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Abstract: Measurements of molecular chlorine (Cl2), nitryl chloride (ClNO2), and 

dinitrogen pentoxide (N2O5) were taken as part of the DISCOVER-AQ Texas 2013 

campaign with a High Resolution Time-of-Flight Chemical Ionization Mass Spectrometer 

(HR-ToF-CIMS) using iodide (I-) as a reagent ion. ClNO2 concentrations exceeding 50 ppt 

were regularly detected with peak concentrations typically occurring between 7:00 a.m. and 

10:00 am. Hourly averaged Cl2 concentrations peaked daily between 3:00 p.m. and  

4:00 p.m., with a 29-day average of 0.9 ± 0.3 (1σ) ppt. A day-time Cl2 source of up to  

35 ppt·h−1 is required to explain these observations, corresponding to a maximum chlorine 

radical (Cl•) production rate of 70 ppt·h−1. Modeling of the Cl2 source suggests that it can 

enhance daily maximum O3 and RO2
• concentrations by 8%–10% and 28%–50%, 

respectively. Modeling of observed ClNO2 assuming a well-mixed nocturnal boundary layer 

indicates O3 and RO2
• enhancements of up to 2.1% and 38%, respectively, with a maximum 

impact in the early morning. These enhancements affect the formation of secondary organic 

aerosol and compliance with air quality standards for ozone and particulate matter.  

Keywords: ambient observations; air quality; photochemistry; atomic chlorine; molecular 

chlorine; nitryl chloride 
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1. Introduction 

Research over the past several decades has shown that the presence of reactive gas phase chlorine 

species, particularly chlorine radicals (Cl•), can contribute significantly to atmospheric reactivity [1–7]. 

High concentrations of Cl• can lead to increased rates of Volatile Organic Compound (VOC)  

oxidation [8–13] and enhanced rates of O3 production in the troposphere [1,3,7,14–16]. Photochemical 

sources of Cl• include Cl2 and HOCl [17], which are the primary forms of anthropogenic chlorine 

emissions [7,18,19]. Chlorine radicals, once produced, can participate in reactions with VOCs to produce 

alkyl radicals. These reactions typically proceed via hydrogen abstraction as shown in Reaction (R1), 

where R represents a generic VOC, and R• represents the resulting alkyl radical [17,20]. 

Cl• + RH → R• + HCl. (R1)

Previous studies have reported field observations of elevated tropospheric Cl2 at various locations 

across North America. Many of these observations were made near coastal areas, and maximum 

observed concentrations range from 20 ppt to 250 ppt [21–24]. Additionally, concentrations of up to 400 

ppt Cl2 were observed in the Arctic marine boundary layer in Barrow, Alaska [25]. Cl2 source strengths 

on the order of 10–100 ppt Cl2·h−1 are required to explain such concentrations due to the rapid photolysis 

of Cl2 [22,23,25]. 

Anthropogenic sources [1,26], aqueous reaction pathways [27,28] and naturally occurring 

heterogeneous or surface reaction routes of Cl2 production [25,29,30] have been proposed to explain 

these observations. Previous experiments have observed that Cl2 production from irradiated mixtures of 

O3
 and particulate chloride proceeds at a rate that is too rapid to be explained unless heterogeneous 

chemistry is active [30]. Numerous mechanisms have been proposed to explain the exact pathway for 

the heterogeneous formation of Cl2. For example, the reaction of gas phase O3 at the particle surface has 

been suggested [31,32]. 

2 Cl−(aq) + O3(g)  
ுమைሱۛሮ Cl2(g) + 2 OH−

(aq) + O2(g) (R2)

Other work suggests that the reaction of hydroxyl radicals (OH•) at the particle surface more 

accurately depicts the chemistry active during heterogeneous Cl2 production [30,33,34], where the 

formation of a surface complex between particulate Cl− and gas phase OH• was suggested as the rate 

limiting step, as is shown in Reactions (R3) and (R4). 

OH(g) + Cl−(aq)
 → OHCl− (R3)

2OHCl− → Cl2(g) + 2OH−
(aq) (R4)

Regardless of the exact mechanism, the presence of a heterogeneous route for significant Cl2 

production from particulate chloride has implications for air quality through the production of O3 [16] 

and particulate matter. 

Heterogeneous production of gas phase ClNO2 from particulate chloride has also been shown to occur 

and can lead to the generation of Cl• in the presence of sunlight [35–38]. ClNO2 chemistry also decreases 

the loss of reactive nitrogen via N2O5 deposition by producing a photolytic form of reactive nitrogen that 

is reintroduced into the gas phase [39–42]. Heterogeneous routes for the production of Cl2 from 

particulate chloride have also been shown to exist [30,42–44]. 
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Observations [24,37,45–47], modeling work [39–42] and laboratory studies [36–38,48–52] in the 

recent past have identified heterogeneous ClNO2 formation as a major route for the production of 

reactive gas phase chlorine. The mechanism of ClNO2 production is initiated by the reactive uptake of 

N2O5 on chloride-containing aerosol particles, as seen in Reaction (R5). This reaction competes with the 

heterogeneous hydrolysis of N2O5 (Reaction (R6)), which produces HNO3. 

