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Disclaimer 

The statements and conclusions in this Report are those of the contractor and not necessarily 
those of the California Air Resources Board. The mention of commercial products, their source, 
or their use in connection with material reported herein is not to be construed as actual or implied 
endorsement of such products. 
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Abstract 

The State of California continues to face air quality challenges in its major urban areas. Ozone 
and particulate matter (PM) levels in the South Coast Air Basin exceed the California and 
Federal standard regularly, and the ever growing population makes the development of further 
strategies to improve air quality a priority. To support the State’s air pollution mitigation goals 
this project focused on the investigation of nocturnal chemistry in the Los Angeles basin. While 
often ignored, nocturnal chemistry is important, as the processes occurring at night set the stage 
for air quality conditions on the next day. To support other research efforts to better understand 
the processes underlying air pollution the University of California Los Angeles (UCLA) 
organized the CalNex Los Angeles supersite, which was located on the campus of the California 
Institute of Technology. The supersite, which hosted more than 40 research groups, yielded a 
highly comprehensive data set of gaseous and particulate pollutants and meteorological 
parameters from May 15, 2010 to June 16, 2010. 

As part of Calnex-LA, UCLA’s LP-DOAS instrument continuously measured vertical 
concentration profiles of O3, NO2, HCHO, SO2, HONO and NO3 in four altitude intervals: 33-
78 m, 78-121 m, 121-255 m, and 255-556 m above the ground. This unique dataset was 
interpreted using a 1-dimensional chemistry and transport model to yield the following main 
conclusions: 
• Nocturnal atmospheric composition and chemistry in Los Angeles is highly altitude 

dependent. 
• The high levels of the dominant nocturnal radical species NO3, in particular above 200 m 

altitude, showed that active nocturnal radical chemistry is occurring. 
• Uptake of N2O5 on particles was found to be responsible for an altitude-averaged nocturnal 

loss of nitrogen oxides of 0.7 to 1.3 ppb/h. which is comparable to the daytime NOx loss. 
• N2O5 chemistry led to the efficient formation of ClNO2, an important Cl atom precursor in 

the morning, which was observed by the collaborators from the University of Calgary. 
• Nitrous acid, HONO, an important hydroxyl-radical precursor, showed elevated mixing 

ratios in the lowest 100 m of the atmosphere. Surface conversion of NO2 to HONO on the 
ground was identified as the most likely source. 

• Elevated daytime HONO mixing ratios show the presence of an active daytime HONO 
source. A photo-enhanced conversion of NO2 on the ground was identified as the most likely 
HONO source. 

• The photolysis of morning and daytime HONO was identified as a major contributor to the 
daytime primary radical budget, with a potentially large influence on ozone levels. 

The results show that the nocturnal chemistry of nitrogen species strongly influences air 
quality in Los Angeles. Nighttime and daytime nitrous acid chemistry, which is currently poorly 
represented in urban air quality models, is an important contributor to the hydroxyl radical 
budget, thus impacting ozone chemistry. The data acquired in the project as well as the scientific 
conclusions from this project can be used to validate and improve models of the Los Angeles 
airshed and will thus lead to more accurate description of ozone and particle formation. 
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1 Executive Summary 
Air quality in urban areas remains a serious environmental challenge in the State of 

California. Ozone and particulate matter (PM) levels in the South Coast Air Basin exceed the 
California and Federal standard regularly, and the ever growing population makes the 
development of further strategies to improve air quality a priority. To support the State’s air 
pollution mitigation goals this project focused on the investigation of nocturnal chemistry in the 
Los Angeles basin. Understanding of nocturnal chemistry is important, as night-time hours set 
the stage for air quality conditions on the next day. In addition, University of California Los 
Angeles (UCLA) took the lead in organizing the CalNex Los Angeles supersite. The site, which 
was located on the campus of the California Institute of Technology, hosted more than 40 
research groups that performed a highly comprehensive set of pollutant and meteorological 
measurements from May 15, 2010 to June 16, 2010. Most of the data acquired at the field site 
has been posted on a National Oceanic and Atmospheric Administration (NOAA) hosted web-
site and is available to the California Air Resources Board. 

UCLA deployed its longpath Differential Optical Absorption Spectroscopy (LP-DOAS) 
instrument on the Caltech campus to measure vertical profiles of O3, NO2, HCHO, SO2, HONO 
and NO3 during the CalNex-LA experiment. The data analysis produced vertical trace gas 
mixing ratios in four altitude intervals: 33-78 m, 78-121 m, 121-255 m, and 255-556 m above 
ground level. Vertical profiles of steady state N2O5 were also calculated. The data were 
interpreted with the help of UCLA’s 1-D chemistry and transport model. The following main 
conclusions were derived: 

• Nocturnal atmospheric composition and chemistry in Los Angeles is highly altitude 
dependent. The observed vertical profiles of O3, NO2, and NO3, can be explained by surface 
emissions of NO and slow vertical mixing. 

• Mixing ratios of NO3 and N2O5 of over 150 ppt and 2 ppb, respectively, were observed. The 
highest mixing ratios were present above 200 m altitude. The observations are indicative of 
active nocturnal radical chemistry and the efficient formation of ClNO2, which was observed 
by the collaborators from the University of Calgary. 

• The average nocturnal NOx loss in the lowest 550 m of the atmosphere was found to be 
between 0.7 and 1.3 ppb/h. This loss rate is comparable to the daytime NOx loss due to OH 
chemistry. N2O5 aerosol uptake was identified as the main nocturnal NOx loss pathway. 

• Observed nocturnal vertical profiles of HONO show elevated mixing ratios predominately in 
the lowest 50-100 m of the atmosphere, followed by a fast decay with altitude. The profiles 
could be reproduced with UCLA’s 1-D model through a parameterization of the surface 
conversion of NO2 to HONO. 

• Daytime HONO mixing ratios exceeded those expected from a photo-stationary state 
between OH, NO and HONO, indicating an active daytime HONO source. Hourly averaged 
daytime vertical HONO profiles and the diurnal profile of the HONO/NO2 ratio point to a 
photo-enhanced conversion of NO2 on the ground as the dominant HONO source. 
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• The morning photolysis of HONO accumulated during the night is an important early 
morning OH source at the surface. However, due to the strong vertical gradient of HONO, its 
importance is diminished if the entire column of the lower atmosphere is considered. The OH 
formation rate from daytime HONO photolysis can be similar to that of ozone photolysis. 
This process can thus considerably influence daytime ozone chemistry. 

The results show that the nocturnal chemistry of nitrogen species can strongly influence air 
quality in Los Angeles. The observation of daytime HONO and its contribution to the OH budget 
also illustrates the importance of HONO chemistry during the day. The conclusions from this 
project can be used to validate and improve models of the Los Angeles airshed and will thus lead 
to more accurate description of ozone and particle formation. 
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2 Introduction 
California has a long history as the world leader in the development of successful air quality 

regulatory programs.  Much of California’s success in reducing air pollution can be attributed to 
strategies that are based on a sound scientific understanding of the processes leading to elevated 
levels of gaseous and particulate air pollutants. Despite the progress made over the past six 
decades, pollution remains a problem in many Californian cities, and in particular in the South 
Coast Air Basin. In support of the State’s goal to better understand how to control ozone and PM 
pollution, this project is aimed at elucidating an important aspect of the atmospheric chemistry of 
California’s large urban centers that has not been sufficiently studied: The mechanisms of 
nocturnal air pollution chemistry and their impact on daytime ozone and aerosol concentrations. 

The lack of solar radiation at night causes a considerable change in the chemical processes of 
the urban atmosphere. Hydroxy radical levels are typically low and the nitrate radical, NO3, is 
the most important radical species. NO3 reacts rapidly with a number of hydrocarbons, leading to 
their removal from the atmosphere. Even more important is the impact of NO3 chemistry on the 
budget of nitrogen oxides. NO3 can directly react with particles, leading to a destruction of one 
NOx and one ozone molecule. It is also in equilibrium with NO2 and N2O5. The latter is known to 
be efficiently taken up on particles, leading to a loss of NOx and an increase in particulate nitrate. 
While the chemical pathways of these reactions are known, considerable uncertainty exists about 
their impact on air quality in the urban atmosphere. For example, the true atmospheric uptake 
coefficients of NO3 and N2O5 are poorly known, thus leading to uncertainties in the NOx budget. 
The impact of heterogeneous reactions on the urban canopy and vertical transport also introduce 
considerable uncertainties in our understanding of nocturnal air pollution chemistry. 

Another important nighttime (and most likely also daytime) specie is nitrous acid, HONO. 
The photolysis of HONO is an important source of OH radicals in the morning. There are 
indications that HONO contributes significantly to the daytime OH budget. The sources of 
HONO in the atmosphere are still very uncertain. It is clear that HONO originates from the 
heterogeneous conversion of NO2 on surfaces, i.e. the ground, buildings and the aerosol. Which 
of these surfaces plays the most important role is still unclear, as is the exact chemical 
mechanism converting NO2 to HONO in the urban atmosphere. Consequently urban airshed 
models are incomplete in their description of HONO chemistry, often calculating nocturnal (and 
daytime) concentrations far less than those observed. This introduces considerable uncertainties 
in the model, in particular in the hydroxyl radical budget, which need to be resolved to further 
improve the predictions of smog formation. 

An additional challenge in describing nocturnal chemistry is the suppression of vertical 
mixing due to the radiative cooling of the ground at night. This can lead to an accumulation of 
pollutants emitted near the ground, and thus to strong gradients in the vertical profiles of all trace 
gases and their chemistry. Routine air monitoring stations and even the more highly instrumented 
ground sites are incapable of providing information on the vertical variation in concentrations, 
which is thus not well quantified. 

Nocturnal chemistry in urban areas is one of the most poorly studied aspects of urban air 
pollution. Many urban airshed models have not been thoroughly evaluated for nocturnal 
conditions, and those that have often perform rather poorly. Many of these problems stem from a 
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lack of field observations that sufficiently describe the chemistry and meteorology in cities at 
night. This project was motivated by a desire to improve our understanding of nocturnal 
processes to provide a better description of the chemistry and transport at night in chemical 
models of urban air. The specific goals of this project were: 

• To provide, for the first time in the Los Angeles Basin, direct observations of the vertical 
profiles of the most important nocturnal trace gases, O3, NO2, NO3, steady state N2O5,and 
HONO, as well as other gases, i.e. HCHO, SO2, throughout the nights, the morning, and 
the day. 

• To quantify the ozone and NOx budget at night and determine the NO3 and N2O5 aerosol 
uptake coefficients in Los Angeles using our observations and calculations with our 1-D 
chemical transport model. 

• To study the impact of HONO chemistry on the HOx radical budget by determining the 
OH formation rates from its photolysis, and compare them to that of other OH sources. 
The comparison of the observations and 1-D chemical transport model calculations will be 
used to shed light on the processes forming HONO in urban areas, which are represented 
poorly in current air quality models. 

The following report will describe our activities over the past three years. As part of these 
activities, and as a service to the atmospheric chemistry community and the State of California, 
we also took the lead in organizing the Los Angeles surface site during the 2010 CalNex 
experiment. The report will begin with a short review of nocturnal NO3 and HONO chemistry. In 
Chapter 3 the CalNex-LA field site and the measurements assembled during the CalNex-LA 
experiment will be briefly described. Chapter 4 provides the details regarding the methods we 
employed in pursuit of our research goals. Chapter 5 summarizes the results from our field 
efforts. Chapter 6 and 7 describe our results with regard to NO3 chemistry / nocturnal NOx 
budget and HONO chemistry, respectively. The report will end with a discussion of our results 
and how they relate to the questions we set out to answer in this project. 

2.1 Nocturnal Radical Chemistry / NOx Budget 

The daytime formation of pollutants such as ozone and aerosols is driven by the chemistry of 
HOx (OH + HO2) radicals. This chemistry is strongly interwoven with that of reactive nitrogen 
species, in particular NO and NO2 (=NOx). The level of NOx is one of the factors determining 
ozone formation efficiency and OH radical levels. NOx chemistry is also closely linked to ozone 
chemistry through a cycle that continually inter-converts O3, NO2 and NO during the day. 

NO + O3 → NO2 + O2 (2.1) 
NO2 + hν → NO + O (2.2) 

O + O2 → O3 (2.3) 

Because reactions 2.1 – 2.3 form a null-cycle with respect to ozone, ozone formation occurs 
through reactions which convert NO into NO2 without using O3, such as: 
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NO + HO2• → NO2 + OH• (2.4) 

During the day the primary sources of OH/HO2 radicals are the photolysis of O3, HCHO and 
HONO and, to a smaller extent, the reaction of ozone with alkenes. OH chemistry is also 
responsible for a large portion of urban aerosol formation through the oxidation of volatile 
organic carbons to low vapor pressure particle precursor species. To accurately quantify ozone 
and particle formation it is crucial to understand the budgets of HOx and the factors influencing 
it, such as the budgets of NOx, VOCs, and the various OH precursors. 

