 2006; Kleffmann et al., 

2005; Wong et al., 2012; Zhou et al., 2007). 

Pseudo-Steady State (PSS) calculations show that these numbers are greatly underestimated 

when only homogeneous chemistry (R12-R14) is applied. Anthropogenic emissions only con-

tribute less than 1% of NOx emissions (Kirchstetter et al., 1996; Kramer et al., 2019; Kurten-

bach et al., 2001; Neuman et al., 2016). Therefore, heterogeneous formation must be taken 

into consideration. 

HONO can be converted from NO2 in reactions on moist surfaces (R15), which is the main 

source of nocturnal HONO and can accurately describe HONO and NO2/HONO ratios at 

night: 

2𝑁𝑂2 + 𝐻2𝑂
𝑠𝑢𝑟𝑓𝑎𝑐𝑒
→     𝐻𝑂𝑁𝑂 + 𝐻𝑁𝑂3 

(R15)  
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This mechanism is first order in[NO2].  

There are several possible proposed HONO formation mechanisms: 

1. Formation on surfaces from absorbed nitric acid: This process, outlined in R16-R19 

(Zhou et al., 2002) and depicted in Figure 1.2, involves the conversion of HNO3 ab-

sorbed on surfaces. HONO produced in reactions R17 and R19 can quickly transition 

into the gas phase, which is significant for daytime HONO formation in environments 

with low NO2 levels. This enhanced photolysis likely plays a role in urban HONO 

production (Tuite et al., 2021). 

𝐻𝑁𝑂3(𝑎𝑑𝑠) + ℎ𝜐 → [𝐻𝑁𝑂3](𝑎𝑑𝑠)
∗  (R16)  

[𝐻𝑁𝑂3](𝑎𝑑𝑠)
∗ → 𝐻𝑂𝑁𝑂(𝑎𝑑𝑠) + 𝑂(

3𝑃) (R17)  

[𝐻𝑁𝑂3](𝑎𝑑𝑠)
∗ → 𝑁𝑂2(𝑎𝑑𝑠) + 𝑂𝐻 (R18)  

2𝑁𝑂2(𝑎𝑑𝑠) + 𝐻2𝑂 → 𝐻𝑂𝑁𝑂(𝑎𝑑𝑠) + 𝐻𝑁𝑂3(𝑎𝑑𝑠) (R19)  
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Figure 1.1 HONO Formation Mechanisms (Including Formations Over Snow) 

2. Photo enhanced NO2 reduction: R15 is insufficient to maintain HONO levels during 

the day, so a photolytic source is required. This mechanism occurs both at organic sur-

faces (Kleffmann, 2007) and within a Quasi-Liquid Layer (QLL). According to 

Stemmler et al. (2006) and Zhou et al. (2003), the reaction rate of NO2 formation to 

HONO is positively proportional to NO2 concentration, irradiance (I), and surface area 

(SA) (1): 

𝑃𝐻𝑂𝑁𝑂 ∝ 𝑆𝐴 × [𝑁𝑂2] × 𝐼 (1)  

This will be discussed in more detail in Section 1.2. 

3. Gas-phase photolysis of organic nitrates: Observed in a chamber study conducted by 

Rohrer et al. (2005). 
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4. Soil bacteria: Oswald et al. (2013) quantified soil emission of HONO. However, this 

mechanism can be disregarded because the snow-covered ground is too cold for bac-

teria to be active. 

 

1.2 HONO Formation Over Snow 

HONO emission from snow has been observed across a wide range of locations on Earth. Ac-

cording to Honrath et al. (1999), the levels of HONO and NOx are significantly higher (3 

to >10 times) in the interstitial air of surface snow compared to ambient air at the summit of 

Greenland. Other studies conducted at high latitude sites (Beine et al., 2002; Dibb et al., 2002; 

Jacobi et al., 2004) have concluded that snow, once exposed to air, releases NOx into the air. 

Additionally, according to Amoroso et al. (2006) and Beine et al. (2006), snow provides 

HONO via photolysis. However, no significant increase in HONO levels was detected in 

places where snow is alkaline. 

As discussed in Section 1.1, the mechanism of snow formation involves nitrate photolysis 

(R21-R25) (Chu & Anastasio, 2007; Jacobi & Hilker, 2007):  

𝑁𝑂3
−
ℎ𝜐>290𝑛𝑚
→       𝑁𝑂2 + 𝑂

− 
(R21)  

𝑁𝑂3
−
ℎ𝜐>290𝑛𝑚
→       𝑁𝑂2

− + 𝑂(3𝑃) (R22)  

The 𝑁𝑂2
− produced in R22 can generate NO via photolysis (R23) and react with OH, result-

ing in generation of NO2 (R24) (Chu & Anastasio (2007); Jacobi & Hilker (2007): 
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𝑁𝑂2
−
ℎ𝜐
→ 𝑁𝑂 + 𝑂− 

(R23)  

𝑁𝑂2
− + 𝑂𝐻 → 𝑁𝑂2 + 𝑂𝐻 (R24)  

And generate HONO followed by R16. 