N2O5(g) + HCl(aq) → HNO3 (g) + ClNO2 (R5)

N2O5(g) + H2O(l) → 2 HNO3 (aq) (R6)

This results in relatively unreactive particulate chloride being transformed into reactive gas phase 

chlorine. The ClNO2 produced by the mechanism in Reaction (5) is photolytic and will decompose to 

produce gas phase NO2 and Cl• [17]. 

Aside from coastal [24,37,53,54] and oceanic [35] observations, several studies have recently 

reported significant ClNO2 concentration in inland and mid-continental regions [45–47,55]. Previous 

measurements and modeling work have indicated that ppb-level concentrations of ClNO2 are present in 

Houston, TX, USA and along the coast near the Houston Ship Channel [37,40,41]. The measurements 

reported here provide further insight into the formation and concentrations of Cl2 and ClNO2 at an inland 

location in southeast Texas and their implications to atmospheric reactivity. 

2. Results and Discussion 

The data presented in this work were collected during the DISCOVER-AQ 2013 campaign [56] in 

Houston, TX, USA for the period of 1 September 2013–1 October 2013. The data were obtained at an 

air quality monitoring ground site in Conroe, TX, USA (30.350278°N, 95.425000°W) situated next to 

the Lone Star Executive Airport in Montgomery county. The site is located approximately 60 km north 

northwest from the Houston urban center and approximately 125 km northwest of the nearest coastline. The 

gas phase species Cl2, N2O5 and ClNO2 were measured using an iodide High Resolution Time-of-Flight 

Chemical Ionization mass Spectrometer (HR-ToF-CIMS) and were identified by adduct ions Cl2I−, 

N2O5I−, and ClNO2I−, respectively. The concentration and bulk composition of particulate matter smaller 

than 1 µm in diameter (PM1) was measured using an Aerosol Chemical Speciation Monitor (ACSM, 

Aerodyne Research) [57]. Particle size distributions were measured using a Scanning Electrical Mobility 

System (SEMS, Brechtel Manufacturing).  

Observations over the entire month of September 2013 revealed average peak concentrations of Cl2, 

ClNO2, and N2O5 of 1.6, 25, and 1.5 ppt, respectively. The highest concentrations of chlorine species 

were detected during the period of 11–20 September, and this time period is the focus of the following 

analysis. During this period, daily peak concentrations of Cl2, ClNO2, and N2O5 frequently exceeded  

2 ppt, 60 ppt, and 20 ppt, respectively. Average nocturnal (8 p.m.–2 a.m.) concentrations of N2O5 were 

approximately 5 ppt. ClNO2 morning (5 a.m.–11 a.m.) and nocturnal concentrations averaged 24 and  

21 ppt, respectively. Cl2 typically peaked in the afternoon, and Figure 1 shows the time series for  

11–20 September. 
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Figure 1. Time series of Cl2 (10-min averages) at the Conroe, Texas measurement site from 

11–21 September. 

N2O5 exhibited peak nocturnal concentrations exceeding 20 ppt on the nights between  

11–13 September. However, concentrations on most other nights rarely exceeded 2 ppt, even when 

increases in ClNO2 concentrations were observed during the same time periods. Concentration time 

series of N2O5 and ClNO2 from 11–21 September are shown in Figure 2. The implications of these 

observations are discussed further in the following sections.  

 

Figure 2. Time series of 10-min average ClNO2 and N2O5 concentrations at the Conroe, 

Texas site from 11–21 September. Two distinct patterns were observed with respect to N2O5 

and ClNO2. Inset (a) shows a time period (9/13) when ClNO2 and N2O5 concentrations 

correlated. Inset (b) shows a time period (9/16) when little N2O5 concentrations remained 

below the detection limit despite elevated ClNO2 concentrations. A time series of the ClNO2 

photolysis rate is shown in grey, and vertical lines represent sunrise. 
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2.1. Cl2 Measurements 

Concentrations of Cl2 typically peaked in the afternoon at concentrations ranging 1–10 ppt. During 

the afternoon hours (12:00–6:00 p.m.) on many days, Cl2 concentrations remained above 1–2 ppt. On 

most days, Cl2 peaked between 3:00 p.m. and 4:00 p.m. (Figure 1). Figure 3 shows the diurnal pattern 

of Cl2 concentrations between 11–21 September. 

 

Figure 3. Diurnal pattern of Cl2 concentrations observed from 11–21 September. 