In an urban area the NOx budget during the day is dominated by direct emissions as the main 
source and the conversion of NO2 to nitric acid as the main loss pathway: 

OH• + NO2 → HNO3 (2.5) 

This reaction also removes HOx radicals and is responsible for decreasing ozone formation 
efficiency at the high NOx concentrations, as often observed in highly polluted areas. 

Since OH is formed predominately through the photolysis of various precursor species its 
concentration at night is typically low. Thus Reaction 2.5 plays only a minor role in removing 
NOx from the system. Nevertheless, up to 30 – 50% of NOx in a 24 hour period can be removed 
at night through the chemistry of the nitrate radical, NO3, which together with ozone assumes the 
role of the dominant oxidant at night. 

The source of NO3 in the troposphere is the relatively slow reaction of NO2 with ozone 
[Wayne et al., 1991]: 

NO2 + O3 → NO3 + O2 (2.6) 
The formation rate of NO3, P(NO3), is thus proportional to the concentrations of ozone and 

NO2: 

P(NO3) = kO3+NO2 × [O3] × [NO2] (2.7) 

A number of sinks for NO3 are known. During the day NO3 is rapidly photolyzed. 

NO3 + hν → NO2 + O (2.8) 

NO3 + hν → NO + O2 (2.9) 

The branching ratio between reactions 2.8 and 2.9 is typically around 0.9, therefore favoring 
reaction 2.8. Reactions 2.6 and 2.8 together with the reaction of the O atom with O2 form a null-
cycle, while the path through Reaction 2.9 destroys ozone via Reaction 2.1. Another important 
NO3 removal process is NO3 reaction with NO: 

NO3 + NO → 2 NO2 (2.10) 
with a loss rate of: 

fNO3(NO) = kNO+NO3 × [NO] (2.11) 

NO3 photolysis and its reaction with NO decrease NO3 levels sufficiently that its chemistry is 
often of minor importance during the day, although certain daytime reactions may still be 
significant [Geyer et al., 2003; Osthoff et al., 2006]. 

Reaction 2.10 is also important in nocturnal environments with direct NO sources. 
Particularly in urban areas with direct NO emissions from traffic, this reaction can control the 
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NO3 concentrations at night. Since most NO sources are located at the surface, the importance of 
this reaction depends on the vertical mixing of NO and the competing reaction of NO with 
ozone. It should be noted that Reaction 2.10 does not truly impact the NOx or ozone budgets, but 
rather converts ozone into NO2, which can then be photolyzed again to NO and O3 in the 
morning. 

NO3 also reacts rapidly with unsaturated hydrocarbons. This reaction proceeds mainly via the 
addition of the NO3 radical to the carbon double bond, forming organic nitrates.  

NO3 + R1-C=C-R2 → R1-C-C(NO3)-R2 (2.12) 
The overall loss rate of NO3 through the reactions with hydrocarbons can be quantified by: 

fNO3 (HC) = ∑ k j × [HCj] (2.13) 
j 

NO3 can also be taken up on aerosol particles [Docherty and Ziemann, 2006; Karagulian and 
Rossi, 2007; Mak et al., 2007], but the uptake coefficients are not well known. Overall, all 
reactions of NO3, except that with NO and its photolysis, lead to the removal of a NOx molecule 
at night [Dentener and Crutzen, 1993; Geyer and Stutz, 2004; Stutz et al., 2004b, Brown et al., 
2003, 2004]. 

The often dominant pathway of NOx removal at night proceeds through the uptake of N2O5 
onto the aerosol. N2O5 is in equilibrium with NO2 and NO3 at night: 

NO2 + NO3 +M ↔ N2O5 + M (2.14) 
N2O5 is efficiently taken up on particles forming aerosol nitrate. 

N2O5 + H2O(s) → 2 HNO3 (solid) (2.15) 

If the particles contain chloride, Cl-, the uptake of N2O5 can also lead to the formation of gas-
phase ClNO2. This was directly observed in Houston by Osthoff et al., (2008). ClNO2 is 
photolyzed in the morning to: 

ClNO2 + hν → Cl + NO2   (2.16) 
thus releasing one of the NOx molecules lost through the N2O5 uptake. More importantly, the 

Cl atom is a strong oxidizer, being 
able to jumpstart photochemistry in 
the morning.  

A number of laboratory and 
field studies have determined 
uptake coefficients for N2O5 on 
aerosol. The reported uptake 
coefficients vary from ~0.07 on 
pure ammonium bisulfate particles 
at high R.H., 0.005 for soot [Mak 
et al., 2007], to values down to 
0.001 and below for organic 
particles [Thornton et al., 2003]. Figure 2.1: Schematic of the dominant nocturnal NOxKane et al. (2001) also showed that reactions. 
the uptake coefficient on 
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ammonium sulfate varies from 0.042 at high R.H. to 0.001 at low R.H., while the uptake 
coefficient on ammonium bisulfate varies with R.H. between 0.69 and 0.015. Recently, Bertram 
and Thornton (2009) published a parameterization for the N2O5 uptake coefficient and the yield 
of ClNO2. In short, the uptake coefficient and yield depend on the amount of nitrate and chloride 
in the particle as well as on particulate water, which is often related to relative humidity. The 
N2O5 uptake coefficient can also be impacted by coating of organic material on the particle 
[Thornton and Abbatt, 2005]. This was confirmed by Brown et al (2006) who extracted reactive 
uptake coefficients from their aircraft observations in the range of 0.017 to below 0.001, showing 
the variability of this parameter in the atmosphere. 

Figure 2.1 shows an overview of the most significant NOx reactions at night. Based on the 
known reactions it is possible to set up an equation for the steady state NO3 and N2O5 
concentrations [Geyer and Stutz, 2004]. The steady state NO3 concentration is determined by its 
formation rate, i.e. the rate of the O3 + NO2 reaction, and its steady state lifetime τNO3: 

[𝑁𝑂3] = 𝑘8 ∙ [𝑁𝑂2] ∙ [𝑂3] ∙ 𝜏𝑁𝑂3 
(2.17) 

The steady state concentration of N2O5 on the other hand is determined by its equilibrium with 
NO3, NO2 and N2O5 and its loss rate: 

𝑘𝑁𝑂2+𝑁𝑂3→𝑁2𝑂5[𝑁𝑂3][𝑁𝑂2]
[𝑁2𝑂5] = 

𝑘𝑁2𝑂5→𝑁𝑂2+𝑁𝑂3 + 𝑓𝑁2𝑂5 
(2.18) 

It should be noted that under warmer summer conditions in mid-latitudes the N2O5 loss 
frequency is often much smaller that its thermal decay. The steady state N2O5 concentration is 
thus most often calculated omitting the loss frequency fN2O5. Geyer and Stutz (2004) also showed 
that Eq. 2.17 – 2.18 are altitude dependent and that vertical transport of N2O5 should be included 
in Eq. 2.18. While the steady state approach to determine NO3 and N2O5 is only an 
approximation due to the short chemical lifetimes of these species, the approximation is quite 
good in urban areas. 

Few observations of NO3 in polluted urban areas have been reported. Platt and Perner (1980), 
were the first to show the presence of NO3 in Los Angeles. A number of other studies confirmed 
these observations, finding NO3 mixing ratios exceeding 300 ppt in Los Angeles [Harris et al., 
1983; Platt et al., 1984; Mackay 1994]. In recent years our group has published a number of 
observations showing the presence of 50 – 200 ppt above 50 m altitude in the urban areas of 
Houston and Phoenix [Stutz et al, 2004a; Wang et al., 2006, Stutz et al., 2010]. These studies also 
showed the strong altitude dependence of NO3 levels, i.e. negligible levels near the surface and a 
maximum in the upper part of the NBL. 

The poorly constrained N2O5 uptake coefficients and ClNO2 yields make it challenging to 
accurately quantify the NOx budget at night. Another problem in determining the NOx budget is 
the strong vertical variability of the N2O5 profile [Geyer and Stutz, 2004; Stutz et al., 2004b, 
Brown et al., 2007a,b], which makes it necessary to integrate over the vertical extent of the 
atmosphere to derive values which are significant for the overall budget. Geyer and Stutz (2004) 
and Stutz et al. (2004b) for example, found that the rates of various ozone and NOx loss 
processes at 3 and 10 m were considerably different from those averaged over the lowest 100 m 
of the atmosphere. 
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2.2 Chemistry of HONO 
Nitrous acid, HONO, has long been known as a precursor of OH radicals in urban 

atmospheres. Since the first identification of HONO in Los Angeles by Perner and Platt (1979), 
the photolysis of HONO 

HONO + hν → OH + NO (2.19) 

has been known to be the primary source of OH in the early morning in urban areas, with 
diurnally averaged contributions to the OH budget of up to 34% near the ground [Alicke et al., 
2002, 2003; Aumont et al., 2003]. Consequently HONO formation and photolysis can impact 
ozone formation [Aumont et al., 2003; Harris et al., 1982; Jenkin et al., 1988; Ren et al., 2006] 
and the oxidation of various pollutants, as well as the formation of aerosol through the oxidation 
of SO2 , NO2, and various hydrocarbons [Aumont et al., 2003]. 

Despite its importance for outdoor and indoor air quality, the details of HONO formation 
remain poorly known. Laboratory studies showed that HONO is formed through first order 
conversion of NO2 on surfaces with adsorbed water [Finlayson- Pitts et al., 2003; Jenkin et al., 
1988; Kleffmann et al., 1998; Pitts et al., 1984b; Sakamaki et al., 1983; Svensson et al., 1987]. 
Because the HONO yield is close to 50%, and the remaining nitrogen is found as surface 
adsorbed HNO3 [Goodman et al., 1999; Kleffmann et al., 1998; Svensson et al., 1987], the 
following stoichiometry has been proposed as a qualitative description of HONO formation: 

NO2 + NO2 + H2O → HONO + HNO3 (2.20) 

HONO formation mechanisms involving NO [Calvert et al., 1994; Saliba et al., 2000; Sjödin 
and Ferm, 1985], or soot particles [Ammann et al., 1998], seem to play only a minor role in the 
atmosphere [Gerecke et al., 1998; Kalberer et al., 1999]. In one of the few studies that are more 
relevant to urban surfaces, Kurtenbach et al. (2001) determined the NO2-HONO conversion 
frequency on a concrete traffic tunnel wall with a surface to volume ratio of 1 m-1 to be 
5×10-5 s-1. The formation of HONO in various combustion processes is also insufficient to 
explain mixing ratios of several ppbv observed in urban areas [Kirchstetter et al., 1996; 
Kurtenbach et al., 2001; Pitts et al., 1984a]. 

In recent years observations of HONO above the expected photo-stationary state between 
reaction 2.19 and the gas-phase formation of HONO 

OH + NO → HONO (2.21) 

have been reported for various environments [Acker et al., 2006a; Acker et al., 2006b; Acker 
and Moller, 2007; Kleffmann et al., 2006, Wong et al., 2011b]. To explain these observations a 
number of new photo-enhanced reactions have been proposed [Kleffmann, 2007]. For example, 
the photolysis of surface adsorbed nitrate or nitric acid is believed to be the main source of 
HONO in polar and rural regions [Zhou et al., 2002; Grannas et al., 2007]. More recently, photo-
enhanced NO2 reduction on surface adsorbed organic impurities has been shown to form HONO 
[Stemmler et al., 2007]. Li et al. (2008) also showed that HONO can be formed upon the gas-
phase reaction of electronically excited NO2, due to photoexitation, with water.  
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Over the years various field experiments have shown that HONO is always present in urban 
areas (see for example the review by Lammel and Cape (1996)). Nocturnal levels of HONO have 
been measured in the Los Angeles air basin at levels of 0 – 15 ppb [Harris et al., 1982; Platt and 
Perner, 1980; Winer and Biermann, 1994; Mackay 1994]. While these measurements were 
performed many years ago, they show that HONO is important in the South Coast Basin. A 
number of more recent studies have shown elevated HONO levels of up to 3 ppb in other US 
cities [Stutz et al., 2004a, Wong et al., 2011a]. 