Also, under the circumstances of acid/base equilibria for liquid water applicable to snow, 

𝑁𝑂2
− can be protonated, producing HONO (R25): 

𝑁𝑂2
− + 𝐻+ → 𝐻𝑂𝑁𝑂 (R25)  

HONO is then rapidly returned into the gas phase. 

Laboratory experiments and field studies have found that the reaction of HONO and NOx oc-

curs at the air-ice surface, also known as the Quasi-Liquid Layer (QLL) (Döppenschmidt & 

Butt, 2000). According to Chu and Anastasio (2007), the temperature dependence of 

𝑁𝑂3
− quantum yield efficiency remains consistent in solution and ice, indicating that 

𝑁𝑂3
− photolysis occurs at the QLL. 

Recent laboratory studies show other possible mechanisms of HONO formation over snow. 

According to George et al. (2005), the reduction of NO2 by photosensitized organics is also a 

possible mechanism. Beine et al. (2008) assert that the HONO flux produced by NO2 reduc-

tion (R12) has a strong positive correlation with the HULIS (humic-like substances) content 

of the snow surface, which is also a possible mechanism of HONO formation over snow. 

However, according to Grannas et al. (2007), further research is needed to fully understand 

the HONO production mechanism. 
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1.3 HONO Measurements Over Snow 

Table 1 shows different studies of HONO concentrations over snow: 

Study HONO mixing ratio 

V. Michoud et al., 2014 5-10 pptv 

Chen et al., 2019 54±41 pptv 

Legrand et al., 2014 20-40 pptv 

Zhou et al., 2001 6.1±1.4 pptv 

Spataro et al., 2017 8.33 ppt(mean)/37.93 ppt(max) 

Table 1 HONO Concentration Observation Over Snow in Different Studies in pole regions 

According to Table 1, HONO mixing ratio over snow in clean areas is around tens ppt in mix-

ing ratio with a maximum of 95 pptv (Chen et al., 2019). 

Polar HONO measurements have been challenging due to conflicts between measurements of 

HONO, NOx, and HOx (Grannas et al., 2007). According to Chen et al. (2001), during the 

ISCAT 1998 study, mist chamber measurements of HONO yielded concentrations of about 30 

parts per trillion by volume (pptv). However, these measurements exhibited an overestima-

tion of OH by a factor of 2 to 5, casting doubt on the validity of mist chamber measurements. 

Furthermore, Grannas et al. (2007) highlighted that during the 2004 Greenland studies, HO2 

+ RO2 measurements agreed well only when HONO was not included, further raising con-

cerns about the accuracy of HONO measurements. 
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On the other hand, Zhou et al. (2002) discovered that a photochemical source of HONO 

could make it the dominant source of OH in boundary layers. These findings are consistent 

with model results reported by Grannas et al. (2002) despite the model's inadequate perfor-

mance in predicting HOx emissions. 

1.4 HONO Measurement Techniques 

There are various ways of measuring HONO. This section will give a brief introduction of 

these ways and discuss the technique used in this thesis. 

Incoherent Broad Band Cavity-Enhanced Absorption Spectroscopy (ACES or IBBCEAS) 

IBBCEAS utilizes UV absorption within a cavity to measure HONO concentrations. This 

technique employs two highly reflective mirrors to trap light, thereby increasing the effective 

absorption path length. Data retrieval involves analyzing absorption spectra resulting from 

light transmission within the cavity with or without absorbing species (Wu et al., 2012). Min 

et al. (2016) provided detailed insights into this technique in a study measuring aircraft 

HONO, reporting a detection limit of ~200 ppt for HONO. 

 

Chemical Ionization Mass Spectroscopy (CIMS) 

CIMS involves chemically ionizing HONO molecules using a reagent, enabling mass spec-

trometers to analyze and identify HONO. HONO is ionized through an iodide ion transfer 

reaction (iCIMS or Iodide Chemical Ionization Mass Spectrometry) or a negative proton 
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transfer reaction. This technique achieves high sensitivity (~15-20 pptv) and high time resolu-

tion (1s) (Roberts et al., 2010). 

Long Path Absorption Photometry (LOPAP) 

LOPAP is commonly employed in polar HONO observations. It directly samples gas-phase 

HONO in a stripping coil using in-situ wet chemical instruments. The stripping reagent is 

converted to an azo dye, eliminating the need for sampling lines and minimizing surface 

sampling artifacts. The equipment uses a light-emitting diode and measures absorption in 

long-path absorption tubes. Two stripping coils are utilized to detect HONO presence an-

didentify possible interferences (first coil) and quantify HONO (second coil). By measuring 

the difference between the two channels, the HONO signal is determined (Kleffmann et al., 

2002; Pinto et al., 2014). 

