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NO and NO2 (NOx) are fundamentally important species to tropospheric chemistry. NOx 

abundances are tied to ozone production and thus determine the oxidizing capacity of the 

troposphere. Nocturnal reactions of NOx are often considered a major loss pathway for NOx and 

ozone. Recent measurements have shown that nitryl chloride (ClNO2) is produced at night by 

reactions of dinitrogen pentoxide (N2O5) on chloride containing particles. ClNO2 is photolyzed 

during the morning hours after sunrise to liberate highly reactive chlorine atoms. This chemistry 

takes place primarily in polluted environments where the concentrations of N2O5 precursors, 

NOx, and ozone, are high, though it can likely occur in remote regions at lower intensities. The 

following describes estimates and ambient measurements of the reactive processes central to 

ClNO2 formation and field measurements illustrating the potential importance of ClNO2 as a 

NOx reservoir and as a chlorine atom source.  

The nocturnal reactions of N2O5 to form ClNO2 were traditionally thought of as marine 

phenomena given the more obvious source of particle-phase chloride offered by sea spray 

emissions. However, long term chemical measurement databases and aerosol thermodynamic 

models are employed to show that this chemistry is likely widespread as is suggested by recent  

  



 

 

  



 

field measurements of ClNO2 in Boulder, CO, a site far removed from local sea salt aerosol 

sources. 

Direct measurements of N2O5 reaction probability on ambient aerosol particles were 

made in La Jolla, CA, using a custom flow reactor alongside measurements of aerosol particle 

size distributions and non-refractory composition. The largest apparent driver of day-to-day 

variability in the measured reaction probabilities at this site was the particle nitrate loading. The 

relative change as a function of particle nitrate illustrates the atmospheric importance of the so-

called “nitrate effect” on N2O5 heterogeneous reactions that lead to the formation of ClNO2.  

The magnitude and sources of chlorine atoms in marine air remain highly uncertain but 

have potentially important consequences for air quality in polluted coastal regions. Continuous 

measurements of ambient nitryl chloride and molecular chlorine concentrations were made in 

southern California. In the Los Angeles region, ClNO2 was more ubiquitous than Cl2 during most 

nights of the study period. These observations are used to estimate the relative importance of 

chlorine atom sources in the polluted marine boundary layer. In contrast to the emphasis in 

previous studies, ClNO2 and hydrochloric acid are likely the dominant primary chlorine atom 

sources for the Los Angeles basin. 

As part of a wintertime field study in Weld County, CO, vertically resolved ClNO2 and 

Cl2 measurements taken on a 300 meter tall tower are reported. Gas and particle phase 

measurements aboard a moveable tower carriage allowed for a detailed description of the 

chemical state of the nocturnal atmosphere as a function of height. These observations show 

significant vertical structure in ClNO2 and Cl2 mixing ratios that undergo dynamic changes over 

the course of a night. From these measurements ClNO2 yields from N2O5-aerosol reactions are 

inferred. The derived yields in these plumes suggest efficient ClNO2 production within distinct 

combustion plumes originating from the Denver-Boulder urban corridor. 

Finally, the effects of ClNO2 production, photolysis, and subsequent chlorine atom 

reactions on chemical species relevant to air quality are examined. ClNO2 formation is 

incorporated into an existing Master Chemical Mechanism box model framework constrained by 

a large number of measurements taken during field studies in a polluted coastal environment. 

These results are compared to model runs excluding ClNO2 formation to assess the effects of 

ClNO2 on tropospheric oxidants, ozone, and nitrogen oxide partitioning. 
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Chapter 1 

 

 

Introduction 

 

1.1 NOx and NOx Reservoirs in the Troposphere 

Nitrogen oxide radicals (NOx ≡ NO + NO2) influence air quality and climate by 

regulating tropospheric ozone (O3) production and hydroxyl radical (OH) abundances. These 

influences in turn affect the lifetime of the greenhouse gas methane, a volatile organic compound 

(VOC), and aerosol mass formation by the formation of oxidized VOC that can condense to the 

particle phase, often referred to as secondary organic aerosol or SOA (Fry et al., 2009; Jacob, 

2000; Osthoff et al., 2008; Shindell et al., 2009). Ozone and aerosol particles can influence 

Earth’s radiation budget and also cause adverse health effects and are therefore regulated by the 

Environmental Protection Agency. NOx is present largely through emissions from anthropogenic 

activities such as motor vehicle use, industrial processes, agriculture, biomass burning, and 

power generation. Anthropogenic NOx emissions have been increasing since pre-industrial times 

and are expected to continue to increase globally, especially in developing regions with high 

population densities (Ohara et al., 2007; Streets and Waldhoff, 2000; Yienger et al., 1999).  

Figure 1 illustrates how the rapid daytime cycling between NO2 and NO catalytically 

produces ozone in the troposphere. At night, however, this ozone production engine stops and 

the ozone formed during the day converts NOx to the nitrate radical (NO3) by the reaction of NO2 

with O3. The nitrate radical can react with VOC or with NO2 to form dinitrogen pentoxide 

(N2O5) which can react on particles with some reaction probability (γN2O5) to form highly soluble 

nitric acid (HNO3) which is efficiently removed from the atmosphere through deposition on a 
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timescale of a few hours, or, if there is ample chloride available in the aerosols, nitryl chloride 

(ClNO2). These reactions are summarized in Figure 2. Reactions of NO3 with VOC and of N2O5 

with aerosol particles are thought to account for ~50% of NOx removal in polluted regions, 

thereby exerting a potentially strong influence on ozone production and oxidant levels (Brown et 

al., 2004; Dentener and Crutzen, 1993).  

Despite the aforementioned importance of NOx, our current quantitative understanding of 

nocturnal NOx chemistry remains incomplete. In particular, the rates and products of N2O5 

reactions with aerosol particles are poorly quantified under conditions and compositions typical 

of the nocturnal atmosphere. In addition, we have only recently begun to assess the branching 

(shown in Figure 2 as ϕ; also commonly referred to as the ClNO2 yield) between permanent NOx 

reservoirs (e.g. HNO3) and temporary ones such as and ClNO2 under atmospheric conditions. It 

is well known that the reaction of N2O5 with chloride containing mixtures (sea spray, brine 

solutions, etc.) produces ClNO2 (Behnke et al., 1997; Thornton and Abbatt, 2005). The nitryl 

chloride production channel is of interest since during the night ClNO2 remains largely 

unreactive but undergoes photolysis during the daytime during which NO2 and Cl are liberated. 

Thus ClNO2 is a nighttime NOx reservoir, the formation of which may reduce the efficiency of 

NOx removal by nighttime reactions of NO3 and N2O5 described above. Additionally, atomic 

chlorine is known to be an extremely strong oxidant, with rate constants for VOC reactions 10 – 

100 times larger than that of OH, the major tropospheric oxidant. Given this information chlorine 

atoms could represent an important oxidant source in regions where they form in appreciable 

quantities.  

The research described hereafter addresses the lack of quantitative understanding in 

abovementioned areas and focuses on developing and applying novel experimental techniques to 
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determine through in situ observations the rates and products of N2O5 reactions on particles, and 

ultimately the effect of these reactions on tropospheric chemistry. 

 

1.2 CIMS Measurement of Nocturnal NOx Reservoirs 

Chemical Ionization Mass Spectrometry (CIMS) is the core analytical technique used 

here to detect these nocturnal NOx species. In particular, a quadrupole-based mass spectrometer 

with the iodide (I
-
) reagent ion is used to make measurements of N2O5 and ClNO2 concentrations 

in ambient air and of the N2O5 reactive uptake rate to atmospheric particles. The custom-built 

CIMS shown in Figure 3 is composed of three main regions: i) an ion-molecule reaction region, 

ii) a collisional dissociation chamber (CDC), iii) and a differentially pumped vacuum chamber 

housing an octupole ion guide and quadrupole mass spectrometer. A more complete discussion 

of the instrumental details can be found in other publications (Bertram et al., 2009a; Kercher et 

al., 2009). The operation and capabilities are briefly summarized below. 

 Ambient air is sampled through a critical orifice (pinhole) at ~2 standard liters per minute 

(slpm) and into the ion-molecule reaction region (IMR). The ion-molecule reaction region is a 

stainless steel tube, 8 cm long, 4 cm ID, held at 60 Torr. Iodide reagent ions are generated and 

introduced into the IMR region perpendicular to the main flow axis by passing dilute methyl 

iodide (CH3I) in a nitrogen (N2) carrier flow through a commercial 
210

Po ion source.  

 A fraction of the reagent ion gas mixture passes through another critical orifice into the 

1.5 Torr collisional dissociation chamber (CDC) which is made up of a series of 4 differentially 

biased static lenses. Here the electric field is maintained to effectively break apart water-analyte 

clusters while keeping the iodide-analyte clusters intact, effectively maximizing the analyte 

signal.  
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 The ions exit the CDC through another critical orifice and enter the 3 mTorr octupole 

region. The octupole itself is made up of 8 stainless steel rods (3.175 mm OD, 4 cm length). It 

uses a radio frequency (RF) to focus the ions into a narrow beam prior to passing through 

another critical orifice for mass selection by the quadrupole and detection by a dynode and an 

off-axis electron multiplier. The species under investigation are detected as ion clusters with high 

sensitivity (~5 Hz/pptv) and relatively low background (~10 Hz), an ideal situation for 

measuring small changes in trace gases present in the atmosphere.  

Ambient N2O5, ClNO2 and Cl2 concentration measurements are obtained by directly 

sampling air into the CIMS where the species are detected as ion clusters, I∙(N2O5)
-
, I∙(ClNO2)

-
, 

and I∙(Cl2)
-
. Measured ion signals are converted to ambient air concentrations by calibration 

factors which are dependent on atmospheric water vapor concentrations, flow and pressure 

regulation, and detector age among other things. For ClNO2 calibrations, a known concentration 

of N2O5, typically provided by a cavity ring-down measurement based on the known NO3 

absorption cross-section, is passed over a wetted NaCl bed converting the N2O5 to ClNO2 by 

reaction R1 with near unit yield (Kercher et al., 2009). Cl2 calibration factors are obtained from 

standard concentrations of Cl2 delivered to the CIMS by a standard permeation source. For 

further independent confirmation of our ClNO2 sensitivity, we also convert Cl2 to ClNO2 on an 

NaNO2 salt bed via reaction R2 (Schweitzer et al., 1998). This approach is beneficial as it does 

not require an external measurement of N2O5 concentration which is difficult to synthesize, store, 

and deliver. This latter approach also allows for the calibration factors to be determined at higher 

time resolution, thus having a higher probability to capture any variability in the instrumental 

sensitivity. However, the yield of ClNO2 from reaction R2 is not as well characterized as that for 

reaction R1, so the calibration factors from this approach are more uncertain as a result. 
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2 5 2 3( ) ( ) ( ) ( )N O g NaCl aq ClNO g NaNO aq         (R1) 

2 2 2( ) ( )Cl g NaNO s ClNO NaCl          (R2) 

 

During field deployments it is also important to perform frequent assessments of inlet 

transmission and potential artifact generation on sampling tube walls. This is typically done by 

adding a small flow of nitrogen carrying N2O5 to the tip of the sampling inlet using ambient air 

as dilution and monitoring the ClNO2 and Cl2 signals. Finally, the instrumental zero for N2O5, 

ClNO2, and Cl2 is determined by passing sampled air over a hot (200°C) stainless steel mesh 

prior to detection which catalytically destroys ClNO2. 

 

1.3 Measuring N2O5 Reactivity  

To assess the reactivity of N2O5 on different aerosol compositions, we use the CIMS and 

a cylindrical flow reactor that previously has been used for the first-ever direct measurements of 

N2O5 reactivity on ambient aerosol particles (Bertram et al., 2009a; Bertram et al., 2009b). 

Ambient air is sampled at 2 standard liters per minute (slpm) into a conical aluminum inlet either 

directly or first through a glass woven filter that removes ~99% of the aerosol surface area. The 

reaction of excess NO2 with ozone, produced from the photolysis of O2 in high purity air, serves 

as the N2O5 and NO3 source. A small flow of N2 containing the N2O5 and NO3 in a fixed ratio 

from the relatively constant source is then added to the ambient air stream. The main body of the 

flow reactor is a 15 cm inner diameter, 90 cm long stainless-steel tube which is coated with a 

halocarbon wax to suppress wall reactions. The dimensions and flow rate give a residence time 

(tres) of ~8 minutes. The flow reactor setup is shown in Figure 4. 
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The heterogeneous reaction rate of N2O5 on aerosol particles is determined by the 

product of two quantities, the collision frequency between N2O5 molecules and particle surface 

area in a volume of air and the probability that N2O5 reacts given a collision (γN2O5), as shown in 

Eq. 1. By monitoring the constant source of N2O5 and cycling between filter states, the reactive 

uptake coefficient for N2O5 can be directly retrieved. Under constant wall loss conditions, the 

relative changes in the N2O5 signal between the filter on/off states can be used to extract desired 

kinetic information such as the N2O5 reactive uptake coefficient. This technique has 

demonstrated a single-point precision of  0.01 for the reaction probability measurement at a 

particle surface area concentration of 100 m
2
m

-3
. In polluted regions, we have routinely 

sampled air with surface area concentrations approaching 300 m
2
 m

-3
 for which the precision 

improves to 0.003 (Bertram et al., 2009a).  

 

2 5 2 52 5
][ ]

4

N O N O SAd N O

dt

 
         (1) 

 

It is well known from nearly two decades of laboratory studies that γN2O5 is a strong 

function particle composition. Due to the highly complex and poorly constrained nature of 

particle composition, there are significant challenges for accurately incorporating N2O5 reactions 

into atmospheric chemical models. Regional air quality models and research-grade chemical-

transport models must therefore parameterize quantities like the N2O5-particle reaction 

probability and ClNO2 branching to facilitate rapid computations. For the most part these 

parameterizations are based on laboratory studies of N2O5 reactions on highly simplified aerosol 

compositions which have only recently begun to be tested with field observations (Bertram et al., 
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2009b; Brown et al., 2006), thus illustrating the need for supporting measurements on ambient 

aerosols.  

 

1.4 Box Model Analysis  

A number of the previously mentioned chemical processes can be addressed by using an 

observationally constrained 0-D time-dependent chemical box model. For example:  

 

1)  Are laboratory-derived parameterizations of the N2O5 reactivity and aerosol 

composition measurements capable of reproducing observed N2O5 reactivity? 

 

2)  Are ClNO2 yields from N2O5 reactions predicted by laboratory studies consistent 

with those inferred from in situ observations?  

 

A box model approach essentially treats the atmosphere as a static reactor that freely 

evolves over a predefined period of time. Initial model inputs are often a simplified set of 

chemical concentrations and conditions representative of the atmosphere at a particular time. 

Observations of NO, NO2, O3, VOC, aerosol surface area, particulate chloride content, relative 

humidity, and temperature taken during a particular event are used as fixed model constraints. 

More poorly constrained quantities such as reaction time, aerosol pH, the N2O5 reaction 

probability, and the ClNO2 yield can be used as adjustable parameters that are varied in order to 

bring the best possible agreement between model output and actual observations. Finally, rate 

equations corresponding to the production and loss of a chemical species, X, (see Eq. 2 for 
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example) are integrated using an ordinary differential equation (ODE) solver to determine the 

time-dependent concentrations (d[X]/dt) of all of the chemical species tracked in the model. 

 

[ ]
source reaction rates sink reaction rates

d X

dt
        (2)  
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Figure 1.1 Catalytic ozone production mechanism in the troposphere.  
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Figure 1.2 Summary of nocturnal NOx reactions and potential for halogen atom generation with 

sunrise.   
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Figure 1.3 Schematic of the chemical ionization mass spectrometer (CIMS) used to measure 

N2O5, ClNO2, and other relevant atmospheric chemical species. 
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Figure 1.4 Illustration of the flow reactor setup used to obtain in situ measurements of the N2O5-

aerosol reaction probability.  
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Chapter 2 

 

 

Observationally Constrained Estimates of Nitryl Chloride Production on 

Regional and Global Scales  

 

2.1 Introduction 

During the nighttime, in the presence of ozone, NOx is converted into the nitrate radical, 

NO3, and dinitrogen pentoxide, N2O5, through reactions R1 – R3. Heterogeneous reactions of 

N2O5 with chloride containing mixtures have been shown to produce nitryl chloride, ClNO2, with 

high yields, and recently this process has been shown to occur in ambient air on chloride 

containing aerosols (reaction R4) (Finlayson-Pitts et al., 1989; Osthoff et al., 2008). The 

importance of the ClNO2 formation channel is multifold. In the absence of ClNO2 production, 

N2O5 reactions produce exclusively HNO3 via reaction R5, which, due to the efficient deposition 

to surfaces and scavenging by precipitation of HNO3, is a terminal sink for NOx, and its 

formation therefore acts to decrease the atmosphere’s oxidizing capacity. ClNO2, on the other 

hand, is largely unreactive during the night and is quantitatively photolyzed during the first few 

hours of the morning, recycling NO2 and liberating atomic chlorine (reaction R6). Atomic 

chlorine is a powerful oxidant, often having reaction rate constants with tropospheric organic 

species that are orders of magnitude larger than that of the hydroxyl radical, OH. Thus, the 

production of ClNO2 potentially reduces the efficiency of NOx removal by N2O5 reactions to 

form HNO3 while simultaneously introducing a strong morning oxidant source (Osthoff et al., 

2008). Additionally, it has been shown that ClNO2 may react on acidic chloride-containing 

aerosol to form Cl2 which also photolyzes during the daytime to liberate Cl-atoms (Roberts et al., 
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2008). Such a pathway would potentially increase the morning oxidant source from nighttime 

NOx chemistry.  

 

3 2 2NO O NO O             (R1) 

2 3 3 2NO O NO O            (R2) 

3 2 2 5NO NO M N O M


           (R3) 

2 5 2 3( ) ( )N O Cl aq ClNO NO aq           (R4)  

2 5 2 3( ) 2N O H O l HNO           (R5) 

2 2ClNO hv Cl NO            (R6) 

 

The dominant global source of chloride is wind and wave generated sea spray (Graedel 

and Keene, 1995). It has thus long been expected that ClNO2 production would only occur in 

polluted coastal or marine air (Finlayson-Pitts et al., 1989; Knipping and Dabdub, 2003), but 

through the use of long term chemical measurement databases and aerosol thermodynamic 

models described below, we show that this chemistry is likely widespread as suggested by recent 

field measurements of ClNO2 in Boulder, CO (Thornton et al., 2010). 

 

2.2 Particle Phase ClNO2 Formation Mechanism  

In the currently accepted mechanism for N2O5 reactions on aqueous solutions (R7 – R10), 

the instantaneous branching between HNO3 formation (R10) and ClNO2 production (R9) is 

determined by the competition between liquid water, H2O, and chloride for the electron deficient 

intermediate presumed to be similar to solvated NO2
+
 (shown as H2ONO2

+
). Based on this 
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mechanism and laboratory measurements of the branching between R9 and R10, the 

instantaneous ClNO2 yield (
2ClNO ) can be estimated by Eq. 1 shown below. Laboratory studies 

infer that the ratio of the reaction rate constants of R10 and R9 (kR10/kR9) to be 1/450 – 1/890 

(Behnke et al., 1997; Roberts et al., 2009). Herein, we use the more recent 1/450 which leads to 

lower ClNO2 yields for the same [H2O]/[Cl
-
] than the previous estimate. Calculating ClNO2 thus 

requires knowledge of the particle liquid water content, which is a function of the ambient 

relative humidity (RH) and particle composition, and the particulate chloride concentration. 

Assuming the chloride mass fraction is constant across the particle surface area distribution 

simplifies the calculation in that only the mole ratio of H2O to Cl
- 
is needed. Below we describe 

how ClNO2 can be estimated under this simplifying assumption using a thermodynamic model, 

RH, and aerosol composition.  

 

2 5 2 5( ) ( )N O g N O aq          (R7) 

2 5 2 2 2 3( ) ( )N O aq H O H ONO aq NO          (R8) 

9

2 2 2 2( ) ( ) Rk
H ONO aq Cl aq ClNO H O          (R9) 

10

2 2 2 3 3( ) Rk
H ONO aq H O HNO H O           (R10) 

 

2

2 2

2 22 2 2 2 2

[ ][ ] 1 1

[ ] [ ][ ][ ] [ ][ ]
11

450[ ][ ]

c
ClNO

dc d

c

k H ONO Cl

k H O H Ok H ONO Cl k H ONO H O

Clk Cl


 

  



 




  (1) 
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2.3 Aerosol Thermodynamic Modeling 

As stated above estimates of particle water content, [H2O], are needed in order to 

estimate the expected ClNO2 yield. Aerosol particles can exist as solid particles, metastable 

solutions free of solids, or as aqueous mixtures depending on the composition and humidity 

history experienced by the particles. However, the phase state (i.e. solid or liquid) of ambient 

atmospheric aerosols remains uncertain (Martin, 2000). Here we assume, as is conventional in 

many atmospheric models, that the aerosol particles are metastable solutions, and the 

precipitation of commonly formed solids is suppressed for all of the following thermodynamic 

calculations. We use the online thermodynamic equilibrium Aerosol Inorganics Model (AIM - 

http://www.aim.env.uea.ac.uk/aim/aim.php) to calculate the particulate water content based on 

the RH and measured aerosol inorganic composition (Wexler and Clegg, 2002). The model 

output also allows us to infer additional aerosol parameters such as pH and to assess the 

equilibrium partitioning between aerosol chloride and gas phase HCl for the given aerosol 

composition and meteorological conditions.  

The AIM model is used to explore ClNO2 across a range of RH and chloride mass 

loadings. The AIM model provides a calculated aerosol water content given relative humidity 

(RH) and aerosol composition as inputs. For these calculations, we chose ammonium sulfate as 

the dominant particle component which is broadly consistent with inorganic particle composition 

observations made worldwide (Zhang et al., 2007). No significant differences were found in 

terms of the ClNO2 yield if a different aerosol substrate like ammonium nitrate was used. The 

particle chloride dry mass mole fraction is varied from <1x10
-5

 to 0.25 while keeping the RH 

constant in order to assess the dependence of ClNO2 on aerosol chloride content. NH4
+
 was 

increased with Cl
-
 in order to maintain overall charge balance. As stated above all potential solid 
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precipitates were suppressed, and finally ClNO2 was then calculated for each Cl
-
 value based on 

the particle water content reported by AIM and Eq. 1. The same procedure was repeated for 

different RH, ranging from 30% to 90%.  

In order to facilitate rapid, online calculation of ClNO2, for use in box modeling and 

calculations involving large datasets where discrete AIM model runs would be prohibitively 

difficult, we parameterize ClNO2 to be a function of RH and the particulate chloride dry mass 

fraction (
Cl

MF  ) as shown in Eq. 2 which is of the same form as the original yield expression 

given in Eq. 1.  

   

2

1

1

ClNO

fit

Cl

Y

MF






 

   
 

          (2) 

n

fit nY a RH           (3) 

 

 

fitY is a polynomial fit which incorporates the AIM predicted particle water content as a function 

of RH and the ratio of the two rate constants, kc and kd in reactions R9 and R10. Yfit, as shown in 

Eq. 3, is obtained by fitting individual ClNO2 vs. 
Cl

MF  curves obtained for different RH values to 

Eq. 2. A different fitting parameter is obtained for each RH, and the resulting RH-dependent 

parameters can then be fit to Eq. 3. The results of these estimates are shown in Figure 1 which 

shows ClNO2 vs. 
Cl

MF  curve over a range of different RH.  

The major assumptions when employing this parameterization are that, (1) the aerosol 

particles are aqueous solution droplets with the hygroscopicity of ammonium sulfate, and (2) the 
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particle chloride mass fraction is constant across the surface-area distribution of the particle 

population. We expect the first assumption leads to underestimates of ClNO2, while the second 

assumption leads to overestimates of ClNO2. Field measurements tend to show that the water 

content of ambient particles in the polluted boundary layer increases with RH, but usually not 

substantially more than pure ammonium sulfate particles between RH 30 – 90%; while particle 

phase remains highly uncertain (Dick et al., 2000; Martin, 2000). Thus, if particles are less 

hygroscopic than ammonium sulfate or are crystalline solids, we overestimate liquid water 

content, which in turn causes an underestimate of the competition of reaction R9 with R10 (i.e. 

ClNO2 formation) (Finlayson-Pitts et al., 1989; Thornton and Abbatt, 2005). It should also be 

noted that recent experiments show that ClNO2 is produced from surface reactions of N2O5 with 

HCl (Raff et al., 2009). Our assumption of constant chloride mass fraction across the size 

distribution likely overestimates ClNO2 on a population average, because if the chloride is 

confined to a small fraction of the surface area, then only a small fraction of N2O5 reactions will 

result in ClNO2 production. There is too little data on this question at present to allow a more 

refined approach to calculating ClNO2 from large datasets of particulate chloride observations. 