While there is growing evidence for the significance of HONO in the urban environment, our 
understanding of HONO formation and its impact on ozone and particle formation is incomplete. 
Most studies to date have only considered HONO photolysis close to the surface, ignoring the 
fact that HONO shows strong vertical gradients at night and even sometimes during the day 
[Wong et al., 2011b]. The formation mechanism of HONO is unclear, making it challenging to 
incorporate its chemistry into any model. Finally, the true levels of HONO during the day remain 
uncertain, due to possible artifacts in chemical techniques to measure HONO. It is thus crucial to 
perform observations of the vertical distribution of HONO and to further investigate HONO 
levels during the day. 

The CalNex - LA Experiment 
The CalNex experiment was a large multi-platform and multi-location experiment. In addition 

to research vessels and research aircrafts, two main ground sites were set up: one in Bakersfield 
and one in the Los Angeles area. 

As part of our activities our research group took the lead in organizing the Los Angeles 
ground site, which was located on the campus of the California Institute of Technology 
(Caltech), approximately 11 miles northeast of downtown Los Angeles at an elevation of 760ft 
above sea level (Figure 3.1). 

Together with our collaborators Joost deGouw, NOAA, Jose Jimenez, CU Boulder, Jason 
Surrat and John Seinfeld, Caltech, we were able to put together an extremely comprehensive 
field site that measured a large number of gas-phase species, physical and chemical 
characteristics of aerosol, and meteorology. Tables 3.1 – 3.4 give an overview of the CalNex-LA 
participants, their instruments, and the parameters measured. The tables shows that a 
comprehensive  set of gas-phase measurements was assembled, including state-of-the-art 
research grade instruments for various radical species (OH, HO2, NO3), a complete suite of 
nitrogen species (NOx, NOy, NO3, N2O5, HONO, PANs, ClNO2, HNO3, aerosol nitrate), organics 
(VOCs, HCHO, CHOCHO, etc.), ozone, CO, CO2, actinic fluxes, etc. A large number of aerosol 
instruments were also deployed, with many prototype instruments that were used for the first 
time in the field. Fourteen high volume aerosol samplers were also operated. In addition, we put 
together a relatively comprehensive suite of meteorological measurements including various 
surface meteorological stations, turbulent momentum and heat fluxes, and a ceilometer. The 
ceilometer, which was rented throughout this project, was one of the crucial support instruments 
as it allowed the direct measurement of the boundary layer height (BLH) using aerosol 
backscatter and its gradient at the boundary layer top (see Haman et al, (2012) for details on the 
ceilometer and its accuracy in determining BLH). 
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Figure 3.1: Google Map of the Los Angeles basin (left top), campus of California Institute of 
Technology (right top) with the locations of CalNex-LA site and Millikan Library marked. The 
bottom graph shows the CalNex-LA site in relation to the topography in southern California. 

In total, close to 40 research groups participated in the Los Angeles field site and the number 
of researchers at the Caltech site reached up to 70-80 during certain times of the experiment. All 
of the involved researchers appreciate the ARB’s additional funding for our project, which 
allowed UCLA to pay for the field site setup. It should be noted that many participants came 
with little or no budget, and were only able to participate due to the available infrastructure. 

Many of the CalNex-LA measurements were used in this project. However, the scientific 
outcome of the project goes far beyond our project and one can expect a large number of 
scientific publications resulting from the CalNex-LA field site. The field site gave the most 
detailed insight to date into the gas-phase and aerosol chemistry in a large urban area. 
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Table 3.1: Overview of the CalNex-LA gas-phase measurements 

Parameter Method Group 
VOCs GC-MS, online VOCs NOAA 

 

 
 

   

   
   

 
   

     

     

 
 

    
 

   
   

   
   

   
    

    

     
 

    
    
 

     
 

   
   

   
    

   
      

   
     

    

     

O3, NO2, SO2, NO3, HONO, 
HCHO DOAS UCLA 
OH and HO2, OH reactivity LIF – FAGE Indiana Univ. 
Photolysis frequencies, total sky 
imager Scanning Actinic Flux Spectroradiometer Univ. of Houston 

Univ. of Houston 
Organic acids, HONO, HNCO, 
HCl ,  HNO3 CIMS NOAA 
HCHO Hantzsch reaction fluorescence Univ. of Houston 

O3, SO2, NO/NOx, NOy, CO 
UV Abs / Flour/ CL+ photolysis cell and Mo 
converter / VUV 

CEAS CHOCHO, HONO, NO2 

PANs GC-ECD NOAA 
ClNO2, PANs 
CO / CO2 VUV / NDIR absorption NOAA 
Gas phase and semivolatile 
organics High-resolution PTR-TOF MS U. Utrecht 
Water-soluble OC in the gas-
phase PILS and mist chamber + online WSOC Georgia Tech 
Total gas-phase organics & 
semivolatiles High Resolution EI-TOF-MS MIT 

Urban meteorology, eddy 
covariance Various NOAA ARL 

Gas-phase semivolatiles Sorbent tubes + off-line TD-GCMS CMU 

HCHO, CHOCHO, NO2, aerosol 
SCD MAX-DOAS CU Boulder 

CIMS 

NOAA 

U. Calgary 

NH3 

Soluble gases (HNO3, NH3) GP-IC CARB 
QC-TILDAS Univ. of Toronto 

13CO2 

Organic acids + other organics MOVI-TOF-CIMS Univ. of Washington 
WS-CRDS Caltech 

Daily canister for VOC analysis 
CHOCHO, NO2 LED-CE-DOAS CU Boulder 

Offline GC- FID / MS US EPA Research 

Met parameters 
HONO Wet Chemical (HPLC) 
Semivolatile gas-phase 
hydrocarbons 

Univ. Paris 

Solid adsorption and liquid extraction Loyola Marymount 

Ground site Caltech Library Roof NOAA / Caltech 
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Table 3.2: Overview of the CalNex-LA measurements of aerosol chemical and physical 
properties 
Parameter Method Group 

High-resolution ToF-AMS (HR-ToF-
Size resolved submicron chemical comp. AMS) CU Boulder 
Potential aerosol mass PAM U-Boulder & Penn State 
Organic aerosol composition Soft-Ionization HR-ToF-AMS CU Boulder 
Submicron particle number distributions TSI SMPS CU Boulder 
SO4 Research-quality monitor CARB 
Total particle number TSI Water CPC 3786 CU Boulder 
Particle number distrib.(300 nm - 10 um) Grimm OPC 1.109 CU Boulder 

OC and EC 
1 hr Sunset Labs thermal-optical 
analyzer Georgia Tech 

Water-soluble OC in Particles PILS and mist chamber + online WSOC Georgia Tech 
PM2.5 carboxylic acids PILS + ion chromatography and CIMS Georgia Tech 

1-hr molecular tracers (particles and semivol.) TAG-AMS 

UC Berkeley, Aer. 
Dynamics, Aerodyne, 
CU-Boulder 

1-hr molecular tracers (part. & semivol.) 
2D Thermal-Desorption Aerosol GC-MS 
(TAG) 

UC Berkeley, Aer. 
Dynamics 

HR-MS analysis of WSOC/N compounds 
PILS-collector + Electrospray-Orbitrap 
UHR MS DOE PNNL EMSL 

Black carbon 7-Wavelength Aethalometer U. Manchester, UK 

Black carbon absorption 
DMT 3-Wavelength Photoacoustic 
Sensor U. Manchester, UK 

Black carbon mass 
DMT SP2 (Soot Particle Soot 
Photometer) U. Manchester, UK 

Single nanoparticle composition NAMS U. Delaware 

Size-resolved CCN SMPS + DMT CCN Brookhaven NL 

Particle-phase organic acids + other organics MOVI-TOF-CIMS Univ. of Washington 

Submicron size distribution UHSAS CU Boulder 

PM semivolatile and non-volatile organics High-resolution PTR-TOF MS U. Utrecht 

Black carbon & coating Composition SP-AMS U. Manchester, UK 

Single particle composition 200-5000nm PALMS NOAA 

Cloud condensation nuclei (CCN) spectrum DMT CCN Counter Brookhaven NL 

Ions in aerosol (SO4, NO3, Cl, K, etc.) GP-IC CARB 

Submicron particle number distributions TSI SMPS #2 CU Boulder 

Supermicron size distribution & PBAP UV-APS CU Boulder 
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Table 3.3: Overview of the CalNex-LA aerosol optical properties 

Parameter Method Group 
Particle extinction 532 nm & 630 nm Cavity attenuated phase shift (CAPS) Aerodyne 
Single-particle single scattering albedo ASTER NOAA 
Aerosol LIDAR 3-wavelength LIDAR USFS 
Column aerosol optical depth Sunphotometry / AERONET Station UCLA 

Aerosol extinction, scattering, albedo 
CRDS / integrating sphere 
nephelometry TTU 

Boundary layer backscatter & height Vaisala Ceilometer Univ. Houston / UCLA 

Table 3.4: Overview of the CalNex-LA aerosol sampler measurements 

Parameter Group 
NMR analysis of WSOC CNR-ISAC, Italy 
Organosulfates and nitrooxy organosulfates Caltech/UNC 
OOA characterization University of York, UK)\ 
14C analysis of OC, EC, Water-Insoluble OC (WIOC) and WSOC (24 hr) PSI, Switzerland 
14C analysis of Total Carbon (~3 hr for 100 samples) PSI, Switzerland 
Elements and metals (2-hr resolution) PSI, Switzerland 
HR-MS analysis of organic compounds DOE PNNL EMSL 
Precursor-specific SOA Tracers US EPA Research 
Compound-Specific Stable Isotope Analysis for SOA characterization and 
evolution Baylor Univ. 
14C analysis of Total Carbon US EPA Research 
Molecular speciation of OA CSIC, Spain 
Size resolved elements and mass in 8 sizes < PM10 UC Davis 
Modified FRM - PM2.5 mass US EPA Research)\ 
Microanalysis Particle Samplers ASU 
Functional Group Contributions and potentially PMF UCSD 
Sample Archiving for future analyses Georgia tech 
Filter Sampler CMU 
Sorbent Sampler CMU 
Derivatization and direct thermal desorption with analysis by GCxGC-TOFMS UC Berkeley 
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3.1 CalNex-LA Site Organization 
The instruments and samplers were placed on the Caltech campus at three locations. The main 

site was on a vacant lot on the north-east corner of the Caltech campus. To provide laboratory 
space eight office containers were rented and arranged around two sampling scaffolding towers 
(Figure 3.2). In addition, NOAA brought a mobile trailer to the site increasing the number of 
laboratory trailers to nine. The sampling towers were used to elevate many gas-phase instruments 
and sampling lines to about 10 m above the ground (see Figure 3.2). Three larger office 
containers and two storage containers for the shipping crates were also rented and placed on the 
lot. Caltech provided the laboratory and office trailers with power and internet connections. The 
aerosol high volume samplers and the NOAA-ARL surface meteorological station were located 
on the roof of the Keck Building on the Caltech campus (Figure 3.3). 

Figure 3.2: Sketch of the CalNex-LA surface site. Nine laboratory trailers were arranged around 
two 10 m high sampling towers (red: aerosol, green: gases). 
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In addition, UCLA’s LP DOAS and CU-Boulder’s MAX-DOAS and CEAS-DOAS instruments 
were placed on the roof of Caltech’s Millikan Library. The placement of UCLA LP-DOAS 
instrument atop of one of the tallest buildings in the area provided a clear view between Caltech 
and a hillside further north where four retroreflectors were placed (see Chapter 4). The setup of 
the LA field site went smoothly and no major issues were encountered. 

Figure 3.3: Photographs of the CalNex-LA site during the experiment. The top photograph shows 
the main surface site. The high-volume samplers on the Keck Building roof are shown in the 
lower left. Millikan Library and the LP-DOAS light beam are shown in the lower right. 

3.2 Overview of CalNex LA Period 

While it is beyond the scope of this report to analyze the environmental conditions during the 
CalNex-LA experiment, Figures 3.4 and 3.5 give an overview of the meteorological and air 
quality conditions during the sampling period from May 15 to June 15, 2010. 
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Figure 3.4: Meteorological data during the CalNex-LA experiment (courtesy of NOAA ARL). 
Tick marks in this figure, and all other figures in the report, are at midnight PST. 

Meteorological conditions varied widely over the four week period. Lowest temperatures 
were found at night (down to 10°C) while the maximum temperatures during the day reached 
close to 30°C. Wind speeds were modest except for May 23, when a frontal system passed 
through southern California, also bringing rain. The Caltech site typically encountered modest 
winds from the coast during the day and weak winds at night, with some down slope flows from 
the nearby mountains. Relative humidity at night was often close to 100% and low (<500 m agl) 
clouds were common during much of the experiment.  