Differential Optical Absorption Spectroscopy (DOAS) 

The field data used in this research is obtained from UCLA Long Path Differential Optical 

Absorption Spectroscopy (LP-DOAS) instrument. DOAS measures HONO by quantifying its 

absorption structures in the UV spectral region. DOAS separates absorption spectra into nar-

rowband and broadband absorptions, enabling the calculation of species concentration based 

on absorption bands depths (Platt & Stutz, 2008). 
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Theory of DOAS 

DOAS relies on Beer-Lambert’s law, represented by equation (2): 

𝐼(𝜆) = 𝐼0(𝜆) ∗ exp(−𝜎(𝜆, 𝑇) ∗ 𝑐 ∗ 𝐿) (2)  

Where 𝐼0(𝜆) is the original intensity of the light source, 𝐼(𝜆) is the intensity of the light after 

passing a length of L, 𝑐 is the concentration of the absorber and 𝜎 denotes the absorption 

cross-section of the absorber. 

Beer-Lambert’s law states that intensity decays exponentially with distance, and the concen-

tration of the absorber gas can be calculated. However, measuring 𝐼0(𝜆) can be challenging. 

Dividing the spectrum into broadband and narrowband structures helps address this challenge. 

Substituting 𝜎(𝜆, 𝑇)  with the sum of low frequency part 𝜎𝑗0(𝜆, 𝑇)  and high frequency 

part𝜎𝑗
′(𝜆, 𝑇) in equation 2, allows calculation of a broadband spectrum 𝐼0

′(𝜆). 

The concentrations of trace gases can then be calculated using equation (3): 

𝑐𝑗 =
ln (
𝐼0
′(𝜆)
𝐼(𝜆)

)

𝜎𝑗
′(𝜆, 𝑇) ∗ 𝐿

 

(3)  

1.5 HONO Fluxes over snow 

HONO fluxes describe the amount of HONO emitted from a snow surface per second. Most 

HONO fluxes measurements follows the gradient method proposed by Businger (1986): 

𝐹𝐶 = −𝐾𝐶
𝑑𝐶

𝑑𝑧
 

(4)  
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Where 𝐾𝐶 is the eddy diffusivity coefficient and 
𝑑𝐶

𝑑𝑧
 is the vertical gradient of the HONO con-

centration. 

The eddy diffusivity coefficient K at a specific height Z, according to Businger (1986), can be 

calculated using equation (5): 

𝐾 = 
𝜒 × 𝑢∗ × (𝑍 − 𝐷)

Θ (
Z
L)

 
(5)  

Where 𝜒 is the Von Karman constant (0.37) (Telford & Businger, 1986), L is the Monin-

Obukhov length, u∗ is the friction velocity, and D is the displacement height. Θ(
Z

L
) represents 

the dimensionless wind shear, calculated as follows in equation (6): 

Θ(
Z

L
) = (1 −

16(𝑍−𝐷)

𝐿
)
−
1

2
 ,
𝑍

𝐿
< 0 (𝑢𝑛𝑠𝑡𝑎𝑏𝑙𝑒 𝑐𝑜𝑛𝑑𝑖𝑡𝑖𝑜𝑛)   

Θ(
Z

L
) = (1 +

5(𝑍−𝐷)

𝐿
) ,
𝑍

𝐿
> 0 (𝑠𝑡𝑎𝑏𝑙𝑒 𝑐𝑜𝑛𝑑𝑖𝑡𝑖𝑜𝑛)   (6) 

The displacement height D, as per Stanhill (1969), can be estimated using the zero-plane dis-

placement height equation (equation (7): 

log(𝐷) = 0.9793 log(ℎ) − 0.1536 (7)  

Where h is vegetation height. 

Once the observation data is retrieved, fluxes can be calculated using the aforementioned 

method. Table 2 presents some results from the calculation of HONO flux over snow. 
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Study Mean HONO vertical flux (𝒎𝒐𝒍𝒆𝒄 𝒄𝒎−𝟐𝒔−𝟏) 

Honrath et al. (2002) 3.1 × 107 

Beine et al. (2008) 3 × 1010(𝑁𝑂 + 𝑁𝑂2 + 𝐻𝑂𝑁𝑂) 

Beine et al. (2006) 1.67 × 108 

Spatato et al. (2017) 2.18 × 108 

Bond et al. (2023) 3.4 × 108 

Table 2 HONO Fluxes Over Snow in Various Studies 

Table 2 gives typical values of HONO flux at about 108 𝑚𝑜𝑙𝑒𝑐 𝑐𝑚−2𝑠−1.  