Thus, we rely on observations taken in Boulder, CO, described below as well as those made in 

the Long Island Sound and the Gulf of Mexico to provide additional constraints on the amount of 

ClNO2 that can be formed (Kercher et al., 2009; Osthoff et al., 2008). 

 

2.4 Estimating Continental ClNO2 Production 

The ClNO2 production rate, PClNO2, can be determined as the product of the yield, ClNO2, 

and the gross N2O5 reaction rate which, assuming NOx is in steady state (loss rates ≈ source 

rates) (Brown et al., 2003), we define as the product of the fraction of NOx oxidized at night by 



21 
 

N2O5 reactions on aerosol particles, fN2O5, and the NOx emission rate, ENOx. Eq. 4 illustrates this 

approach.  

 

2 2 5 2ClNO NOx N O ClNOP E f           (4) 

 

2.4.1 Continental NOx Emission Rates 

As stated above, assuming NOx is in steady-state, the local mass flux of NOx through 

N2O5 heterogeneous chemistry can be determined by the product of the NOx emission rate and 

the fraction of the NOx loss rate caused by N2O5 chemistry. Annual NOx emissions (ENOx) with 

1° x 1° resolution were obtained from the Emission Database for Global Atmospheric Research 

(EDGAR - http://edgar.jrc.ec.europa.eu). The continental United States NOx emissions (ENOx) 

were reflective of the year 2000 and reported in kg NO2 per year as shown in Figure 2, which we 

converted to moles of nitrogen per year. For seasonal calculations, we simply divide the annual 

values from the EDGAR database by 4. The seasonal cycle in total U.S. NOx emissions is small, 

but a more refined approach could adjust for seasonal variations at the regional scale (Jaegle et 

al., 2005).  

 

2.4.2 Fraction of NOx reacted as N2O5 

The fraction of NOx oxidized to nitrate by N2O5 chemistry (fN2O5) is illustrated in Eq. 5 

and represents the nitrate formed by nighttime reactions of N2O5 on aerosols (numerator) relative 

to all other nitrate producing reactions of NOx (denominator). This parameter was obtained from 

the 0 – 2 km altitude output of a GEOS-Chem chemical transport model run for the year 2005 

and projected onto a 1° x 1° grid (Alexander et al., 2009). The model uses a recent N2O5-aerosol 
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reaction probability parameterization which includes different reaction probabilities for different 

particle types and RH and temperature dependences based on available experimental data (Evans 

and Jacob, 2005). Seasonal values of fN2O5, which range from 0 to 1, are shown in Figure 3. 

Significant seasonal cycles in OH production, temperature, and RH lead to strong seasonality in 

the predicted fN2O5. Maximum values are during the winter months, when the lower temperatures 

push the N2O5/NO3 equilibrium toward N2O5 and reduce the importance of NO3 reactions with 

biogenic hydrocarbons, and in the Northeastern United States in areas of high NOx emissions. 

The annual mean fN2O5 averaged over the continental U.S. is 0.38.  

 

2 5

2 5

2 5
3 2

2 [ ]

4
2 [ ]

[ ][ ] [ ][ ] ...
4

N O

SA N O

f
SA N O

k NO VOC k OH NO

 

 


  

     (5) 

 

2.4.3 Continental ClNO2 yield estimates 

A combination of aerosol and precipitation composition data from the long term 

(continuous measurements over the past 10 years) networks is used to estimate the fraction of 

N2O5 reactions that lead to ClNO2, i.e. ClNO2. The goal is to provide estimates of ClNO2 that are 

consistent with all available ClNO2 observations and that faithfully reconstruct the likely spatial 

variation in the availability of chloride, i.e. increasing with proximity to coastal regions. We use 

a combination of IMPROVE network (http://vista.cira.colostate.edu/improve/) measurements of 

the fine mode chloride mass fraction and our parameterization of the ClNO2 yield (Eq. 2) 

together with the wet deposition data of chloride and nitrate provided by the National 

Atmospheric Deposition Program (NADP - http://nadp.sws.uiuc.edu/) (Malm et al., 1994; 
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NADP, 2010). From each of these two data sets, we created gridded fields of ClNO2 

approximations.  

The ClNO2 yield estimates for the U.S. were based, in part, on aerosol chloride data from 

the Interagency Monitoring of PROtected Visual Environments (IMPROVE) (Malm et al., 

1994). A map of the distribution of IMPROVE sites across the continental United State is shown 

in Figure 4. Dry, fine mode total and chloride mass concentrations (g/m
3
), reported as a 24-hour 

average every three days for each IMPROVE site, were used from the period covering January 

2001 to December 2008. This period was chosen because the data is relatively recent, and there 

is a noticeable improvement in particulate chloride detection limits occurring in data reported 

after 2000. That said, negative chloride values still exist in the data set in certain regions, 

especially between 2001 and 2003. We treat these values as arising from statistical fluctuations 

about a measurement of zero, and thus include them in the averaging. The median chloride mass 

fraction values for each site over the 7-year period were assumed to represent the typical annual 

or seasonal average and were gridded to 1° x 1° over the contiguous United States. Standard 

deviations were on the order of the medians indicating high inter-annual variability. The 

differences between using means or medians were negligible.  

We input the IMPROVE fine-mode chloride mass fraction data into Eq. 2, assuming 80% 

RH in every grid cell to produce 
2

IMP

ClNO . The higher RH is meant to produce accurate yields near 

the coast where there is sufficient chloride. We take this quantity as the average instantaneous 

branching between reactions R9 and R10. Use of 
2

IMP

ClNO  alone in equation E1, without 

adjustments to match yields inferred from observations would imply that ClNO2 production is 

only limited by the competition between R9 and R10 and NOx abundance, and not by chloride 

availability either in total or in terms of its distribution across the particle size distribution. 
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Hence, estimates based on IMPROVE data alone and the above equations significantly over 

predict the yields for mid-continent grid cells, likely due to these limitations. Thus, we use the 

NADP precipitation composition data described below to place a limit on the total amount of 

soluble chloride that could be activated by nighttime N2O5 chemistry.  

Relatively recent NADP data was chosen in order for estimates to more accurately 

represent current conditions and to avoid using data prior to the implementation of improved 

sampling designs that minimize ion artifacts (NADP, 2010). NADP reports total wet deposition 

of nitrate and chloride in kg/ha for each site on a seasonal basis. The distribution of NAPD sites 

across the United States is shown in Figure 5. Assuming that essentially all NOx emissions are 

converted to HNO3 or particulate NO3
-
 and deposited by either dry or wet deposition, and that all 

inorganic chlorine (HCl + particulate) is similarly lost to deposition, then the ratio of chloride to 

nitrate measured in precipitation should equal the ratio of these species in the atmospheric 

column from which they precipitated. The fraction of the nitrate attributable to nighttime 

oxidation of NOx through N2O5 for each site location can be calculated by scaling the measured 

nitrate by the appropriate fN2O5. We then derive an estimate of the chloride availability for ClNO2 

production, 
2

NADP

ClNO , from the mole ratio of chloride to nitrate measured contemporaneously in 

precipitation as shown in Eq. 6.  

 

2

2 5 3

NADP Cl
ClNO

N O NO

mol

f mol






           (6) 

 

The  values carry the seasonal dependence in fN2O5 (see below), in addition to any seasonal 

dependence in the deposition patterns, and represents an upper-limit to the potential ClNO2 yield 

2

NADP

ClNO
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as we assume that all chloride in precipitation is in a form that can be activated to ClNO2 by 

N2O5.  

The seasonal mean  of each site was taken as representative for that site. Standard 

deviations were typically about half of the mean. However, sites near the coast, or near large 

NOx emissions, did exhibit standard deviations slightly larger than the mean values. Thus, we 

expect significant year-to-year variability in chloride availability. The resulting site-specific 

 values were then gridded to 1° x 1° over the contiguous United States. 

For use in Eq. 4 estimate, we then created 
2ClNO  fields, where, for each grid cell, we used 

the lesser of the two quantities, 
2

IMP

ClNO  or . For comparison, in Figure 6, we show the annual 

mean fields of 
2

IMP

ClNO  and . We infer from this figure that the central and north-central U.S. 

exhibits high chloride mass fractions, but low total chloride relative to the fraction of NOx that 

reacts as N2O5. Seasonal fields of ClNO2 from the melding of 
2

IMP

ClNO and  are shown in 

Figure 7.  

 

2.4.4 Seasonal and Annual ClNO2 Production 

Finally, we estimate seasonal and annual nitryl chloride production over the contiguous 

United States using Eq. 4. Summing over all 1° x 1° grid cells and over all seasons we estimate 

an annual total PClNO2 of 3.6 Tg Cl yr
-1

. In Figure 8 we show the seasonal components of PClNO2. 

The corresponding values of these seasonal estimate, i.e. the spatial integral of the fields shown 

in Figure 7, are 1.35, 0.89, 0.45, 0.89 Tg Cl, for winter, spring, summer, and fall, respectively. 

 

 

2

NADP

ClNO

2

NADP

ClNO

2

NADP

ClNO

2

NADP

ClNO

2

NADP

ClNO



26 
 

2.5 Observational Support and Conclusions 

During a February 2009 field study (Activation of Continental Chloride by Reactive 

Oxides of Nitrogen in winterIMe – ACCRONIM) that took place in Boulder, CO, ClNO2 was 

routinely measured with mixing ratios in excess of 100 pttv when the Denver-Boulder urban 

plume was sampled. Shown in Figure 9 with N2O5, these observations represented the first 

observations of ClNO2 well removed from coastal areas and support the PClNO2 estimates 

described above where significant ClNO2 production was predicted to occur inland of coastal 

regions. While our estimates likely represent an upper-limit to PClNO2 as we implicitly assume 

that all available chloride can be activated to ClNO2 by N2O5, we also can’t rule out that the 

actual value may be close to this limit, particularly in mid-continent regions, where chloride is 

probably a limiting reagent, as evidenced by the good agreement between the our estimates and 

measurements in Boulder, CO.  

The 3.6 Tg Cl yr
-1

 estimate of ClNO2 production over the United States is on the order of 

other global estimates and represents about 20% of the U.S. NOx emissions proceeding through 

the N2O5/ClNO2 reaction pathway (Erickson et al., 1999; Osthoff et al., 2008). Given global NOx 

emissions reported by the EDGAR database and assuming a similar NOx to ClNO2 conversion 

percentage, we can extend our ClNO2 production estimate to obtain a global estimate of ClNO2 

production. This approach produces a global estimate of 22 Tg Cl yr
-1

 from ClNO2. This estimate 

would represent a significant and potentially unaccounted fraction of the total global chlorine 

atom budget of 35 Tg Cl yr
-1

 estimated from methane isotope data (Platt et al., 2004).  

More support for the ubiquity of ClNO2 formation can be found in reported aerosol 

chloride content as measured by an Aerosol Mass Spectrometer (AMS) at a number of different 

measurement sites worldwide and shown in Figure 10 (Zhang et al., 2007). The chloride mass 
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fractions reported from these studies are of similar magnitude to those reported for the 

ACCRONIM field study (also shown in Figure 10), illustrating the potential significance of this 

chemistry on a global scale.    
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Figure 1 Predicted ClNO2 yield vs. particulate chloride mass fraction from aerosol 

thermodynamic modeling. The grey area corresponds to effects from varying relative humidities.  
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Figure 2 Annual U.S. NOx emissions as reported by the EDGAR database for the year 2000. 
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Figure 3 Seasonal fraction of nitrate attributed to N2O5 reactions as predicted by the GEOS-

Chem global chemical transport model for a) winter: DJF b) spring: MAM c) summer: JJA d) 

fall: SON. 
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Figure 4 IMPROVE network site locations.  
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Figure 5 NADP site locations. 
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Figure 6 a) Estimated annual branching between reactions R9 and R10 from the IMPROVE 

network fine mode chloride mass fraction. b) Chloride availability relative to nitrate measured in 

precipitation by the NADP. Note the color scales are different for the two panels.  
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Figure 7 Seasonal ClNO2 yields estimated from IMPROVE network and NADP data for a) 

winter: DJF b) spring: MAM c) summer: JJA d) fall: SON. 

 

  

  

 120 W  110 W  100 W   90 W   80 W   70 W 

 30 N 

 35 N 

 40 N 

 45 N 

0 0.2 0.4 0.6 0.8 1

 120 W  110 W  100 W   90 W   80 W   70 W 

 30 N 

 35 N 

 40 N 

 45 N 

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1

 120 W  110 W  100 W   90 W   80 W   70 W 

 30 N 

 35 N 

 40 N 

 45 N 

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1

 120 W  110 W  100 W   90 W   80 W   70 W 

 30 N 

 35 N 

 40 N 

 45 N 

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1

a)

c) d)

b)



37 
 

 
Figure 8 Seasonal ClNO2 production rates over the continental U.S. for a) winter: DJF b) spring: 

MAM c) summer: JJA d) fall: SON. Note the color scale is logarithmic with a minimum value of 

10
6
 g Cl/season and a maximum value of 10

10.5
 g Cl/season. 
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Figure 9 Observations of ambient ClNO2 and N2O5 mixing ratios from the ACCRONIM study in 

Boulder, CO. 
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Figure 10 Non-refractory aerosol chloride mass fraction data from Zhang, et al., 2007 and from 

the ACCRONIM study in Boulder, CO. 
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Chapter 3 

 

 

Direct N2O5 Reactivity Measurements at a Polluted Coastal Site 

 

3.1 Introduction 

Nitrogen oxides (NOx ≡ NO + NO2) influence air quality and climate by regulating 

tropospheric ozone (O3) production and hydroxyl radical (OH) abundances which in turn affect 

aerosol mass formation and the lifetime of the greenhouse gases such as methane (Jacob, 2000; 

Logan et al., 1981; Shindell et al., 2009). NOx is present largely through emissions from 

anthropogenic activities such as motor vehicle use, industrial processes, agriculture, and power 

generation. These emissions have steadily increased since pre-industrial times and are expected 

to continue increasing globally (Ohara et al., 2007; Yienger, 1999).  

Understanding NOx removal pathways is crucial to accurately assessing its impacts. In 

the troposphere, conversion of NOx to HNO3 is the dominant removal process due to the efficient 

wet and dry deposition of HNO3. During the daytime, NOx is converted to HNO3 by OH. At 

night in the presence of ozone, NOx is converted into the nitrate radical, NO3, by reaction of NO2 

with O3. The nitrate radical can react with a variety of different volatile organic compounds 

(VOC) or again with NO2 to form dinitrogen pentoxide, N2O5, which can react on aerosol 

particles. Nocturnal reactions of NO3 and N2O5 to terminal products such as alkyl nitrates and 

nitric acid are thought to account for 20 - 80% of NOx removal in polluted regions (Alexander et 

al., 2009; Brown et al., 2004; Dentener and Crutzen, 1993). These previous studies have assumed 

that N2O5 reactions on particles proceed solely via a hydrolysis channel to form two HNO3 

molecules. Laboratory studies and recent field work has shown that N2O5 reactions on chloride 
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containing aerosol particles can efficiently proceed through a second channel to form nitryl 

chloride, ClNO2, in both continental and marine locations (Behnke et al., 1997; Finlayson-Pitts et 

al., 1989; Osthoff et al., 2008; Roberts et al., 2009; Thornton et al., 2010). ClNO2 is a photolabile 

compound that releases atomic chlorine and NOx upon photolysis, its formation thereby 

decreases nocturnal NOx losses due to HNO3 formation while liberating a strong oxidant. The 

importance of this second channel has implications for both the reactive halogen budget and the 

efficiency of photochemical ozone production. Moreover, there remains significant uncertainty 

in the efficiency of N2O5 reactions on atmospheric particles. 

The heterogeneous reaction rate of N2O5 on aerosol particles is calculated from the 

product of two quantities, the collision frequency between N2O5 molecules with particle surface 

area in a volume of air and the probability that N2O5 reacts given a collision, (N2O5), also called 

the reactive uptake coefficient. This relationship is shown in Eq. 1 where ω is the average 

molecular speed of an N2O5 molecule (m sec
-1

) and SA is the surface area concentration of 

aerosol particles (m
2
m

-3
).  

 

2 5 2 5 2 5[ ] ( )[ ]

4

d N O N O N O SA

dt

 
          (1) 

 

Eq. 1 neglects any limitations resulting from gas-phase diffusion to the particle surfaces which 

are likely negligible under our measurement conditions ((N2O5)<0.05 and rp<2µm). (N2O5) 

represents the net result of multiphase chemistry that is a complex function of various particle 

properties including chemical composition, liquid water content, particle phase state (solid vs. 

liquid), mixing state, morphology of particle constituents across the size distribution, and pH. 

Routine, quantitative measurements of the aforementioned particle properties in ambient air are 
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rare at best, and the fundamental dependence of (N2O5) on some of these properties, in 

particular organic composition and mixing state is lacking. Therefore, our understanding of the 

absolute and relative rates of N2O5 reaction channels in ambient particles remains poor. These 

issues also pose significant challenges for accurately incorporating these processes in 

atmospheric chemical models. Models must parameterize the reaction probability based on 

laboratory studies that use highly idealized particle compositions, and then also make 

assumptions about the mixing state of atmospheric particles.  

Laboratory studies have shown that (N2O5) can span several orders of magnitude 

depending upon particle composition and phase state (Hallquist et al., 2003; Hu and Abbatt, 

1997; Kane et al., 2001; McNeill et al., 2006; Mozurkewich and Calvert, 1988; Robinson et al., 

1997). Particulate water, chloride, nitrate, and organic particle coatings can all have effects on 

the N2O5 reaction probability (Bertram and Thornton, 2009; Bertram et al., 2009b; Cosman and 

Bertram, 2008; Folkers et al., 2003; Mentel et al., 1999; Park et al., 2007; Thornton et al., 2003; 

Thornton and Abbatt, 2005; Wahner et al., 1998). These findings have led to the development of 

a working mechanism, Reactions R1-R4.  

 

2 5 2 5( ) ( )N O g N O aq          (R1)

2 5 2 2 2 3( ) ( ) ( ) ( )N O aq H O l H ONO aq NO aq          (R2a) 

2 2 3 2 5 2( ) ( ) ( ) ( )H ONO aq NO aq N O aq H O l          (R2b) 

2 2 2 3 3( ) ( ) ( ) ( )H ONO aq H O l H O aq HNO aq         (R3)

2 2 2 2( ) ( ) ( ) ( )H ONO aq Cl aq ClNO aq H O l          (R4) 
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Increases in particulate liquid water enhance (N2O5), ultimately up to a value limited by 

Reaction R1, by increasing the rates of solvation and hydrolysis reactions of accommodated 

N2O5 molecules (R2 and R3) (Bertram and Thornton, 2009; Thornton et al., 2003). The presence 

of particulate nitrate hinders N2O5 uptake, commonly called the “nitrate effect”, presumably by 

forcing the solvated N2O5 intermediate back to reactants (R2b) (Wahner et al., 1998). The 

presence of particulate chloride provides an additional reaction channel for the solvated N2O5 

intermediate (R4) (Behnke et al., 1997; Finlayson-Pitts et al., 1989; Roberts et al., 2009). This 

additional nucleophile can change the product distributions and increase the rate of N2O5 uptake 

in particles by overcoming the nitrate effect (Bertram and Thornton, 2009). That is, there is a 

connection, in terms of particle chloride content, between (N2O5) and the branching ratio that 

predicts the ClNO2 produced per reaction of N2O5 on aerosol particles (ϕ). 

 

4
2

3 4

( ) R

R R

Rate
ClNO

Rate Rate
 


         (2) 

 

The presence of organic compounds and their effect on the reaction probability remain a 

particular challenge to assess. Surface active organics and organic coatings generally appear to 

lower (N2O5) (Cosman et al., 2008; Folkers et al., 2003; McNeill et al., 2006; Park et al., 2007; 

Thornton and Abbatt, 2005).  

Parameterizations of (N2O5) as a function of particle composition, based on the above 

laboratory findings, have only recently begun to be tested with field observations, a step that is 

ultimately necessary for accurate representation of nocturnal NOx processes in large-scale 

chemical transport models (Bertram and Thornton, 2009; Brown et al., 2009). Bertram et al. 

(2009b) using the same direct reactivity approach described here, illustrated that (N2O5) 
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depended strongly on particulate organic matter loading during a stagnation event in which SOA 

mass increased substantially relative to inorganic components. The (N2O5) decreased with 

increasing particulate organic mass fraction, which would be inconsistent with a purely 

hygroscopic organic aerosol.  

 Brown et al. (2006) used observations of NO2, O3, NO3 and N2O5 to determine the steady 

state lifetime of N2O5 from which they estimated (N2O5). In that study, and more recently, they 

demonstrated high spatial variability in (N2O5), but a specific cause or causes in the variability 

were not clear from the available data (Brown et al., 2006; Brown et al., 2009).  

We used the direct reactivity approach described in Bertram et al. (2009a) to make in situ 

measurements of the N2O5 reactivity on ambient aerosol particles over the course of two and a 

half weeks in a polluted coastal environment (La Jolla, CA, USA). These data represent the first 

such measurements in a coastal region. This region routinely receives fresh and aged sea spray as 

well as particles associated with urban pollution, and therefore provides a broad range of particle 

types over which to study the response of (N2O5). Using aerosol composition and 

meteorological measurements, we illustrate a strong influence of particulate nitrate on the 

observed (N2O5) over the course of the study that is quantitatively consistent with that expected 

from laboratory studies. Other mechanisms of suppression are also apparent, but remain to be 

conclusively identified.  

 

3.2 Site Description and Methods 

Measurements of N2O5 reactivity and other variables were made continuously from 

September 11-28, 2009, at the Scripps Pier (32.867°, -117.257°) located on the Scripps 

Institution of Oceanography on the UC San Diego campus in La Jolla, CA. Supporting 
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measurements included size-resolved non-refractory aerosol composition from an Aerosol Mass 

Spectrometer (AMS), aerosol size distributions, NOx, O3, and meteorological measurements such 

as temperature, relative humidity, pressure, wind speed and direction.  

Ambient temperature (T), relative humidity (RH), and wind speed and direction 

measurements were obtained from an existing weather station operated by SIO (archived data 

can be found at http://meteora.ucsd.edu/wx_pages/scripps.html). RH governs particle water 

content as well as the reaction efficiency of N2O5 on the flow reactor walls and is thus an 

important variable both in ambient air and within the flow reactor. We determined the RH within 

the flow reactor from the ambient RH and T by assuming constant water vapor mixing ratio 

between ambient air and the air sampled into the flow reactor. A high time resolution 

temperature measurement taken in the instrument trailer adjacent to the flow reactor apparatus 

was used with ambient RH and T to calculate a flow reactor RH. The ambient and flow reactor 

RH are shown in Figure 1a for the entirety of the study. Characteristic of a coastal setting, 

ambient RH was typically about 70% with little diurnal cycle except for a few days during which 

continental flow dominated bringing low RH. Due to persistently warmer conditions within the 

trailer compared to ambient air, RH within the flow reactor was consistently lower than that 

outside. This condition suggests a possible biasing of γ(N2O5) low relative to its actual value in 

ambient air, though most recent laboratory studies illustrate only a weak γ(N2O5) dependence on 

RH for aqueous solution particles at RH > 50% (Davis et al., 2008; Folkers et al., 2003; 

Thornton et al., 2003).  

As illustrated in Figure 1b, a range of air mass source regions were sampled during the 

campaign. The wind rose represents only wind direction and speeds for the periods between 9:00 

PM – 6:30 AM local time, when the bulk of the N2O5 reactivity measurements were obtained, so 

http://meteora.ucsd.edu/wx_pages/scripps.html
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it is a subsample of all conditions experienced during the campaign. Nonetheless, clean marine 

air, marine air mixed with coastal urban pollution, and continental air were sampled during the 

campaign providing a variety of particle types and histories which are described in detail 

elsewhere (Liu et al., 2011).  

Number size distributions were measured from 0.01 – 0.6 µm at ambient RH with a 

Scanning Mobility Particle Sizer (SMPS) (TSI Inc. 3010 CPC & TSI Inc. 3081 DMA) and from 

0.6 – 20 µm at 15-30% RH using an Aerodynamic Particle Sizer (APS) (TSI Inc. 3321). 