Air pollutant data (Figure 3.5) shows that the first and last days of the experiment were 
somewhat polluted, while the period from 5/23 to 5/30 was relatively clean. A pollution episode 
was encountered from 6/3 to 6/10, as indicated by the elevated ozone and aerosol extinction 
values. These periods are also clearly reflected in the BLH determined by the ceilometer. During 
the polluted period BLH was around 700 m, while it was considerably higher during the cleaner 
period after 5/23. The CalNex-LA experiment thus covered a variety of meteorological 
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conditions that offer the opportunity to study ozone and aerosol chemistry under both relatively 
clean and polluted conditions. 

Figure 3.5: Main pollutants, aerosol extinction , and boundary layer height during the CalNex-
LA experiment (courtesy of Univ. Houston, NOAA, and Aerodyne Inc.). The spikes in the CO 
and NOy data are from local emission at the CalNex-LA site, and are not completely displayed in 
the figure to improve the visibility of the overall data set. 

3.3 Spatial Representativeness / Local Influences 

An interesting question for any field experiment is how representative the surface in-situ 
measurements are for the area of the measurements. It is not uncommon for in-situ data to be 
influenced by local emissions that can skew the interpretation of the results. The combination of 
instruments at the CalNex-LA site allows a look into this question by comparing results from the 
in-situ observations with those from the longpath-DOAS (LP DOAS) instrument, which averages 
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over a several kilometers area (see Chapter 4 for details). The agreement between the two 
different systems during the day, and in the case of SO2 also during the night, shows that ground 
site measurements were not impacted by local emissions, and that it is representative for an area 
of > 5 km around the site. Please note that the disagreement between the O3 and NO2 
measurements at night is due to the vertical profiles of these species which will be discussed in 
Chapter 5. 

Figure 3.6: Comparison of in-situ observations at 10m altitude at the CalNex-LA surface site 
compared with those from the lowest LP-DOAS lightpath, which determined the average mixing 
ratios between the Millikan Library roof and the mountains at 5.4 km distance. 

Experimental Methods and Modeling 
Our group pursued the scientific goals described above by deploying a Long-Path Differential 

Optical Absorption Spectrometer (LP-DOAS) at Caltech to measure various trace gases in  four 
height intervals from May 15 to June 15, 2010 on the east side of the Los Angeles urban area. 
These vertical profiles were interpreted using a 1-D chemistry and transport model. In this 
chapter we will give a description of the instrument setup and the methodology of the 
measurements. The 1-D model will also be briefly described. 
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4.1 Experimental Setup 
The LP-DOAS was set up on the roof of the Millikan Library on the campus of the California 

Institute of Technology at 35 m above ground level (agl). Four retroreflector arrays were 
mounted about 5-7 km North-East of the instrument at 78 m, 121 m, 255 m and 556 m above the 
reference ground level at Caltech on the side of the San Gabriel mountains (Figure 4.1). A side 
view of the LP-DOAS setup during CalNex-LA, is shown in Figure 4.2. 

Figure 4.1: Aerial view of the LP-DOAS light paths. Elevations of retroreflector sites are in 
meters above the ground. 
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Figure 4.2: Side view of the LP-DOAS setup during CalNex. The figure also illustrates the 
geometric retrieval employed to convert the path-averaged data to mixing ratios averaged over 
the four altitude intervals. The colors of the height intervals will be used in the plots shown in 
this study. 

The LP-DOAS instrument measured sequentially in three different wavelength ranges: 300-
380 nm (for retrieval of O3, SO2, NO2, HONO and HCHO); 400-460 nm (for retrieval of NO2 
and glyoxal); and 600-680 nm (for retrieval of NO3) on all four light paths. For each wavelength 
range, information of the respective trace gases is recorded simultaneously. Therefore, even 
though all trace gases mentioned above are retrieved for each light path, only three 
measurements are performed for each light path. The measurements were performed 
continuously throughout the experiment. However, low clouds and fog sometimes blocked the 
light-paths. The upper light paths thus have gaps in the data coverage. Please note that we will 
use the color coding in Figure 4.2 for the remainder of this report. 

4.2 Spectral Data Analysis 

Analysis of the atmospheric absorption spectra was achieved using established DOAS 
methods using a combination of a linear and non-linear least squares fit of the known trace gas 
absorption features [Platt and Stutz, 2008]. Spectral absorption structures were incorporated in 
the fitting procedure using the literature absorption cross sections of O3 [Voigt et al., 2001], NO2 
[Voigt et al., 2002], HONO [Stutz et al., 2000], HCHO [Meller and Moortgat, 2000], SO2 
[Vandaele et al., 1994], and NO3 [Yokelson et al., 1994]. Errors of reported mixing ratios are 
calculated as 1σ statistical uncertainties by the analysis procedure for each individual spectrum 
and trace gas. The systematic error of the reported trace gas mixing ratios are dominated by the 
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uncertainties of the absorption cross sections of the respective trace gases which are in the range 
of 3 – 8%. The systematic error of the DOAS spectrometer was <3% [Platt and Stutz, 2008]. 

4.3 LP-DOAS Performance 
The error of LP-DOAS measurements is calculated for each spectrum and trace gas. The 

errors thus vary with time and are reported as such. To give an overview of the instrument 
performance we list here the average and the best detection limits (calculated as twice the 
average and the best mixing ratio error). During times of good visibility errors of the 
measurements were smaller than during the times of poor visibility. Therefore, for times of good 
visibility the detection limits were close or equal to the best reported in Table 4.1. During times 
of low visibility the detection limits were sometimes elevated, leading to the higher values than 
the average detection limit in Table 4.1. In general, the LP-DOAS detection limits during 
CalNex-LA were better than those from previous campaigns, because of a series of 
improvements in the instrument, i.e. a new detector, and the underlying methodology. 

Table 4.1: Detection limits of the LP-DOAS instrument during CalNex-LA 

Detection Limit 
average / best (ppb) 

Light Path Lower Middle Upper Highest 
O3 1.7 / 0.4 1.7 /0.4 1.8 / 0.6 2.1 / 0.5 
NO2 0.13 / 0.03 0.12 / 0.02 0.11 / 0.02 0.11 / 0.02 
HONO 0.047 / 0.01 0.045/ 0.092 0.043 / 0.007 0.04 / 0.008 
HCHO 0.35 / 0.1 0.34 / 0.1 0.31 / 0.1 0.29 / 0.07 
SO2 0.05 / 0.02 0.05 0.02 0.05 / 0.02 0.06 / 0.015 
NO3 (in ppt) 2.3 / 0.6 2.3/0.7 2.4/0.7 2.7/0.7 

4.4 Vertical Profile Retrieval 
In order to study the vertical distribution of the observed trace gases, the measured path 

averaged mixing ratios were converted to height interval averaged mixing ratios through a two 
step process. First, all mixing ratios were linearly interpolated onto the time grid of the lowest 
light path observations to account for the temporal variations originated by taking the 
measurements sequentially. The interpolations were made under the assumption that the change 
of trace gas mixing ratios between the times of the scans could be approximated using a linear 
function. In a second step, the path averaged mixing ratios for the upper three light paths were 
converted to height interval averaged mixing ratios by using equation 4.1. 

(ℎ𝑖 − 𝐻) (ℎ𝑖−1 − 𝐻)
𝑐𝑖 = 𝑆𝑖 − 𝑆𝑖−1 (ℎ𝑖 − ℎ𝑖−1) (ℎ𝑖 − ℎ𝑖−1) 

(4.1) 

Where H is the base height of the lowest light path (33 m), c is the retrieved mixing ratio, h is 
the top height (m), and S is the average mixing ratio of the ith (middle, upper, highest) light path. 
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The mixing ratio along the lowest light path is the average mixing ratio for the lowest height 
interval.   

The mixing ratios shown in the remainder of the report are the averaged mixing ratios and 
corresponding propagated uncertainties over four altitude intervals: lower (33-78 m), middle (78-
121 m), upper (121-255 m), and highest (255-556 m). The original measurement errors were 
propagated to derive the uncertainties of the retrieved mixing ratios for each data point. 

4.5 1-D Chemistry and Transport Model 
The interpretation of vertical trace gas profiles is often difficult as they are simultaneously 

influenced by chemistry, emissions, and mixing. A tool that has proven to give unique insights 
into this complex system is UCLA’s one-dimensional (1-D) Radical Chemistry and Transport 
model (RCAT). RCAT is a vertically highly resolved 1-D chemistry and transport model that 
was described in detail by Geyer and Stutz (2004). It includes the gas-phase Regional 
Atmospheric Chemistry Mechanism (RACM II) [Stockwell et al., 1997], heterogeneous 
chemistry on the aerosol and ground, temporally varying biogenic emissions at the ground 
between 1m and 12m altitude; and anthropogenic emissions, predominately from traffic at 0.5m 
altitude. Photolysis frequencies are calculated according to Landgraf and Crutzen (1998). 
Calculations of heterogeneous chemistry on the ground and on the aerosol are included as well. 
The model subdivides the lowest 1 km of the atmosphere into 22 boxes (center of boxes at (m): 
5×10-5, 5.5×10-4, 0.0055, 0.055, 0.55, 2, 4.5, 8, 15, 27.5, 42.5, 57.5, 72.5, 90, 112.5, 137.5, 162.5, 
187.5, 225, 375, 625, 875, 2000). Box heights increase logarithmically below 1 m because 
vertical transport is less efficient near the surface. The upper border of the model currently 
extends from 1 km to 3 km, and is considered as the free troposphere above the nocturnal 
residual layer at night or the daytime convective boundary layer. 

The model contains a number of unique features: 

• The vertical transport of reactive trace gases is treated separately from that of 
unreactive gases, i.e. vertical transport is corrected for the effect of simultaneous 
chemistry [Geyer and Stutz, 2004]. 

• In contrast to most other chemistry and transport models, chemistry at the ground is 
treated explicitly, i.e. using reactive uptake coefficients and collision frequencies. 

The model has been used both for sensitivity studies and to interpret field observations of 
vertical profiles [Geyer and Stutz, 2004, Stutz et al., 2004b, Wong et al., 2011a]. 

As part of our activities in this project we have expanded this model to include halogen 
chemistry, and in particular the formation of ClNO2 from N2O5 uptake on the aerosol. While this 
was not part of our original proposal, the scientific understanding of nocturnal chemistry has 
evolved in the past few years. This expansion of the model was necessary to correctly calculate 
the nocturnal NOx budget. 

In this project the model is primarily used to aid in the interpretation of the field observations. 
We use an approach in which the trace gas mixing ratios averaged over the height of the LP-
DOAS data are calculated from the model output and then compared with the observations. 
Using an iterative process we then adjust poorly constrained parameters, such as the NO 
emission rate, vertical transport, and NO3 and N2O5 uptake, to match the model to the 
observations of O3, NO2, and NO3 (see Wong et al. 2011a) for details on this approach). We also 
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consider meteorological data for the optimization, whenever available. Once this adjustment has 
been made we then proceed to interpret the various chemical cycles in the model, and in 
particular the height distribution of the various NO3 reactions (see Chapter 6). We also used the 
model to test whether we understand the basic mechanisms of HONO formation (Chapter 7). 

As described above (see also Geyer and Stutz, (2004)) nocturnal vertical profiles of trace 
gases, and in particular ozone and NO2, mainly depend on two factors: vertical mixing and NOx 
emission rates. Both parameters are often not known well enough to allow a detailed 
interpretation of our observations. Consequently, we iteratively adjust hourly emission rates and 
vertical mixing (by varying the Monin-Obukhov length) with the goal to best describe the 
observed vertical profiles of NO2 and O3. The sensitivity studies by Wong et al., (2011a) show 
that this approach is typically successful, and that the profiles are quite sensitive to the 
adjustments of the two parameters. 

Results 
Measurements with UCLA’s LP-DOAS system were performed from May 15 – June 16, 

2010. During the first 4 days of the experiment the instrument was only operated on the lowest 
light path, as the other retroreflectors were still being set up. Starting on May 19, the instrument 
operated on all four light-paths, whenever visibility allowed. The trace gas mixing ratios in all 
four height intervals during the entire field experiment are shown in Figure 5.1. 

This data has been made available to the CalNex collaborators and the colleagues at the ARB 
through a NOAA operated web-site:  
http://esrl.noaa.gov/csd/tropchem/2010calnex/Ground/DataDownload/. 

While the LP-DOAS operated continuously, during certain times low clouds and fog blocked 
some, if not all of the light paths. Nevertheless a fairly complete dataset was derived, allowing us 
to answer the scientific questions posed in our project. Ozone mixing ratios measured by the LP-
DOAS during CalNex-LA ranged from near zero up to ~100 ppb. The lowest NO2 mixing ratios 
were observed in the upper height interval and were at times close to 1 ppb. The highest NO2 
levels of up to 40 ppb were typically found at night in the lowest height interval. It should be 
noted that NO2 levels by the in-situ monitors were sometimes even larger at the surface site. We 
will discuss the O3 and NO2 diurnal behavior in more detail below. 