Concentrations were typically elevated in the mid to late afternoon, with a lower 

enhancement late at night due to late night peaks such as the night of 12 and 13 September. 

Boxes indicate 25th and 75th percentiles, and whiskers indicate 10th and 90th percentiles. 

These observed concentrations are slightly lower than concentrations observed in previous  

studies [22–24,58], and significantly lower than concentrations that have been detected in the arctic marine 

boundary layer [24,25]. However, the higher concentrations of Cl2 in these previous studies would be 

expected since they were taken in coastal areas, in close proximity to a large sea salt source. Although 

the Cl2 concentrations reported here are relatively low compared to other studies, the observation of a 

sustained concentration in spite of the rapid day-time photolysis of Cl2 suggests a significant source of 

Cl2 is present. For example, the average Cl2 concentration between 2:00 p.m. and 2:30 p.m. on  

18 September was 3.8 ppt. The calculated photolysis rate constant for this same period, using the 

coordinates of the measurement site, was 2.5 × 10−3 s−1. This implies an approximate Cl2 photolysis rate 

of 35 ppt Cl2·h−1 for a mid-day Cl2 concentration of 4 ppt Cl2; calculated 30-min average photolysis rates 

between 10:00 a.m. and 4:00 p.m. ranged from 7–35 ppt Cl2·h−1. Considering that concentrations on 18 

September steadily increased from 10:00 a.m. and peaked at 2:00 p.m., this suggests that a minimum 

source strength of approximately 10–30 ppt·h−1 during the mid-day is necessary to explain the 
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observations. This is similar in strength to sources suggested by previous studies to explain Cl2 

observations elsewhere [22,23].  

Similar daytime Cl2 concentrations were observed for several other days during the campaign (Figure 1), 

suggesting that a similar source was present during those times as well. Such a Cl2 source could 

potentially lead to the enhanced oxidation of CH4 and other VOCs [23,25,58], and therefore enhanced 

formation of secondary organic aerosol. Additionally, enhanced O3 production can result from the 

presence of a Cl• source [1,33]. The implications of this are discussed further in Section 3.4. 

On several occasions (13–15 September, for example), increases in Cl2 were observed late at night or 

in the early morning, coinciding with increases in ClNO2. No significant anthropogenic emissions of gas 

phase Cl2 were known to be present in the area at the time. It is possible that the source of Cl2 in these 

situations was the same as ClNO2 since N2O5 has been shown to oxidize directly to Cl2 when particles 

are acidic [43]. Recent measurements in inland regions suggest that soil deflation could possibly play a 

larger role as a particulate chloride source than previously assumed [59–61]. Considering the diurnal 

pattern of Cl2, with peak concentrations occurring in the mid-afternoon, it is more likely that Cl2 is 

produced inland. Gas phase Cl2 transported from the coast would be degraded by photolysis by the time 

it reaches the measurement site, which could take several hours. Additionally, the heterogeneous production 

of reactive chlorine is thought to be driven by O3 or OH•, species which peak during the mid-day. The timing 

of peak Cl2 concentrations thus suggest a heterogeneous mechanism as a possible source of observed Cl2. 

2.2. ClNO2 and N2O5 Measurements 

For the month of September, 2013, ClNO2 was frequently detected at concentrations exceeding  

50 ppt (approximately 40% of the days in the month). Observations for the period spanning  

11–21 September are shown in Figure 2. Although the timing of peak ClNO2 concentration varied 

between days (e.g., Figure 2a compared to Figure 2b), the typical pattern was a peak ClNO2 

concentration between 25–60 ppt occurring between 7:00–10:00 a.m. Daily 1-hour maximum 

concentrations averaged 24 ppt over the course of the month. On several days, however, ClNO2 

concentrations peaked at night between 23:00–24:00, reaching concentrations over 100 ppt by midnight. 

Examples of such episodes can be seen in Figure 2 on the nights of 13 and 14 September. Observations 

of N2O5 were also made, and during periods when the concentration was high (11–13 September), N2O5 

correlated well with ClNO2. However, there were many days (e.g., 14–21 September) during which elevated 

concentrations of ClNO2 were observed while N2O5 remained low or was below the detection limit, 

perhaps suggesting that ClNO2 production was limited by N2O5 on these days. 

Observed concentrations of ClNO2 were lower than previous measurements made in coastal areas. 

During the Texas Air Quality Study II (TexAQS II), ClNO2 concentrations reaching 1200 ppt were 

detected in the Houston Ship Channel [37]. At another coastal location, in Los Angeles, CA, 

concentrations up to 1500 ppt were detected off the California coast in the Los Angeles region [24]. The 

lower magnitude of ClNO2 concentrations reported here is likely due to the fact that measurements were 

taken further inland (~125 km from the coast) and therefore further from a sea salt chloride source. 