Aerosols sampled into the SMPS were drawn through a short length of insulated tubing to 

maintain the RH at near ambient levels. These distributions were then converted to surface area 

concentrations (SA). The SMPS derived surface areas were not corrected for the lower RH in the 

flow reactor compared to ambient, and therefore represent an overestimate of the SA in this size 

range contributing to observed N2O5 reactivity. This overestimate would lead to γ(N2O5) 

observations that are biased low depending on the actual hygroscopic growth factor of these 

particles. Assuming the particles are pure ammonium sulfate, our reported γ(N2O5) values may 

be biased low by at most 50%. The sampling configuration of the inlet and the reactivity 

apparatus (described below) was such that large particles were unlikely to efficiently transit to 

the flow reactor due to inertial impaction. Using the APS measured surface area distribution, 

scaled by a pure ammonium sulfate hygroscopic growth factor, we estimate that on average, 

approximately 60% of the supermicron surface area is lost in transit to the flow reactor (Baron 

and Willeke, 2001). Much of the supermicron surface area is lost when sampling at 2 slpm 

through the 90 degree tee from the 14 slpm flow which results in a d50 ~2.5 µm. Moreover, 

during actual γ(N2O5) measurements, the fraction of the scaled APS surface area estimated to 

reach the flow reactor was found to be on the order of 13% (±10%) of the SMPS reported surface 
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area. Therefore, we neglected it in the analyses performed here, leading to population average 

γ(N2O5) that are possibly biased slightly high as a result. Neglecting this may also induce some 

variability in the agreement between observations and predictions due to a varying contribution 

of the supermicron particles to N2O5 reactivity. The focus here is on the submicron particle 

contribution to N2O5 reactivity.  

Non-refractory size-resolved particle composition over the size range of 0.01 – 1 µm was 

measured using an Aerodyne quadrupole aerosol mass spectrometer (AMS). The AMS co-

sampled from the same inlet as the N2O5 reactivity apparatus described below. Mass 

concentrations of organics, sulfate, ammonium, nitrate, and chloride were obtained at five minute 

time resolution. In addition, post-campaign positive matrix factorization (PMF) analysis 

separated the organic mass concentration into three factors: oxidized (aged combustion and 

biogenic SOA), biomass burning, and marine organic aerosol; OOA, BBOA, and MOA, 

respectively (Liu et al., 2011). These factors illustrate the variety of air masses sampled during 

the study period. Collectively we refer to the organic species as particulate organic mass (POM). 

These aerosol composition measurements and a recently developed N2O5 reaction probability 

parameterization were used to derive predictions of the N2O5 reaction probability for comparison 

with measurements. The parameterization estimates the reaction probability given the aerosol 

nitrate, chloride, and liquid water content (Bertram and Thornton, 2009). The latter were 

obtained using an online aerosol thermodynamic equilibrium model (AIM) (Wexler and Clegg, 

2002) with the measured non-refractory ammonium, sulfate, nitrate, and chloride mass loadings, 

and flow reactor RH as inputs. Non-refractory chloride does not include chloride from sea salt, 

which is not quantitatively measured by the AMS. Organic species were assumed to not 

contribute to the overall particle water content and were not included in the aerosol modeling. 



49 
 

This assumption is appropriate if organics are indeed hydrophobic and do not inhibit water 

uptake. Over the course of this study, there was significant alkane character to the organic mass 

which would support the assumption that organic species were hydrophobic (Liu et al., 2011), 

but we do not have direct knowledge of the particle hygroscopicity. We also used the AMS size-

resolved particle composition to calculate surface area weighted N2O5 reaction probabilities. The 

net result was not substantially different to the simpler approach using the bulk mass 

composition, which we report here. 

N2O5 reactivity was measured using a similar version of the flow reactor apparatus 

described previously (Bertram et al. 2009). Briefly, ambient air was sampled from 4 m above the 

pier (15 m above sea level) at 14 standard liters per minute (slpm) through a 6 mm inner 

diameter (ID) stainless steel tube. 2 slpm was drawn through a 90° tee from the main 14 slpm 

flow and sent through a 1 meter long, 6 mm ID stainless steel tube to the flow reactor. Air then 

passed into a conical aluminum entrance to the flow reactor, either directly or first through a 

glass woven filter that removed ~99% of the aerosol surface area. The reaction of excess NO2 

with ozone, produced from the photolysis of O2 in high purity air, served as the N2O5 source. A 

40 standard cubic centimeters per minute (sccm) flow of N2 containing the N2O5 from the 

relatively constant (± 2%) source was then added to the ambient air stream. The main body of the 

flow reactor is a 15 cm inner diameter, 90 cm long stainless-steel tube which was coated with a 

halocarbon wax to suppress wall reactions. The dimensions and flow rate gave a residence time 

(tres) of ~8 minutes. N2O5 eluting from the flow reactor was monitored using an iodide ion (I
-
) 

chemical ionization mass spectrometer (CIMS) described previously (Kercher et al., 2009). 

By monitoring the N2O5 source output with the CIMS and periodically filtering out 

aerosol particles, the N2O5-particle reaction probability was retrieved by the so-called particle 
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modulation technique. A representative measurement cycle is shown in Figure 2. Under an 

assumption of constant wall loss conditions between filter on/off states, the relative changes in 

the N2O5 signal (SIG) between the filter on/off states was used to extract the pseudo first order 

rate constant for N2O5-particle reactions (khet) about every 50 minutes. We allowed 15 minutes of 

equilibration time between filter states and then averaged the N2O5 signal for 10 minutes. The 

resulting khet was then used along with the measured particle surface area concentration (SA) to 

calculate the reaction probability, as shown in Eq. 3 and Eq. 4. The single-point precision for a 

reaction probability measurement at a particle surface area concentration of 100 μm
2
m

-3
 is ±0.01 

and decreases to ±0.003 with a surface area concentration of 300 μm
2
m

-3
. This imprecision is 

driven primarily by random variations in source output and detector noise and thus adjacent 

measurements can be averaged to reduce the scatter. A more complete discussion of the 

reactivity apparatus and its capabilities can be found in other publications (Bertram et al., 2009a; 

Bertram et al., 2009b).  
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3.2.1 Data Quality and Averaging 

The most significant challenge to obtaining meaningful reactivity measurements was 

maintaining a relatively constant temperature within the instrument trailer over the course of a 

filter on/off/on cycle. Large temperature swings affect the relative humidity, and fluctuations in 

RH change the wall loss rate within the flow reactor (Bertram et al., 2009a).  
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In light of these effects, we instituted a fairly rigorous data quality filter. We reject any 

reaction probabilities obtained when the RH in the flow reactor measured at the end of a filter 

on/off/on cycle was more than 2% different from that measured at the start. Large variations in 

flow reactor RH, inferred from trailer temperature swings, were most evident during the daytime 

hours as the instrument trailer heated up and personnel entered and exited the trailer. The 

nighttime temperatures were much more stable. Therefore 72% of the 106 reaction probabilities 

that passed the quality assurance checks occurred at night between 9:00 PM and 6:30 AM local 

time. During these time periods the winds (shown in Figure 1b) came predominantly from the 

SSE, corresponding to urban San Diego and La Jolla, CA, and the NNW potentially bringing air 

from the Los Angles urban area. Additionally, we reject any data where NO concentrations 

exceeded 750 pptv to avoid artificial reactivity changes caused by the NO3/N2O5 equilibrium 

(Bertram et al., 2009b).  

Reactivity measurements that passed the above criteria were then averaged into 24 hr 

bins, primarily to reduce point-to-point variation in the data caused by measurement imprecision. 

For figures showing (N2O5), we report the bin mean as points, the standard deviation (1) to 

illustrate point-to-point variability within the bin as vertical bars, and the measurement error 

obtained by error propagation using the SA precision dependence discussed above as gray 

shading. For comparison purposes, predictions of γ(N2O5) from the parameterization were 

similarly averaged using only values generated from data obtained coincident with each 

individual reactivity measurement. 
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3.3 Results and Discussion 

The surface area concentration contributed by particles less than 0.6 μm in diameter is 

shown in Figure 3b, and the AMS reported non-refractory aerosol composition is shown in 

Figure 3b. In general, over the course of the study, particle surface area correlated well with 

aerosol mass loadings. In terms of particle composition, two distinct periods are apparent over 

the study. The first period (days 254 – 260) was marked by high sulfate loadings with 

comparatively low POM and nitrate loadings. The bulk of the particle composition for this 

period is likely ammonium sulfate or ammonium bisulfate. Ammonium loadings largely 

followed sulfate trends. Ammonium sulfate aerosol is hygroscopic and an efficient substrate for 

N2O5-particle reactions, so (N2O5) for this period are expected to be relatively high. The second 

period (days 261 – 272) has a notable drop in sulfate loadings and a substantial increase in 

particulate nitrate accompanied by an increase in POM. The largest nitrate loadings occurred 

when winds were out of the NNW, and the air may have originated from the Los Angeles area as 

noted above. Compared to the first period, (N2O5) is expected to be relatively low in the second 

period due to an increase in the nitrate effect and the potential for non-hygroscopic organic 

species to lower, in a relative sense, the liquid water content or form coatings.  

Sea salt chloride mass is not measured efficiently by the AMS, so the reported non-

refractory chloride data represent a lower limit to actual particulate chloride loadings. Small 

chloride loadings relative to nitrate (Cl
-
moles/NO3

-
moles ~ 0.1) have been shown to be able to 

negate the nitrate effect in laboratory studies (Bertram and Thornton, 2009). If the particles are 

internally mixed, then, in some instances during this study, the non-refractory chloride measured 

by the AMS, while a lower limit, is still large enough to overcome the nitrate effect and 

presumably drive (N2O5) higher.  
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The mean of all (N2O5) measured during the Pier study was 0.0054 with a standard 

deviation of 0.005, and the measurements ranged from a minimum of 3x10
-5

 to a maximum of 

0.029. We bin and average the 106 reaction probabilities into daily (24-hour) bins requiring at 

least 3 reaction probability measurements per bin. The time series is shown in Figure 4a as black 

squares. The vertical lines indicate the 1σ variation of points within the bin. The gray shading 

represents the instrumental error obtained by propagating the SA-dependent precision (see 

above) through the averaging. 

As seen in Figure 4a, (N2O5) during the early portion of the study (days 254 - 260) was 

relatively high, indicating efficient hydrolysis of N2O5 consistent with the high sulfate mass 

loadings relative to nitrate loadings. The mean (N2O5) for this first period was 0.008. This 

period also included the campaign maximum (N2O5) of 0.029. After day 260, the increase in the 

nitrate mass fraction coincides with a drop in (N2O5) to a mean of 0.004 for this period. Figure 

4b shows the mole ratio of particulate water to particulate nitrate. Particulate water estimates are 

predicted from the thermodynamic aerosol equilibrium model. The two have competing effects 

on (N2O5) as described above, and these effects are most apparent in the binned (N2O5) values 

when the nitrate loadings increase after day 260. During the early portion the mole ratio is biased 

toward H2O with values near 75, but as the study progresses the ratio changes toward nitrate with 

mean values near 12, and (N2O5) drops accordingly. The nitrate effect is most obvious in the 

period between days 260 and 262 where the binned (N2O5) drops from 0.005 to 0.001 as the 

water to nitrate mole ratio drops from 20 to 6. Starting at day 262, the rise in the water to nitrate 

ratio coincides with increases in (N2O5). Additionally, on day 269 the water to nitrate ratio 

shows a campaign minimum which also aligns with the minimum in (N2O5).  
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Daily parameterized reaction probabilities are also calculated using the Bertram and 

Thornton (2009) parameterization with reported aerosol mass loadings and estimated particulate 

water from the AIM thermodynamic equilibrium model. The AIM model has been shown in 

other publications to reasonably estimate the particulate water content based on the inorganic 

particle composition (Engelhart et al., 2011). These predictions are shown with the 24-hour 

binned (N2O5) values in Figure 4a. Predictions from the parameterizations were averaged using 

only output from the time periods for which a valid (N2O5) measurement existed. The full 

reaction probability parameterization includes a chloride dependence, and predictions from this 

full parameterization are shown as red circles. The full parameterization estimates are 

consistently higher than the observed (N2O5). Given the uncertainty in how chloride mass is 

distributed throughout the particle surface area distribution based on the AMS measurement, we 

also test the other extreme by neglecting the presence of particulate chloride in the 

parameterization. The estimates from the parameterization with chloride set equal to zero are 

also shown in Figure 4a as blue squares. Even when neglecting aerosol chloride, the 

parameterized reaction probabilities remain on average 1.5 to 3 times larger than the observed. 

This result indicates either that there are deficiencies in the parameterizations when applied to 

ambient aerosols, such as a neglected form of N2O5 reactivity suppression, or alternatively, that 

there is a systematic bias in the field measurements. That said, both parameterized reaction 

probabilities broadly correlate with observed N2O5 reaction probabilities on average, showing 

maximum values in the early part of the study and depressions between day 260 -262 and on day 

269. Indeed, the parameterizations even show similar day-to-day variations, except the variations 

are much less pronounced in the parameterizations than in the observations.  
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The overestimates of the parameterizations are especially large during the first period of 

the study when particulate nitrate loadings are low. As noted above, some of the overestimation 

of the full parameterization may be caused by the assumption that chloride is internally mixed 

across all particles. The parameterization also has no explicit dependences on POM, the effects 

of which represent an area requiring more research. Similarly we neglect particle phase 

transitions and assume all particles are metastable solutions. Thus, if effloresced aerosol 

components were present in the atmosphere, then the parameterization would likely overestimate 

(N2O5) given its strong dependence on particle phase (Thornton et al., 2003). Despite these 

deficiencies, the parameterization still manages to capture much of the day-to-day variability in 

(N2O5). Moreover, the exclusion of particulate chloride from the parameterization doesn’t vastly 

change the day-to-day behavior in the predictions relative to the observations. This result implies 

that nitrate concentrations relative to water must explain a significant amount of this variation in 

the parameterizations, and presumably that in the observations as well.  

In Figure 5 we illustrate the extent to which the nitrate effect can explain the observed 

variations in (N2O5) by binning the 24 hour reaction probabilities (measured and parameterized) 

as a function of the corresponding particulate water to nitrate ratios. We chose the water to 

nitrate bin widths such that the bins covered an appropriately large span of mole ratios over 

which the nitrate effect is apparent. Each bin has a minimum of three 24-hour average points 

(corresponding to at least 9 raw observations). Figure 5a shows that the parameterization 

estimates follow the overall shape in the observed (N2O5) relative to the water to nitrate mole 

ratio. However, in an absolute sense, the persistent overestimate of the observed data is also 

clear. When the observations and predictions are normalized to their respective maximum values 

in Figure 5b, the agreement between the binned observations and the parameterization becomes 
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most apparent. Here the observations follow quite well the functional dependence on the water to 

nitrate mole ratio as predicted by the parameterization. The Scripps Pier observations therefore 

suggest that the magnitude of the nitrate effect found in laboratory studies and recent 

parameterizations (e.g. Wahner et al. (1998), Bertram and Thornton (2009)) is consistent with 

that found in the atmosphere at least for the range of conditions sampled.  

Using in situ measurements made in Seattle, WA, Bertram et al. (2009b) found (N2O5) 

was suppressed with increasing POM to sulfate mass ratios. The POM/SO4 ratios in that study 

spanned a range of approximately 2 – 12. In contrast, over the course of the Scripps Pier study, 

90% of the POM/SO4 ratios were below 2. The Seattle observations showed an appreciable 

suppression of (N2O5) at POM/SO4 ratios above 6, whereas our observations exhibit similar 

(N2O5) values but at the significantly lower POM/SO4 ratios. Bertram et al. (2009b) argued that 

the decreasing trend in (N2O5) with increasing POM/SO4 in Seattle could be partly explained by 

a correlated increase in the nitrate effect if the increasing POM did not significantly contribute to 

liquid water content. Indeed, such a correlated impact between POM and nitrate appears in the 

Scripps Pier dataset as well. However, the differences in POM/SO4 between these two locations 

indicate that either the organic components in the particles sampled at the Scripps Pier were 

substantially more effective at lowering (N2O5) per contribution to particle mass than those in 

Seattle, or still another driver of (N2O5) variability is operating at the Scripps Pier location. The 

explicit role of organics species on (N2O5) remains to be determined and should be a topic of 

future investigations.  

Additionally we estimated the ClNO2 branching ratio (ϕ(ClNO2) - also referred to as the 

yield) using the reactivity apparatus. Uncalibrated ClNO2 signals were monitored by the CIMS 

during the N2O5 uptake experiments. Despite the uncertainties resulting from the uncalibrated 
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signals, ϕ(ClNO2) values obtained are consistent with the low (N2O5) values. The mean 

ϕ(ClNO2) was ~10% with a standard deviation of ~10%. It should be stated that under 

atmospheric conditions it is likely that significant ClNO2 formation occurs on supermicron 

particle surface area, the majority of which is likely lost in transit to the flow reactor as we 

describe above. Therefore these yield estimates are likely lower limits. With this in mind, the 

ClNO2 yields show no appreciable trend with AMS measured chloride, H2O/NO3, or POM/SO4. 

Experiments of this type certainly warrant additional investigations.  

 

3.4 Conclusions 

We report direct in situ measurements of the N2O5-aerosol reaction probability taken in 

the late summer in La Jolla, CA, using a recently developed heterogeneous reactivity apparatus. 

Particulate nitrate appears to have the most important day-to-day influence on the measured 

reaction probabilities during the study. The suppression effect of nitrate can be clearly seen in 

daily averages, and the observed dependence on the water to nitrate ratio within ambient 

particles closely resembles the expected relationship based on previous laboratory studies. Given 

the prevalence of particulate nitrate in polluted urban areas, especially during winter when N2O5 

chemistry is likely to be most important, chemical transport models should incorporate the nitrate 

effect into N2O5 reaction probabilities used therein. Our results suggest the existing 

parameterizations adequately capture the nitrate effect for the conditions sampled at the Scripps 

Pier. While the nitrate effect is likely a significant contributor to the variations in the Scripps Pier 

(N2O5) measurements, the data also illustrate that an unidentified, yet persistent, means of 

suppression exists in addition to the nitrate effect, perhaps connected to POM but the mechanism 

remains unclear.  
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Though chloride is expected to be an important driver of the N2O5 reaction probability, it 

does not appear to play a large role in the reaction probabilities reported here. This conclusion is 

based on the fact that predictions which include the expected chloride effect in a bulk sense have 

worse agreement with observations compared to those which assume particulate chloride is 

negligible in the particles that dominate the surface area of the submicron mode. This finding has 

important implications not only for accurately predicting (N2O5) in models, but also for 

determining the efficiency of halogen activation by N2O5. Assuming chloride was internally 

mixed across the submicron particle size distribution, and importantly, in particles containing 

nitrate, led to a large overestimate of (N2O5) compared to observations. Given the connection 

between the (N2O5) and the branching ratio to ClNO2 production (see Eq. 2), these results imply 

that ClNO2 production in this coastal environment may not be 100% efficient. Thus, to further 

our understanding of ClNO2 production efficiencies, closure experiments that utilize 

simultaneous quantitative measurements of size-resolved inorganic particle composition and 

(N2O5) alongside the suite of important nighttime constituents will be necessary.  
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Figure 3.1 Meteorological conditions during the measurement campaign. a) The ambient relative 

humidity (RH%) is shown in blue. The calculated flow reactor RH is shown in olive. The large 

swings in flowtube RH accompany rapid temperature swings in the instrument trailer during the 

daytime. b) A wind rose illustrating the nighttime wind conditions at the measurement site.  
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Figure 3.2 a) Select data illustrating the capabilities and precision of the reactivity apparatus 

over a single aerosol filter ON/OFF/ON cycle. Aerosol Filter ON indicates particles are not 

present in the flow reactor. Aerosol Filter OFF indicates when the reactor is sampling ambient 

particles. The size of the three large markers represents the 95% confidence range of signals 

incorporated in the average. b) Ambient RH (blue dashed line), calculated flow reactor RH (olive 

dotted line), and particle surface area concentrations are shown for the same period. Surface area 

is only shown for the Filter OFF status and set to zero for the Filter ON status to illustrate the 

particle surface areas within the flow reactor.  
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Figure 3.3 a) A full time series of measured particle surface area concentrations (0.01 - 0.6 µm) 

at ambient RH conditions for the study period. b) A full time series of AMS reported non-

refractory particle composition for the study period with organics (shown in greens) 

differentiated by factor analysis as oxidized organic aerosol (OOA), biomass burning organic 

aerosol (BBOA), and marine organic aerosol (MOA). In general, high particle surface area 

correlated well with aerosol mass loadings indicating only a few periods in which submicron 

particle surface area were influenced by fresh sea salt emissions.  
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Figure 3.4 a) Observed (black squares) and parameterized (blue triangles and red circles) N2O5 

reaction probabilities, γ(N2O5), binned to a 24-hour time base for the entire study. The gray 

shaded area represents the estimated instrumental error, and the vertical bars represent the 

standard deviation (1σ) of the points in each bin. The red circles show the predictions of the full 

parameterization while the blue triangles show the predictions from the parameterization 

neglecting the chloride dependence. b) 24-hour bins of the mole ratio of particulate water 

predicted by the AIM model and the AMS reported nitrate loadings.  
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Figure 3.5 a) The observed dependence of N2O5 reaction probabilities (black squares) on the 

water to nitrate mole ratio (i.e. “the nitrate effect”). Parameterized reaction probabilities are also 

included for comparison. b) Observed (black squares) and parameterized reaction probabilities 

normalized to maximum values. For both panels, the shaded area represents estimated error from 

the precision of the measurement technique. The bars represent the 1 variation of 24-hr 

averaged points in each bin.  
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Chapter 4 

 

 

Nitryl Chloride and Molecular Chlorine in the Coastal Marine Boundary 

Layer 

 

4.1 Introduction 

Emissions of nitrogen oxide radicals (NOx ≡ NO + NO2) and volatile organic compounds 

(VOC) can lead to degraded air quality due to enhanced ozone and aerosol particle mass 

(Sillman, 1999). In coastal areas, the large natural halogen source represented by sea spray 

coupled with these emissions may further impact coastal air quality through enhanced oxidant 

sources in the form of chlorine atoms (Knipping and Dabdub, 2003). Atomic chlorine radicals 

are reactive toward a variety of VOC as well as ozone. For most alkanes, the rate coefficients for 

reaction with Cl-atoms surpass that of the hydroxyl radical (OH), the major tropospheric oxidant, 

by one to two orders of magnitude. Until recently, molecular chlorine (Cl2) has represented a 

major focus of research into marine Cl-atom sources (Finley and Saltzman, 2006, 2008; Lawler 

et al., 2011; Spicer et al., 1998), followed by the more ubiquitous but often smaller source from 

the reaction of hydrochloric acid (HCl) with the hydroxyl radical (Singh and Kasting, 1988). 

Recently, observations of nitryl chloride, ClNO2, in marine and continental air have illustrated 

the potential importance of ClNO2 as another source of Cl-atoms (Mielke et al., 2011; Osthoff et 

al., 2008; Thornton et al., 2010). However, to our knowledge, collocated measurements of HCl, 

Cl2, and ClNO2 have not yet been reported, preventing a direct comparison of their relative 

importance.  
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Nitryl chloride is formed by nocturnal reactions of NOx, ozone, and chloride-containing 

aerosol particles (Behnke et al., 1997; Finlayson-Pitts et al., 1989). NO2 reacts with O3 to form 

the nitrate radical, NO3 (R1), which photolyzes rapidly during daylight hours, but after sunset can 

react with another NO2 molecule to form dinitrogen pentoxide, N2O5. The latter typically exists 

in thermal equilibrium with NO2 and NO3 (R2a and R2b). These reactions are most relevant in 

areas where NO2 and O3 are high, such as aloft or downwind of urban areas during winter, where 

reactions of NO3 with biogenic VOC or NO are relatively slow. N2O5 will react heterogeneously 

on aerosol particles to form either soluble nitric acid, HNO3, or, if there is chloride within the 

particle, ClNO2 (R3 – R4) which partitions to the gas phase. The branching between HNO3 and 

ClNO2 production is controlled by the relative abundance of particle chloride and water content, 

with ClNO2 production generally expected to be efficient in coastal regions (Behnke et al., 1997; 

Bertram and Thornton, 2009; Finlayson-Pitts et al., 1989; Roberts et al., 2009; Thornton et al., 

2003). HNO3 formation represents a terminal sink for NOx as it is efficiently removed from the 

atmosphere through dry and wet deposition. Reactions of N2O5 and NO3 to form HNO3 or 

organic nitrates are thought to account for up to ~50% of the removal of NOx from the 

atmosphere (Alexander et al., 2009; Dentener and Crutzen, 1993). ClNO2 formation potentially 

alters such estimates as ClNO2 remains largely unreactive at night and is photolyzed in the 

morning to liberate NO2 and Cl-atoms (R5). This process therefore represents an enhancement in 

the regional oxidizing power of the atmosphere with consequences for ozone formation and trace 

gas degradation.  