Formaldehyde, HCHO, was in the range of 1 ppb during the cleaner period of the CalNex-LA 
study. During the more polluted second half of the experiment, HCHO followed the diurnal 
profile of ozone, reaching maximum levels, often above 5 ppb, in the early afternoon. The 
highest HCHO was observed on 5/30/10 and was partly associated with a polluted air parcel or 
plume arriving at the CalNex-LA site (see Figure 5.2). This plume also contained the highest 
mixing ratios of SO2 (~2 ppb). During most of the days, SO2 mixing ratios were below 0.5 ppb. 
Only during certain events did SO2 exceed this value. The origin of these events is currently not 
clear. NO3 mixing ratios were below the detection limit during the day, but reached mixing ratios 
above 150 ppt during several nights. NO3 was highest in the upper height interval, as will be 
discussed in Chapter 6. HONO levels ranged from 20 ppt during the day to 1.5 ppb at night and 
will be further discussed in Chapter 7. 

To better discuss the general behavior of the various trace gases we will focus on a one week 
period during CalNex-LA (Figure 5.2). 
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Figure 5.1: LP-DOAS data during CalNex-LA.  
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Figure 5.2: One week of vertical trace gas profiles retrieved from the LP-DOAS data during 
CalNex. The same color coding as in Figures 4.2 and 5.1 was used to distinguish the different 
height intervals. 

The retrieved vertical profiles during this week show a slow buildup of O3 and HCHO toward 
the end of the week, with highest levels on May 30th of ~90 ppb of O3 and 8 ppb of HCHO at 
noon. Ozone shows the typical diurnal profile with lower values at night and higher values 
during the day. This behavior is more pronounced in the lower height intervals than in the 
highest interval. NO2 shows the opposite behavior to ozone, with lower nocturnal values aloft 
and higher values near the surface.   
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Figure 5.3: O3, NO2 and Ox=O3+NO2 data during the night of May 29-30, 2010. 

This behavior is observed through the entire experiment and shows the impact of 
nocturnal NO emissions and weak vertical mixing at night. The fact that surface emission and 
vertical transport of NO together with the simultaneous ongoing titration of ozone by NO: O3 + 
NO → NO2 + O2 is the cause of this behavior and can be shown by plotting the sum of O3 and 
NO2, Ox (Figure 5.3). The very strong gradients in O3 and NO2 are not present in Ox, as the 
titration reaction conserves Ox. It is also interesting to note that Ox slowly decays throughout the 
night due to the destruction of ozone and NO2 by NO3 chemistry, and deposition of O3 and NO2 
on aerosol and the surface. 

HCHO also shows vertical profiles, with higher mixing ratios near the ground during several 
nights. A possible explanation for the nocturnal vertical profile of HCHO is the impact of direct 
HCHO emissions by surface HCHO sources. Further analysis of these profiles can be used to 
determine the HCHO emission rates. 
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SO2 typically did not show vertical profiles during the CalNex-LA experiment, indicating that 
it is not emitted by a surface source at night. However, during a few instances SO2 plumes that 
were restricted to the nocturnal boundary layer were observed (Figure 5.4). For example, around 
22:00 on 5/24/10 SO2 mixing ratios in the three lower height intervals increase from around 
0.2 ppb to ~0.6 ppb in a short time period. Above 250 m SO2 does not increase at the same time. 
This plume of SO2 is thus constrained to the NBL. It should be noted that the O3, NO2, and NO3 
profiles indicate that the highest interval is most likely in the residual layer during this time. 
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Figure 5.4: Example of a SO2 plume in the nocturnal boundary layer in the night of May 24-25, 
2010. 
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Figure 5.5: Analysis of NO3 and N2O5 chemistry for the night of May 26-27, 2010. 

 

The loss of NOx at night can proceed through the uptake of N2O5 (see Chapter 6). As the LP-
DOAS is able to measure the two precursors of N2O5, NO2 and NO3, and the temperatures are 
high enough in Los Angeles that the thermal decay of N2O5 is relatively fast, we can employ a 
steady state approach to calculate the N2O5 mixing ratio during CalNex-LA (see Figure 2.1 for 
schematic of NOx chemistry). Using temperature profiles based on interpolation between 
observations at the surface site and Henninger Flats (location of the highest retroreflector) we 
calculate the equilibrium constant for the following equilibrium: 

NO3 + NO2 + M ↔ N2O5 + M Keq = 5.58x10-27*e10724/T  (5.1) 

By using the observations of NO2 and NO3 in each height interval and the interpolated 
temperatures, a steady state N2O5 mixing ratio was calculated. The uncertainties in NO3 and NO2 
mixing ratios, as well as that of the temperature were propagated to derive the uncertainties of 
steady state N2O5 mixing ratios.  
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Figure 5.5 shows an overview of the results of this calculation. N2O5 mixing ratios were found 
to reach above 1 ppb for many nights. It should be noted that the highest N2O5 mixing ratios are 
typically found in the highest height interval. As low clouds often blocked the highest light path, 
the data in Figure 5.5 appear somewhat skewed. The period from May 20 to May 30, which did 
not have low clouds, provides a better indication how high N2O5 would be in Los Angeles in the 
absence of low clouds. The N2O5 levels are quite high for an urban area with consequences for 
NOx and ozone chemistry. We will further discuss NO3 and N2O5 chemistry in the next chapter. 

6 NO3 chemistry and Nocturnal NOx budget 
One of the main goals of this project was to study nocturnal NO3 chemistry and its impact on 

the NOx budget. As already discussed above, NO3 and steady state N2O5, are not evenly 
distributed in the nocturnal boundary layer. As shown in Figure 5.2, NO3 is highest aloft during 
many, but not all nights. To further analyze this behavior we first begin with an analysis of the 
NO3 steady state lifetime. 

6.1 NO3 Vertical Profiles and Steady State Lifetime 
The steady state  NO3 lifetime can be calculated from the measured mixing ratios of NO2 and 

O3 (the NO3 precursors) and NO3 itself. As the rate constant is also slightly temperature 
dependent this was also considered in the calculation shown in Equation (6.1) 

k [NO ][O ]NO2+O3 2 3τNO3(PSS) = kNO2+O3 = 1.43x10-13*e-2047/T (6.1) 
[NO3] 

𝜏𝑁𝑂3 is a measure of the chemical activity of NO3 and can thus aid in the interpretation of its 
chemistry and the vertical variation of its mixing ratio. 

To further analyze NO3 chemistry we will concentrate on a one week period during CalNex-
LA without low clouds and thus full vertical coverage with the LP-DOAS system. This is the 
same period already discussed in Chapter 5. NO3 mixing ratios in the lowest 3 height intervals 
during the beginning of this period were in the range of 20 ppt. On 5/29 and 5/30 NO3 was much 
higher and reached up to 150 ppt even near the surface. On other days, the NO3 mixing ratios in 
the upper height interval were typically higher and often were at or above 50 ppt during the 
night. τNO3, presented in the top panel of Figure 6.1, explains part of this behavior. In the lower 
three height intervals the NO3 lifetime was typically in the range of 20–200 seconds. The lifetime 
in the highest intervals was in the range of 200–1000 seconds during the beginning of this 
period. The longer lifetime aloft reflects a slower NO3 chemistry, which is indicative for the 
highest interval to be in the residual layer. This is confirmed by the Ceilometer aerosol 
backscatter data (Figure 6.2), which puts the height of the nocturnal boundary layer at 250-300 m 
during this night. The height of the NBL at the CalNex-LA site was often in this range during the 
experiment, also explaining the higher NO3 levels aloft during other nights. 
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Figure 6.1: Overview of NO3 chemistry during one week of CalNex-LA 
 

The nights of 5/28-5/29 and 5/29-5/30 (Figure 6.1) are quite unique, as the NO3 lifetime was 
elevated throughout all height intervals, with little vertical variation. As a consequence, NO3 
levels were among the highest during the experiment. The lack of a strong gradient in NO3 and 
N2O5 is quite uncommon. We currently do not have a conclusive explanation for this behavior. 
The comparison of the in-situ NO2 and O3 observations with those from our lowest light path 
(Figure 3.6) suggest that there was a strong ground inversion that decoupled the surface from 
aloft. In addition, the nocturnal relative humidity during these nights was the lowest throughout 
the experiment (Figure 3.4), which could have had an impact on the N2O5 uptake coefficient. 
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Figure 6.2: Ceilometer observations of aerosol backscatter during the night of May 27-28, 2010. 
Warm colors indicate higher aerosol levels in the boundary layer. 

6.2 Nocturnal NOx Budget 
To determine the nocturnal NOx budget a detailed analysis of the various NO3 and N2O5 

reactions pathways and their vertical dependence is necessary. The following reactions need to 
be considered in the nocturnal atmosphere: 

1. NO3 + NO → 2 NO2 

2. NO3 + HC → organic nitrates →→ SOA 

3. NO3 → aerosol 

4.  N2O5 → aerosol → NO3
-

5.  N2O5 → aerosol → ClNO2 

Each of these reactions is altitude dependent. An analysis is thus difficult based on field 
observations alone, in particular when species such as NO, hydrocarbons, and ClNO2, for which 
vertical profiles were not measured, are involved. Therefore, we used our 1-D Radial Chemistry 
and Transport model (RCAT 8.2) to gain information on the contribution for these reaction 
channels. 

It should also be noted that the reactions above destroy different numbers of NOx molecules. 
Pathway 1, for example destroys no NOx, while pathways 2 and 3 lead to the loss of one NOx 
molecule per reaction. The N2O5 uptake (pathway 4) leads to the loss of 2 NOx molecules. 
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However, if ClNO2 is produced as a result of this uptake (pathway 5), one NOx molecule is 
released back in the morning when ClNO2 is photolyzed. 
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Figure 6.3: Observations of NO3 and other chemical variables during the night of May 27-28, 
2010. 

The RCAT model was already described in Section 4.5 and we will restrict the discussion 
here to the specific model runs for the interpretation of the NOx loss pathways. We applied the 
model for one night, May 27 – 28, which is representative of many nights of the CalNex-LA 
experiment (Figure 6.3). The model was originally initialized with NO emissions rates obtained 
from a WRF-Chem model run and VOC concentrations measured at Caltech. The WRF-Chem 
model run was based on the annual emission inventories of Los Angeles County released by the 
California Air Resources Board in 2005 [http://www.arb.ca.gov/ei/ei.htm] and the initial VOC 
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concentrations were 1600 ppb of methane, 3.8 ppb of alkanes, 0.09 ppb of biogenic VOC, 
1.4 ppb of aromatic VOC, 5 ppb of carbonyls and 0.15 ppb of PANs. The nocturnal atmospheric 
stability was assumed to be between weakly-stable and very-stable. The values of the stability 
parameter used (z/L) ranged between 0.8 and 0.2. The vertical profile of aerosol in the model is 
set to be constant in time, with a aerosol surface area to air volume ratio of 200 µm2cm-3 , similar 
to the observations at the CalNex-LA main surface site. Aerosol and ground uptake coefficients 
adopted in RCAT 8.2 are 2x10-3 for NO3, 2x10-5 for NO2, 10-4 for HONO, 0.1 for HO2 and 5x10-

5 for O3 [Jacob, 2000; Rudich et al., 1996; Hu and Abbatt, 1997; Michel et al., 2002]. 

To improve the model performance we adjusted a number of parameters in the model to better 
match with the observed vertical profiles of ozone and NO2. This is necessary as the nocturnal 
emission rates and vertical stability are often not known well enough to describe the profiles. 

Figure 6.4 shows the results of the adaptation of the NO and HC emissions and vertical 
mixing for that night. While the lower three height intervals are fairly well described in the 
model, the highest interval shows differences between model and observations. We explain this 
by the fact that this height interval was in the residual layer, which may have shown different 
chemical composition than the NBL. Nevertheless the agreement is sufficiently good to allow us 
to further understand nocturnal NO3 chemistry. Please note that the purpose of this exercise is 
not to exactly model the nocturnal atmosphere, but rather to learn more about the systematic 
behavior of the different chemical processes. 