1.6 Motivation 

Previous studies have utilized both observational data and laboratory results to explore poten-

tial mechanisms of HONO formation over snow surfaces. However, these studies have often 

lacked the integration of model results with observational data, particularly concerning 

HONO emissions over snow. Consequently, differences and agreements between model pre-

dictions and observations remain unclear. This study aims to address this gap by combining 

observation data and model results to quantify HONO emissions over snow surfaces. 

This thesis aims to address the following questions: 

• What are the mechanisms underlying HONO formation over snow surfaces? 

• Can we accurately model HONO and HONO fluxes over snow? 
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2. METHODOLOGY 

This chapter will provide a brief overview of the methodology employed and the input data 

utilized in this study. Specifically, it will introduce the Platform for Atmospheric Chemistry 

and Vertical Transport in One Dimension (PACT-1D) model, along with the input file com-

piled from the Uintah Basin Winter Ozone Study (UBWOS) data. 

2.1 Platform for Atmospheric Chemistry and Vertical Transport in One Dimension 

(PACT-1D) 

PACT-1D was utilized to solve one-dimensional transport and chemical kinetics for a specific 

chemical species i at a given height z and time t. The continuity equation is represented as 

follows (equation 7; Figure 2.1) (Tuite et al., 2021): 

𝑑𝐶𝑖,𝑡,𝑧
𝑑𝑡

= 𝑃𝑖,𝑡,𝑧 − 𝐿𝑖,𝑡,𝑧 + 𝐸𝑖,𝑡,𝑧 + 𝐹𝑖,𝑡,𝑧 
(7) 

 

 

 

Figure 2.1 The Continuity Equation 
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Where C is the concentration of species, P stands for production and L stands for loss, F is 

flux contribution and E is emission rate. 

Emissions are dependent on both time and height. The Regional Atmospheric Chemistry 

Mechanism version 2 (RACM2) (Goliff et al., 2013) is employed to describe chemical pro-

duction and loss within the model, along with the Kinetics Pre-Processor (Sandu & Sander, 

2006). The model incorporates the non-reactive uptake of gases to aerosols and heterogene-

ous reactions on aerosol surfaces. The aerosol surface area is calculated using equation 8: 

𝑆 = 4𝜋𝑟(𝑧,𝑡)
2 𝑁(𝑧,𝑡) (8)  

Where r and N denote the radius and number concentration of aerosols at a specific height 

z and time t. 

The irreversible uptake to aerosol surfaces and the heterogeneous reaction rate constant 𝐾𝑇 

are determined by (9): 

𝐾𝑇 =
1

4
𝜈𝑆𝛾𝐽 

(9)  

Where 𝜈 stands for molecular speed, S is the surface area calculated in (8), 𝛾 is the possibility 

of irreversible uptake or reaction on surface. 𝐽 is the flux of molecule to the aerosol surface, 

which can be calculated using the method of Fuchs and Sutugin (1971).  

Vertical mixing and ground loss are included in the vertical mixing equation  

𝛿

𝛿𝑡
Φ(𝑖,𝑡,𝑧) =

1

𝜌(𝑖,𝑡,𝑧)

𝛿

𝛿𝑧
(𝜌(𝑖,𝑡,𝑧)𝐾𝐷(𝑖,𝑡,𝑧)

𝛿

𝛿𝑧
Φ(𝑖,𝑡,𝑧)) + 𝑅(1,𝑡)   

(10)  
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In equation (10), Φ𝑖 is the species mixing ratio, 𝜌 is air density, R is the ground loss to the 

lowest box of the model, 𝐾𝐷 is eddy diffusivity plus molecular diffusion.  

The surface loss of each species is included in equation (10): 

Ground loss R is calculated based on molecular collisions with the ground and combined with 

uptake probability (or reactive uptake efficiency). 

This method allows the calculation on surface-level molecular reactions; thus, a deposition 

velocity does not have to be prescribed. Deposition rates are calculated when solving equa-

tion (10). Interactive surface chemistry is also included, which releases ground species into 

the gas phase. 

The boxes which are lower than 1m are displayed in log scale so that the lowest boxes are 

small enough for treating a laminar diffusion layer contacting on earth surface directly. 

2.2 Uintah Winter Basin Ozone Study (UBWOS) 

The Uintah Basin Winter Ozone Study (UBWOS) was a comprehensive field study conduct-

ed during the 2012-2014 winter seasons. It primarily focused on identifying emission sources 

and photochemical processes contributing to increased ozone formation in winter, with the 

aim of mitigating ozone pollution (Tsai, 2016). 