 

2 3 3 2NO O NO O            (R1) 

3 2 2 5NO NO M N O M            (R2a) 
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2 5 3 2N O NO NO           (R2b) 

2 5 2 3( ) 2N O H O l HNO           (R3) 

2 5 2 3( ) ( )N O Cl aq ClNO NO aq           (R4)  

2 2ClNO hv Cl NO            (R5) 

 

Similarly, Cl2 represents a Cl-atom source as it undergoes rapid photolysis in the daytime 

releasing two Cl-atoms. Cl2 can be directly emitted from industrial processes associated with 

power generation, oil and metal refining, or large-scale bleaching processes such as at water 

treatment plants (Tanaka et al., 2000). Additionally, Cl2 can be formed in situ within the 

atmosphere. Indeed, there has been a substantial effort to determine chemistry that can lead to 

elevated Cl2 in polluted regions since the pioneering measurements of Spicer, et al. showing 

mixing ratios approaching 150 pptv in Long Island, New York (Spicer et al., 1998). Recent 

measurements of Cl2 on the Pacific coast near La Jolla, CA by Finley and Saltzman indicated 

lower Cl2 mixing ratios of order 20 pptv, mostly at night, though persistent daytime Cl2 

averaging near 3 pptv was also observed. Sustained daytime Cl2, even at these small 

concentrations can be a significant Cl-atom source with implications for VOC degradation 

(Finley and Saltzman, 2006).  

The most commonly inferred mechanisms of Cl2 production are associated with the 

autocatalytic halogen activation mechanism (Vogt et al., 1996), which begins with a Cl atom 

reacting with ozone to form chlorine monoxide (ClO).  

 

3 2Cl O ClO O             (R6) 

2ClO NO Cl NO            (R7) 



70 
 

2 2ClO HO HOCl O            (R8) 

2 2ClO NO M ClONO M            (R9) 

 

ClO that reacts with either HO2 or NO2 forms the stable intermediates of hypochlorous acid 

(HOCl) which has been observed in the marine boundary layer or chlorine nitrate (ClONO2), 

respectively (Lawler et al., 2011). These compounds can undergo photolysis, deposition, or react 

on acidic chloride-containing aerosol particles to form Cl2 that partitions to the gas phase (R10 – 

R11) (Deiber et al., 2004; Gebel and Finlayson-Pitts, 2001; Vogt et al., 1996).   

 

2 2( ) ( )HOCl Cl aq H aq Cl H O            (R10) 

2 2 3( ) ( )ClONO Cl aq H aq Cl HNO            (R11) 

 

These reactions, while carrying uncertainty in terms of their efficiency on atmospheric 

particles, can occur during both day and night. Thus they may be important for recycling Cl-

atoms during the day while leading to the buildup of Cl2 during the night. Other mechanisms for 

Cl2 production have also been proposed, such as, the daytime reaction of OH on particle surfaces 

(Knipping et al., 2000; Laskin et al., 2003), and the production of bromine chloride (BrCl) via 

heterogeneous activation of particle bromide (Vogt et al., 1996). Due to a lack of observational 

evidence in our data set, bromine reactions are not considered in the following analysis. Most 

relevant to our data presented here is the recently proposed reaction of ClNO2 on acidic chloride-

containing particles to form Cl2 and nitrous acid, HONO (R12) (Roberts et al., 2008).  

 

2 2( ) ( )ClNO H aq Cl aq Cl HONO       (R12) 
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This mechanism has yet to be validated by field measurements, and the relationships between 

ClNO2 and Cl2 we observed during CalNex present an initial opportunity to assess its potential.  

Herein, we examine the relative importance of Cl2, ClNO2, and HCl as Cl-atom sources 

in the region of Los Angeles urban outflow. We show that during CalNex, ClNO2 was a large 

and dominant morning-time Cl-atom source that was broadly distributed in the outflow from the 

Los Angeles vicinity. Only the daytime Cl-atom source from HCl reaction with OH was found to 

be competitive, though Cl2 levels below our detection capabilities would still be important at 

midday if present. In the morning and night, Cl2 levels were typically minor by comparison, 

except within confined plumes that likely originated from local anthropogenic Cl2 point sources. 

Sustained Cl2 was observed at times on some nights providing support for in situ production, 

though the exact mechanism remains unclear. The magnitude of the Cl-atom source from ClNO2 

and HCl alone, as inferred from our measurements, rivals that previously inferred from Cl2 in 

polluted coastal air (Finley and Saltzman, 2006; Pechtl and von Glasow, 2007; Spicer et al., 

1998), and suggests that it should be incorporated in air quality models.  

 

4.2 Methods and Campaign Description 

CalNex 2010 was a large-scale field measurement campaign that took place throughout 

southern California during the spring and summer of 2010. This study included multiple ground, 

airborne, and ship-based measurements (Ryerson, 2012). Specifically, the R/V Atlantis offered a 

unique opportunity to take measurements aboard a mobile platform within the polluted marine 

boundary layer (MBL) from May 14 to June 8. The analysis reported here concentrates on the 

Los Angeles portion of the research cruise (May 16 – 31) where the largest concentrations of 
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ClNO2 and Cl2 were observed. After May 31 NOx levels were generally low as the R/V Atlantis 

left the Los Angeles region, and outside of occasional ship plumes and urban outflow, 

observations of ClNO2 and Cl2 were often below detection limits. A list of relevant observations 

can be found in Table 1. Here, we describe in more detail the methods directly relevant to our 

conclusions.  

ClNO2 and Cl2 mixing ratios were measured at ~0.5 Hz by sampling air at 12 standard 

liters per minute at 0.5 atm through an inlet composed of a 10 m length of 5 mm I.D. 

polytetrafluoroethylene (PTFE) tubing collocated with several other trace gas inlets at 17 m 

above sea level. The inlet setup was similar to those described previously (Kercher et al., 2009; 

Thornton et al., 2010). A portion of the air flow was directed to the University of Washington 

chemical ionization mass spectrometer (UW-CIMS), which was configured nearly identically to 

previous measurements (Kercher et al., 2009; Thornton et al., 2010). Iodide was used as the 

reagent ion, and ClNO2 and Cl2 were detected as ion clusters I∙(ClNO2)
-
 and I∙(Cl2)

-
. We also 

monitored ion clusters corresponding to HOCl though we did not attempt to calibrate our signal 

for this compound as the inlet was optimized for measurements of ClNO2 and its precursor, 

N2O5. In all cases, all naturally occurring isotopes were monitored. For ClNO2 calibrations, a 

known concentration of N2O5 as measured by a cavity ring-down instrument was passed over a 

wetted NaCl bed converting the N2O5 to ClNO2 with near unit yield before being detected by the 

UW-CIMS. Cl2 calibrations were performed every 70 minutes by periodically delivering a small 

flow from a certified Cl2 permeation tube (KIN-TEK Laboratories, Inc.) to the UW-CIMS inlet. 

For further independent confirmation of the ClNO2 detection sensitivity, Cl2 from the permeation 

tube was converted to ClNO2 on a NaNO2 salt bed at the beginning and end of each Cl2 

calibration (Mielke et al., 2011). Instrumental backgrounds for ClNO2 and Cl2 were determined 



73 
 

by routinely sampling through a stainless steel tube filled with stainless steel wool heated to 200 

°C which satisfactorily scrubs ClNO2 and Cl2 from ambient air. Assessments of inlet 

transmission efficiencies for ClNO2 were performed almost daily to check for potential artifacts 

arising from generation and loss on sampling tube walls. Though inlet effects on ClNO2 were 

usually negligible, the assembly was replaced almost daily as a precaution.  

Cl2 concentrations reported here likely represent an upper limit on ambient Cl2 levels for 

two reasons. First, the distribution of ion signals associated with the I∙(Cl2)
-
 clusters rarely 

matched that expected from the isotopic ratios of Cl2. There were significant interferences 

resulting in elevated backgrounds at m/z 198.9 and m/z 200.9, making isotopic confirmation of 

measured Cl2 difficult except under periods of very elevated signal. These interferences were 

particularly large during daytime and so we have primarily limited our analysis of Cl2 to night 

and early morning. Interferences at m/z 196.9, the major isotopic Cl2 signal, were generally small 

as inferred from the difference between signal during sampling and the instrumental background. 

That said, signal at this m/z was routinely above the instrumental background during the daytime 

at values equivalent to a few parts per trillion on average; not dissimilar to that reported by 

Finley and Saltzman (Finley and Saltzman, 2006). Second, while we determined that Cl2 was 

efficiently transmitted through our inlet, we could not rule out conversion of other gases such as 

HOCl or ClONO2 to Cl2 in the inlet.  

Gas-phase acids, including HCl and HONO, were measured using a proof of concept 

technique with a recently developed chemical ionization compact time of flight mass 

spectrometer discussed in more detail elsewhere (Bertram et al., 2011). We use calibrated HCl 

concentrations reported from this instrument to calculate a diurnal average in the vicinity of Los 

Angeles outflow and to examine its behavior over one specific 2 hour period. A detailed 
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description of HCl measurements is forthcoming. We also utilize uncalibrated signals 

corresponding to HONO from the same 2 hour period as it provides a useful, albeit qualitative 

constraint on the composition of certain plumes. 

A suite of VOC concentrations used to constrain Cl-atom loss rates in a 0-D chemical 

box model (described below) were measured by a Proton Transfer Reaction Time of Flight Mass 

Spectrometer (PTR-ToF) and a Gas Chromatograph with a Flame Ionization Detector (GC-FID). 

The PTR-ToF reported acetaldehyde, acetone, acetonitrile, benzene, dimethyl sulfide, 8 carbon 

containing aromatics, methyl vinyl ketone, methacrolein, methanol, monoterpenes, and toluene 

every minute. The GC-FID reported benzene, butene, ethane, ethyne, propane, propene, toluene, 

i-butane, n-butane, and n-pentane.  

 

4.3 Results and Discussion 

A time series of ClNO2 and Cl2 observations obtained in the vicinity of the Los Angeles 

(LA) basin is shown in Figure 1, along with a map of the ship track. Nighttime data was obtained 

almost continuously with instrument and inlet maintenance taking place primarily during the late 

afternoon of each day. ClNO2 was observed on most nights, and always when sampling outflow 

from the polluted basin, suggesting persistent production of ClNO2 in this region. The 

observation is consistent with expectations from the above mechanism and that the LA basin has 

collocated sources of both NOx and particulate chloride (Thornton et al., 2010). A detailed 

assessment of ClNO2 production efficiency and its variability in this region is the subject of 

future manuscripts. The goal here is to establish a baseline understanding of how ClNO2 and Cl2 

are related to each other and of their importance as Cl-atom sources in the polluted marine 

boundary layer near LA relative to the more ubiquitous source from HCl.  
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The mean nighttime ClNO2 mixing ratio observed during the cruise was 120 pptv with a 

large standard deviation of 230 pptv and a maximum of 2150 pptv. The maximum in ClNO2 

occurred on day of year 141 (May 21) about 15 kilometers west of Los Angeles International 

Airport in Santa Monica Bay. In contrast, Cl2 was almost always lower than ClNO2, at least by 

the end of the night, with a mean mixing ratio of 10 pptv and a standard deviation of 15 pptv. 

The maximum value of Cl2 reached 200 pptv, but that was observed in narrow, abrupt plumes as 

described below. Averaged over the entire domain, the integrated concentration of ClNO2 over 

an entire day was 7 times larger than that of Cl2.  

As shown in Figure 2, the actual relationship between Cl2 and ClNO2 varied night-to-

night and even within a night. Daily correlation coefficients range from 0.7 to -0.6 over the 

course of the study, with an overall value of 0.3. We can conclude from this behavior that the 

processes which give rise to ClNO2 and Cl2 vary relative to one another in time and space as 

might be expected given that several processes can give rise to Cl2 while, at this time only one 

reactant, N2O5, is known to produce nighttime ClNO2.  

To obtain further insights into the relationships between ClNO2 and Cl2 and their relative 

abundance in LA outflow, we present case studies from three nights in the Santa Monica Bay 

(SMB). These case studies include the highest ClNO2 and Cl2 mixing ratios observed during the 

study period and provide examples connecting ClNO2 and Cl2 geographically, as shown in 

Figure 3. In the left panels of Figure 3, we show time series of both ClNO2 and Cl2 from specific 

time periods within a given night. In the right panels we indicate Atlantis’ position within SMB 

with a wind rose colored by the Cl2 mixing ratios detected during those periods. As Cl2 is 

classified as a Hazardous Air Pollutant (HAP), the U.S. EPA maintains an inventory of 

anthropogenic emissions. Therefore, also included in the right panels of Figure 3 are the 
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locations of documented Cl2 emitters for a single year between 2000 and 2009 obtained from the 

South Coast Air Quality Management District (Chico, September 2011). Documented Cl2 

emitters are shown as points with their size proportionate to an annual emission factor in 

kilograms of Cl2 emitted per year. The four sites shown in Figure 3 are registered from north to 

south as Palace Plating (15 kg/yr), LA City Sanitation Bureau (5 kg/yr), Chevron Products Co. 

(70 kg/yr), and Exxon Mobil Oil Corporation (300 kg/yr).  

In Figure 3a, ClNO2 and Cl2 are both enhanced when the urban outflow is first 

encountered at approximately 2 AM local time on day 141 as the ship drove into SMB. The 

highest ClNO2 mixing ratio of the study, 2150 pptv, is reached at 5 AM (141.2), just prior to 

sunrise. ClNO2 then exhibits its expected decay after sunrise, as it undergoes photolysis. At the 

intercept of the urban outflow, Cl2 increases nearly simultaneously as the ClNO2, though perhaps 

with a slightly slower time constant. During the remainder of the night, ClNO2 and Cl2 are well 

correlated although the ratio of ClNO2/Cl2 decreases substantially towards the end of the night. 

After sunrise, in contrast to ClNO2, Cl2 decays slightly but remains elevated throughout the 

morning, which could be due to an artifact as discussed above, multiphase autocatalytic 

recycling, or continued sampling of local emission sources (see below). The behavior of Cl2 on 

this night compared to others discussed below does seem to imply a more broadly distributed 

source, such as from in situ chemistry, instead of direct emission from a point source based on 

sampled wind directions. That Cl2 is correlated to ClNO2 is expected if nighttime heterogeneous 

conversion of HOCl and ClONO2, either on atmospheric particles or our inlet, is the source of 

Cl2. This notion requires that, on the preceding day, a significant fraction of Cl-atoms reacted 

with ozone to form ClO, and that ClO then formed HOCl or ClONO2. Using observationally 

constrained model calculations, we find this idea to be plausible but highly sensitive to uncertain 
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parameters. Alternatively, the correlations could indicate Cl2 is produced by heterogeneous 

conversion of ClNO2 albeit at very low efficiency. This possibility seems less plausible, given 

that aerosol composition measurements taken during the study together with a thermodynamic 

model indicate submicron particle pH > 4 (Wexler and Clegg, 2002), and Roberts et al report that 

ClNO2 to Cl2 conversion occurs only at pH < 2 (Roberts et al., 2008). However, we cannot rule 

out that the conversion is occurring efficiently on a small fraction of the aerosol particle surface 

area (~0.1%) with pH < 2.  

An additional challenge to inferring the importance of in situ chemical production of Cl2 

is the presence of direct emission sources within the SMB and the LA basin (Chico, September 

2011). On day 144 (May 24), the Atlantis was positioned in the SMB shortly after sunset and 

stayed within ~2 km of the coast for the entire night. Figure 3b shows ClNO2 increasing 

throughout this night, as expected in an area like Los Angeles with ubiquitous concentrations of 

ClNO2 precursors. Contrary to the first case, Cl2 is observed only in distinct pulses when the 

wind is from a narrow sector (80° to 100°) east of the R/V Atlantis’ location. Within these 

plumes only HCl and HOCl showed correlated increases. Neither ClNO2 nor HONO exhibit 

noticeable perturbations, ruling out conversion of ClNO2 on acidic particles as being the sole Cl2 

source. Moreover, the plumes arrive from a sector with known reactive chlorine emitters, in 

particular, a water treatment plant and a complex that includes an electrical power generation 

plant and a refinery. These potential sources seem to spatially align well with Cl2 observations, 

as in Figure 3b and 3c below. Depending upon the nature of dilution during this night and 

unknown properties of the emission source such as height and average intensity, our observations 

are roughly consistent with a 1000 lb/yr continuous emission of Cl2 but almost certainly require a 

source larger than 10 lb/yr. Clearly, further validation of such emission sources is warranted. 
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Reactive chlorine point sources are apparently scattered throughout the LA basin (see Figure 4), 

and likely elsewhere, with implications for the interpretation of Cl2 measurements in other 

polluted regions. 

  In the third and final case (Figure 3c), the Atlantis again entered the SMB at ~10 PM and 

remained 5 km off shore until 9 AM. Similar to the second case, time periods of high ClNO2 

existed with little to no Cl2 such as during the early portion of the night when ClNO2 remained 

relatively constant around 350 pptv. At the end of the night, ~6 AM, an apparent air mass shift 

and a decrease in wind speed occurred with ClNO2 mixing ratios increasing to ~700 pptv and Cl2 

reaches values up to ~200 pptv. Flow remains generally out of the east during this event. On the 

whole, this final case provides further evidence that ClNO2 and Cl2 are enhanced in urban 

outflow and that ClNO2 is more ubiquitous whereas Cl2 is more episodic in space and time. The 

pulse of Cl2 mixing ratios on this night exhibited a strong but variable correlation (r = 0.8, p < 

0.01) with nitric oxide (NO), and ozone exhibited correlated decreases in the early half of the 

plume indicating fresh combustion emissions were simultaneously being sampled (see Figure 5). 

In addition, the Cl2 correlated with reactive nitrogen species generally in the early part of the 

plume, but the changes in Cl2, ClNO2 and other reactive nitrogen species do not correspond in 

time perfectly. The initial increase in Cl2 leads that of the others (see Figure 5). We could not 

detect an enhancement in HOCl nor HCl in this plume, possibly due to the greater transit time 

from the inferred source regions, or suggesting we were sampling Cl2 from a different emission 

source or a mixture of in situ chemical production and emissions.  

We finish this section by assessing the importance of ClNO2 and Cl2 as Cl-atom sources 

in the polluted marine boundary layer using a simple 0-D diurnal chemical box model. Briefly, 

the model calculates Cl-atom production from ClNO2 and Cl2 photolysis, and from the reaction 
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of HCl with OH. Reaction rate constants at 298 K were obtained from the NIST Chemical 

Kinetics Database (kinetics.nist.gov), the IUPAC Subcommittee for Gas Kinetic Data Evaluation 

(www.iupac-kinetic.ch.cam.ac.uk), and JPL’s Chemical Kinetics and Photochemical Data for 

Use in Atmospheric Studies (Sander et al., 2011). Initial model inputs and photolysis frequencies 

are constrained based on the observations from the R/V Atlantis. We select data obtained in 

regions most likely influenced by Los Angeles outflow: in close proximity to Santa Monica Bay, 

The Port of Los Angeles, and Palos Verdes Peninsula (see Figure 6). The maximum mixing 

ratios in the diurnal averages for these data are used as initial inputs for ClNO2, Cl2, and HCl 

(275 pptv, 17 pptv, and 2.8 ppbv, respectively). ClNO2 and Cl2 decay away from their initial 

concentrations due to photolysis, while HCl concentrations remain relatively constant. This latter 

assumption masks significant variations in HCl over the course of a day, though the 

concentration used is consistent with previous measurements in urban outflow (Keene et al., 

2007). The concentration of OH was parameterized using the average photolysis rate of O3 to 

form O(
1
D) from the R/V Atlantis such that OH reached a maximum midday concentration of 

5x10
6
 molec cm

-3
 and was zero at night. The only losses of Cl-atoms in the model were reaction 

with the VOCs listed above and with methane. Methane was fixed at 1800 ppbv, and the 

remaining VOCs were fixed to average concentrations observed during the day 141 Los Angeles 

outflow event (141.1 – 141.4). These concentrations of hydrocarbons result in a Cl-atom lifetime 

of 0.04 s. 

The observationally constrained model demonstrates that, in the first 5 hours after 

sunrise, the vast majority of Cl-atom production is driven by ClNO2 photolysis on average. The 

maximum in the total Cl-atom production rate of 2.5x10
5
 molecules cm

-3
sec

-1
 is reached at 9 AM 

which coincides with the maximum contribution by ClNO2 (see Figure 7a). Cl-atom production 

http://kinetics.nist.gov/
http://www.iupac-kinetic.ch.cam.ac.uk/
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from Cl2 peaks slightly earlier in the day as expected given its stronger absorption cross section 

in the visible. ClNO2 dominates the morning-time Cl-atom source by more than a factor of 5. As 

the day progresses and OH concentrations increase, the contribution from HCl + OH expectedly 

increases and becomes the dominant Cl-atom source at approximately local noon. Over the 

course of an entire model day, ClNO2 accounts for about 45% of the integrated Cl-atom 

production compared to 10% from Cl2 photolysis, while the reaction of HCl with OH accounts 

for the remaining 45%. If inputs are based only on observations taken in SMB where urban 

outflow was most persistently observed (ClNO2 = 475 pptv, double that used in Figure 7), the 

maximum Cl-atom production rate nearly doubles, and the importance of ClNO2 increases to 

near 60% of the daily total production rate with Cl2 and HCl producing 3% and 37%, 

respectively.  

These Cl-atom production rates represent a significant contribution to morning-time 

oxidation, especially of alkanes, and including recycling reactions or incorporating small 

daytime Cl2, as observed elsewhere (Finley and Saltzman, 2006), would only further increase the 

importance of Cl-atom chemistry in this region. In Figure 7b, we use the model predicted Cl-

atom and OH concentrations to show the potential effect of Cl-atoms on the oxidation of the 

alkanes measured during CalNex relative to that of OH. Under an assumption that precursors of 

OH and Cl-atoms are collocated over the same air mass volume throughout the day, the model 

predicts that ~25% of total daily alkane oxidation is driven by Cl-atoms, and that Cl-atoms 

dominate in the early morning oxidation of alkanes before ~10 AM. The additional source of 

alkyl peroxy radicals from Cl-atom attack of alkanes will necessarily lead to an increase in the 

ozone production rate in the NOx-saturated LA Basin and may have implications for the rate of 

secondary organic aerosol formation as well.  
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4.4 Conclusions 

Within the Los Angeles region and likely other coastal urban areas, ClNO2 dominates the 

morning-time source of Cl-atoms, while Cl2 was found to be minor by comparison. Therefore, to 

assess the impacts of Cl-atom chemistry on urban air quality, it is critical that air quality models 

accurately incorporate nocturnal NOx chemistry. That NOx, O3 and particle chloride are likely 

broadly distributed across coastal urban areas, implies ClNO2 formation will be a ubiquitous 

component of nocturnal urban air masses that flow into the marine boundary layer. Cl2 may have 

a greater variety of in situ and emission sources, but these sources appeared more sporadic 

compared to that of ClNO2 in the LA Basin. Clearly, there remains more effort necessary to 

assess the dominant sources of Cl2. The sources of ClNO2 and HCl are relatively well understood 

and their incorporation into air quality models can therefore be an important first step towards 

accurately representing Cl-atom chemistry, though the potential for recycling should not be 

neglected. The relatively large early morning Cl-atom source driven by ClNO2 that we estimate 

based on our observations can affect the chemistry of polluted marine boundary layer air 

throughout the day, especially that of alkane oxidation where Cl-atoms are often orders of 

magnitude faster than OH. This enhanced oxidation therefore has implications for coastal urban 

air quality by altering the total ozone production rate and the rate of anthropogenic secondary 

organic aerosol formation from alkanes.  
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Observations Technique Notes 

ClNO2, Cl2, HOCl Iodide Cluster CI-QMS  

(Kercher et al., 2009) 

HOCl not calibrated 

HCl, HONO Acetate CI-cToF-MS 

(Bertram et al., 2011) 

HONO not calibrated 

VOC GC-FID 

(Bon et al., 2011)  

and  

PTR-ToF-MS 

(Jordan et al., 2009) 

acetaldehyde, acetone, acetonitrile, 

benzene, dimethyl sulfide, 8 carbon 

containing aromatics, methyl vinyl 

ketone, methacrolein, methanol, 

monoterpenes, toluene, butene, 

ethane, ethyne, propane, propene, 

toluene, i-butane, n-butane, and n-

pentane 

NO, NO2 Chemiluminescence/LED photolysis 

(Lerner et al., 2009) 

 

O3 UV absorption/chemiluminescence 

(Williams et al., 2006) 

 

N2O5 Iodide Cluster CI-QMS
1
 and CaRDS 

(Fuchs et al., 2008) 

 

SO2 Pulsed UV fluorescence (Lerner et 

al., 2009) 

 

CO VUV resonance fluorescence (Lerner 

et al., 2009) 

 

Non-refractory particle composition Aerodyne aerosol mass spectrometer 

(Jayne et al., 2000) 

 

Wind speed and direction Standard anemometers  

Temperature and relative humidity Standard sensors  

Molecular photolysis frequencies Spectroradiometer (Stark et al., 2007)  

 