The two other parameters that are not well constrained are the N2O5 uptake and the ClNO2 
yield. The N2O5 uptake coefficient and ClNO2 yield (0.58) were calculated using the formulas 
shown in Bertram  and Thornton (2009). The mole fraction of particle liquid water and aqueous 
phase particle inorganic compounds were calculated each hour using the aerosol chemical 
composition data measured by CU Boulder as input for the online version of the aerosol 
inorganic model AIM Model II (http://www.aim.env.uea.ac.uk/aim/aim.php). The calculated 
N2O5 uptake coefficients and ClNO2 yields were averaged throughout the night and input to the 
RCAT 8.2 model. The result of this calculation was an N2O5 uptake coefficient of 0.027. This 
uptake coefficient lead to a fair description of the observed N2O5 mixing ratios during the first 
half of the night (Figure 6.5). It appears that in the beginning of the night the uptake coefficient 
is a little too high and further adjustments seem warranted. However, it should be noted that this 
uptake coefficient is on the higher side of the previously reported values and in agreement with 
other observations during CalNex from the NOAA WP3 aircraft. During the second half of the 
night the model under-predicts N2O5 compared to the observations. This is most likely due to a 
change in N2O5 uptake, i.e. the uptake coefficient is smaller during the second half of the night. 
We are currently updating the model to allow for temporal changes in uptake coefficient values, 
and believe that better agreement between the model and the observations can be achieved this 
way. 
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Figure 6.4: Comparison of observations and model output of O3 and NO2 mixing ratios in the 
four height intervals observed by the LP-DOAS. 

Using this model run we then compared the observed surface ClNO2 with those from the 
model at the same altitude, initially using a yield of 0.58 (blue dots in Figure 6.6). Even 
considering the high variability in the surface ClNO2 data, this yield is too high for this night. 
We thus lowered the yield in the model to 0.20 (red squares in Figure 6.6) to better describe the 
amount of ClNO2 in the morning. 
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Figure 6.5: Comparison of observations and model output of NO3 and N2O5 mixing ratios in the 
four height intervals observed by the LP-DOAS. 

Figure 6.6: Comparison of in-situ observations and model output of surface ClNO2 mixing ratios. 
The ClNO2 observations were made by L. Mielke and H. Osthoff from the University of Calgary. 
The figure shows the model calculations for two different yields of the ClNO2 formation.  
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Based on this model setup we then proceeded to analyze the vertical profiles of NO, α-pinene 
(as a proxy for terpenes) and ClNO2. Figure 6.7 shows that the modeled mixing ratios of NO 
decays rapidly with altitude. NO has decayed to negligible values at the height of our lowest 
height interval at 33 m. The model thus shows that NO has no impact on our NOx loss 
calculation, i.e. pathway 1 is unimportant.  

Figure 6.7: Modeled vertical profiles of NO and α-pinene (API) for May 27 and 28. α-pinene 
observations performed by NOAA are included in the API graph. 

The vertical profile α-pinene (Figure 6.7) also decays rapidly with altitude, reducing its 
impact aloft. To use the surface hydrocarbon observations, for example that of α-pinene also 
shown in Figure 6.7, to determine the contribution of the NO3 oxidation, we used the model to 
determine scaling factors for over 50 hydrocarbons measured by NOAA at the Caltech site. The 
scaling factors were then used to calculate the loss frequency of NO3 due to the reaction with 
hydrocarbons, fNO3(HC), and compared it to the total loss of NO3 from the pseudo steady state 
calculation described above, fNO3(PSS) = 1/τNO3(PSS), in Figure 6.8. During all nights the loss of 
NO3 through its reactions with hydrocarbons is much smaller than the total NO3 loss. Therefore 
we can also rule out the reaction of NO3 with hydrocarbons as a major loss pathway (pathway 2) 
for NOx in Los Angeles. 
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Figure 6.8: Comparison of pseudo steady state loss frequency of NO3 (black) and the NO3 loss 
frequency due to hydrocarbon reactions (red). 

An aerosol uptake coefficient of NO3 (2x10-3) as published in the JPL Kinetics review (JPL 
Publication10-6) was adopted in the 1-D model. This NO3 uptake coefficient is about an order of 
magnitude smaller than the uptake coefficient used for N2O5. Consequently NO3 aerosol uptake 
(Pathway 3) is only a very minor NOx loss pathway. 

Based on the considerations above it is clear that the uptake of N2O5 on aerosol is the 
dominant NOx loss pathway in Los Angeles. As this pathway will also form ClNO2, which upon 
photolysis in the morning releases a NO2 molecule, it is necessary to determine if the ClNO2 
surface observations at the CalNex-LA ground site can be used to correct for this effect. We thus 
expanded our 1-D model to calculate the vertical profile of ClNO2 for the night discussed here 
(Figure 6.9). While the N2O5 vertical profiles in the model showed a strong variation of N2O5 
mixing ratios, the modeled vertical profile of ClNO2 remained fairly constant with altitude. We 
explain this by the long lifetime of ClNO2, which allows it to be mixed throughout the NBL. 
Consequently we can use the ClNO2 surface mixing ratios to determine how much NO2 is 
formed from its photolysis in the morning. It should be noted that this result also allows the 

fNO3(PSS) altitude 33-78m
 fNO3(HC)  altitude 33-50m 

5/30 6/1 6/3 6/5 6/7 6/9 6/11 
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determination of the Cl atom formation rate in the morning based on the surface measurements 
alone. 

Figure 6.9: Modeled vertical profiles of N2O5 and ClNO2 for May 27th to May 28th. 

The knowledge that N2O5 uptake is the primary NOx loss process, now allows us to use the 
NO3 formation rate P(NO3) multiplied by a factor of 2, because N2O5 uptake destroys two NOx 
molecules, minus the ClNO2 morning mixing ratios divided by the length of the night, ∆tnight, to 
calculate the NOx loss rates in the various height intervals (Figure 6.10): 

LossRate(NOx)i = 2×P(NO3)i - [ClNO2]morning /∆tnight (6.2) 

As expected, NOx loss rate is highly altitude dependent, with the largest loss near the surface. 
In addition, the loss varies throughout the night. To eliminate these spatial and temporal 
dependencies, the loss rates were integrated in altitude (33-556m) and throughout the night to 
derive a height and time averaged NOx loss rate. As shown in the cyan bars in Figure 6.10, the 
loss rate was surprisingly constant, with a range of 0.7 to 1.3 ppb/hr. Similar loss rates were 
found in Houston in 2006 and 2009, and it appears that this is a typical value that can be used to 
test if urban airshed models capture the nocturnal NOx loss correctly. 
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Figure 6.10: Nocturnal NOx loss during 9 days of the CalNex-LA. The bars in the figure 
represent altitude and nocturnally averaged loss rates. 

6.3 Nocturnal NO3 Photolysis 

Another application of our 1-D model for CalNex was the quantitative analysis of the effect of 
urban lights on nocturnal chemistry. As reported by Harald Stark et.al. (2011) the downward 
viewing radiometers on board the NOAA WP3 aircraft observed nocturnal NO3 photolysis rates 
over the Los Angeles area originating from urban lights, including street lights, industrial and 
residential illumination. We collaborated with our NOAA colleagues to use our 1-D chemistry 
and transport model to provide a better quantification of this effect. We set up and initialized our 
1-D model to approximately reproduce the vertical trace gas profiles observed by the WP3. Our 
base case scenario (Figure 6.11) does not include urban light NO3 photolysis. Two sensitivity 
runs with JNO3 = 10-5 s-1 and JNO3 = 5× 10-5 s-1, respectively, were performed (Figure 6.11). 
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Figure 6.11: 1-D model runs to quantify the impact of nocturnal NO3 photolysis from urban light 
sources. The top two panels show the base case results for NO3 and NOx. The lower panels show 
the impact of nocturnal NO3 photolysis on NO3 and NOx mixing ratios at three altitudes. 

The top panels in Figure 6.11 show the NO3 and NOx vertical profiles throughout one night 
for the base case. The profiles follow the general behavior of larger NO3 mixing ratios aloft and 
larger NOx near the surface. The bottom panels in Figure 6.11 show the relative change in NO3 
and NOx mixing ratios at three altitudes (15 m, 188 m, 625 m) in the model domain for the two 
NO3 photolysis frequencies. The impact of JNO3 = 10-5 s-1 is quite small. The impact of JNO3 = 5× 
10-5 s-1, which is on the high end of the observed JNO3 values, at 625 m altitude is in the range of 
-4% for NO3 and +4% for NOx. As shown in Figure 6.11 NO3 chemistry occurs predominately 
between 100-200 m and 1000 m altitude, the change in the NO3 and NOx budget at 625 m 
describes a large part of the atmosphere that will become the daytime boundary layer during the 
next day. As 625m altitude shows some of the highest NO3, the effect of photolysis is slightly 
higher at this altitude than the boundary layer average. 

The results show that nocturnal photolysis of NO3 from anthropogenic light sources can 
decrease NO3 levels at night. This, on the other hand, leads to a lower nocturnal NOx loss and 
consequently more NOx in the morning, which is then available for ozone formation. Another 
consequence from the nocturnal photolysis is slightly higher ozone levels in the early morning, 
as elevated NOx, which at night aloft is predominately NO2, photolyzes during sunrise. 
Nevertheless, the effect is likely rather small for the entire Los Angeles Basin. The results of this 
study have been published in Nature Geosciences [Stark et al., 2011]. 
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7 HONO Chemistry 
Another focus of our study was the investigation of nitrous acid (HONO) chemistry and its 

impact on the OH budget during the morning, and, considering recent findings on the presence of 
daytime HONO, also during the day. 

7.1 HONO Observations 
Our analysis is based on the LP-DOAS measurements already briefly described in Chapter 5. 

In addition, we use data from two in-situ instruments deployed at the Caltech ground-site: 

Incoherent Broadband Cavity Enhanced Absorption Spectrometer (IBBCEAS): This 
instrument, which was developed and deployed by C. Young, R. Washenfelder, and S. Brown 
from NOAA-ESRL, is based on a very similar approach to the DOAS instrument, except that the 
long absorption path-length is folded in a multireflection cell into a small volume. The 
instrument samples air through an inlet and thus measures the in-situ HONO concentrations. The 
IBBCEAS cell was deployed on the gas-sampling tower at an altitude of 10m above the ground. 
Details of the IBBCEAS instrument can be found in Washenfelder et al. (2008). 

Chemical Ionization Mass Spectrometer (CIMS): The Acid-CIMS instrument was developed 
and deployed by P. Veres, J. deGouw and J. Roberts from NOAA-ESRL during the CalNex LA-
experiment. In short, the instrument is based on the soft ionization of trace gases via proton 
transfer from the CH3COO- ion. It measures a range of acids, including HONO, at a high time 
resolution. Here we will report 10 min averages of this system. The Acid-CIMS was deployed at 
3 m altitude above the ground during the CalNex-LA experiment. Details of the instrument can 
be found in Veres et al. (2008). 

While it is common to intercompare different systems measuring the same trace gas during 
field experiments, it will become clear in the following analysis of the data that this is not 
possible, or at least extremely difficult for the very altitude dependent HONO measurements. 

For our analysis we will also use observations from a number of other instruments deployed at 
the CalNex LA site. A chemiluminescence with photolytic converter NO2 system was used by 
the University of Houston to measure NO2 at 10m altitude by photolytically converting it to NO 
and then measuring NO by the well-known chemiluminescence approach (J. Flynn and B. Lefer 
from the University of Houston). The same group also measured actinic fluxes and photolysis 
rates using a Scanning Actinic Flux Spectroradiometer [Shetter and Muller, 1999]. 

7.2 Results 
Figure 7.1 shows a three day example of the HONO observations from the three different 

instruments. The maximum levels measured near the surface approached 3 ppb during the night 
of 6/13 – 6/14. It is also obvious that the measurements show an altitude dependence at night, 
and also during the day, which makes the interpretation of line plots such as in Figure 7.1 
difficult, in particular when providing a long-time overview of the observations. 
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Figure 7.1 Overview of three days of simultaneous observations by the two in-situ HONO 
instruments and the HONO levels in the four LP-DOAS height intervals. 

We thus used the NO2 and HONO data to make profile color plots (Figures 7.2 and 7.3). It 
should be noted that these plots are based on a linear interpolation between the different 
measurements and should thus only be considered a visualization of the data, rather than the 
exact data itself. The white areas in Figure 7.2 and 7.3 indicate missing DOAS data aloft due to 
the presence of low clouds blocking the upper light paths.  

The visualized NO2 and HONO mixing ratios (Figure 7.2 and 7.3) show high mixing ratios of 
both species during every night near the surface. NO2 mixing ratios are often enhanced up to the 
top of the NBL, which is indicated by the black line in the figures. The agreement of the NO2 
profile and the NBL height is not perfect due to the difficulty of determining the BL height from 
the LIDAR at night and the poor spatial resolution and the interpolation from the DOAS data 
above 200 meters altitude. Nevertheless, a qualitative relation can be seen. This behavior of NO2 
is caused by emissions of NOx near the surface that are trapped in the NBL. 