This study specifically delves into the results obtained during UBWOS 2014; a follow-up 

study conducted during the winter of 2013-2014. UBWOS 2014 aimed to acquire reliable and 

representative measurements of HONO using various techniques. 
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Figure 2.2 UCLA LP-DOAS Equipment Setup (Tsai, 2016) 

Figure 2.2 is the setup of the UCLA LP-DOAS equipment during UBWOS 2014. The left 

panel shows the side view of the DOAS system, in this panel, the solid lines are light paths 

(lower, middle, upper), and dashed lines are local topography under the lines. The right panel 

shows the upper view of the light paths (Tsai, 2016). 

UBWOS 2014 involved extensive observations of various species concentrations. Below are 

some of the data retrieved from LP-DOAS measurements, indicating species concentrations 

in parts per billion (ppb) (NOAA, 2014): 
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Figure 2.3 Observation Data of Species Concentration Retrieved from UBWOS 20 

NO2 exhibited a concentration cycle of 3-4 days, with peaked around 15-20 ppb. The highest 

concentrations were observed on Jan. 30th Feb 11th, reaching approximately 20 ppb. HONO, 

conversely, maintained a relatively stable concentration around 0.2 ppb. The highest recorded 

HONO concentration was on Jan 27th, approximately 0.4 ppb. HCHO also displayed a con-

centration cycle of 4-5 days, with peaked around 3-4 ppb. The highest HCHO concentration 

occurred on Jan 30th, reaching about 4 ppb. Ozone(O3) demonstrated a cycle period of 1 day, 

primarily driven by solar activity and its reaction with NO. The highest concentration was 
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observed on Jan 27th and Feb 8th, approximately 80 ppb. SO2 concentration did not exhibit a 

clear cycle, but it had peaks around 0.8 ppb. The highest SO2 concentration was observed on 

Jan 27th and 29th, approximately 0.8 ppb. Feb. 7th and 11th also show lower peaks around  

0.75ppb.  

According to Tsai (2016), the daily average HONO vertical flux from observations using the 

method discussed in Section 1 is depicted in Figure 2.3.  

 

Figure 2.4 Daily HONO Flux Comparison of UBWOS 2014 and UBWOS 2012(Tsai, 2016) 

The fluxes measured in UBWOS were 10 times larger than studies mentioned in section 1. 

On average sunny days, the HONO flux closely mirrored solar irradiance patterns in both 

UBWOS 2012 and UBWOS 2014. However, when comparing UBWOS 2014 to UBWOS 

2012, the HONO flux values were lower. Specifically, the maximum HONO flux observed 

during UBWOS 2012 over bare soil was approximately 1.8 × 1010𝑚𝑜𝑙𝑒𝑐 𝑐𝑚−2𝑠−1,  where-

as during UBWOS 2014, the maximum value was around 1.2 × 1010𝑚𝑜𝑙𝑒𝑐 𝑐𝑚−2𝑠−1. Addi-
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tionally, in UBWOS 2014, the peak flux occurred at 11:00 local time, which was one hour 

earlier compared to UBWOS 2012. 

2.3 Model Setup 

The input for the model includes aerosol properties, atmospheric conditions, emissions data, 

initial concentrations, photolysis frequencies (J values), and Eddy Diffusivities (KZ values). 

 

Aerosol 

Aerosol are assumed to have a constant radius of 100nm and a number density of 100𝑐𝑚−3.  

Atmospheric Properties (Pressure, Temperature, Relative Humidity) 

Atmospheric pressure follows an exponential decay with height using Equation (11): 

𝑝 = 𝑝0𝑒
−(
ℎ
ℎ𝑜
)
 

(11)  

Where 𝑝0 is the ground air pressure (1013hPa), h is height (in meters), and ℎ0 is the average 

boundary scale height (7500m).  

Temperature profiles were calculated using Equation (12), where 𝑇𝑠  are observed surface 

temperatures (in Kelvin), h is height, and γ is the lapse rate (estimated to be 6K/km in bound-

ary layer).  

𝑇 = 𝑇𝑆 − 𝛾ℎ (12) 
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Relative humidity was calculated using Equation (13), where TD is observed dew point tem-

perature (in Celsius) and T is temperature (in Celsius) (Alduchov, O. A., and R. E. Eskridge, 

1996): 

RH = 100 ×
exp (

17.625×𝑇𝐷

243.04+𝑇𝐷
)

exp (
17.625×𝑇

243.04+𝑇
)

                        
(13)  

These temperature data were also retrieved from meteorological data collected during the 

Uintah Basin Winter Ozone Study (UBWOS). 