Table 4.1 Supporting measurements and observations used in the analysis.  
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Figure 4.1 Time series of a) ClNO2 (top blue) and b) Cl2 (bottom green) mixing ratios as 

measured from the R/V Atlantis during CalNex 2010. The observations are averaged to a 10 

minute time base. c) Ship track of the R/V Atlantis during the Los Angeles portion of the CalNex 

study.  
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Figure 4.2 A scatter plot of Cl2 mixing ratios vs. ClNO2 mixing ratios colored by local day of 

year.  
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Figure 4.3 A selection of ClNO2 and Cl2 observations while the Atlantis was positioned in the 

Santa Monica Bay. The left side panels show a ClNO2 and Cl2 time series for each event. The 

right side panels show a wind rose for the same time period centered on the R/V Atlantis location 

and colored by the Cl2 mixing ratios. The rose arm lengths are proportional to the frequency of 

winds originating from that direction. Also included as yellow dots are documented Cl2 emission 

sources for the Los Angeles Basin. The size of the dot is proportional to an annual Cl2 emission 

rate between 2000 and 2009 (Chico, September 2011).  
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Figure 4.4 Molecular chlorine emissions in and around the Los Angeles basin for a single year 

between 2000 and 2009 as reported by the South Coast Air Quality Management District.   
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Figure 4.5 Additional information for Day 145 plume that shows Cl2 and NO, NOy, and HONO 

are correlated and O3 is anti-correlated during the first intercept (highlighted), and some evidence 

of the same during the second. This plume was intercepted after sunrise, and the NO2 – NO – O3 

relationship is therefore changing over the period shown. Note that the rise times of ClNO2 and 

NOy lag those of Cl2 in the first intercept.  
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Figure 4.6 Major Los Angeles urban outflow sampling locations during CalNex. The coastal 

boundarys and southern and western edges of the bubbles indicate the extent of space 

incorporated into the averages.  
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Figure 4.7 a) Total Cl-atom production rates from observationally constrained predictions by a 

simple pseudo-lagrangian box model. Cl-atom production from the photolysis of ClNO2 is 

shown in blue, that from Cl2 photolysis is shown in green and that from HCl + OH is shown in 

orange. The relative contributions from ClNO2, Cl2, and HCl are approximately 45%, 10%, and 

45%, respectively. b) Model estimates of the alkyl peroxy radical (RO2) production rate from the 

Cl-atom and OH based oxidation of alkane species measured during the study period.  
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Chapter 5 

 

 

Chlorine Activation Within Urban or Power Plant Plumes: Vertically 

Resolved ClNO2 and Cl2 Measurements from a Tall Tower in a Polluted 

Continental Setting 

 

5.1 Introduction 

Chlorine atoms have the potential to impact the oxidative environment of the troposphere 

due to their large reaction rate constants with most volatile organic compounds (VOC) relative to 

that of the hydroxyl radical (OH), the dominant tropospheric oxidant. However, both Cl atom 

concentrations and mechanisms for their generation have been uncertain (Knipping and Dabdub, 

2003; Pszenny et al., 2007; Spicer et al., 1998). In the boundary layer of polluted regions, two Cl 

atom precursors, nitryl chloride (ClNO2) and molecular chlorine (Cl2) have recently been 

quantified and shown to play a potentially important role in the evolution of oxidants and 

primary and secondary pollutants such as OH, O3 and alkanes (Finley and Saltzman, 2006, 2008; 

Kercher et al., 2009; Lawler et al., 2011; Mielke et al., 2011; Osthoff et al., 2008; Phillips et al., 

2012; Pszenny et al., 1993; Riedel et al., 2012a; Spicer et al., 1998; Thornton et al., 2010; Young 

et al., 2012). However, in addition to unresolved questions related to formation mechanisms or 

emission sources, relatively little is known about the vertical distribution of these Cl atom 

precursors. To date, the only measurements capturing the vertical distribution of ClNO2 are 

limited to profiles of the Los Angeles basin urban plume by the NOAA P3 aircraft during the 

CalNex field study in late spring and early summer of 2010 (Young et al., 2012). Mixing ratios 

of ClNO2 averaged ~1200 parts per trillion by volume (pptv) on individual profiles, and although 
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there was considerable vertical variability on individual profiles, there was little vertical 

variability within the planetary boundary layer in an average sense. To our knowledge, there 

have been no vertically resolved measurements of these species in continental settings, and none 

during wintertime when the heterogeneous chemistry of N2O5, the precursor to ClNO2, is most 

important (Alexander et al., 2009; Dentener and Crutzen, 1993; Tie et al., 2003). Thus, the 

information necessary to determine the total impact of this chlorine atom source on regional air 

quality remains either limited or absent.  

ClNO2 is a nocturnal NOx (NO2 + NO) reservoir that photolyzes in the morning hours of 

the day to liberate a highly reactive chlorine atom and an NO2 molecule. It is produced primarily 

at night by the reaction of dinitrogen pentoxide (N2O5) on chloride containing aerosol particles 

(Behnke et al., 1997; Bertram and Thornton, 2009; Finlayson-Pitts et al., 1989; Roberts et al., 

2009; Thornton and Abbatt, 2005) or potentially ground surfaces (Lopez-Hilfiker et al., 2012), 

suggesting the potential for vertical gradients to develop overnight depending upon which of 

these sources is most important. To our knowledge, ClNO2 is produced only from secondary 

chemistry in the atmosphere, and there is no evidence that ClNO2 is directly emitted. The ClNO2 

production channel is in competition with the hydrolysis of N2O5 to form two HNO3 (see R1). 

 

2 5

2 22 5 2 3(2 )N O

ClNO ClNON O ClNO HNO


          (R1) 

 

The yield of ClNO2 from N2O5 reactions (
2ClNO ), which varies between 0 – 1, depends 

upon the particulate chloride and liquid water content; the latter of which is set by the ambient 

relative humidity (RH). The gross production rate of ClNO2 also depends upon: i) the NO3 

formation rate and the temperature-dependent equilibrium between N2O5, NO3, and NO2 (R2 and 
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R3) (Brown et al., 2009), ii) the available aerosol surface area (SA), and iii) the overall 

heterogeneous reaction probability of N2O5 (
2 5N O ) which in turn is a function of aerosol 

composition (Anttila et al., 2006; Bertram and Thornton, 2009; Brown et al., 2009; Folkers et al., 

2003; Roberts et al., 2009; Thornton et al., 2003).  

 

2 3 3 2NO O NO O            (R2)
 

3 2 2 5NO NO N O


           (R3)
 

 

2 2 2 5 2 5

( )
( ) ( )[ ]( )

4
ClNO ClNO N O

SA t
P t t N O t


 

 
  

         (1)
 

 

As illustrated in Eq. 1 the instantaneous ClNO2 production rate (
2ClNOP ) varies with time 

(t), both in a seasonal sense and within a night, due to the time dependences of 
2ClNO , 

2 5N O , 

N2O5 concentrations, SA and composition. The bracketed portion of Eq. 1 describes the gas-

particle collision frequency, where ω is the average molecular speed of an N2O5 molecule, in the 

free molecular regime neglecting gas diffusion limitations. In cases where super-micron SA is 

significant or reaction probabilities > 0.05, Eq. 1 must be modified to incorporate gas diffusion 

limitations. 

While Cl2 has been detected in several polluted regions, albeit typically at significantly 

lower abundances than ClNO2 (Finley and Saltzman, 2006, 2008; Mielke et al., 2011; Riedel et 

al., 2012a), its sources are less well understood compared to ClNO2. Cl2 can be directly emitted 

by industrial processes like incineration and power generation (Sarwar and Bhave, 2007) but is 

also produced in situ via multiphase chemistry of reactive chlorine reservoirs such as ClONO2 
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and HOCl (Deiber et al., 2004; Gebel and Finlayson-Pitts, 2001; Vogt et al., 1996). In this 

mechanism, chlorine atoms react with O3 to form ClO, which reacts with either NO2 to form 

ClONO2 or HO2 to form HOCl. ClONO2 and HOCl then can react on acidic chloride containing 

particles to produce Cl2 (R4 – R8), though the efficiency of these reactions in polluted urban 

regions is unknown (Lawler et al., 2011).  

 

3 2Cl O ClO O            (R4) 

2 2ClO NO ClONO           (R5) 

2 2ClO HO HOCl O            (R6) 

2 2 3( ) ( )ClONO Cl aq H aq Cl HNO           (R7) 

2 2( ) ( )HOCl Cl aq H aq Cl H O            (R8) 

 

The NACHTT study presented a unique opportunity to measure a number of the chemical 

species relevant to ClNO2 and Cl2 chemistry, allowing for the assessment of the ClNO2 yield in a 

variety of air masses, the role of ground surfaces relative to aerosol particles in the formation of 

ClNO2, and the relative importance of chemical versus emission sources of Cl2 in a continental 

setting. This field study represents the most complete vertical measurements of ClNO2 and Cl2 in 

the nocturnal planetary boundary layer to date. We focus much of our analysis here on two 

representative NOx-rich plumes; one of which exhibited the deepest vertical extent of enhanced 

ClNO2 while the other contained the highest ClNO2 mixing ratio of the campaign. One plume is 

likely a more distributed combustion NOx source such as motor vehicle traffic and other urban 

emissions, while the other plume is representative of a large NOx point source such as that from a 
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nearby power plant. Although we cannot conclusively identify the sources of either from 

measurements at a fixed sampling location, their vertical distributions and inferred transport 

times (see below) are most consistent with these assignments. We compare and contrast ClNO2 

yields, N2O5-aerosol reaction probabilities, and Cl2 within these plumes while also providing 

summary information on the typical characteristics that gave rise to ClNO2 and Cl2 at this site. 

 

5.2 Methods 

Nitrogen, Aerosol Composition, and Halogens on a Tall Tower (NACHTT) was a 

collaborative research effort that took place in February and March of 2011. Its aim was to assess 

a number of atmospheric chemical processes including halogen precursor chemistry in the 

Denver, CO, urban area (Brown et al., 2013). The measurement site (40.05°, -105.004°) was 

located at NOAA’s Boulder Atmospheric Observatory (BAO - 

http://www.esrl.noaa.gov/psd/technology/bao) in Weld County, CO, which is about 35 km due 

north of the Denver urban core (see Figure 1). In addition to emissions from the Denver area 

which are encountered frequently, the site is also a receptor for emissions from nearby Boulder, 

CO, to the west, and natural gas power plant and oil and gas extraction activities to the northeast. 

Large local point sources of NOx, CO2, SO2, and other primary pollutants include the Valmont 

coal and natural gas power plant 17 km west southwest of the site, the Cherokee coal power plant 

27 km south of the site, and the Arapahoe coal power plant 40 km south of the site (Figure 1). 

Commerce City, an area with oil refining operations, is also approximately 27 km south, adjacent 

to the Cherokee coal power plant. Air largely unaffected by urban emissions is also routinely 

encountered at the site with downslope flow out of the Rocky Mountains to the west (Wolfe et 

al., 2013).  
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A unique feature of this study was the incorporation of BAO’s 300 m tall tower to 

provide vertical measurements of a number of gas phase species (HCl, HONO, HNO3, HNCO, 

organic acids, NOx, O3, NO3, N2O5, ClNO2, Cl2, CO2), particulate properties and composition 

(surface area, NH4
+
, SO4

2-
, NO3

-
, Cl

-
, organics), and meteorological data (temperature, pressure, 

relative humidity, wind speed and direction). Instruments were installed in a temperature-

controlled enclosure that was then mounted to the tower’s payload elevator which is capable of 

lifting ~1.5 tons. Instruments sampled through holes in the enclosure walls which allowed for 

relatively short inlets (e.g., less than 2 m for the ClNO2 instrument, and substantially less than 1 

m for instruments mounted near the outside wall of the enclosure), thus minimizing artifacts due 

to heterogeneous chemistry on inlets. The tower elevator was capable of a single 300 m vertical 

profile in ~10 minutes and was programmed to be controlled remotely from a nearby building. 

Nearly continuous vertical profiles were taken over the course of the study except in cases of 

high winds and snow/ice events that resulted in unsafe conditions. Fixed height measurements of 

meteorological and less reactive trace gases were also carried out at a number of locations on the 

tower, and size-resolved aerosol composition and gas-particle partitioning of several inorganic 

gases were measured on a 22 m scaffold mounted on a different face of the tower (Young et al., 

2013). A detailed description of all the measurements taken during the NACHTT study can be 

found in the overview paper (Brown et al., 2013).  

The detection scheme and the calibration setup used to obtain measurements of ClNO2 

and Cl2 are detailed in other publications (Kercher et al., 2009; Riedel et al., 2012a). Briefly, all 

Cl-isotopomers of ClNO2 and Cl2 were measured at ~0.36 Hz by a quadrupole chemical 

ionization mass spectrometer (CIMS) as clusters with the iodide reagent ion, I∙(ClNO2)
-
 and 

I∙(Cl2)
-
, respectively. A 2 m length of 6 mm inner diameter PFA tubing at ambient pressure was 
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used as the inlet line. A sampling flow rate of 1.5 standard liters per minute (slpm) was 

maintained through the inlet to the low-pressure (~80 mbar) ionization region by a critical orifice 

and a vacuum pump. The nitrogen carrier flow through the radioactive ion source was varied by 

±15% in order to maintain a constant pressure within the mass spectrometer as the carriage 

ascended and descended the tower. This variation did not appreciably alter reagent ion signals, 

and therefore had little to no effect on instrumental sensitivity. Calibrations to both ClNO2 and 

Cl2 were performed every 70 minutes, as in Riedel et al. (2012a). Chlorine isotopic ratios 

matched those expected for the ClNO2 mass-to-charge ratios. A high instrumental background 

signal at two (
35

Cl
37

Cl and 
37

Cl
37

Cl) of the three Cl2 cluster masses prevented similar isotopic 

verification for Cl2 using the raw data. However, we approximated the background interferences 

at each time point by using the signals present at the contaminated mass-to-charge ratios during a 

time period when there was no signal at the dominant Cl2 mass (
35

Cl
35

Cl). Subtracting these 

background estimates from the raw data produced good agreement with the expected Cl2 ratios 

based on the natural isotope abundances. The raw data were averaged to 10 seconds in order to 

reduce the uncertainty of each datum due to counting statistics. This resulted in a reported 

measurement about every 10 m in altitude during a vertical profile with a measurement 

uncertainty of ~20%. Given the instrument duty cycles, averaging time associated with the 

CIMS, aerosol composition, and gas phase acid measurements, coupled with the narrow extent of 

certain plume observations in the vertical and in time, the number of data points available within 

these plumes can be few. That said, it is important to note that each data point within a plume is 

precise and not the result of instrumental noise. Inlet transmission tests in which ~2 ppbv N2O5 

was added to the inlet while sampling ambient air were also routinely performed to ensure that 
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ClNO2 and Cl2 were not produced in appreciable quantities by reactions on sampling lines 

(ClNO2:N2O5 < 0.03; Cl2:N2O5 < 0.02). 

 

5.3 Results and Discussion 

5.3.1 Overview of observations  

Consistent with previous ground-based measurements in this region (Thornton et al., 

2010), ClNO2 was routinely observed at night during the entirety of NACHTT (see Figure 2) 

with the largest mixing ratios occurring when high RH (>50%) plumes enhanced in NOx and 

depleted in O3 were sampled. The study average nighttime maximum ClNO2 mixing ratio was 

270 ± 260 pptv (1σ) with a maximum observed mixing ratio of 1300 pptv. ClNO2 mixing ratios 

were variable in the vertical, with some enhanced layers being less than 50 m in depth and 

persisting for a few minutes. In other cases ClNO2 mixing ratios were greater than 100 pptv from 

tens of meters above ground level, extending to and likely beyond the highest point reached by 

the tower carriage (265 m). Such plumes were also persistent, observed at the measurement site 

for hours at a time. There does not appear to be one single factor which can explain the night-to-

night variability or variability with height in a given night. The most import factors appear to be 

polluted air from the surrounding urban areas or large combustion sources, relative humidity 

(RH) greater than 40%, and time since sunset (see Figures 3 – 7). ClNO2 was almost always 

positively associated with RH and exhibited a local enhancement near ground level where the 

temperatures were colder and the RH higher. The lowest ClNO2 levels were often observed at 

higher altitudes when RH was below 40%. Figure 2 shows 15 days’ worth of vertically resolved 

ClNO2 observations during which vertical profiles were continuously taken for >3 hours. Overall 

there was typically ClNO2 near the surface (~60 pptv nightly maxima) possibly arising from 
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N2O5 deposition to the ground or reaction on aerosol particles, the liquid water content of which 

in these low altitude, high RH conditions potentially enhances ClNO2 production through a 

higher N2O5 reaction probability (Behnke et al., 1997; Bertram and Thornton, 2009; Raff et al., 

2009; Thornton et al., 2003). Importantly, the largest ClNO2 values (>200 pptv) of the study 

were typically aloft and associated with plumes that were markedly separate from the ClNO2 that 

appeared associated with the surface layer. Moreover, based on the wind direction at the time of 

sampling, these plumes are most likely associated with urban and power plant sources. As shown 

in Figure 8, major ClNO2 events were generally localized to 2 directions relative to the 

measurement site, south or southwest wind flow (Denver-Boulder urban corridor) and 

occasionally during north or northeast winds (natural gas extraction fields).  

Cl2 was always less abundant than ClNO2 (see Figure 9) with a study average nighttime 

mixing ratio within the instrumental error of zero (-2 pptv). On a few occasions, enhanced Cl2 

was detected at night; similar to ClNO2, Cl2 observations most often occurred when winds were 

from specific sectors (south-southwest, southeast, and north-northeast – see Figure 8). The 

maximum observed mixing ratio of 320 pptv, as with all observations greater than 100 pptv, was 

limited to a few time periods and confined to a few tens of meters in the vertical, consistent with 

a specific point source. These Cl2 plumes tended to also be high in NOx and CO2, potentially 

indicating emission from nearby power plants and/or associated cooling towers, or other chlorine 

emitting processes such as waste disposal or incineration (Chang and Allen, 2006; Reff et al., 

2009; Sarwar and Bhave, 2007).  

In what follows, we focus on two specific plume intercepts, one that occurred in the early 

morning of February 26 and the other that occurred in the early morning of March 5. For 

simplicity we refer to the plume encountered on February 26 as plume 1 and the plume 
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encountered on March 5 as plume 2. These plumes are subsets of the two classes of air masses 

which contained elevated ClNO2 or Cl2, i.e. the broadly polluted urban region and specific 

combustion point sources.  

 

5.3.2 Plume 1: Diffuse Urban Pollution  

The vertical distribution of ClNO2 and Cl2 mixing ratios observed in plume 1 are shown 

in Figure 10. The plume is first intercepted around 3:00 AM local time and is continuously 

sampled for approximately 3.5 hours until sunrise at ~6:30 AM. The ClNO2 color scale in Figure 

10a saturates at 500 pptv. Plume 1 represents some of the highest sustained ClNO2 observed 

during the campaign with an average mixing ratio of 340 ± 120 pptv (1σ) and a maximum value 

of 640 pptv. It was a relatively deep plume, with depths spanning between 75 m and greater than 

150 m and elevated mixing ratios appear to extend beyond the measurement ceiling. During the 

first 1.5 hours that the plume was sampled, the ClNO2 layer was deep (>100 m) and consistently 

sampled. At ~5:00 AM the depth of the ClNO2 plume decreases and Cl2 becomes enhanced to 

~140 pptv possibly representing a change in the plume chemistry, the source of the plume, or a 

mixing of sources. Average Cl2 mixing ratios in the plume were 30 ± 40 pptv (1σ) with a 

maximum of 190 pptv. The Cl2 color scale in Figure 10b saturates at 160 pptv.  

Figure 11 illustrates the vertical structure of ClNO2, Cl2, N2O5, aerosol chloride, aerosol 

nitrate, HNO3, CO2, NO2, O3, potential temperature (θ), and RH during one of the plume 1 

transects that occurred between 4:36 AM and 4:44 AM. Lower mixing ratios of ClNO2 near 100 

pptv are present over the first 60 m above the surface. This portion of the average profile had a 

particularly high RH (>90%) and is representative of the persistent near-surface ClNO2 

formation observed throughout the campaign. N2O5 is low over the first 60 m, either due to 
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titration by fresh NO emissions or to efficient uptake onto aerosols and ground surfaces at high 

RH (Chang et al., 2011). Above 60 m, plume 1 becomes apparent with large increases in ClNO2 

and N2O5 that persist to the top of the profile. Cl2 is also elevated within this transect at heights 

>150 m, with mixing ratios of a few tens of pptv. Aerosol nitrate is largest near the surface (~5 

ppbv) and decreases sharply to ~2.5 ppbv at the bottom of the plume, remaining relatively 

constant until 175 m where it decreases steadily. There is no marked enhancement in aerosol 

chloride, HNO3, CO2, NO2, or O3 within the plume, and NO2 and O3 are strongly anticorrelated 

(slope = -0.50, R = -0.95). The RH only falls below 50% during the top 10 m of the profile, 

between 240 – 250 m above ground level (AGL). Potential temperature gradually increases with 

height throughout the profile, with steep increases between 50 – 60 m, and again above 180 m. 

These inversions represent separations between individual layers and are coincident with the 

changes in the chemical composition described above. The largest ClNO2 observations during 

this profile occurred when the winds were from 158° (south southeast) relative to the 

measurement site. In general this corresponds to winds coming from the Denver urban area south 

of the site. The same was true for maximum Cl2 observations, indicating a correlation in the 

source region for these two species.  

 

5.3.3 Plume 2: Combustion Point Source 

The largest ClNO2 mixing ratio of the NACHTT study occurred on March 5. For the 

purpose of comparison, we apply a similar description of the plume that contained this 

observation (referred to as plume 2) as for plume 1. Multiple ClNO2 and Cl2 vertical profiles 

taken during the plume 2 intercept are shown in Figure 12. Plume 2 is likely first sampled at 

~3:00 AM and is sampled intermittently until ~4:00 AM. Compared to plume 1, plume 2 is 
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significantly narrower in depth. ClNO2 enhancements were largely confined to heights between 

80 m and 120 m, and the enhancements had distinctly sharp edges. The maximum ClNO2 mixing 

ratio detected in these intercepts was 1300 pptv, though this maximum was not observed on 

every transect shown in Figure 12, possibly due to meandering of the plume away from and 

towards the tower, or time dependent changes in plume composition or chemistry. The color 

scale in Figure 12a saturates at 500 pptv. Plume 2 had a Cl2 average mixing ratio of 3 ± 20 pptv 

(1σ) with a maximum of 120 pptv. As with Figure 10b, shortly prior to sunrise at ~6:30 AM, 

there is a slight increase in Cl2 mixing ratios to values near 50 pptv. However, at this point it is 

likely that plume 2 is no longer being sampled given the stark changes in the ClNO2 and Cl2 

vertical profiles.  

As stated above, plume 2 represents a particularly confined plume in terms of ClNO2 and 

Cl2. This is apparent in Figure 13 which shows ClNO2, Cl2, N2O5, aerosol chloride, aerosol 

nitrate, HNO3, CO2, NO2, O3, potential temperature, and RH for the vertical profile that 

contained the 1300 pptv ClNO2 observation (4:12 AM – 4:21 AM). The sharpness of the plume 

in terms of ClNO2 and Cl2 between 75 m and 110 m, together with coincident enhancements in 

aerosol chloride, CO2, and NO2 indicates that it likely originated from a local point source, 

possibly from one of the power plants indicated earlier (see Methods section). Aloft of this 

enhanced ClNO2 layer, RH drops steeply, and θ increases with height. N2O5 remains sustained 

while NO2 and O3 decrease above this layer likely due to a smaller reaction probability on 

aerosols at low RH. The apparent decoupling of ClNO2 and N2O5 just above the enhanced ClNO2 

layer suggests that the components and/or environmental conditions necessary for ClNO2 

production were not fully coincident with NOx in the vertical. The aerosol chloride measurement 

(Figure 13b) supports this argument, illustrating that particle phase chloride was present only in 
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the ClNO2 layer. In general, aerosol chloride showed enrichments during preceding plume 2 

intercepts (see Figure 14) that had ClNO2 mixing ratios in excess of 200 pptv and showed similar 

vertical trends, indicating the plume source emitted significant amount of chloride in addition to 

the ClNO2 precursor compounds. Additionally the uptake of N2O5 on aerosol particles above the 

enhanced ClNO2 layer could be inefficient given the low RH (<40%) which could account for 

some of the decoupling. The majority of ClNO2 and Cl2 observations during the intercepts of 

plume 2 occurred when the winds were out of the southwest at 226°. Given this general direction 

the point source is likely one of the coal-fired combustion sources such as the Arapahoe, 

Cherokee, or Valmont power plants (see Figure 1).  

 

5.3.4 ClNO2 yield estimates  

We use several different approaches to inferring ClNO2 yields from the observations. 