However, the ClNO2 concentrations observed in Conroe, TX, USA, are also lower than recent observations 

much further from the coast. For example, ClNO2 concentrations of up to 800 ppt and 450 ppt were detected 

at Kohler Mesa, CO (~1400 km from coast) [46] and Hessen, Germany (~380 km from coast) [45], 



Atmosphere 2015, 6 1493 

 

 

respectively. The most likely explanation for these observations is that an inland source of chloride was 

present at these locations, and more recent work [59] suggest the presence of a significant soil source for 

chloride in Colorado. In this study, the measurements are consistent with the influence of a moderate 

particulate chloride source, and the observation that N2O5 was never present in the absence of ClNO2 suggests 

that heterogeneous production was limited by N2O5 availability. The concentrations reported here are within 

the range predicted by previous modeling studies of ClNO2 production in the region [39,40,42]. 

Concentrations of this magnitude were predicted to result in an enhancement of O3 production up to 

several ppb [42]. 

On nights when ClNO2 and N2O5 correlated well, the concentrations typically peaked around 

midnight (Figure 2a). However, when elevated ClNO2 was present in the absence of N2O5, the 

concentrations typically peaked in the early to mid-morning (Figure 2b). Figure 4 shows a diurnal pattern 

of ClNO2 and PM2.5 surface area (as measured by the SEMS). Within the diurnal cycle of ClNO2 at the 

measurement site, two distinct patterns of ClNO2 concentrations are clearly visible. One pattern peaks 

early in the morning between 8 and 9 a.m., shortly after sunrise. In the other, late night ClNO2 peaks are 

observed around midnight, coinciding with peak N2O5 concentrations (11–13 September). The peak  

1-h average particulate surface area also occurs around the time of peak ClNO2 concentrations in the 

early mornings, suggesting that conditions are favorable for the heterogeneous production of ClNO2 

from N2O5 in air masses that are advected to the site in the early mornings. 

 

Figure 4. Diurnal cycle of ClNO2 concentrations, showing two distinct patterns that are 

present during the campaign: (1) an early morning peak concentrations where ClNO2 is 

advected to the site, and (2) late night peak concentrations, when ClNO2 and N2O5 

concentrations correlate significantly, suggesting more local inland production of ClNO2. 
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Analysis of ACSM data collected during DISCOVER-AQ suggests high concentrations of particulate 

organic nitrates [62], which are formed either from photo-oxidation of hydrocarbons in the presence of 

NOx or from the reactions of hydrocarbons with NO3 radicals. Nitrate radical chemistry acts as a NOy 

sink, reducing the formation of N2O5 and therefore ClNO2 and could be responsible for relatively low 

N2O5 concentrations observed throughout most of the campaign.  

2.3. Air Source Regions and Back Trajectories 

On several days during the campaign, differences in the correlation of ClNO2 and N2O5 

concentrations and the timing of ClNO2 peak concentrations suggest possible differences in the 

production and transport of ClNO2. To investigate this difference further, HYSPLIT back trajectories 

were calculated for each case [63]. Starting height was set to 70 m, the end point of the back trajectories 

was set to the coordinates of the Conroe field site, and the end time was set to the time of maximum 

observed ClNO2 concentration on each night. The model was used to generate a new back trajectory every 

two hours from the start time for a total of six 24-h back trajectories for each time period. Figure 5 shows 

a comparison of calculated back trajectories for the 13th and 16th of September. 

 

Figure 5. A comparison of HYSPLIT back trajectories for the days shown in the insets of 

Figure 2. Left: Back trajectories for the morning of 13 September 2013. The back trajectories 

ending at the time of peak ClNO2 concentrations (10–11 p.m.) show air that originated inland 

near the TX-LA border 24 hours prior. Right: Back trajectories for the morning of  

16 September 2013. The back trajectory at the time of peak ClNO2 concentration (7–8 a.m.) 

indicates that the air mass originated in the Gulf of Mexico 24 hours prior, passing between 

the Houston, TX region and the LA-TX border. 

One major difference between the two back trajectories is the amount of time that the air mass spent 

over land or over sea prior to arriving at the site. For example, air that was sampled at the site on  
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15–16 September originated in the Gulf of Mexico, resulting in a lower residence time over 

industrialized regions relative to the air sampled on the night of 12–13 September. Observations on the 

night of the 15th of September indicated very low N2O5. Elevated morning-time concentrations of ClNO2 

in these scenarios (e.g., 15–17 September) most likely resulted from transport of ClNO2 to the 

measurement site from the Gulf Coast. ClNO2 concentrations of up to 1.2 ppb were previously detected 

along the coast [37] where HYSPLIT back trajectories indicate the air originated on  

16 September (Figure 5). The lack of a corresponding increase in N2O5 concentrations during these early 

morning episodes also suggests that the ClNO2 observed at these times is produced elsewhere. The total 

amount of ClNO2 transported to the site on these mornings was probably limited by N2O5 availability 

since SEMS data indicate that the highest measured particulate surface area concentrations were observed 

during these times (Figure 4).  