The enhanced HONO mixing ratios are typically located lower in the atmosphere than the 
NO2 cloud. The profiles often decrease sharply above 50 m. Only during a few days were 
substantial HONO mixing ratios observed above 100 m agl. Noteworthy are the nights of 6/14 
and 6/15 when HONO remained above 1 ppb up to 200 m agl. This is rather unusual behavior for 
this species and the cause and impact of these large HONO levels needs further investigation.  
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Figure 7.2 Overview of the NO2 and HONO vertical distribution from May 20 to June 2, 2010. 
The black line in the figure shows the boundary layer height retrieved from a Ceilometer. White 
areas in the figure indicate missing data from the upper LP-DOAS paths due to low clouds. 

Figure 7.3 Overview of the NO2 and HONO vertical distribution from June 2 to June 16, 2010. 
The black line in the figure shows the boundary layer height retrieved from a Ceilometer. White 
areas in the figure indicate missing data from the upper LP-DOAS paths due to low clouds. 
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7.3 Nocturnal HONO Formation 
An overview of the HONO data during the last three weeks of the CalNex experiment 

(Figures 7.2 and 7.3) shows that surface mixing ratios above 1 ppb are common in Los Angeles. 
However, the HONO mixing ratios decrease substantially with altitude, which poses a challenge 
for the understanding of HONO formation and the impact of HONO photolysis.  

To study the formation of HONO we have extracted vertical profiles for one night of the 
experiment, May 27-28, 2010. The choice of this night was mostly due to our analysis of NO3 
chemistry, which was also performed during this night. We will analyze more nights in the 
future. The vertical HONO profiles throughout the night (Figure 7.4) show a steady increase of 
HONO mixing ratios near the surface and a much slower increase aloft. At the surface HONO 
reaches ~1.2 ppb, while the levels above 200 m agl are typically below 0.25 ppb.   

Figure 7.4: Vertical profiles of HONO mixing ratios for the night of May 27-28, 2010. 

To further understand the mechanisms that lead to the observed HONO profiles we have used 
the model described in Section 4.5. The model is unique, as it has logarithmic grid spacing below 
1 m height. Surface reactions are calculated explicitly through a calculation of the molecular 
collisions with the surface and reactive uptake coefficient, i.e. the probability of a reaction. In 
addition, the model also calculates the heterogeneous reactions on the aerosol 

Figure 7.5 illustrates the HONO formation parameterization in the model, which has been 
previously employed to study HONO profiles in Houston, TX [Wong et al., 2011a]. The only 
difference from our previous parameterization is the slightly higher uptake coefficient for the 
NO2 to HONO conversion of γ = 2× 10-5 . For the Houston study γ = 10-5 was used, which was 
derived from laboratory measurements of aged asphalt [Trick., 2004]. The NO2 conversion had a 
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50% yield according to the NO2 + NO2 + H2O → HONO + HNO3 reaction that has been found to 
be first order in NO2. The surface loss of HONO, which was also determined in the laboratory, 
was γ = 10-4. A constant aerosol surface to air volume ratio of S = 200 µm2cm-3 with same uptake 
coefficients was used to describe aerosol chemistry. The model also considers direct emissions of 
HONO, which are linked to those of NOx with an emission ratio of HONO/NOx = 0.008 
[Kurtenbach et al, 2001]. 

Figure 7.5: Parameterization of HONO surface chemistry used in the 1-D chemistry and 
transport model (from Wong et al. (2011a)). 

This parameterization was included in the model runs used to study nocturnal NO3 chemistry 
(see Section 6.2). It should be noted that only the vertical mixing and the emission rates were 
adjusted to make the model simulate O3 and NO2 vertical profiles similar to those observed. No 
attempt to tweak the model to correctly simulate HONO was made. 

The modeled HONO profiles (Figure 7.6) show a behavior very similar to the observations, 
except for the lowest part of the atmosphere in the first few hours of the night. In general, the 
model predicts a steady increase of HONO mixing ratios through the night to up to 1 ppb near 
the surface, and a much slower increase aloft. The maximum modeled HONO mixing ratio aloft 
is ~0.2 ppb. The model also captures the shape of the profile, which, considering the limitations 
of the observations, agrees fairly well. The differences in the shape near the surface are most 
likely due to local effects, such as shear induced mixing, in the observations.  
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Figure 7.6: Modeled HONO vertical mixing ratio profiles for May 27-28, 2010. 

The conclusion that can be drawn from this exercise is that HONO is predominately formed 
through NO2 conversion at the surface. It is comforting that the same parameterization, with only 
a slight difference in the NO2 to HONO reactive uptake coefficient, was successful in Houston 
and Los Angeles [Wong et al., 2011a]. It thus appears that the formation of HONO can be 
explained by a relatively simple chemical mechanism, as long as vertical mixing and emissions 
are correctly represented in a model. Our analysis indicates the dominance of the conversion of 
NO2 to HONO on the surface. Our model indicates that the aerosol mediated NO2 to HONO 
conversion and that direct HONO emissions only play a minor role. While we have thus far only 
analyzed one night during CalNex in detail, we plan to focus on a few more nights to confirm 
these findings. 

7.4 Daytime HONO 
An interesting and very important aspect of HONO chemistry is the question of its daytime 

mixing ratios and how HONO is formed during the day. To answer the first question we 
calculated the hourly averaged HONO mixing ratios from the two in-situ instruments and all four 
LP-DOAS height intervals throughout the CalNex experiment (Figure 7.7). These values are 
compared to a steady state HONO mixing ratio expected if one assumes that the only chemical 
reaction forming HONO during the day is OH + NO: 

𝑘 [𝑂𝐻][𝑁𝑂]
𝐻𝑂𝑁𝑂𝑆𝑆 = 

𝐽𝐻𝑂𝑁𝑂 
(7.1) 

HONOss was calculated from the direct observations of OH radicals by the University of 
Indiana and observations of NO and the HONO photolysis rate, JHONO, made by the University of 
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Houston. These measurements were all made at 10 m altitude at the CalNex-LA ground site; 
HONOSS thus represents a 10 m value. 

The formation of HONO through the OH + NO reaction is represented in Figure 7.7 by the 
HONOss line. HONOss was calculated from the observations of OH, NO, and JHONO using the 
pseudo-steady-state between the OH + NO → HONO formation reaction and HONO photolysis. 
HONOss is considerably smaller than the observations in the lowest 250m of the atmosphere, 
clearly indicating the existence of an additional HONO source. Only above 250m agl are the 
HONOss values comparable to the observations. However, we do not have OH and NO 
observations above 250m and further modeling analysis is needed to confirm if the OH + NO 
reaction is the only source of HONO aloft 

It is obvious from Figure 7.7 that the different hourly averaged HONO datasets do not agree 
with each other. All observations, except perhaps the HONO measured in the highest interval, 
are higher than HONOSS, showing that another daytime HONO source would be active. This 
daytime source is a direct OH radical source that is currently not considered in most air quality 
models. We will discuss this source further in Section 7.5. 

The in-situ instruments report considerably higher HONO mixing ratios than does the LP-
DOAS. This discrepancy has been observed at various other locations and has been a topic of 
debate for several decades, i.e. most comparisons show lower data from the open air LP-DOAS 
observations compared to other methods. 

Figure 7.7: Hourly averaged HONO mixing ratios (PST) from the two in-situ instruments and the 
four LP-DOAS height intervals throughout the CalNex-LA experiment. Also shown is steady 
state HONO, HONOSS, calculated through the OH + NO reaction and HONO photolysis 
averaged throughout the CalNex-LA Experiment. 
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While it appears that the different instruments do not agree, a different look at the data (Figure 
7.8) shows that the difference between the in-situ and path-averaged measurements is most likely 
not caused by instrumental problems but rather by strong vertical profiles of HONO during the 
day. While the in-situ instruments in the lowest 10 m of the atmosphere show mixing ratios 
between 200 and 300 ppt, the LP-DOAS indicates mixing ratios in the range of ~70 ppt at 50 m 
altitude and 20 ppt at 400 m altitude. This behavior is at first rather surprising, as the daytime 
boundary layer is often assumed to be well mixed, and the HONO lifetime against photolysis is 
in the range of 15 minutes.  

To better analyze the daytime HONO data we plotted vertical profiles at three hours 
throughout the day in Figure 7.8. A clear and relatively smooth vertical profile can be seen. 
While we have not yet run our 1-D model to simulate the daytime HONO profile in Los Angeles, 
HONO profiles calculated for Houston, TX, look very similar to those in Figure 7.8. 

Figure 7.8: Observed hourly averaged HONO mixing ratio profiles for 9:00, 12:00, and 16:00. 

Similar to nighttime, observed HONO levels near the surface are considerably larger than 
aloft during the day. This is indicative of a surface reaction, rather than a volume reaction due to 
gas-phase or aerosol chemistry. To further analyze the source of HONO, one can consider 
various possible formation pathways, following the approach of Wong et al. (2011b). We can 
distinguish three different pathways to form HONO in the daytime atmosphere: 

1) A gas-phase source, such as the proposed formation of excited NO2, NO2
*, with water 

vapor [Li et al., 2008]. 

2) An aerosol source, such as the photolysis of particulate nitrate or the photo-enhanced 
conversion of NO2 on the aerosol surface [Stemmler et al., 2007]. 
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3) A photochemistry-enhanced surface conversion of NO2 [Kleffmann, 2007]. 

Following the argument by Wong et al. (2001b), we calculated the diurnal profile of the 
HONO/NO2 ratio for all six altitudes (Figure 7.9). The surface HONO observations exhibit a 
diurnal profile of HONO/NO2, that can be explained by a photolytic surface source of HONO. 
The vertical profile of HONO as well as the lower HONO/NO2 ratios aloft can be explained by 
the photolysis of HONO as it is mixed upwards in the atmosphere. The comparison of HONOSS 
with HONO in the highest interval seems to suggest that there is only a minor contribution of a 
gas-phase or aerosol source of HONO in Los Angeles. The detailed analysis of the daytime 
HONO observations is beyond the scope of this nighttime chemistry project. Nevertheless, we 
will perform these calculations in the near future and will share our results with the ARB. 

Figure 7.9: Hourly averaged HONO/NO2 ratios calculated from the in-situ instruments at the 
CalNex-LA site and in the four LP-DOAS height intervals. 

7.5 HONO Photolysis as an OH Source 
The discussion above focused on the formation of HONO in Los Angeles. An important 

consequence of the presence of HONO at night and during the day is the formation of OH from 
the photolysis of HONO. We can distinguish two different impacts. The first is the well-known 
influence of HONO photolysis in the early morning. Because the photolysis of HONO occurs at 
longer wavelengths than that of HCHO and O3, it is often the first OH source in the early 
morning. The source of this morning HONO is its accumulation in the NBL at night, as 
described in Section 7.1. Because HONO is restricted to the lowest 50 – 100m in the morning, 
this source is important for the surface, but most likely less important for the entire daytime 
boundary layer. Assuming the HONO that accumulated during the night is completely 
photolyzed during the morning, one can estimate the amount of OH formation from this source. 
It should be added that it is difficult to provide a representative morning OH formation rate for 
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the CalNex-LA site as the mountains to the east of the site shadow the site until the sun climbs 
above the mountain tops. The morning photolysis rates are thus not representative for the entire 
basin. Nevertheless the assumption of complete photolysis of nocturnal HONO still holds. Using 
the vertical profiles (Figures 7.2 and 7.3) we calculated the vertically averaged, i.e. in the lowest 
550m of the atmosphere, pre-photolysis HONO mixing ratios throughout the CalNex-LA 
experiment. While the surface HONO levels are often in the range of 0.5 – 2.5 ppb in the 
morning, this averaged value is much smaller with a campaign averaged value of 0.18 ppb. The 
temporally integrated OH formation during sunrise is thus 4.5×109 OH molec. cm-3. Assuming a 
2 hour sunrise period, this translates to an average morning OH formation rate of 6.25×105 OH 
molec. cm-3 s-1 from HONO photolysis in the lowest 550m of the atmosphere. Please note that 
the formation rate at the surface, which is typically reported in literature, is 10 times higher. 
However, this rate is not representative for the entire lower atmosphere as discussed above. 

HONO later during the day, i.e. daytime HONO, also provides a source for OH. However, its 
formation is continuous as HONO is formed throughout the day through photo-enhanced 
reactions. As discussed above, the levels of daytime HONO are significantly higher than the 
expected photo-stationary state. Consequently HONO photolysis is a net OH source during the 
day. However, the vertical profile of daytime HONO poses a challenge in the interpretation of 
the role of HONO as an OH precursor. From Figure 7.8 it is obvious that HONO is a much larger 
OH source near the surface than aloft, which may skew the assessment of the significance of this 
source. 