Each of these approaches requires assumptions, either due to the Eulerian sampling framework 

or incomplete measurement suite. We therefore refrain from reporting specific yield values and 

instead give a range of likely yields based on the combined results of all approaches.  

Following the work of Wagner et al. (2012), we use the vertically resolved observations 

of total nitrate (aerosol phase NO3
-
 + gas phase HNO3) and ClNO2 taken during the plume 

intercepts to derive an observation-based estimate of the ClNO2 yield from reactions of N2O5 in 

the two plumes. Based on the relationship introduced in Reaction R1, in a nocturnal air mass 

evolving in time, ClNO2 will be linearly related to the total amount of NO3
-
 in the gas and 

particle phase produced by N2O5 reactions as shown below in in Eq. 2.  
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The slope m of a regression line fitted to a scatter plot of ClNO2 vs. total NO3
-
 is then 

related to the molar yield of ClNO2 per mole of N2O5 reacted, Eq. 3, subject to several 

assumptions. First, we neglect the production of HNO3 or organic nitrates from NO3 reactions 

with hydrocarbons due to the much colder temperatures and high NOx conditions, which favors 

N2O5 over NO3 (R3), when ClNO2 was typically observed during NACHTT. Particulate NO3
-
 has 

a sufficiently long lifetime that its concentration can be influenced by the previous day’s 

photochemistry or even by NO3
-
 production from the previous night. These effects likely bias our 

yield estimates low. Additionally, this approach assumes a constant N2O5 reaction probability 

and a constant ClNO2 yield since the origin of the plume. In reality these quantities are unlikely 

to remain constant over the plume lifetime, and the apparent correlations may in fact represent 

variable chemical histories containing emissions from multiple sources of different ages and 

initial conditions that therefore could potentially result in variable intercepts and slopes. Changes 

in temperature and RH as well as the buildup of nitrate due to plume processing and the 

consumption of chloride to form ClNO2 have the potential to further alter these quantities. 

However, given the data available these assumptions are a necessary simplification in order to 

obtain estimates of said parameters, but as a result these estimates are more representative of 

values averaged over the lifetime of the plume up to the time it was sampled as opposed to an 

instantaneous estimate.  
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In Figure 15 we show the nighttime relationship of ClNO2 to total NO3
-
 at different 

heights measured over the course of the study. Lines corresponding to 
2ClNO  of 0.05, 0.15, 0.4, 

and 1.0 are drawn for illustrative purposes only given the caveats discussed above. In general, 

the figure demonstrates robustly that ClNO2 and total NO3
-
 measured at night were positively 

correlated (R = 0.35), with the slope and intercept varying significantly with height and from 

night-to-night as we show in Figure 15. The overall relationship in Figure 15 shows two 

populations: low elevations generally exhibiting a low yield (shallow slope), possibly due to the 

presence of daytime nitrate, and higher elevations exhibiting a comparatively higher yield 

(steeper slope). Vertical structure in the gas phase HNO3 measurement was not as pronounced as 

that for aerosol phase NO3
-
, as such, most of the variation in the nitrate is driven by particulate 

nitrate. Though precautions were taken to avoid any time delays as a result of inlet effects, such 

as the use of a heated inlet, the reduced vertical structure may have resulted from the time 

response of the inlet for the HNO3 instrument (see for example, Fehsenfeld et al. (1998)) Details 

regarding the HNO3 measurement can be found in elsewhere (VandenBoer et al., 2013). 

However, reduced time response in HNO3 is not expected to significantly bias the estimates 

considering that gas phase HNO3 was largely constant with respect to a single profile. 

Based on these relationships we estimate that the typical 
2ClNO
 
aloft in this region during 

wintertime is 0.05 ± 0.15, consistent with box modeling of observations made from a nearby 

ground-based site (Thornton et al., 2010). In order to obtain this estimate, we only select data 

taken at heights >75 m with NO2 values larger than 8 ppbv thereby removing surface effects and 

selecting data representative of urban conditions aloft. In general 
2ClNO  for the surface layer is 

likely well below that for the air aloft considering the large total nitrate values and modest 

ClNO2 levels measured near the surface.  
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We also apply this same ClNO2 vs. total NO3
-
 approach to the individual transects of 

plumes 1 and 2 discussed above. As shown in Figure 16a, these estimates give 
2ClNO ≈ 0.3 and 

2ClNO ≈ 0.7 for plume 1 and plume 2, respectively. Data below 100 m is omitted from the 

calculation of the estimated plume 1 yield shown in Figure 16a (left pane), and similarly, data 

below 85 m is omitted from the plume 2 yield estimate shown in Figure 16a (right pane). This 

precaution is taken to ensure effects of the ground surface do not influence these strictly in-

plume estimates. As we outlined in the Methods section, the narrow extent of plume 2 in the 

vertical (<25 m in depth) and in time (ClNO2 mixing ratios >500 pptv are only encountered 

during two successive vertical profiles), allow for few data points within the plume. That said, a 

similar 
2ClNO  was obtained from another transect of the plume that took place 6 minutes prior to 

that described in Figure 16a (see Figure 17). Apart from this additional transect it is unlikely we 

sampled the plume during any of the other vertical profiles as the major characteristics defining 

plume 2 (ClNO2 >500 pptv and elevated Cl2) were not found in other profiles.  

A related but alternative approach to infer a ClNO2 yield is to determine the 

enhancements of both ClNO2 and total NO3
-
 within distinct plumes relative to the values outside 

of the plumes. As illustrated in Figure 16b, we use the enhancements of ClNO2 and total NO3
-
 in 

plume 1 and plume 2 as estimates of ΔClNO2 and ΔNO3
-
 in Eq. 2. The enhancements are 

determined by subtracting the background mixing ratios from the plume center defined by the 

maxima in ClNO2 over the profile. Background mixing ratios of ClNO2 and NO3
-
 are determined 

by linear interpolations of data outside the plume (low in ClNO2) which occur above and below 

the plume center as shown by the dotted lines in Figure 16b. This background interpolation, 

while uncertain, is necessary to remove enhancements in NO3
-
 which are apparently unrelated to 

the plumes and are possibly residual NO3
-
 from photochemical production the day before. Large 
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preexisting nitrate values if left completely unaccounted for would artificially drive the estimated 

ClNO2 yields to low values. Calculating the relative enhancement of ClNO2 to NO3
-
 in the 

plumes (denoted by the grey shaded areas) gives 
2ClNO
 
for plume 1 and 2 as 0.45 and 0.8, 

respectively. These values do not change significantly if a constant NO3
-
 background, defined 

only by the high altitude NO3
-
 values, is used instead of the interpolated values. This constant 

background approach assumes that any NO3
-
 above the background at lower altitudes is the result 

of a nighttime NO3
-
 source. The resulting 

2ClNO  values for both plumes are similar to the other 

two approaches: 0.4 and 0.7 for plume 1 and plume 2, respectively.  

In a third approach, we utilize the aerosol composition measurements provided by an 

aerosol mass spectrometer (AMS) mounted in the tower carriage to derive an estimate of 
2ClNO . 

Using the AIM thermodynamic aerosol model (available at 

http://www.aim.env.uea.ac.uk/aim/aim.php) and the measured RH and aerosol composition 

(shown for plumes 1 and 2 in Figure 18), we can obtain an estimate of the amount of particulate 

water present (Clegg et al., 1998). Given this estimate of aerosol water concentration and the 

measured aerosol chloride concentration, 
2ClNO  can be estimated using Eq. 4 which is based on a 

number of laboratory studies estimating the relative rates of ClNO2 vs. HNO3 formation from 

N2O5 heterogeneous reactions (Behnke et al., 1997; Bertram and Thornton, 2009; Roberts et al., 

2009). The uncertainty associated with this approach arises mainly from the aerosol chloride 

measurement, only non-refractory chloride is efficiently measured by the AMS, and the effect of 

the organic aerosol fraction on particulate water calculated by the thermodynamic aerosol model. 

We assume the organic species do not contribute to the water content of the aerosols. Moreover, 

these calculations represent instantaneous yields that assume all the chloride is available for 

reaction with N2O5, and that do not account for depletion of chloride or mixing and transport 
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prior to the measurement. The results of this approach for plumes 1 and 2 are shown in Figure 

16c with estimated yields for plumes 1 and 2 of 0.32 and 0.98, respectively. Again the grey 

shaded regions are used to determine these in-plume yields. 
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Results from the multiple 
2ClNO  estimate approaches described above indicate the 

2ClNO

≈ 0.3 – 0.45 and 
2ClNO ≈ 0.7 – 1 for plumes 1 and 2, respectively. It is important to note that 

these yields are not representative of the entire vertical extent of the plume or a vertical profile 

but only for the conditions that give rise to the largest (>500 pptv) ClNO2 values. That said, these 

2ClNO  are similar to those found in polluted coastal regions and suggest that ClNO2 production 

can be efficient within inland combustion plumes such as those associated with power 

generation. The plume 1 yield is of similar magnitude to the largest yield inferred from previous 

wintertime measurements in Denver/Boulder area (Thornton et al., 2010). The estimated yield 

for plume 2 indicates efficient ClNO2 production comparable to what would be expected in 

polluted marine environments, though confined to a very narrow vertical extent.  

 

5.3.5 Plume box modeling  

That plumes 1 and 2 are well isolated from the ground surface and likely experience little 

nighttime vertical mixing represents conditions well suited for box model applications where the 

reactions are assumed to proceed in a static volume. We use a 0-D time dependent chemical box 

model to further investigate the nocturnal chemical processing within the two plumes that lead to 
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these largest ClNO2 values of the study. A goal with this modeling is to determine whether the 

observations can be simulated using the above estimates of 
2ClNO  and reasonable estimates of 

2 5N O and plume age. Gas phase reaction rate constants in the model are taken from the most 

recent data available on the International Union of Pure and Applied Chemistry (IUPAC) 

kinetics database (http://www.iupac-kinetic.ch.cam.ac.uk). The model is given initial inputs of 

NO, O3, aerosol surface area, temperature, and pressure, which are chosen so the model output 

matches observations taken during the two plume intercepts. The initial conditions are thus 

indicative of the chemical conditions at or near the emission source. We assume all NOx is 

initially emitted as NO, which is subsequently oxidized by O3 to NO2, and that 
2 5N O  and 

2ClNO  

remain constant over the lifetime of the plume. Due to the cold plume temperatures (~0 °C), the 

equilibrium between N2O5, NO3, and NO2 (R3) is strongly shifted toward N2O5 (N2O5:NO3 ~ 

250:1 for typical plume NO2 values). In addition, given the low abundance of biogenic VOC and 

other NO3 sinks, we assume that N2O5 losses dominate over that of NO3. The NO3 lifetime in the 

model is arbitrarily set to 30 minutes. Model outputs are fairly insensitive to this assumption. For 

example, adjusting the NO3 lifetime by a factor of 10 in either direction changes modeled N2O5 

and ClNO2 mixing ratios by less than 7%. The 
2ClNO is fixed to the yields calculated in section 

3.4, while 
2 5N O and the reaction time (plume age) are adjustable parameters that are varied to 

best match the observations of O3, NO2, N2O5, ClNO2, and the NO3
-
 enhancements shown in the 

plumes. A complete table of the reactions and rates used in the box model can be found in the 

Table 1. 

A summary of the modeling results are shown in Table 1. The resulting 
2 5N O  is similar 

for both plumes at ~0.02 which falls within the range (<0.001 – 0.1) of 
2 5N O  reported from 
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laboratory studies on a variety of different particle types and for different temperatures; these 

values are comparable to larger observations of 
2 5N O obtained from direct measurements on 

ambient particles, though these measurements were not taken during wintertime (Bertram et al., 

2009; Hallquist et al., 2003; Hu and Abbatt, 1997; Mozurkewich and Calvert, 1988; Riedel et al., 

2012b). The 
2 5N O  estimates are also of similar magnitude to those predicted by an iterative box 

model analysis that predicts 
2 5N O  using all of the observations taken during NACHTT (Wagner 

et al., 2013). For the select data used in that analysis, the distribution in 
2 5N O  was centered near 

0.018. Given the moderate to high 
2ClNO  estimated for the two plumes, these results are also 

conceptually consistent with our understanding of N2O5 heterogeneous chemistry in that similar 

factors have been shown to influence both 
2 5N O  and 

2ClNO  (Bertram and Thornton, 2009; Riedel 

et al., 2012b; Roberts et al., 2009). While these estimates do place useful constraints on 
2 5N O  

and 
2ClNO , the most robust constraint is the product of the two quantities because both can vary 

relative to each other to produce the same amount of ClNO2 (see Eq. 1).  

The resulting time required by the model to best match the observations is an indication 

of plume age. In both cases, this age is significantly less than the time since sunset. For plume 1 

an age of ~4 hours is reasonable considering an ideal case in which the air within the plume is 

transported directly to the measurement site from central Denver with the same wind speed 

observed at the measurement site. This results in a processing time of ~4 hours. Similarly in the 

case of plume 2, given the wind speed and approximate direction within the plume, the transit 

time from the Valmont power plant to the site is estimated to be at least 2 hours, and the transit 

time from the Arapahoe power plant to the site is ~4 hours. An alternative option for the 

reaction/processing time is to run the model as if the plume originated at sunset which is also 
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shown in Table 1. However, using the constraints on 
2ClNO  and the NO3

-
 enhancements in the 

plumes, we were unable to match the observations, supporting the conclusion that these plumes 

were emitted well after sunset. Disregarding these constraints and using the time since sunset as 

the reaction time results in 
2

0.06ClNO   and 
2 5

0.022N O   for plume 1 and 
2

0.19ClNO   and 

2 5
0.023N O   for plume 2. Because the time since sunset is the maximum possible reaction time 

these 
2ClNO  values can be considered lower limits for the two plumes. 

The uncertainty in plume age contributes uncertainty in the model predictions. Brown et 

al. (2006) use observations of O3 and NO2 to approximate the age of nocturnal plumes. There is 

clearly a negative relationship between O3 and NO2 in plumes 1 and 2, which is consistent with 

nocturnal emission and/or processing, and in a Lagrangian sense that slope can be equated to 

age. However, the variations with height of the O3 vs. NO2 slope suggest wind shear or mixing 

effects on the O3 and NO2 relationship. Variations in time and space such as fresh injections into 

existing plumes and mixing complicate an age estimate based on this relationship. The clear 

dependences on height and time shown for the two plumes suggest that, while persistent ClNO2 

production can occur throughout the plume volume like plume 1, there may well be a set of 

distinct NOx sources and injection heights with varying ages within a sampling period and 

vertical region. 

NACHTT represents only the third time that ClNO2 and Cl2 have been measured 

simultaneously and presents an opportunity to investigate the proposed conversion of ClNO2 to 

Cl2 via heterogeneous chemistry (Mielke et al., 2011; Riedel et al., 2012a; Roberts et al., 2008). 

Using the model we add a heterogeneous loss of ClNO2 to form Cl2 with unit yield and adjust the 

corresponding aerosol reaction probability for ClNO2 to reproduce the observed Cl2 mixing 

ratios. The resulting aerosol reaction probability for ClNO2 conversion to Cl2 is 0.001, or less, 
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for the two plume cases which is about 6 times lower than that given in Roberts et al. (2008) for 

acidic aerosols (pH<2). Observationally constrained estimates of aerosol pH were made during 

NACHTT at 9 m (Young et al., 2013). While not directly comparable to the altitudes of plume 1 

and 2, these estimates suggest pH >3, consistent with the low conversion rate of ClNO2 to Cl2 we 

infer from the model. Given the enhanced Cl2 occurred only when sampling from a specific 

sector, and that aerosol pH was likely >3, we conclude it was more likely that the observed Cl2 

was co-emitted with ClNO2 precursors rather than produced by ClNO2 heterogeneous chemistry.  

Finally we can use the box model to assess the maximum possible ClNO2 production in 

plumes similar to those we characterized above. Assuming emission at sunset and chemical 

evolution over the entire night (~13 hours) based on the model parameters and constraints 

derived above, we estimate the maximum possible ClNO2 produced could reach 2.5 to 4 ppbv. 

This estimate assumes a vertically static reaction volume. The previous, limited available data on 

plume transport at night suggests that mixing may be quite limited (Brown et al., 2012). The 

largest ClNO2 values could be well downwind of the emission location by some 50 - 100 km, 

and past the NACHTT measurement location, with larger effects on the chemistry in these 

regions than inferred from our observations described in this paper.  

 

5.4 Conclusions 

Over the course of the study, ClNO2 and Cl2 were observed on most nights. Similar to 

measurements off the coast of Los Angeles, we conclude that Cl2 is more likely the result of 

direct emissions rather than conversion from ClNO2, which is produced only from N2O5 

heterogeneous chemistry. Though the nocturnal atmosphere at this site was highly stratified, as 

expected for a winter time continental setting, mixing ratios of both species approached those 
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reported in the polluted marine boundary layer where the large chloride source from sea salt 

aerosol is more obvious than inland sources. All air masses enhanced in ClNO2 were 

characterized by moderate to high RH (45 - 90%) and originated from the urban areas of Denver 

and the Front Range of the Rocky Mountains, as well as from regions with significant natural gas 

extraction activities. Enhanced Cl2 mixing ratios were measured when air originated from a 

much narrower section of the Denver metro area.  

Using the expected nocturnal relationship between ClNO2 and total NO3
-
 and the 

measured aerosol composition, we inferred a variable yield of ClNO2 from N2O5 chemistry that 

spanned nearly the entire allowable range (0 - 1). The exact causes of this variability remain 

uncertain but likely involve, in part, the availability of aerosol chloride driven either by particle 

phase (low yields at low RH), or by partitioning of the chloride into a portion of the aerosol 

population with a smaller fraction of the available surface area. ClNO2 production was most 

efficient within the plume of a combustion point source which we attribute to a local power 

plant. This finding raises the possibility that power generation is at least part of the wide-spread 

ClNO2 production inferred by Thornton et al. (2010). Coal burning and water-cooling operations 

associated with power generation are recognized but uncertain sources of soluble chloride. Our 

measurements are strongly suggestive that the nocturnal processing of power plants plumes leads 

to ClNO2 formation. Aircraft and modeling studies are needed to confirm this result and 

determine the implications for regional air quality and NOx processing.  
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Plume 1: February 26   
 

Plume 2: March 5   

target O3 (ppbv) 16.2 
 

target O3 (ppbv) 24.5 

target NO2 (ppbv) 17 
 

target NO2 (ppbv) 16.4 

target N2O5 (ppbv) 0.4335 
 

target N2O5 (ppbv) 0.907 

target ClNO2 (ppbv) 0.527 
 

target ClNO2 (ppbv) 1.3 

aerosol surface area (μm2
cm

-3) 264 
 

aerosol surface area (μm2
cm

-3) 130 

    
 

    

modeled time (hours) 3.3 
 

modeled time (hours) 4.4 

initial O3 (ppbv) 48 
 

initial O3 (ppbv) 49 

initial NO (ppbv) 20 
 

initial NO (ppbv) 22 

ɸClNO2 (constrained) 0.38 
 

ɸClNO2 (constrained) 0.85 

ɣN2O5 0.024 
 

ɣN2O5 0.02 

    
 

    

time since sunset (hours) 10.7 
 

time since sunset (hours) 10.3 

initial O3 (ppbv) 69 
 

initial O3 (ppbv) 64 

initial NO (ppbv) 35 
 

initial NO (ppbv) 31 

ɸClNO2 0.06 
 

ɸClNO2 0.19 

ɣN2O5 0.022 
 

ɣN2O5 0.023 

 

Table 5.1 Summary of box modeling constraints and results.  
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Reaction     k (cm
3
 molec

-1
 s

-1
) 

NO + O3 → NO2 + O2     1.2e-14 

NO2 + O3 → NO3 + O2    1.5e-17 

NO2 + NO3 + M → N2O5 + M   1.4e-12 

NO + NO3 → 2NO2     2.8e-11 

N2O5 → NO2 + NO3     1.5e-3 

NO3 → “products”     5.0e-4 

N2O5 + HCl → ϕClNO2 + (2 - ϕ)HNO3  SA / [2e-3 + 4/(ωN2O5γN2O5)]   

ClNO2 + HCl → Cl2 + HONO   SA / [2e-3 + 4/(ωClNO2γClNO2)] 

 

 

Table 5.2 Reactions and rate constants used in the chemical box model. SA is the aerosol surface 

area in a volume of air (cm
2
/cm

3
). ωN2O5 and ωClNO2 are the mean molecular speeds (cm/s) of an 

N2O5 molecule and ClNO2 molecule, respectively. γN2O5 and γClNO2 are the heterogeneous reaction 

probabilities of N2O5 and ClNO2, respectively.  
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Figure 5.1 A map of important emission landmarks in the region surrounding the NACHTT 

measurement site. The measurement site is shown as an open pink circle. Small red dots 

illustrate the location of major cities, open yellow circles are coal-fired power plants, and open 

green circles are natural gas power plants. The blue shaded region represents areas with heavy 

natural gas and other hydrocarbon extraction activity.  
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Figure 5.2 15-day overview of NACHTT vertical ClNO2 profiles versus time of day. Mixing 

ratios are shown as colored squares. Black areas indicate no available measurements. Note the 

color scales vary between panels.  
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Figure 5.3 ClNO2 mixing ratios vs. N2O5 mixing ratios scattered by the relative humidty for the 

NACHTT study period.  
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Figure 5.4 ClNO2 mixing ratios vs. N2O5 mixing ratios scattered by the time since sunset for the 

NACHTT study period.  
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Figure 5.5 ClNO2 mixing ratios vs. N2O5 mixing ratios scattered by NOx mixing ratios for the 

NACHTT study period.  
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Figure 5.6 ClNO2 mixing ratios vs. N2O5 mixing ratios scattered by ozone mixing ratios for the 

NACHTT study period.  
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Figure 5.7 ClNO2 mixing ratios vs. N2O5 mixing ratios scattered by aerosol surface area for the 

NACHTT study period.  
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Figure 5.8 A wind rose showing the frequency of ClNO2 (top) and Cl2 (bottom) observations 

with wind direction colored by mixing ratios for the NACHTT study.   
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Figure 5.9 A summary of Cl2 observations over 15 days during the NACHTT study. Vertical Cl2 

profiles versus time of day. Cl2 mixing ratios are shown as colored squares. Black areas indicate 

no available measurements. Note the color scales vary between panels.  
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Figure 5.10 Vertical profiles versus time of day for a) ClNO2 and b) Cl2 mixing ratios during the 

time period around plume 1. Mixing ratios are shown as colored squares; the color scale for 

ClNO2 saturates at 500 pptv while that for Cl2 saturates at 160 pptv. Black areas indicate no 

available measurements.  
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Figure 5.11 Observations taken during a plume 1 intercept. a) ClNO2 (blue dashed line), Cl2 x 5 

(green solid line), and N2O5 (red dotted line) mixing ratios. b) aerosol phase Cl
-
 x 20 (pink solid 

line) and NO3
-
 (blue solid line), gas phase HNO3 (grey dashed line) c) CO2 (cyan solid line, top 

x-axis), NO2 (orange solid line, bottom x-axis), and O3 (black solid line, bottom x-axis) mixing 

ratios. d) Relative humidity (RH (%), purple solid line) and potential temperature (θ (K), olive 

solid line).  
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Figure 5.12 Vertical profiles versus time of day for a) ClNO2 and b) Cl2 mixing ratios during the 

time period around plume 2. Mixing ratios are shown as colored squares; the color scale for 

ClNO2 saturates at 500 pptv while that for Cl2 saturates at 100 pptv. Black areas indicate no 

available measurements.  
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Figure 5.13 Observations taken during a plume 2 intercept. a) ClNO2 (blue dashed line), Cl2 x 5 

(green solid line), and N2O5 (red dotted line) mixing ratios. b) aerosol phase Cl
-
 x 10 (pink solid 

line) and NO3
-
 (blue solid line), gas phase HNO3 (grey dashed line) c) CO2 (cyan solid line, top 

x-axis), NO2 (orange solid line, bottom x-axis), and O3 (black solid line, bottom x-axis) mixing 

ratios. d) Relative humidity (RH (%), purple solid line) and potential temperature (θ (K), olive 

solid line).  
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Figure 5.14 Observations taken during a vertical profile (04:04 – 04:12) prior to plume 2. ClNO2 

(blue dashed line), Cl2 x 5 (green solid line), and N2O5 (red dotted line) mixing ratios. Aerosol 

phase Cl
-
 x 20 (pink solid line) NO3

-
 (blue solid line), and gas phase HNO3 (grey dashed line). 