In contrast to the early morning peak concentrations, the air that was sampled on the night of  

12 September originated inland, and the majority of its path was over land. On the night of 12 September, it 

might be expected that the observed air mass had been exposed to additional inland NOx sources that 

would explain the higher N2O5 concentration relative to the night of 15–16 September. 

On several occasions, ClNO2 was found to be elevated in the afternoon during daylight hours. 

Examples of this include the afternoons of 12, 13 and 17 September. Back trajectories for the afternoon 

hours on these days indicate that air transported to the site originated along the Gulf coast. On the 

afternoon of 12 September between the hours of 1 and 5 p.m., incoming air originated along the gulf 

coast 18 hours prior to arriving at the site. The back trajectories for 13 and 17 September indicate that 

the air masses originated from the same region, frequently crossing the region between Lake Charles, LA 

and Houston, TX. The amount of ClNO2 that would need to be produced in the transported air can be 

estimated. For example, ClNO2 concentrations on the afternoons of 12 and 13 September were 

approximately 10–15 ppt. An air mass arriving at 2 p.m. would have been exposed to daylight for 

approximately 7 hours. Taking the average observed photolysis rate of ClNO2 between 7 a.m. and 2 p.m. 

for these dates, this corresponds to an average ClNO2 photolysis rate of 2.8 × 10−4 s−1. This suggests that 

approximately 1–2 ppb of ClNO2 would need to be produced in the incoming air masses during transport 

to the site in order for concentrations on the order of 10 ppt to be observed. Previous measurements and 

modeling predictions in this region indicate that elevated concentrations of ClNO2 can reach 

concentrations of this magnitude [37,39,40,42].  

Back trajectories in the afternoons when Cl2 concentrations were typically elevated indicate that air 

is transported directly from the Gulf of Mexico, often passing over the metropolitan area of Houston, TX, 

USA. For example, air sampled at the site between 12–5 p.m. on the afternoon of 12, 13, 16 and  

18 September consistently originated from the Gulf of Mexico 12 to 18 hours before being sampled. The 

transport of these air masses from the coast could suggest that long range sea salt transport contributed 

as a source of heterogeneously produced Cl2 at the site. 

2.4. Box Modeling Results 

The contribution of observed Cl2 and ClNO2 to Cl• production and resulting atmospheric reactivity 

were analyzed using ambient box modeling. The Statewide Air Pollution Research Center (SAPRC) 

software was used in combination with an updated version of the Carbon Bond 6 (CB6r2) chemical 
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kinetics mechanism [64,65]. The CB6r2 mechanism was modified to include basic gas phase chlorine 

chemistry [65,66] in addition to Cl2 and ClNO2 photolysis in a manner similar to Sarwar et al. [39]. A 

list of reactions that were added is provided in the supplementary material. The photolysis rate of Cl2 

was calculated internally to the mechanism for a latitude and longitude matching the location of the 
measurement site. For the dates used in the simulations, this resulted in a peak ݆஼௟మof 2.8 × 10−2 s−1, 

occurring at 12:30 p.m. Deposition was not included and boundary layer height was fixed for the duration 

of the model run. 

Conditions on 18 September were modeled in order to assess the effects of Cl2 on atmospheric 

reactivity. Although this day did not have the highest concentration of Cl2 observed throughout the 

campaign (Figure 1), sustained concentrations over 2 ppt were observed for the entire period between 

12:00–6 p.m., suggesting a continuous source of Cl2 was present. Emissions of Cl2 were added to the 

model so that the observed Cl2 concentration profile was replicated in the simulations. On this day, 

relative humidity was 98% at 6:00 a.m., dropping to a minimum of 43% by 2:00 p.m., and temperature 

rose from 294 K at 6:00 am to 308 K at 2:00 p.m. Initial concentrations included 0.4 ppt Cl2, 8 ppb NO2, and 

10 ppb O3, consistent with early morning observations at the site on 18 September. Using these initial 

conditions and meteorological inputs, the production of OH radicals was calculated Equation (1), and  

day-time OH production ranged 106–107 molecules·cm−3 s−1. A typical urban VOC mixture [67] was 

included in simulations at a concentration of 20 ppbC. Four scenarios were simulated: (1) no Cl2 and no 

VOCs, (2) including Cl2 emissions, no VOCs, (3) no Cl2 emissions with 20 ppbC VOCs and (4) including 

Cl2 emissions and 20ppbC VOCs. Cl• production was calculated from the photolysis of measured Cl2 

concentrations Equation (2); an average emissions rate of 15 ppt·h−1 between 8:00 a.m.–6:00 p.m. was found 

to be necessary to replicate the observed concentrations. A comparison of modeled OH• and Cl• 

production rates and concentrations are shown in Figure 6. 