To provide a more general assessment of HONO as an OH precursor in Los Angeles we have 
thus adopted a vertically averaged approach based on our LP-DOAS data, similar to that used in 
the interpretation of the NOx budget in Section 6.2. We calculated the OH formation rate from 
the photolysis of O3, HONO, and HCHO (assuming that each HO2 formed is immediately 
converted into an OH radical by the high levels of NO) for each altitude interval of the LP-
DOAS and then integrated these values with altitude. It should be noted that this calculation 
excludes the lowest 30m of the atmosphere, where HONO is highest. On the other hand, the 
values integrated from 30-556m are more representative for the polluted boundary layer with 
respect to the average radical chemistry. 

Figure 7.10 shows three days of data for this comparison. We have selected the period from 
5/28 to 5/31 when ozone mixing ratios slowly increased from day to day, ending in the highest 
daytime O3 mixing ratios during CalNex-LA. It should be added that this period was the 
Memorial Day weekend from Friday to Sunday and the last two days are thus representative of 
weekend conditions. On 5/28 the three OH formation pathways discussed here are comparable to 
each other. One can see that HONO is somewhat more important in the morning, as explained 
above. The contributions of O3 and HCHO photolysis increase as the atmosphere in Los Angeles 
becomes more polluted, while the absolute contribution of HONO remains relatively constant. 

This comparison shows that, even considering the vertical profile of HONO and excluding the 
lowest 30m of the atmosphere, HONO plays a very significant role as a precursor during the day. 
The accurate description of daytime HONO formation is thus crucial for any air quality model. 
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Figure 7.10: OH radical formation rate from O3 (O1D), HCHO, and HONO photolysis averaged 
from 35-556m. 

Conclusions 
The main goal of this project was to investigate the highly altitude dependent nocturnal 

chemistry in the South Coast Air Basin, with a particular focus on NO3 chemistry, the nocturnal 
NOx budget, and the chemistry of HONO. The following conclusions can be drawn from our 
study: 

Our observations show that nocturnal chemistry in the Los Angeles Basin is highly altitude 
dependent. The typical diurnal behavior of ozone, i.e. low nocturnal surface mixing ratios, and 
NO2, i.e. high nocturnal surface mixing ratios, is mostly restricted to the lower part of the 
nocturnal boundary layer (NBL). The variation of ozone and NO2 are much less pronounced 
aloft. The cause of this behavior is the conversion of ozone to NO2 through surface emissions of 
NO. Similar to ozone, the nitrate radical, NO3, and the related N2O5 molecule also show strong 
vertical profiles with higher mixing ratios aloft. HONO mixing ratios are typically elevated near 
the surface and decay rapidly with altitude. The vertical trace gas distribution and chemistry is 
strongly influenced by the magnitude of vertical mixing at night and the NBL height. Any effort 
to improve the performance of air quality models at night has thus to consider this altitude 
dependence. A thorough analysis of the nocturnal boundary layer mixing scheme should also be 
included. 

NO3 mixing ratios in the Los Angeles atmosphere reached above 150 ppt, indicating a very 
active nocturnal radical chemistry. Most of this oxidative chemistry occurs above the lowest 50m 
of the atmosphere. N2O5, which is related to NO3 through its equilibrium with NO2, has high 
values of up to 2 ppb. Again these values are predominately found above 50 m altitude. The 
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presence of such high mixing ratios impacts chemistry in multiple ways. NO3 and N2O5 
chemistry lead to a destruction of NOx from the atmosphere (see next point). In addition, Ox is 
also lost through its NO3 chemistry. N2O5 chemistry also increases aerosol nitrate, thus 
impacting composition and mass of particulate matter at night. The uptake of N2O5 on chloride 
containing aerosol, which is common in Los Angeles, also leads to the formation of ClNO2, 
which serves as a radical precursor in the early morning. ClNO2 was observed for the first time 
in Los Angeles by the University of Calgary. The impact of ClNO2 on Los Angeles air quality 
needs to be further assessed. 

The analysis of our observations allowed us to determine the nocturnal NOx loss in the Los 
Angeles atmosphere. It should be noted here that our approach averaged the loss rate over the 
lowest 550m of the atmosphere. This averaging is critical as the NBL is not well mixed and thus 
observations at one altitude are not representative for the entire extent of the boundary layer. In 
the morning when the daytime boundary layer forms, the NBL and the residual layer mix again. 
The daytime boundary layer was often only 700-800m high during CalNex-LA. Our 
measurements and analysis thus cover nearly the entire extent of the daytime boundary layer. We 
identified the aerosol uptake of N2O5 as the main loss mechanism for NOx. Our analysis also 
revealed that, for the one night of the experiment which we have analyzed in detail, the N2O5 
uptake coefficient was fairly high, with a value of 0.027. The yield of ClNO2 was found to be 
around 0.2. 

We determined that 0.7 - 1.3 ppb/h of NOx are lost due to NO3 chemistry throughout the night 
in Los Angeles. This NOx is not available for ozone formation during the next day. To put this 
NOx loss into perspective we calculated the loss of NOx through the OH + NO2 reaction based on 
the observations at the CalNex-LA site by the University of Indiana and the University of 
Houston. For the period we used to determine the nocturnal NOx loss rate, the average daytime, 
i.e. from 9:00 to 18:00, NOx loss was ~0.7 ppb/h. It thus appears that the chemical loss rate of 
NOx is comparable between the night and the day. This further emphasizes the need to correctly 
represent nocturnal NO3 and N2O5 chemistry in urban airshed models. 

In collaboration with NOAA we measured detailed vertical profiles of nocturnal HONO 
during CalNex-LA. These observations show that elevated HONO levels are typically 
constrained to the lowest 100 m of the atmosphere, although high HONO was also found up to 
200 m during a few nights. The profiles are consistent with a conversion of NO2 to HONO on the 
surface, followed by slow vertical transport. Our 1-D model is capable of describing the profiles 
using a simple parameterization based on the reactive uptake of NO2 on the ground, conversion 
of NO2 to HONO on the surface with a yield of 0.5, and a loss of HONO onto the ground. While 
this approach cannot be used in airshed models, which parameterize the interaction with the 
surface through deposition velocities and emissions, it may provide guidance on how to develop 
a better parameterization for nocturnal HONO formation. An accurate description of the mixing 
and height of the nocturnal boundary layer in airshed models is again crucial to correctly 
describe nocturnal HONO. 

The observations of daytime HONO from the NOAA in-situ instruments as well as UCLA’s 
LP-DOAS system showed the presence of mixing ratios well above the photo-stationary state 
between OH, NO and HONO. A daytime source of HONO is thus present in Los Angeles. The 
most likely source is a photo-enhanced surface HONO formation, for example conversion of 
NO2 in the presence of surface adsorbed organics. This process would explain the observed 
vertical HONO profiles and the diurnal variation of the HONO/NO2 ratio following the 
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arguments from Wong et al. (2001b). Ongoing research will attempt to better quantify this source 
and to find a parameterization for our 1-D chemistry and transport model, as well as for 3D air 
chemistry models. 

The role of HONO as an OH radical precursor was investigated for the morning photolysis of 
HONO accumulated during the night, as well as HONO formed during the day. The morning 
photolysis leads to a substantial OH source near the surface. This confirms earlier findings by 
George et.al. (1999), during the 1993 Los Angeles Free radical study of the importance of 
HONO as an important early morning OH radical precursor. However, because of the strong 
vertical profiles of morning HONO, its overall impact is smaller if one considers the vertical 
extent of the lower atmosphere. We determined an average pre-photolysis HONO mixing ratio of 
~0.18 ppb in the lowest 550 m of the Los Angeles atmosphere. One can assume that this entire 
HONO column is photolyzed in the morning, leading to an average OH formation rate of 
6.25×105 OH molec. cm-3 s-1, assuming a 2 hour period for its photolysis. The peak morning OH 
formation rate is higher but the shadowing effect of the mountains behind the CalNex-LA site 
makes this analysis difficult. The contribution of daytime HONO to the OH budget on the other 
hand is quite substantial, even averaged over the lowest 550m of the atmosphere. For selected 
days we found that HONO photolysis can be as important as ozone and HCHO photolysis as a 
precursor of primary OH radical formation. The importance of this contribution varies with 
pollution levels, i.e. for days with elevated O3 and HCHO the HONO photolysis contributes less 
to the overall primary OH formation. The rate of OH formation from daytime HONO photolysis 

-3 -1 is ~2×106 OH molec. cm s . At this rate, daytime HONO must be considered in air quality 
models. It is thus crucial to incorporate daytime HONO formation mechanisms into the models 
used to simulate the atmospheric chemistry in the Los Angeles Basin. 

The previous analysis of the OH budget in Los Angeles during the 1993 Free Radical Study 
[Mackay, 1994, George et al., 1999] did not consider this OH source, and assumed a pure OH + 
NO ↔ HONO pseudo steady state. While it is difficult to re-analyze the 1993 observations, the 
fact that daytime HONO was missing as a source and the good agreements between modeled and 
observed OH, one can speculate that the OH sinks were also underestimated in the analysis of 
the 1993 data. 

Besides pursuing these goals, UCLA also took the lead in organizing one of the most 
comprehensive surface measurement sites in California. The site, which was located on the 
Caltech campus, hosted 40 research groups which deployed over 60 different instruments to 
provide a complete characterization of the Los Angeles atmosphere. The measurements were 
made from May 15 to June 16, 2010. The field site was a full success with all instruments being 
able to perform the planned measurements. The results of these activities have begun to be 
published in the scientific literature and many more publications from the CalNex-LA site will 
emerge in the coming years. The data from the field site, including the data presented in this 
report, are available on a web-site hosted by NOAA. 

The results from our project, as well as those from the CalNex-LA field effort, provide the 
California Air Resources Board and the State of California with an unprecedented view of the 
atmospheric composition and the chemistry of ozone and particulate matter in the Los Angeles 
Basin. 
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10 Glossary of Terms, Abbreviations and Symbols 

BLH – boundary layer height 
CAPS - Cavity attenuated phase shift 
CEAS-DOAS - Cavity Enhanced Absorption Spectroscopy Differential Optical Absorption 
Spectroscopy 
CIMS - Chemical Ionization Mass Spectrometry 
GC-MS – Gas chromatography – Mass spectrometry 
IBBCEAS - Incoherent Broadband Cavity Enhanced Absorption Spectrometer 
QC-TILDAS - Quantum Cascade Tunable Infrared Laser Differential Absorption Spectrometer 
DOAS – Differential Optical Absorption Spectroscopy 
LIF-FAGE - laser induced fluorescence 
LP-DOAS – longpath Differential Optical Absorption Spectroscopy 
MAX-DOAS – Multi-Axis Differential Optical Absorption Spectroscopy 
NOAA – National Oceanic and Atmospheric Administration 
NOAA ARL - National Oceanic and Atmospheric Administration Air Resources Laboratory 
PALMS - Particle Analysis by Laser Mass Spectrometry 
PAM – potential aerosol mass 
PILS – particle-into-liquid sampler 
PM – particulate matter 
TAG-AMS - Thermal desorption Aerosol GC - Aerosol Mass Spectrometer 
TSI SMPS – Scanning Mobility Particle Sizer 
UCLA – University of California Los Angeles 
UHSAS - Ultra-High Sensitivity Aerosol Spectrometer 

59 


	Abstract
	1 Executive Summary
	2 Introduction
	2.1 Nocturnal Radical Chemistry / NOx Budget
	2.2 Chemistry of HONO

	3 The CalNex - LA Experiment
	3.1 CalNex-LA Site Organization
	3.2 Overview of CalNex LA Period
	3.3 Spatial Representativeness / Local Influences

	4 Experimental Methods and Modeling
	4.1 Experimental Setup
	4.2 Spectral Data Analysis
	4.3 LP-DOAS Performance
	4.4 Vertical Profile Retrieval
	4.5 1-D Chemistry and Transport Model

	5 Results
	6 NO3 chemistry and Nocturnal NOx budget
	6.1 NO3 Vertical Profiles and Steady State Lifetime
	6.2 Nocturnal NOx Budget
	6.3 Nocturnal NO3 Photolysis

	7 HONO Chemistry
	7.1 HONO Observations
	7.2  Results
	7.3 Nocturnal HONO Formation
	7.4 Daytime HONO
	7.5 HONO Photolysis as an OH Source

	8 Conclusions
	9 References
	10 Glossary of Terms, Abbreviations and Symbols