CO2 (cyan solid line, top x-axis), NO2 (orange solid line, bottom x-axis), and O3 (black solid 

line, bottom x-axis) mixing ratios. Relative humidity (RH (%), purple solid line) and potential 

temperature (θ (K), olive solid line).  
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Figure 5.15 ClNO2 mixing ratios are plotted versus total nitrate (HNO3(g) + aerosol phase NO3

-
) 

mixing ratios illustrating the positive relationship between the two species that varied 

significantly with height over the course of the study. Each point is colored by the height at 

which the measurement was taken. Lines corresponding to various approximate ClNO2 yields, 

based on Eq. 2, are drawn through the origin for illustrative purposes only.  
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Figure 5.16 Summary of ClNO2 yield estimate approaches for plume 1 (left pane) and plume 2 

(right pane). a) ClNO2 mixing ratios are plotted versus total nitrate (HNO3(g) + aerosol phase 

NO3
-
) mixing ratios for the single transect. Each point is colored by the height at which the 

measurement was taken. The slope of the solid black lines, which are least squares linear fits to 

data in the plumes (data below 100 m are omitted from the plume 1 fit; data below 85 m are 

omitted from the plume 2 fit), together with Eq. 3 are used to estimate the in-plume ClNO2 yield 

shown next to the line. b) Vertical profile of ClNO2 mixing ratios and total nitrate mixing ratios. 

In estimating the given ClNO2 yield for the plume, the dotted lines are used as background 

values to determine the in-plume (shaded region) enhancements of ClNO2 and total nitrate. c) 

Height versus estimated ClNO2 yields obtained from aerosol composition data and aerosol 

thermodynamic modeling. The stated yield represents the average of the yields over the shaded 

region. 
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Figure 5.17 Additional data taken from a vertical profile (04:04 – 04:12) prior to plume 2. a) 

Vertical profile of ClNO2 mixing ratios and total nitrate mixing ratios. In estimating the given 

ClNO2 yield for the plume, the dotted lines are used as background values to determine the in-

plume (shaded region) enhancements of ClNO2 and total nitrate. b) ClNO2 mixing ratios are 

plotted versus total nitrate (HNO3(g) + aerosol phase NO3
-
) mixing ratios for the single transect. 

Each point is colored by the height at which the measurement was taken. The slope of the solid 

black lines, which are least squares linear fits to data in the plumes (data below 90 m are omitted 

from the fit), together with Eq. 3 (main text) are used to estimate the in-plume ClNO2 yield 

shown next to the line. c) Height versus estimated ClNO2 yields obtained from aerosol 

composition data and aerosol thermodynamic modeling. The stated yield represents the average 

of the yields over the shaded region. 
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Figure 5.18 AMS-measured particle composition loadings for a) plume 1 and b) plume 2. 
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Chapter 6 

 

 

An MCM Modeling Study of Nitryl Chloride (ClNO2) Impacts on Oxidation, 

Ozone Production, and Nitrogen Oxide Partitioning in Polluted Continental 

Outflow 

 

6.1 Introduction 

Atomic chlorine atoms (Cl∙) are highly reactive, often having rate constants for reactions 

with volatile organic compounds (VOC) that are factors of 10 to 100 larger than the hydroxyl 

radical, OH, which is considered the atmosphere’s primary initiator of oxidation. As a result, the 

presence of Cl∙ can lead to shorter lifetimes for VOC and an enhanced radical pool which can 

potentially enhance the production of ozone, especially in polluted areas. The global tropospheric 

Cl∙ budget remains uncertain with a large range in recent studies (~15 – 40 Tg Cl yr
-1

) developed 

from indirect means (Allan et al., 2007; Platt et al., 2004) as tropospheric Cl∙ concentrations are 

not presently measurable by existing methods. There are a number of potential Cl∙ sources in the 

troposphere, the major of which are outlined in Reactions R1 – R5. 

 

2HCl OH Cl H O            (R1) 

2 2Cl h Cl            (R2) 

BrCl h Cl Br            (R3) 

ClNO h Cl NO            (R4) 

2 2ClNO h Cl NO            (R5) 
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The reaction of hydrochloric acid (HCl) with the hydroxyl radical (OH) is a daytime 

source of Cl∙. Typical HCl mixing ratios in the troposphere vary from 100 – 5000 pptv with the 

highest found in polluted regions with direct HCl emissions from industrial processes and acid 

displacement of aqueous chloride by HNO3 and H2SO4. Cl∙ formed by HCl + OH tend to peak 

around midday with the peak in OH formed from O(
1
D) + H2O. Additionally, the oxidation of 

many VOC by Cl∙ proceeds via a hydrogen abstraction to form HCl, thus recycling Cl∙. 

Photolysis of molecular chlorine (Cl2) produces two Cl∙ and has been the focus of many 

Cl∙ investigations since it was first measured in ambient air (Finley and Saltzman, 2006, 2008; 

Lawler et al., 2011; Riedel et al., 2012a; Spicer et al., 1998). Cl2 mixing ratios are often on the 

order of tens of pptv with maximum reported mixing ratios near 100 – 200 pptv. There are direct 

emissions Cl2 whose sources can be related to processes associated with power generation, water 

treatment, and oil refineries (Sarwar and Bhave, 2007). In addition, Cl2 can be formed in situ 

through multiphase chemistry involving chlorine nitrate (ClONO2) and hypochlorous acid 

(HOCl). These species can photolyze to reform Cl∙ or ClO or react on acidic, chloride-containing 

particles to form Cl2. In heavily polluted air the majority of ClO will react with NO, in a null 

cycle producing a Cl∙ and NO2 rather than going on to form Cl2.  

BrCl photolysis to form Cl∙ and atomic bromine is also thought to be an important Cl∙ 

source especially in polar regions where reported ambient mixing ratios are on the order of tens 

of pptv (Buys et al., 2013; Foster et al., 2001; Spicer et al., 2002). To our knowledge there have 

been no reported observations of BrCl in ambient air outside of polar regions (Finley and 

Saltzman, 2008). BrCl can form through heterogeneous reactions of BrONO2 and HOBr on 
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acidic, chloride-containing particles in an analogous manner to the Cl2 formation reactions 

described above or through reactions ClONO2 and HOCl on acidic, bromide-containing particles.  

Nitrosyl chloride (ClNO) has recently been proposed as a potential Cl∙ source (Raff et al., 

2009). These theoretical and laboratory studies have yet to be confirmed by field measurements 

of ClNO in ambient air, but mixing ratios in the ppbv range are predicted by regional model 

calculations in polluted marine areas.  

Since its proposed formation by Finlayson-Pitts et al. (1989) and first observation in 

ambient air by Osthoff et al. (2008), nitryl chloride (ClNO2) has been observed during a number 

of different field studies worldwide with nighttime maximum mixing ratios ranging from tens of 

pptv to over 2 ppbv (Kercher et al., 2009; Mielke et al., 2011; Osthoff et al., 2008; Phillips et al., 

2012; Riedel et al., 2012a; Thornton et al., 2010; Young et al., 2012). These observations have 

occurred in both continental and marine locations illustrating the importance of ClNO2 as a Cl∙ 

source in a variety of different environments. ClNO2 represents a Cl∙ source with clear 

anthropogenic origins as it is formed at night by reactions involving NOx (NO2 + NO), ozone, 

and chloride containing aerosols. Anthropogenic activities associated with power generation, 

motor vehicle use, and agriculture now dominate the global NOx source. Natural sources of NOx 

such as microbial activity, lightning, and wildfires are also significant globally, at the 25% level, 

but the impact of these NOx sources on ClNO2 formation remain unknown. At night, a fraction of 

NOx is converted into ClNO2 through Reactions R6 – R8. The branching ratio between ClNO2 

and HNO3 formation in Reaction R8, commonly referred to as the ClNO2 yield (
2ClNO ), is 

determined by the efficiency of ClNO2 formation from heterogeneous reactions of N2O5. This 

and the N2O5-particle reaction probability (  ) are uncertain quantities that can vary significantly 
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depending on a number of factors such as particulate water, chloride, nitrate, and organic content 

(Bertram and Thornton, 2009; McNeill et al., 2006; Mentel et al., 1999; Thornton et al., 2003).  

 

2 3 3 2NO O NO O            (R6) 

3 3 2 5NO O N O            (R7) 

2 22 5 2 3(2 )ClNO ClNON O Cl H ClNO HNO             (R8) 

 

Here we examine the effects of ClNO2 formation as predicted by a detailed box model 

which incorporates the Master Chemical Mechanism and is constrained by ground and ship-

based ambient measurements taken during the CalNex 2010 field study. We use the model to 

assess the impact of ClNO2 on the Cl∙ budget, hydrogen oxide and organic peroxy radical 

abundance (ROx = OH + HO2 + RO2), NOx lifetime and partitioning, and the net ozone 

production rate. In the presence of high NOx, all of these quantities or processes are linked 

through photochemical oxidation of VOC. As shown in Reactions R9 – R12 the oxidation of a 

hydrocarbon (RH) is initiated by reaction with OH or Cl∙ to form the organic peroxy radical 

(RO2). In a high NOx environment, the dominant fate of RO2 is to react with NO. The dominant 

channel of this reaction leads to a closed shell oxygenated hydrocarbon (OVOC), hydroperoxyl 

radical (HO2) and NO2, while the minor channel leads to an alkyl nitrate (RONO2). If the RO2 is 

an acyl peroxy radical, then reaction with NO2 produces acyl peroxy nitrates (APN) such as 

peroxy acetyl nitrate (PAN). NO also reacts with HO2 to form NO2 and OH. This radical chain 

thereby net produces ~ 2O3 via NO2 photolysis for every VOC oxidation. 

 

2 2RH OH RO H O            (R9) 
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2RH Cl RO HCl            (R10) 

2 2 2RO NO OVOC HO NO            (R11a) 

2 2RO NO RONO            (R11b) 

2 2RO NO APN            (R12) 

 

From the above discussion, we expect that ClNO2 acts similarly, though not exactly the 

same, as an OH source such as that from nitrous acid (HONO) photolysis or O(
1
D) + H2O. Under 

high NOx, where the radical pool is terminated via cross reactions between ROx and NOx, a 

higher production rate of HOx or Cl∙ will nearly linearly increase the ozone production rate 

(Daum et al., 2000; Kleinman, 2005). Moreover, at high NO, production of an RO2 by Cl∙ attack 

directly increases the steady state concentration of OH and HO2 due to the rapid cycling between 

OH, HO2 and RO2. However, the increased RO2 due to Cl∙ arises from a potentially different 

pool of hydrocarbons than that from OH given the large differences in RH abundance and 

relative reactivity towards OH and Cl∙. Moreover, ClNO2 photolysis predominantly occurs in the 

first few hours after sunrise, well before the maximum OH production rate from O(
1
D) + H2O 

and before the maximum in the NO/NO2. Thus, the full impact of ClNO2 on ozone production, 

VOC lifetime and NOx abundance and partitioning may not be the same as simply scaling the 

daytime average HOx production rate.   

 

6.2 Measurements and Model Description 

We chose to constrain a box model using data taken during the CalNex field study which 

occurred in May and June of 2010 in the southern California region (Ryerson et al., 2013). There 

were multiple measurement platforms involved in CalNex, two of which recorded both ClNO2 



146 
 

and extensive VOC measurements: the Research Vessel Atlantis and a ground site located on the 

California Institute of Technology campus in Pasadena, CA. Though the R/V Atlantis sampled in 

many locations along the southern California coast, we focus on the measurements made in and 

around Los Angeles urban outflow due to the added constraints provided by the Pasadena ground 

site measurements. ClNO2 mixing ratios in the nocturnal outflow from the Los Angeles region 

were commonly over 500 pptv with maximums on the order of 2 ppbv (Riedel et al., 2012a). 

Cl∙ chemistry was incorporated into an existing model framework described in Wolfe and 

Thornton (2011) which is based on the Master Chemical Mechanism version 3.2 (MCM) 

developed at the University of Leeds (more information available at 

http://mcm.leeds.ac.uk/MCM) (Bloss et al., 2005; Jenkin et al., 1997; Jenkin et al., 2003; 

Saunders et al., 2003). Use of the MCM allows for explicit tracking of approximately 2800 

chemical species and about 9000 different reactions with reaction rate constants constrained by 

the International Union of Pure and Applied Chemistry (IUPAC) kinetics database 

(http://www.iupac-kinetic.ch.cam.ac.uk).  

In total, 44 of the VOC measured at the Pasadena site are used to constrain the model. 

However, certain VOC, such as ethanol (median value = 8.2 ppbv) and acetone (median value = 

3.8 ppbv), measured at the Pasadena ground site appeared to often be dominated by local 

emissions. In order to more generally represent an urban air mass in the model, ground site VOC 

measurements were scaled by those measured on the R/V Atlantis. A smaller number of VOC 

were measured aboard the R/V Atlantis, so species not represented in the R/V Atlantis dataset 

were scaled by species of similar structure. For example, methanol was measured with median 

levels of approximately 6 ppbv and 1 ppbv at the ground site and on the ship, respectively. 

Ethanol, however, was only measured at the ground site. In order to estimate ethanol levels in the 
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urban outflow that the R/V Atlantis sampled, the ground site ethanol mixing ratios were simply 

scaled down by 1/6. For a complete list of the measured VOC used in the model see Table 1. 

VOC and HCl mixing ratios are held to their ship-scaled diurnal profiles for a 69 hour 

“spin-up” period. NO2, O3, and CO are held to mean values measured at the ground site during 

this spin-up period. In addition, we fix methane at a mixing ratio of 1.8 ppmv. The box model 

does not attempt to replicate the effects of meteorology and thus the processes of dilution and 

deposition are not accurately incorporated. To maintain reasonable concentrations of the many 

modeled species which were not constrained by observations, we apply a continuous dilution rate 

of 1.5% per hour to all species. Formaldehyde and nitric acid have an additional dilution rate of 

30% per hour in order to keep the mixing ratios at levels relevant to those sampled during the 

CalNex study (<6 ppbv) (Warneke et al., 2011). The sensitivity of the results to this additional 

loss rate is minor (<20% adjustments to the Cl∙ budget), and the need for this additional loss is 

likely related to our neglect of deposition for intermediate organic oxidation products and of 

HNO3 itself. Isoprene, alpha-pinene, beta-pinene, and limonene are allowed to freely evolve at 

night during the spin-up period to avoid unrealistic conditions where fast reactions such as 

oxidation by NO3 were capable of proceeding with an unlimited source of these reactive species. 

At hour 69, which represents sunset on the third day, all species are released from constraints and 

the chemistry evolves freely for another 27 hours. We use the final 24-hours of a model run as 

the analysis period. All figures and calculations described here are performed on the model 

output from this period.  

A number reactions critical toward Cl∙ production and reactivity are not included in the 

MCM. Version 3.2 of the MCM only includes Cl∙ reactions with alkanes. In order to accurately 

represent the chemistry, multiple mechanisms were added to the model framework. These 
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include the Reactions R1 – R3, R8, R13 – R21, and a number of VOC + Cl∙ reaction 

 

3 2Cl O ClO O             (R13) 

2 2ClO NO ClONO           (R14) 

2 2ClO HO HOCl O            (R15) 

2 3ClONO h Cl NO            (R16) 

2 2ClONO h ClO NO            (R17) 

HOCl h Cl OH            (R18) 

2 2 3ClONO H Cl Cl HNO            (R19) 

2 2HOCl H Cl Cl H O             (R20) 

2ClO NO Cl NO            (R21) 

 

mechanisms where VOC = methanol, ethanol, isopropanol, ethene, propene, formaldehyde, 

ethanal, propanal, acetone, benzene, styrene, o-xylene, toluene. Several of these added 

mechanisms are shown in detail in Figures 1 – 5. Additionally, our revised mechanism explicitly 

tracks gas-phase HCl formation that results from hydrogen atom abstraction VOC oxidation 

reactions. Unique to the added alkene reaction mechanisms is that the major pathway involves 

the addition of chlorine to the double bond rather than the typical hydrogen abstraction pathway 

(Atkinson et al., 2004). This pathway leads to chlorinated products which might be detectable as 

tracers of Cl∙ chemistry in future studies. As we show below, such compounds could be another 

avenue for Cl∙ recycling. Reactions of Cl∙ with isoprene, which also produces unique chlorinated 
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products, were not included in the model framework given its modest <1% contribution to total 

Cl∙ reactivity in the modeled Los Angeles outflow and the large increase in complexity when 

incorporating said mechanism (Fan and Zhang, 2004; Tanaka et al., 2003). Instead the products 

of Cl∙ + isoprene were simply tracked as a single generic specie with no chemical losses. 

However, in areas where isoprene is a more significant contributor to Cl∙ reactivity, it would be 

necessary to include a more explicit isoprene oxidation mechanism to accurately capture the 

effects Cl∙, especially to assess any chlorinated products that might form from these reactions. In 

such locations the products of chlorine initiated isoprene oxidation are likely more pronounced 

than in the Los Angeles region.  

Aerosol reaction probabilities in the model are set to 0.01 for N2O5, ClONO2, and HOCl 

(R8, R19, R20). γ = 0.01 is within the typical range of N2O5 reaction probabilities measured on 

ambient aerosol (<0.001 – 0.03) during various field studies (Bertram et al., 2009; Riedel et al., 

2012b). Laboratory measurements of ClONO2 and HOCl uptake under stratospheric and 

tropospheric conditions on sulfuric acid, sodium chloride, and sodium bromide particles and pure 

water droplets generally report γ values <0.06 for ClONO2 and HOCl (Deiber et al., 2004; 

Hanson and Ravishankara, 1994; Hanson et al., 1994). We assume that reactions of ClONO2 and 

HOCl on aerosol particles produce only Cl2 with unit efficiency. Unit yield is unlikely except 

possibly on sea salt particles which represented <40% of the surface area in the Los Angeles 

region during the CalNex study. Given that Cl2 production from heterogeneous reactions of 

ClONO2 and HOCl is proportional to the product of γ and the yield, we use γ = 0.01 and a 100% 

yield on all particles in the model. 

To examine the effects of ClNO2 formation, we vary the ClNO2 yield between 50% and 

0% in successive model runs, which produce a with-ClNO2 case and a without-ClNO2 case. A 
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50% yield results in ~1.5 ppbv of ClNO2 as shown in Figure 6 which is typical of the Los 

Angeles outflow conditions encountered during CalNex. We also performed a series of model 

runs where HONO was constrained to observations made at the Pasadena ground site. Its 

abundance otherwise is determined only by the reaction of OH + NO, HONO + OH, and the 

photolysis of HONO. Most of our main conclusions reported here are relatively insensitive to 

HONO. Moreover, the likely different relative vertical profiles of ClNO2 and HONO throughout 

the nocturnal and evolving daytime boundary layer make our primary focus on ClNO2 a 

reasonable simplification for a box model (Young et al., 2012). 

 

6.3 Results and Discussion 

6.3.1 Cl-atom Budget 

These modeling studies indicate that integrated over a typical day in the Los Angeles 

outflow, ClNO2 is likely the major driver of Cl∙ evolution. Neither HCl + OH or multiphase 

chemistry involving ClONO2 and HOCl to produce Cl2 are competitive with the ClNO2 source. 

Moreover, this picture is consistent with that derived solely from observations in this region 

(Riedel et al., 2012a). Figure 6 shows the Cl∙ concentration predicted by the model during the 24-

hour analysis period for both the with-ClNO2 and without-ClNO2 cases. When ClNO2 formation 

is included, the Cl∙ concentration reaches a maximum at ~7 AM (2 hours after model sunrise) 

with a value of 1.08x10
5
 molecules per cm

3
. A substantially different picture results from the 

without-ClNO2 case where the maximum Cl∙ concentration occurs around noon and only reaches 

0.2x10
5
 molecules per cm

3
. The assumptions made about the aerosol reaction probabilities of 

ClONO2 and HOCl partially drive the late afternoon Cl∙ profile, which as a result is more 

uncertain. However, this afternoon Cl∙ concentration profile is not especially sensitive to the 
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assumed reaction probabilities. For example, increasing the reaction probabilities of ClONO2 and 

HOCl by a factor of ten to 0.1 does not substantially change the 24-hour profile. The maximum 

in Cl∙ concentration is increased by ~10% still occurring in the early morning hours after sunrise 

(~7 AM), and the integrated Cl∙ concentration over the entire day is enhanced by only 20%. 

Additionally, the choice of 0.01 for a ClONO2 and HOCl reaction probability and a 100% Cl2 

yield is likely more realistic as the formation of Cl2 from these reactions is unlikely to be the sole 

product (Caloz et al., 1996; Santschi and Rossi, 2005). That said, it appears that to fully 

understand the impact of Cl∙ chemistry in coastal urban areas, the fate of ClONO2 especially 

needs to be better constrained. 

The Cl∙ evolution largely follows that of the dominant source terms, the modeled diurnal 

evolution of which we compare in Figure 7. In the absence of ClNO2 formation (Figure 7a), the 

bulk of the Cl∙ are a result of HCl + OH production channel, and the maximum in Cl∙ production 

rate of 0.5x10
6
 molecules per cm

3
 per second coincides with the maximum production from the 

HCl + OH channel. In the with-ClNO2 case (Figure 7b), the maximum Cl∙ production rate occurs 

at 7 AM with a value of 3.4x10
6
 molecules cm

-3
 s

-1
 corresponding to the maximum contribution 

from ClNO2 photolysis. The ClNO2 production channel represents 56% of Cl∙ production over 

the course of the entire day, leading to nearly 3.7 times as many Cl∙ produced relative to the 

without-ClNO2 case. By noon, ClNO2 is largely depleted under the clear-sky model conditions, 

and other Cl∙ production channels like the reaction of HCl with OH and the photolysis of Cl2 

from HOCl and ClONO2 heterogeneous chemistry become more dominant. These production 

channels involving multi-phase Cl-recycling to form Cl2 show significant enhancements when 

ClNO2 formation is included. For example, Cl∙ production from ClONO2 photolysis, HOCl 

photolysis, and Cl2 photolysis are enhanced by 3.3, 2.2, and 3.3, respectively over the without-
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ClNO2 case. To some extent these enhancements should be expected considering the larger Cl∙ 

pool available for recycling reactions when ClNO2 formation is allowed, but they give indication 

of the degree of indirect coupling between ClNO2 and Cl2 via the increased formation of reactive 

chlorine reservoirs like ClONO2 and HOCl. During CalNex, molecular chlorine was also 

measured along with ClNO2 (Riedel et al., 2012a). Observations of nighttime and early morning 

Cl2 were typically in the 5 – 50 pptv range. Modeled Cl2 levels are of similar magnitude to these 

observations, as well as previous observations of Cl2 in this region (Finley and Saltzman, 2006, 

2008), and show a morning enhancement with slightly elevated levels throughout the day but 

only with the inclusion of ClNO2 (see Figure 8). 

The use of a comprehensive chemical mechanism such as the MCM illustrates a 

potentially important but heretofore overlooked source of Cl∙ in polluted regions. In the with-

ClNO2 case, the reaction of OH with formyl chloride (CHOCl), produced from Cl∙ attack of 

alkenes, becomes a noticeable Cl∙ source during the afternoon. In fact, because we possibly 

overestimate the actual multi-phase recycling of ClONO2 and HOCl to form Cl2, Cl∙ release from 

such acid chlorides may be more important than these multiphase processes. This result suggests 

observations of acid chlorides would be as beneficial as Cl2 in polluted regions. HONO has a 

noticeable impact on the afternoon Cl∙ budget via photolysis to form OH followed by the 

reaction of OH + HCl. Constraining the model to the measured HONO diurnal profile leads to an 

60% (1.4x10
7
 to 2.26x10

7
 molecules per cm

3
) increase in the daily maximum OH concentration 

and a similar increase in the integrated Cl∙ formation rate from OH + HCl. Multi-phase recycling 

via ClONO2 and HOCl are also increased as a result of the larger Cl∙ concentrations. However, 

as discussed by Young et al. (2012), afternoon and daytime HONO concentrations are fairly 
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uncertain, so we suspect that the perturbations to afternoon Cl∙ throughout the boundary layer are 

likely more similar to the box model predictions without the incorporation of measured HONO.  

We also investigate the formation potential of chlorinated products at potentially 

detectable quantities resulting from the Cl∙ oxidation of VOC. These species could represent 

“tracers” of Cl∙ chemistry and the extent to which Cl∙ oxidation reactions are occurring. This has 

been investigated previously in Houston using ship based measurements of potential products 

from Cl∙ oxidation of isoprene (Riemer et al., 2008). As stated above, chlorinated products of Cl∙ 

reactions with isoprene are not included these model investigations and are likely of minor 

importance to total Cl∙ reactivity in the Los Angeles region. Within our model framework, Cl∙ 

addition reactions with ethene and propene can produce chlorinated products such as 

chloroacetaldehyde, formyl chloride, 2-chloropropanal, 2-chloroperoxypropionyl nitrate (2-

chloroPPN), chloroperoxyacetyl nitrate (CLETPAN), and chloroacetone. As with most of the 

previously mentioned effects, these enhancements are most obvious in the early part of the day 

when Cl∙ and VOC concentrations are highest in the model. As we show in Figure 9, morning 

enhancements are typically on the order of a 5-30 pptv above the background generated during 

the spin-up period. Chloroacetaldehyde and formyl chloride exhibit the largest enhancements. 