 

Figure 6. Production of OH and Cl radicals in a box modeling simulations for the conditions 

on 18 September 2013. The inset shows calculated concentrations of OH and Cl radicals in 

molecules·cm−3·s−1. 

2.8x10
-3

2.6

2.4

2.2

2.0

1.8

1.6

1.4

1.2

1.0

0.8

0.6

0.4

0.2

0.0

J
C

l2  (s
-1)

6:00 AM 9:00 AM 12:00 PM 3:00 PM 6:00 PM 9:00 PM 12:00 AM

Time (September 18, 2013)

1.4x10
7

1.3

1.2

1.1

1.0

0.9

0.8

0.7

0.6

0.5

0.4

0.3

0.2

0.1

0.0

P
O

H
• (

m
ol

e
cu

le
 c

m
-3

 s
-1

)

5.0x10
5

4.5

4.0

3.5

3.0

2.5

2.0

1.5

1.0

0.5

0.0

P
C

l•  (m
olecule

 cm
-3 s

-1)

 POH•

 PCl•

 JCl2

PCl•

POH•

5.0x10
6

4.0

3.0

2.0

1.0

0.0

[O
H

]

12:00 PM

1.0x10
5

0.8

0.6

0.4

0.2

0.0

[C
l]

 [OH•]
 [Cl•]



Atmosphere 2015, 6 1497 

 

 

Although Cl• production rates and concentrations are approximately 1–2 orders of magnitude lower than 

those of OH•, the calculated concentrations are significant when the relative reactivity of the two radicals is 

taken into account. The rate constants for the reactions of Cl• with many VOCs is significantly (up to 100 

times) faster than the corresponding reactions of OH• [9–11,68,69]. Thus, Cl• concentrations on the order of 

105 molecules·cm−3 s−1 represent a significant radical source with respect to the oxidation of VOCs. For 

example, taking the maximum Cl• concentration (8.5 × 104 molecules·cm−3) and the corresponding OH• 

concentration at the same time (3.6 ×106 molecules·cm−3), the rate constant for the reaction of Cl• and OH• 

with CH4 at 298 K are approximately 1.0 × 10−13 and 6.4 × 10−15 cm3 molecules−1 s−1, respectively. 

Assuming a CH4 concentration of 1700 ppb, this corresponds to rates of reaction with CH4 for Cl• and 

OH• of 3 × 105 and 8 × 105 molecules·cm−3 s−1, respectively. These rates of reaction indicate that the Cl• 

from observed concentrations of Cl2 could significantly contribute to atmospheric reactivity with respect 

to VOC oxidation. It is also important that Cl2 and Cl• peak in the mid to late afternoon when OH• 

production begins to wane. 

Measured O3 concentrations on the morning of 18 September were low with concentrations reaching 

around 5 ppb at 6:00 a.m. Simulations under-predicted day-time O3 concentrations by over 25% 

compared to measurements. Transport of O3 to the site in the afternoon (which is not included in this 

box modeling simulation) likely leads to higher observed O3 concentrations. O3 production was found 

to be enhanced by Cl2. The addition of Cl2 without VOC (model scenario 1 vs. 2) increased maximum 

modeled O3 concentration between 8:00 a.m.–6:00 p.m. by 10% (1 ppb) and RO2
• concentration by up 

to 50% (1.1 ppt). The addition of Cl2 in the presence of VOC (model scenario 3 vs. 4) increased the 

maximum day-time O3 concentration by 8% (2 ppb) and RO2
• concentration by 28% (10 ppt). These 

results are summarized in Table 1. 

Conditions on the morning of 13 September (scenario 5 and 6) and 16 September (scenarios 7 and 8) were 

modeled in order to assess the effects of ClNO2 on atmospheric reactivity. Relative humidity and temperature 

in the model were set to approximate conditions present at the Conroe site. The simulation start time was set 

to midnight in order to capture the changes in radical production between nocturnal and early morning 

conditions. Model inputs for 13 September also included initial concentrations of 35 ppb O3 and 20 ppb NOx 

(consistent with measurements), as well as 20 ppbC VOC. A base case model run was performed without 

ClNO2 (scenario 5) and compared to the model run with 40 ppt initial ClNO2 (scenario 6). Model inputs for 

16 September included initial concentrations of 15 ppb O3 and 10 ppb NOx (consistent with 

measurements), as well as 20 ppbC VOC. A base case with no ClNO2 (scenario 7) was compared to a 

separate model run (scenario 8), where initial ClNO2 concentrations were set to 0, and ClNO2 emissions were 

added to gradually increase the total amount of ClNO2 from 0 to 50 ppt between 6–8 a.m. (Figure 2b). 