Emissions 

Emissions were obtained from the 2014 Air Agencies Oil and Gas Emissions Inventory in 

table 4 (Utah Department of Environmental Quality, 2017): 

Particle Uintah Emission (Ton/Yr) 

NOx 7858.00 

CO 5857.58 

Table 3 Used Input Emission Source 

The data was converted from ton/year to 𝑚𝑜𝑙/(𝑚2 ∗ 𝑠) and adjusted for the area of the Uin-

tah basin (~30000 𝑘𝑚2). The area of the Uintah Basin varies depending on the source. In this 

study, the approximation of "slightly more than 10,000 𝑚𝑖2" (J. W. Hood, 1976) was utilized, 

which translates to approximately 30,000 square kilometers. 

So, the conversion is: 



23 
 

𝐸 = 𝐸0/(365 × 24 × 60 × 60 × 30000 × 10
6 ×𝑚) 

Where 𝐸0 is the emission from previous research in tons/year, E is the corrected emission in 

𝑚𝑜𝑙/(𝑚2 ∗ 𝑠), and 𝑚 is the molar mass of a certain particle in 𝑔/𝑚𝑜𝑙.For NOx, the 𝑚 equals 

to the average value of NO and NO2, which is 38g/mol.  

The emissions values are considered constant over time because they originate from station-

ary sources. 

Initial Concentrations 

Initial concentrations of species are obtained from UBWOS observation data, as shown in 

Table 5. 

Particle Mixing Ratio(ppb) 

O3 40 

NO 0.01 

NO2 10 

CO 335.8 

HCHO 2 

HNO3 0.469 

HONO 0.1 

Table 4 Initial Input Values from UBWOS 2014 
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photolysis frequencies (J Values) 

J values are generated using the Tropospheric Ultraviolet and Visible (TUV) Radiation Model 

developed by the University Corporation for Atmospheric Research (UCAR), and these val-

ues are interpolated with meteorological data from UBWOS 2014 observations. The input J 

values of NO2 are illustrated in Figure 2.4: 

 

Figure 2.5 J Value of NO2 During Jan-18 to Jan-21, 2014 

The model output demonstrated agreement with diurnal cycles, and the peak values aligned 

closely (approximately 0.015𝑠−1). To facilitate the TUV model's operation, the input ozone 

column values are obtained from the World Ozone and Ultraviolet Radiation Data Centre 

(WOUDC). 
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Eddy Diffusivities (KZ Values) 

 

For KZ values, I interpolated the output of the KZ model from Geyer et al. (2004) to 26 layers 

in the PACT-1D model and scaled it using the observation data on January 27, 2014(Tsai, 

2016) and method described in section 1.5 (equation 5). The input KZ values at different alti-

tudes are shown in Figure 2.6: 

 

Figure 2.6 Hourly KZ Values Over Different Altitudes scaled by data on Jan 27th, 2014  

We can see the KZ values peak at 14:00 and are low at night. 
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Vertical Grid 

Table 5 shows the 26-layer grid that PACT-1D is using: 

Level 1 2 3 4 5 6 7 8 9 

Height(m) 0.001 0.01 0.1 1 3 6 10 20 33 

Level 10 11 12 13 14 15 16 17 18 

Height(m) 50 78 90 110 121 150 175 255 300 

Level 19 20 21 22 23 24 25 26  

Height(m) 556 750 1000 1500 2000 3000 4000 5000  

Table 5 Heights of Box-Walls 

 

Other Initial Values 

Table 6 shows the initial model setup to obtain the results. Surface source is turned on be-

cause as discussed in Section 1.3, snow is a significant HONO source. 
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Initial Setup Status 

NO Soil emission Off 

Surface source HONO On 

Chemistry timestep (seconds) 300 

Internal KPP timestep (seconds) 30 

number of diffusions timesteps per chemistry timestep  500 

Table 6 Model Initial Setup 

2.4 Surface HONO Chemistry Over Snow 

In this model, HONO is primarily produced on the ground. Therefore, in the PACT-1D model, 

complex heterogeneous reactions are applied. Deposition occurs based on the number of mo-

lecular collisions with the ground, as well as an uptake coefficient, allowing surface emis-

sions and chemical conversions to be studied at the molecular level. The mechanisms intro-

duced in Section 1.1 are applied in the PACT-1D model (Tuite et al., 2021). 

According to reaction R15, every time two NO2 molecules are consumed, it will produce one 

HONO molecule and one HNO3 molecule. According to Trick (2004), the ground NO2 uptake 

efficiency is set to 1 × 10−5. 

Photolysis strengthens the conversion from NO2 to HONO. The enhanced effect is included 

in the parameterization by Wong et al. (2013). According to Wong et al. (2013), daytime 

HONO in Houston, TX has a correlation with solar irradiance, which is shown in equation 

(14): 
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𝛾𝑁𝑂2,𝑝ℎ𝑜𝑡𝑜 = 6 × 10
−5

 𝐽𝑛𝑜2
3

𝐽𝑁𝑂2,𝑛𝑜𝑜𝑛
3  

(14) 

 

 

Where 𝛾  is ground NO2 uptake coefficient and 6 × 10−5  is maximum reactive coefficient 

(Tuite et al., 2021). 