Interestingly, the photolysis of formyl chloride was shown in Figure 7b to represent a significant 

source of Cl∙, comparable in magnitude to that predicted from HOCl photolysis.  

In a polluted region such as the Los Angeles basin and outflow, Cl∙ produced by the 

above processes will be net lost primarily through reactions with VOC. These reactions produce 

organic peroxy radicals which through reactions with NO subsequently form HOx. As such, Cl∙ 

in polluted regions have similar impacts to an increased HOx source. The effect of incorporating 

Cl∙ chemistry is not the same as simply increasing the HOx production rate because of the 
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different temporal evolution of Cl∙ chemistry and the different reactivity towards VOC of Cl∙ 

compared to OH. Cl∙ reactivity determined by the observationally constrained model is 

illustrated in Figure 10, where it is broken into Cl∙ reactions with methane, alkanes, alkenes, 

alcohols, carbonyls (aldehydes and ketones), and ozone. Other Cl∙ + VOC reactions such as 

reactions with aromatics are not shown as they were not a significant sink of Cl∙ relative to the 

species listed. In the morning (7 AM), the bulk of reactivity is due to reactions with a variety of 

alkanes which comprise 42% of the 44 sec
-1

 total reactivity. Later in the day (3 PM) as the VOC 

are consumed in the model and O3 maximizes, the reaction with O3 to form ClO is the dominant 

Cl∙ sink and represents about 60% of the 39 sec
-1

 total reactivity. However, the majority of ClO 

(77% at 7 AM and 67% at 3 PM) will react with NO to give NO2 and Cl∙ that can terminally 

react with VOC. That is to say that only 23 – 33% of the Cl∙ + O3 eventually goes on to form 

ClONO2 and HOCl. Over the course of the day no single VOC dominates the Cl∙ reactivity (see 

Figure 11). Methane is consistently about 10% of the total. This implies that all VOC reactive 

towards Cl∙ are relevant when trying to estimate the total reactivity and that only using a small 

subset may significantly underestimate the total. This behavior is different from that of OH, the 

reactivity of which is often dominated by a few VOC or inorganic species such as CO and NO2 

in highly polluted regions (Kato et al., 2011; Ren et al., 2003). 

 

6.3.2 Impact on ROx and NOx  

The effects of ClNO2 formation described above lead to important and unique impacts on 

processes relevant to tropospheric air quality. As described above, Cl∙ produced by ClNO2 

photolysis will react with VOC to produce organic peroxy radicals during morning hours. The 

RO2 will primarily react with NO under the polluted conditions to form HO2 and a closed-shell 
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oxygenated VOC or an alkyl nitrate. Alternatively, given the large NO2/NO ratio during the 

morning, enhanced peroxy nitrate formation is possible via reaction of acyl peroxy radicals with 

NO2. The HO2 produced via RO2 + NO also reacts with NO to form OH, which in turn reacts 

with VOC to form RO2. The radical chain length of this cycle tends to be somewhat short in the 

morning given higher concentrations of NOx leading to termination via OH + NO2 to form HNO3 

which is efficiently lost to wet and dry deposition. That said, Cl∙ will enhance the abundance of 

morning time ROx (OH + HO2 + RO2) as illustrated in Figure 12 which will lead to enhanced O3 

production rates relative to a model run without ClNO2.  

Figure 12a shows the HOx production rate (PHOx) for both the with- and without-ClNO2 

cases. A nearly factor of 2.2 increase occurs in the early morning hours around 7 AM when Cl∙ 

production from ClNO2 photolysis is the major Cl∙ source. PHOx remains elevated throughout the 

day relative to the without-ClNO2 case likely due to the larger ozone values in the with-ClNO2 

case, thus illustrating that the ClNO2 influence persists for more than just the early morning 

hours. The 24-hour integrated HOx production rate for the with- and without-ClNO2 cases is 75 

ppbv and 62 ppbv, respectively. Uncertainties in modeling HONO have the largest impact on the 

quantifying the perturbation of ClNO2 to PHOx. Constraining modeled HONO to the diel average 

values measured at the ground site results in the same overall pattern of ClNO2 effects on PHOx 

described above, just at a reduced magnitude – i.e. the inclusion ClNO2 formation increases PHOx 

by ~35% in the morning, with moderate enhancements to PHOx sustained throughout the day 

resulting in an integrated PHOx of 116 ppbv and 105 ppbv for the with- and with-out ClNO2 

cases, respectively. These two extremes in terms of HONO are likely both representative – the 

latter HONO-rich case being representative of near surface chemistry while the former HONO-
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poor case being more representative of the residual boundary layer aloft of the surface which 

dominants the column-average radical budget as described by Young et al. (2012).  

Figure 12b shows the effects of ClNO2 on the concentrations OH, HO2, the sum over all 

717 organic peroxy radicals (RO2), and the sum of 140 acyl peroxy nitrates (APNs) predicted by 

the model. The enhancement ratio of the with-ClNO2 case relative to the without-ClNO2 case is 

shown. Inclusion of ClNO2 formation results in significant changes in HOx (OH and HO2) with 

190% and 220% enhancements during the morning hours in OH and both HO2 and RO2, 

respectively. In remote low-NOx regions, Cl∙ and OH are largely uncoupled such that the 

presence of one does not largely impact the abundance of the other. This condition then allows 

indirect quantification of Cl∙ abundance by comparing VOC which have different reaction rate 

constants for reaction with OH and Cl∙ (i.e., Platt et al. (2004) and Allan et al. (2007)). However, 

the presence of additional Cl∙ from ClNO2 in a polluted region has the potential to significantly 

increase OH via the above mechanism, especially in the morning hours. Constraining modeled 

HONO again lowers the magnitude of these ClNO2 induced morning perturbations to 25 and 

50% increases in OH and the sum of HO2 and RO2, respectively. Again, while even these 

HONO-rich perturbations are significant, these findings, together with the vertically resolved 

estimates of Young et al. (2012), further imply strong vertical gradients in the effects of ClNO2 

on morning oxidant evolution. 

ClNO2 formation and photolysis has implications for the reactive nitrogen budget as well 

as Cl∙ sources. ClNO2 is relatively unreactive at night, thereby building up and allowing transport 

of NOx downwind of the urban core with morning photolysis of ClNO2 analogous to thermal 

decomposition of acyl peroxy nitrates such as PAN. In addition to this direct impact on the NOx 

transport, we find significant perturbations to acyl peroxy nitrate formation occur in the with-
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ClNO2 case (see Figure 12b). A 50% enhancement in total APN occurs before noon, and the 

enhancement remains elevated at around 10% for the remainder of the day. This ClNO2 induced 

perturbation to APN formation largely persists even when measured HONO values are 

incorporated. Additionally, the sum of alkyl nitrates is also enhanced by 15% before noon with 

individual alkyl nitrates enhanced up to 60% in the with-ClNO2 case. Increasing the partitioning 

of NOx into reservoirs such as APN is important in that it implies a greater potential for export of 

NOx to remote regions. In fact, while ClNO2 formation extends the lifetime of NOx through the 

night, our model suggests faster OH + NO2, APN formation, and alkyl nitrate formation during 

the subsequent day largely offset this effect, such that NOx is ~6% lower from sunrise until noon 

in the with-ClNO2 than in the without-ClNO2 case. 

 

6.3.3 Impact on the Ozone Production Rate and Odd-Oxygen 

The previously stated effects on HOx and RO2 directly influence ozone production which 

we illustrate in Figure 12c. Over the entire model day the difference between the integrated 

ozone production rate with 1.5 ppbv ClNO2 and the integrated ozone production rate without 

ClNO2 is about 12 ppbv. The majority of this enhancement takes place over the first 5 hours after 

sunrise where at 6:30 AM the ozone production rate in enhanced by ~200%. The pre-noon ozone 

mixing ratios relative to the without-ClNO2 case are increased by ~20% with a ~10% increase 

over the remainder of the day including peak ozone which occurs at about 5 PM. This is a large 

enough absolute enhancement to influence predictions of attainment of air quality standards in 

polluted coastal regions. The enhancement in ozone production scales nearly linearly with the 

ClNO2 yield for this region, as expected, given that the ozone production rate is approximately 

linear with the primary radical source in a high NOx environment like Los Angeles. Constraining 
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modeled HONO to the observations results in a 9 ppbv enhancement in the integrated ozone 

production rate due to ClNO2.  

The above result is also interesting to consider in terms of the impact of nocturnal 

nitrogen oxide chemistry on the odd-oxygen budget. Defining Ox as the sum of O3 and NO2, our 

model predicts that N2O5 reactions on aerosol particles transform 9 ppbv Ox at night. If we 

neglect ClNO2 formation, this 9 ppbv Ox is permanently lost due to nitrate formation from N2O5 

hydrolysis. However, incorporating ClNO2 formation, with a yield (branching ratio) of 50%, 

results in up to 12 ppbv Ox produced the subsequent day compared to the case where ClNO2 

formation is neglected. Thus, due to ClNO2 formation and its daytime impact on oxidants and 

ozone, nighttime N2O5 chemistry does not net destroy Ox but is in fact potentially a net source, or 

at least a null cycle, for the Los Angeles region conditions we simulate here.  

While not directly comparable, our results appear generally consistent with a recent 3D 

CMAQ modeling study of ClNO2 effects on ozone and particulate nitrate (Sarwar et al., 2012). 

In the Los Angeles region, the CMAQ modeling showed roughly a 2 – 4 ppbv increase in 

daytime ozone per ppbv ClNO2 photolyzed, with maxima approaching 8 ppbv/ppbv. Likely 

important in setting the actual ozone enhancement is, among other possibilities, the mixing of 

background marine air with the polluted core and the model predicted vertical distribution of 

ClNO2. These issues will be important to test with observations for validating model 

representations of this process. 

 

6.4 Summary and Conclusions 

These model outputs suggest that ClNO2 photolysis is likely a major Cl∙ source, if not the 

dominant source, under conditions similar to those sampled in the Los Angeles region during 
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CalNex 2010. The impact of ClNO2 on potential daytime halogen atom recycling is substantial, 

with significant enhancements predicted on other Cl∙ reservoirs like ClONO2, HOCl, and Cl2. 

Relative to model runs without ClNO2 formation, the presence of ClNO2 causes significant and 

non-negligible perturbations in HOx, RO2, APN, and ozone production. Relative to a model 

without ClNO2 formation and heterogeneous HONO production, incorporating ClNO2 perturbed 

the integrated total radical and ozone production rates by 20%, with perturbations in ROx and 

APN >100%. Moreover, we show that given these effects, the impact of N2O5 reactions on 

aerosol particles is not a net sink of odd-oxygen but instead a net source for the polluted coastal 

conditions we model here. The absolute magnitude of the perturbations in these quantities and 

processes relative to a model that does not include ClNO2 will ultimately depend upon the 

presence of HONO and the abundance of ClNO2 and HONO vertically as well as seasonally. 

Given that the only vertically resolved ClNO2 and HONO observations in the Los Angeles basin 

(and elsewhere for that matter) suggest ClNO2 is far more important an oxidant source in a 

column average sense (Young et al., 2012), the upper end of the impacts of ClNO2 we present 

here may in fact be representative for polluted coastal regions in summer.  

We conclude by noting that during winter, in locations such as the Northeastern U.S., the 

role of ClNO2 may be substantially more important to the total radical budget given that O(
1
D) 

production and H2O vapor concentrations can both be factors of 5 lower than presented here, 

resulting in significantly lower OH abundances while ClNO2 approaches similar concentrations 

(Kercher et al., 2009). This idea is consistent with the apparently important role of ClNO2 at 

inland locations during wintertime as illustrated by recent studies at the Uintah Basin, Utah 

(Edwards et al., 2013).  
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Pasadena (GC-MS) R/V Atlantis (GC-FID) R/V Atlantis (PTR-ToF-MS) median (pptv) 1σ 

methanol methanol   1220 180 

ethanol     1540 200 

isopropanol     320 50 

ethanal ethanal   370 150 

methacrolein     10 10 

propanal     90 20 

butanal     20 4 

ethane     3120 440 

propane   propane 1940 330 

i-butane   i-butane 510 70 

n-butane   n-butane 1200 190 

i-pentane     780 100 

n-pentane   n-petane 350 40 

hexane     250 30 

nonane     40 2 

decane     36 2 

undecane     34 4 

ethene   ethene 900 100 

propene   propene 250 60 

cis-2-butene     10 2 

1-butene   1-butene 25 5 

2-methylpropene     80 20 

1,3-butadiene     44 17 

trans-2-butene     33 7 

ethyne   ethyne 320 40 

propylbenzene     15 1 

isopropylbenzene     5 1 

benzaldehyde     40 8 

benzene benzene benzene 65 5 

ethylbenzene     25 2 

o-methylethylbenzene     4 1 

1,3,5-trimethylbenzene     10 3 

phenylethene     14 2 

1,2,4-trimethylbenzene     25 5 

o-xylene     30 3 

toluene toluene toluene 140 13 

1,2,3-trimethylbenzene     8 2 

methylvinylketone     16 25 

acetone acetone   740 260 

methylethylketone     53 27 

alphapinene     13 8 

betapinene     8 4 

limonene     9 7 

isoprene     30 180 

 

Table 6.1 VOC measured during CalNex 2010 at the Pasadena, CA, ground site and aboard the 

R/V Atlantis and used as model constraints. Medians and standard deviations (1σ) for the diurnal 

values used in the model are also given.   
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Figure 6.1 Methanol oxidation mechanism by atomic chlorine added to the model reactions. 
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Figure 6.2 Ethanol oxidation mechanism by atomic chlorine added to the model reactions. 
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Figure 6.3 Isopropanol oxidation mechanism by atomic chlorine added to the model reactions. 
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Figure 6.4 Ethene oxidation mechanism by atomic chlorine added to the model reactions. 
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Figure 6.5 Propene oxidation mechanism by atomic chlorine added to the model reactions. 
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Figure 6.6 Output for the analysis period of a model run showing ClNO2 mixing ratios (heavy 

green line, right y-axis) and Cl∙ concentrations for the case including ClNO2 formation (heavy 

blue line, left y-axis) and the case excluding ClNO2 formation (dashed red line, left y-axis).  
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Figure 6.7 Model output of Cl∙ production channels a) without ClNO2 formation (top) and b) 

with ClNO2 formation (bottom).  
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Figure 6.8 Effects of ClNO2 on the molecular chlorine (Cl2) levels during a model run. 
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Figure 6.9 Modeled enhancements in chlorinated species resulting from the inclusion of ClNO2 

formation.  
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Figure 6.10 Modeled Cl∙ reactivity at 7 AM (left) and 3 PM (right) grouped by reactant types.  
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Figure 6.11 Speciated Cl-atom reactivity over the course of a model day.  
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Figure 6.12 a) the HOx production rate with ClNO2 formation (solid blue line) and without 

ClNO2 formation (dashed red line). b) The enhancement ratio of the hydroxyl radical (solid black 

line), hydroperoxyl radical (dashed green line), sum of organic peroxy radicals (solid pink line), 

and sum of acyl peroxy nitrates (dotted cyan line) for the with-ClNO2 case relative to the 

without-ClNO2 case. c) The difference between the integrated ozone production rate with ClNO2 

formation and the integrated ozone production rate without ClNO2 formation.  
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Chapter 7 

 

 

Conclusions 

 

In the years since I have started my graduate work, nitryl chloride has gone from a 

theorized nocturnal NOx reservoir likely confined to marine environments at mixing ratios of a 

few tens of pptv to a chemical measured in ambient air at a growing number of coastal and 

inland locations with mixing ratios exceeding 1 ppbv. The majority of these observations were 

taken using a chemical ionization mass spectrometry measurement technique I helped to 

develop. As shown in Chapter 2, our observations of ClNO2 in Boulder, CO – about 1400 km 

from any source of sea salt – on nearly every night that the NOx-rich urban plume was sampled 

coupled with estimates of ClNO2 formation over the contiguous United States took this 

chemistry from primarily coastal phenomena to that of global importance. Despite these 

advances, uncertainties still remain concerning the reactivity of N2O5, the distribution of chloride 

mass across the particle size distribution, and inland sources of HCl and particulate chloride. 

Ultimately these limit the accuracy of our extrapolations and support the need for better 

constraints on N2O5 reactivity, quantitative single particle composition measurements, and 

measurements of gas phase acid concentrations and their partitioning to particles. Nonetheless, 

our approaches suggest that between 1 – 5 Tg Cl from ClNO2 could be produced each year 

across the U.S. alone which, as we said, is similar to that estimated for global marine boundary 

layer regions. These estimates indicate that ClNO2 potentially plays a substantial role in the 

global chlorine atom budget, much larger than was previously thought, with implications for the 

role of anthropogenic activities on the tropospheric halogens. 
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In an effort to reduce some of the uncertainties I just described, direct measurements of 

N2O5 reactivity on ambient aerosol particles were made during September 2009 and described in 

Chapter 3. Measurements were performed at the Scripps Institution of Oceanography (SIO) Pier 

facility located in La Jolla, CA, using a recently developed custom flow reactor and the particle 

modulation technique with measurements of aerosol particle size distributions and non-refractory 

composition. The pseudo-first order rate coefficients derived from this technique and the particle 

surface area concentrations were used to determine the population average N2O5-aerosol reaction 

probabilities, (N2O5), with a time resolution of approximately 50 minutes. Air quality models 

used to guide policy decisions must simplify these complex reactions for the ease of 

computation. These parameterizations, as with any atmospheric model framework, need to be 

verified by ambient observations to ensure such models accurately represent the processes at 

work. We compare these data to a recent N2O5 reactivity parameterization that utilizes aerosol 

composition measurements and an aerosol thermodynamic model. The parameterization captures 

several aspects of the measurements well with similar general trends over the time series. 

However, the parameterization persistently overestimates the measurements by a factor of 1.5 – 

3 and fails to illustrate the same small scale variability. Assuming chloride is internally mixed 

across the particle population leads to the largest overestimates. Removing this assumption only 

partially reduces the discrepancies, suggesting that other unaccounted for particle characteristics 

can suppress (N2O5) are important, such as organic coatings or non-aqueous particles. Given the 

immense number of potential VOC present in the atmosphere at a given location and the variety 

in their reactivity and particle partitioning, assessing the role organic species in the gas and 

particle phases represents one of the single most challenging aspects of modern atmospheric 

chemistry. How organics behave in and affect the particle phase state of aerosols has large 
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potential effects on (N2O5). A complete parameterization that takes into account all of these 

variables is the ultimate goal. That said, the relative variability in (N2O5) with nitrate (termed 

the “nitrate effect”) was well represented in the parameterization when compared to the ambient 

observations. This relative change in measured (N2O5) as a function of particle nitrate loading 

appears to be consistent with expectations based on laboratory data from which such 

parameterizations are developed, providing direct support for the atmospheric importance of the 

nitrate effect.  

The magnitude and sources of chlorine atoms in marine air remain highly uncertain but 

have potentially important consequences for air quality in polluted coastal regions. In Chapter 4 

we discuss the continuous measurements of ambient ClNO2 and Cl2 concentrations taken from 

May 15 to June 8 aboard the Research Vessel Atlantis during the CalNex 2010 field study which 

help gage the most important sources of chlorine atoms in polluted marine environments. In the 

Los Angeles region, ClNO2 was more ubiquitous than Cl2 during most nights of the study period. 

The maxima in both species were observed in the Los Angeles urban outflow only a few miles 

off the coast. While Cl2 and ClNO2 have been proposed to be directly linked via heterogeneous 

chemistry, the majority of the correlation between Cl2 and ClNO2 was likely due to similar 

source regions. At other times, however, there was little to no correlation between the two, 

implying distinct and varying sources. Well-confined Cl2 plumes were observed due west of Los 

Angeles, largely independent of ClNO2, providing support for local industrial emissions of 

reactive chlorine. These observations of ClNO2 and Cl2 as well as observations of HCl were used 

to constrain a simple box model that predicts their relative importance as chlorine atom sources 

in the polluted marine boundary layer. In contrast to the emphasis of previous marine studies in 
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which consider Cl2 the main source of chlorine atoms, ClNO2 and HCl are dominant primary 

chlorine atom sources for the Los Angeles basin. 

From the discussions above it is apparent that regions with strong anthropogenic activity 

have large ClNO2 formation potential. This includes inland regions due to transport or local 

emissions of soluble chloride. Chapter 5 detailed the NACHTT field study, where we recorded 

the first wintertime vertically resolved ClNO2 and Cl2 measurements taken on a 300 meter tall 

tower located at NOAA’s Boulder Atmospheric Observatory in Weld County, CO, during 

February and March of 2011. Gas and particle phase measurements aboard the tower carriage 

allowed for a detailed description of the chemical state of the nocturnal atmosphere as a function 

of height. Apart from a sparse number of summertime airplane measurements, these observations 

show the first significant vertical structures in ClNO2 and Cl2. In particular we select two distinct 

combustion plume events where ClNO2 mixing ratios surpassed 500 pptv well aloft of the 

nocturnal surface layer. From these events we infer efficient ClNO2 production from N2O5-

aerosol reactions using observational constraints and box modeling. The derived yields in these 

plumes suggest ClNO2 production comparable to that of marine regions. These yields show 

substantial night-to-night and within night variability which correlates well with ambient relative 

humidity and suggest that the most efficient continental ClNO2 formation likely occurs in 

combustion plumes where N2O5 precursors and chloride are coemitted.  

Finally, in Chapter 6 we examine the potential fate of the chlorine atoms liberated by 

ClNO2 formation and the overall impact of ClNO2 on regional photochemistry. This is 

accomplished through the incorporation of ClNO2 production, photolysis, and subsequent 

chlorine atom reactions into an existing Master Chemical Mechanism (MCM version 3.2) box 

model framework using observational constraints from the CalNex 2010 field study introduced 
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in Chapter 4. Chlorine atom reactions with a set of alkenes and alcohols, and the simplified 

multiphase chemistry of N2O5, ClNO2, HOCl, ClONO2, and Cl2, none of which are part of the 

MCM, were added to the mechanism. Relative to model runs excluding ClNO2 formation, the 

presence of ClNO2 produces marked changes important to oxidants, ozone, and nitrogen oxide 

partitioning, all of which can have large potential effects on air quality. Modeled chlorine atoms 

from ClNO2 were found to react predominantly with a large suite of volatile organic compounds 

(VOC) to produce more organic peroxy radicals in the morning hour. In the presence of several 

ppbv of NOx, these perturbations lead to similar enhancements in HOx. Neglecting contributions 

from HONO, the total integrated daytime radical source is 17% larger when including ClNO2 

which in turn leads to a similar enhancement in integrated ozone production of 15%. VOC and 

NOx lifetimes are shorter in the model run that includes ClNO2 formation, primarily due to 

enhanced morning OH. These results also challenge the fundamental idea that reactions of 

nocturnal NOx species represent a net sink for odd-oxygen. ClNO2 formation in the model was 

shown to have the potential to reduce the efficiency of nocturnal loss reactions to the point that 

nocturnal reactions could potentially result in a net source of odd-oxygen. Additionally, 

potentially detectable levels of chlorine containing organic compounds are predicted to form as a 

result of chlorine addition to alkenes, which may be useful in identifying times of active chlorine 

atom chemistry. The effects implied by these model studies illustrate the same general message 

as all of the findings outlined in this dissertation: ClNO2 is an important component of nocturnal 

NOx and should be considered in model studies as its effects can be far reaching. Not only is it a 

significant reservoir of NOx, but the activation of reactive chlorine atoms can influence a number 

of important tropospheric chemical reactions. In order to appropriately understand the effects of 



182 
 

ClNO2, it is also critical that the heterogeneous reaction kinetics of N2O5, which precede and as a 

result are inherently tied to any ClNO2 formation, be better constrained.  

While predicted effects based on ambient concentrations and modeling of ClNO2 appear 

to be substantial, these predictions, as with all atmospheric chemistry phenomena, need to be 

further probed and demonstrated through field observations and atmospheric chemical models in 

order to confirm such effects. The challenge in dealing with chlorine atoms is that they cannot be 

measured directly given their low concentrations and short chemical lifetime in ambient air. As 

such, indirect measurements must be employed. The MCM modeling described above highlights 

one potential avenue that might confirm active chlorine atom chemistry resulting from ClNO2. 

Predawn measurements of ClNO2 concentrations coupled with co-located morning 

enhancements of chlorinated species or HCl would represent a particularly strong case. Similar 

measurements of other predicted enhancements to OH, HO2, RO2, etc. would also be beneficial. 

Incorporation of ClNO2 formation, photolysis, and subsequent chlorine atom chemistry into large 

scale chemical and air quality models is also a necessary step toward assessing the importance of 

this chemistry. Whether or not such models can include these reactions and still accurately 

predict and reproduce preexisting observations remains to be seen.    
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