A comparison of the radical production rates of OH• and Cl• resulting from measured ClNO2, O3 and 

H2O concentrations is shown in Figure 7. Although Cl• production reaches a peak rate that is 

approximately 2 orders of magnitude lower than peak OH• production, its production in the early 

morning increases atmospheric reactivity during a time when OH• concentrations are low. Concentrations 

of Cl• peak in the very early morning (Figure 7 inset), approximately two hours before OH• concentrations 

begin to increase. Using the peak modeled Cl• concentration (2.5 × 104 molecules·cm−3 and an approximate 

OH• concentration from the same time period (1.5 × 106 molecules·cm−3), the reaction rates with 1700 ppb 

CH4 are similar at 1.1 × 105 and 4.1 × 105 molecules·cm−3 s−1 for Cl• and OH•, respectively. 
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Figure 7. OH• production resulting from the photolysis of O3 compared to Cl• production 

from observed concentrations of ClNO2 on the morning of 13 September 2013. The inset 

shows a comparison of modeled Cl• and OH• radical concentrations (molecules·cm−3) during 

the same time period, assuming an initial ClNO2 concentration of 40 ppt (model scenario 6). 

The inclusion of 40 ppt ClNO2 enhanced O3 and RO2
• concentrations between 7:00 a.m.–3:00 p.m. by 

a maximum of 6.5% and 0.4%, respectively, when compared to a simulation with no ClNO2 (scenarios 5 

and 6 in Table 1). For simulations on the morning of 16 September, which included emissions of 50 ppt 

ClNO2 in the early morning, similar enhancements in O3 and RO2
• concentrations were observed: in the 

presence of 20 ppbC VOC, O3 and RO2 concentrations were enhanced by 11.5% and 1.0%, respectively, 

when compared to a base case simulation without ClNO2 (scenarios 7 and 8 in Table 1). In the absence 

of VOCs the addition of ClNO2 did not significantly increase O3 or RO2
• concentrations (not listed in 

Table 1). The increases in RO2
• exemplify how ClNO2 at the observed concentrations can contribute 

significantly to atmospheric reactivity, particularly in the morning. A summary of these modeling results 

and the results of Cl2 simulations are listed in Table 1. 

Table 1. Summary of Modeling Results. 

Scenario Chlorine Species Comparison [VOC] (ppbC) ∆[O3]max (%) ∆[RO2
•]max (%) 

1 -- 
1 

0 
10 50 

2 Cl2 0 

3 -- 
2 

20 
8 28 

4 Cl2 20 

5 -- 
3 

20 
6 0.4 

6 ClNO2 20 

7 -- 
4 

20 
12 1 

8 ClNO2 20 
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3. Experimental Section 

The area surrounding the air-quality monitoring station at Conroe, TX is primarily affected by 

pollution in the outflow of air from Houston, which hosts significant energy and petrochemical industries 

in addition to a large urban population. The regional atmospheric chemistry is also influenced by marine 

air from the Gulf of Mexico. The site itself is located in the middle of a field adjacent to the airport, with 

a gravel parking lot nearby and bordered by trees approximately 200 m to the North.  

A permanent Texas Commission on Environmental Quality (TCEQ) ambient measurement station 

exists at this site and provided continuous meteorological data (wind speed, wind direction, temperature 

and relative humidity) for the duration of the campaign. NOx and O3 monitors were also present at the 

TCEQ site. During DISCOVER-AQ a temporary ground site was set up adjacent to the permanent 

station. Chlorine species were detected using a High Resolution Time-of-Flight Chemical Ionization 

Mass Spectrometer (HR-ToF-CIMS, henceforth referred to as CIMS) [70–73], which was operated in 

negative ionization mode utilizing the iodide reagent ion. Similar CIMS techniques have been used in 

previous studies for the detection of ClNO2, N2O5 and Cl2 [24,35,37,45–47,74,75], and other studies 

have described in detail the operation and application of the Aerodyne CIMS. Species reported here that 

were detected with the iodide CIMS included ClNO2, Cl2 and N2O5; the ions monitored for these species 

were IClNO2
−, ICl2

−, and IN2O5
−.  