Combining these two coefficients, we have the deposition rate: 

𝜈𝑑,𝑁𝑂2 =
1

4
𝜈(𝛾𝑁𝑂2,𝑑𝑎𝑟𝑘 + 𝛾𝑁𝑂2,𝑝ℎ𝑜𝑡𝑜) 

(15)  

Parameterizing surface absorbed HNO3 follows the idea of Sarwar et al. (2008) using the fol-

lowing equation (R26): 

𝐻𝑁𝑂3(𝑎𝑑𝑣) + ℎ𝜈 → 0.5𝐻𝑂𝑁𝑂(𝑎𝑑𝑠) + 0.5𝑁𝑂2(𝑎𝑑𝑠) (R26)  

Surface HNO3 concentration in the model is determined by surface chemistry (discussed 

above) and deposition. Deposition allows HONO and NO2 produced in R26 to be released 

into the lowest layer. In this case, the photolysis rate constant is set to 9 times of gas-phase 

HNO3 concentration.  

For atmospheric HONO, ground uptake is a main loss especially at night. according to Tuite 

et al. (2021), HONO will form surface nitrate following a similar mechanism as HNO4. In 

this model, we assume all loss HONO and HNO4 are transformed into nitrate. The uptake co-

efficients for HONO, HNO4, and HNO3 are 0.0001, 0.01, and 0.1, and the molecule number 

ratio of HNO3 deposited and HONO emitted to the lowest layer is 1:1 respectively. If HONO 
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concentration falls below ~1 × 1013𝑚𝑜𝑙𝑒𝑐𝑢𝑙𝑒𝑠/𝑐𝑚2, in order to ensure there is enough ni-

trate to participate in reactions, it will be re-scaled by 
[𝑁𝑂2

−]

1×1013
. 
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3. RESULT AND DISCUSSION 

The PACT-1D model was used to simulate vertical concentration profiles and HONO flux 

during UBWOS 2014, which were then compared with observational data from UBWOS 

2014. 

3.1 Concentration Profile 

According to Section 2, the UCLA LP-DOAS equipment setup follows the configuration in 

Figure 2.2. Therefore, based on the vertical profile of boxes in the PACT-1D model, layers 5-

8 were used to represent the lower path of observation, layers 5-10 for the medium path, and 

layers 5-11 for the upper path. The modeled concentration at each box was averaged to the 

box height and compared to the observation (see Figures 3.1-3.3). 
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(a) 

(b) 

(c) 

Figure 3.1 Low Path Model vs. Observation of HONO(a), NO2 (b) and O3 (c) 
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Figure 3.2 Medium Path Model vs. Observation of HONO(a), NO2 (b) and O3 (c) 

 

  (a) 

   (b) 

  (c) 
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  (a) 

  (b) 

  (c) 

Figure 3.3 Upper Path Model vs. Observation of HONO(a), NO2 (b) and O3 (c) 
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 O3 NO2 HONO 

Model(ppb) 51.59 4.53 0.044 

Observation (LP)(ppb) 47.05 5.42 0.067 

Table 7 Mean Mixing Ratio Comparison Between Model and Observation (Low Path) 

Based on the model-observation comparison in Figures 3.1-3.3 and Table 7, the trend and 

mean mixing ratio of ozone and NO2 concentrations agreed quite well between observations 

and model results. However, the ozone mean mixing ratio was slightly overestimated, and the 

NO2 and HONO mixing ratios were underestimated. 

A constant ozone accumulation was noticed in observation and model. However, the model 

overestimated ozone accumulation. Additionally, an unusual nighttime accumulation of NO2 

happening at boundary layer was observed in the model; however, this accumulation weakens 

as the paths become higher. In the low path, the highest peak of the model result reached 

about 24 ppb, whereas this number decreased to 12 ppb at the upper path. 

The observed HONO profile, on the other hand, didn’t exhibit a clear trend and shows greater 

fluctuation than the model results due to some measurement errors, although the quantity of 

HONO agreed quite well. However, a slight decay of the maximum concentration of HONO 

in the upper path was observed compared to the lower path, while the observation remained 

constant. This will be further investigated in the next section. 
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3.2 Vertical Profile 

 

Figure 3.4 HONO Concentration Over Time from Model 

Figure 3.4 depicts the model result of HONO concentration over time at different heights, 

showing an evident accumulation of HONO near the ground (~3m). Specifically, the concen-

tration at 3m is approximately 3-4 times higher compared to the concentration at 10m. 