A sample flow of 2 LPM was introduced into the instrument through a ¼” outer diameter 

perfluoroalkoxy (PFA) Teflon® sample line connected to the stainless steel inlet by a ¼” to 10 mm 

stainless steel Swagelok union. The sample flow then passed into the ion-molecule reaction (IMR) 

chamber of the instrument, where it was mixed with a reagent ion flow of 2 LPM. Ionization in the IMR 

took place at a pressure of 200 mbar and temperature of 34°C (controlled by an IMR heater). I(H2O)n
− 

reagent ions were generated by passing a flow of ultra-high purity (UHP) N2 over a methyl iodide (CH3I, 

Sigma Aldrich, 99%) permeation tube. The N2 flow first passed through purified water (Milli-Q, model 

Advantage-A10) upstream of the CH3I permeation tube in order to provide the humidity necessary for 

sufficient production of H2OI− ions. This also helped to stabilize the relative humidity within the IMR 

and resulting variations in sensitivity that have been noted for iodide chemical ionization [35,72]. Inside 

of the inlet, the sample flow then passed through 44.5 mm of the 10 mm outer diameter stainless steel tubing 

before passing through a critical orifice into the IMR. After mixing in the IMR the combined reagent 

and sample flow passed through two quadrupoles before entering the Time-of-Flight (ToF) mass 

analyzer. During the entire measurement period, the ToF was operated in V mode, providing higher 

sensitivity but lower resolution than W mode.  

In order to test for measurement artifacts a flow of ultra-high purity (UHP) N2 was periodically 

introduced into the sampling inlet. This flushing of the sampling line resulted in a rapid drop to 

background levels in the signals for Cl2, N2O5 and ClNO2, suggesting that adsorption and subsequent 

desorption of these species from the inlet line walls was not a significant source of measurement artifacts. 

When the sampling commenced afterwards ion signals returned rapidly to ambient levels, suggestive of 

a high transmission efficiency. No explicit tests were performed to assess the N2O5 transmission 

efficiency in the field introducing uncertainty in the quantification of N2O5 which could be lost 

irreversibly to the inlet walls. The N2O5 concentrations in this study are reported assuming that 

transmission efficiency was equivalent to that observed during calibrations. We estimate that this 
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introduces a measurement uncertainty of 20%, a conservative estimate compared to previous work [76] 

which cited a ± 7% accuracy for N2O5 measured using a different instrument.  

Equations (1) and (2) were used to calculate the production of Cl• and OH• consistent with box 

modeling simulation results. The production of OH• was calculated from the reactions of O(1D) with 

H2O, N2, and O2 (Equation (1)), in a manner similar to a previous observational study [45]. The rate of 

O3 photolysis was used to calculate the rate of O(1D) generation, and additional details on the derivation 

of Equation (1) are described in the supplementary material. The production of Cl• proceeded directly 

from the photolysis of Cl2 (Equation (2)). 

ைܲு = ଶܱሿܪଶܱሿ/ሺ݇ுଶைሾܪሺைయሻሾܱଷሿ݇ுమைሾܬ2	 + ݇ேଶሾ ଶܰሿ + ݇ைଶሾܱଶሿሻ (1)

஼ܲ௟ = 2 × ݆஼௟మሾ݈ܥଶሿ (2)

Additional simulations were performed to assess the impact of observed ClNO2 concentrations on 

Cl• production and atmospheric reactivity, and Equation (3) was used to quantify the production of Cl• 

from ClNO2. 

஼ܲ௟ = ݆஼௟ேைଶሾܱ݈ܰܥଶሿ (3)

4. Conclusions 

During the month of September 2013, concentrations of Cl2 and ClNO2 regularly reached or exceeded 

2 ppt and 60 ppt, respectively, at an inland monitoring site in Southeast Texas. The concurrent presence 

or absence of N2O5 at the site depended on the source of the sampled air, and longer paths over land 

corresponded to higher concentrations of N2O5. Peak ClNO2 concentrations in the early mornings when 

little to no N2O5 was present on some days suggest that the production and transport of ClNO2 from a 

non-local source is occurring. Contemporaneous measurements of PM surface area suggest conditions 

favorable to heterogeneous conversion of N2O5 in the advected air masses on these mornings. The 

presence of Cl2 and ClNO2 at the site are significant due to their role as Cl• sources. Although Cl2 

concentrations are lower in magnitude, the fact that Cl2 concentrations consistently peak in the afternoon 

when photolysis rates are highest suggests a Cl2 source of approximately 30 ppt·h−1 Cl2. Box modeling 

simulations suggest that such concentrations can contribute to enhanced O3 and RO2
• production during 

the day. The source of ClNO2 is likely the result of reactions between anthropogenic NOx sources and 

particulate chloride originating along the Gulf Coast, and the reported values are within the range of 

previous model predictions in the region. Assuming that the surface measurements made in the early 

morning are representative of the entire nocturnal boundary layer, ClNO2 was also found to contribute 

to Cl• production and atmospheric reactivity, particularly in the early morning before significant OH• 

production begins. Overall, the results suggest that Cl2 and ClNO2 affect atmospheric reactivity and can 

impact the formation of ozone and secondary organic aerosol. In a region where attainment of the 

National Ambient Air Quality Standard for ozone has been an issue in the past decades, quantifying the 

effects of reactive chlorine chemistry is important for assuring future attainment. 
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