Figure 3.5 provides a clearer view of the vertical profile of species. To enhance clarity regard-

ing the vertical profile of NOX and HONO at lower levels (0-110m), Figure 3.5 describes this 

profile. Notably, January 18th is excluded from Figure 3.5 as it resembles more of an initial 

value of the model rather than a value after chemical reactions have occurred. According to 

the figure, there was a noticeable accumulation of O3 in the model, consistent with both mod-

el results and observations. Additionally, NOx and HONO were predominantly concentrated 

near the ground, corroborating the findings from Figure 3.4. 
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(a) 

(b) 
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Figure 3.5 Species Vertical Profile near Ground; HONO(a), NO(b), NO2 (c) and O3 (d) 

(c) 

(d) 

 

In Figure 3.5, there is a rapid vertical decay of reactive nitrogen species. NO and HONO ex-

hibit high concentrations at around 5m near the ground, but they quickly decay with altitude. 

Meanwhile, NO2 shows a higher concentration at approximately 10m and also decayed at 

higher layers. 
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Similar to previous figures, NO and NO2 exhibit cycles that resemble the patterns of the sun, 

with concentrations rising and falling in correspondence with daylight. Conversely, HONO 

maintains a relatively stable concentration throughout the observation period. 

3.3 HONO Vertical Fluxes 

(a)    

 (b)  

Figure 3.6 HONO Vertical Flux Model Result; a: Full Result b: Diurnal Average 
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Figure 3.6 illustrates the model results of HONO vertical flux. As depicted in Figure 3.6, the 

peaks typically occur around 12:00, closely resembling the pattern of the sun cycle. The data 

for January 20th appears lower due to adverse weather conditions. 

The calculated values of the model for HONO fluxes at noon range between 8.37 ×

109 𝑎𝑛𝑑 9.9 × 109𝑚𝑜𝑙𝑒𝑐 𝑐𝑚−2𝑠−1. 

 

Figure 3.7 HONO Flux Comparison Between Model Result and UBWOS 2014 Observation. Error bars are 

standard deviations of hourly flux data. 

Figure 3.7 compares the model results with observations from UBWOS 2014 (Tsai, 2016). 

The model exhibited an earlier peak compared to the observation. Additionally, the model 

underestimated the HONO vertical flux during the period from 6:00 to 14:00, when the 
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HONO flux demonstrated an increasing trend. However, as the HONO flux passed its peak, it 

descended rapidly, leading to an overestimation by the model from 15:00 to 17:00. Overall, 

under the parameterization mentioned in section 2, the model flux is well explained and show 

a good agreement with observation in magnitude and shape. The flux also explains HONO 

emission pattern, which will be discussed in section 4. 
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4. CONCLUSION AND OUTLOOK 

As shown in Fig.3.1-Fig.3.3, the model shows a good agreement on mixing ratios and emis-

sion patterns with observation of O3, NO2 and HONO. Compared with the studies listed in 

Section 1.2, the HONO mixing ratio was about 2-10 times larger in both observation and 

model results. This leads to approximately 10 times larger HONO flux in both model results 

and observations compared to studies listed in 1.5. This may be due to much higher NOX 

emission due from the industrial activities in the Uintah Basin area. According to Tsai (2016), 

the Uintah Basin boasts over 10,000 oil and gas wells. Additionally, a 500-megawatt coal-

based power plant is only 12 miles from the UBWOS site. The energy-based economy pro-

duces excessive emissions of NOX. 

When comparing the mixing ratio and the HONO flux, it can be observed that while the 

HONO flux shows an apparent diurnal cycle (Fig. 3.6a), the HONO mixing ratio wasn’t 

showing the same diurnal cycle (Fig. 3.1a-3.3a). This can be explained by the following rea-

sonings: during the daytime, mixing is more active, and HONO emitted by HNO3  photolysis 

is at a higher rate due to sunlight (R16-R19), making a bigger HONO source. At night, there 

is less mixing in atmosphere, and only NO2 hydrolysis(R15) is active, resulting in a smaller 

HONO source. This causes the diurnal pattern of the HONO vertical flux, a pattern possibly 

similar to that described by Bao et al. (2023). 

According to Fig. 3.7b, there is a shift in HONO fluxes between the model results and obser-

vation data — the peak of the model result occurs at 12:00 (local time), while the peak of the 
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observation occurs at 14:00 (local time). This may be because the actual KZ value, as well as 

J values, peak at 14:00, while the J values output by the TUV model peak at 12:00.  

Overall, as HONO formation mechanisms over snow are discussed in Section 1 and imple-

mented in the PACT-1D model to reproduce HONO flux and HONO profile as discussed in 

Section 2, we can see good agreements between the model results and observation of HONO 

profile and the HONO flux over snow. To predict HONO and HONO flux over snow even 

more precisely, the study could be followed by implementation of coupled snow-atmosphere 

models. 
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