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Abstract 20 

Nighttime concentrations of the gas phase nitrate radical (NO3) were successfully measured during a four 21 

week field campaign in an arid urban location, Reno Nevada, using long-path Differential Optical 22 

Absorbance Spectrometry (DOAS).  While typical concentrations of NO3 ranged from 5 to 20 ppt, 23 

elevated concentrations were observed during a wildfire event. Horizontal mixing in the free troposphere 24 

was considerable because the sampling site was above the stable nocturnal boundary layer every night 25 

and this justified a box modeling approach. Process analysis of box model simulations showed NO3 26 

accounted for approximately half of the loss of internal olefins, 60% of the isoprene loss, and 85% of the 27 

α-pinene loss during the nighttime hours during a typical night of the field study. The NO3 + aldehyde 28 

reactions were not as important as anticipated.  On a polluted night impacted by wildfires upwind of the 29 

sampling location, NO3 reactions were more important. Model simulations overpredicted NO2 30 

concentrations for both case studies and inorganic chemistry was the biggest influence on NO3 31 

concentrations and on nitric acid formation. The overprediction may be due to additional NO2 loss 32 

processes that were not included in the box model, as deposition and N2O5 uptake had no significant 33 

effect on NO2 levels.  34 

1. Introduction 35 

Nitrogen oxides (NOx = nitric oxide (NO) + nitrogen dioxide (NO2)) are important precursors for the 36 

formation of tropospheric ozone and nitrate containing aerosols (Frost et al. 2006; Ng et al. 2007). These 37 

are produced through a highly non-linear mechanism involving nitrogen oxides and volatile organic 38 

compounds (VOC).  39 

Multi-day regional scale modeling studies were among the first to show that nighttime losses of NOx 40 

could affect ozone formation on subsequent days (e.g., Dimitroulopoulou and Marsh 1997). Many of the 41 

known nighttime loss mechanisms for NOx involve the formation of the nitrate radical (NO3).  42 

Nitrate radical is formed in the troposphere by the reaction of NO2 with O3 (Atkinson et al. 2006). 43 

NO2 + O3 → NO3 + O2; k1 (298K) = 3.5 x 10-17 cm3 s-1 (1) 44 

The formation of NO3 results in only small NOx losses during the day because NO3 rapidly photolyzes to 45 

regenerate NO and NO2 under unobstructed clear sky conditions.   The concentration of NO3 is very low 46 

in the presence of appreciable NO during the day and nighttime due to Reaction 2. 47 

NO3 + NO → 2NO2 (2)  48 

NO3 may also undergo thermal decomposition: 49 

NO3 + M → NO + O2 + M  (3) 50 

However, this reaction is slow (2.5 × 106 exp (−6.1 × 103/T) s−1; Johnston et al. 1986). 51 

During the nighttime in regions with low NO concentrations NO3 reacts with a number of VOC to 52 

produce nitric acid (HNO3) that in the presence of gas-phase ammonia (NH3) can react to produce 53 

ammonium nitrate (NH4NO3). Under the proper conditions of humidity and temperature NH4NO3 will 54 

exist as a solid phase aerosol (Stelson and Seinfeld 1982). For example, NO3 abstracts H atoms from 55 



 

saturated hydrocarbons to form HNO3 but these reactions are slow, on the order of 10−17 cm3 molecule−1 56 

s−1. More important in the polluted atmosphere is the reaction of NO3 with aldehydes to form HNO3, 57 

hydroperoxy radical (HO2) and organic peroxy radicals (RO2) (Stockwell and Calvert 1983; Cantrell et al. 58 

1985). NO3 reacts with alkenes by its addition to double bonds with k298 in the range of 10−16 to 10−11 cm3 59 

molecule−1 s−1).  The nighttime reactions of NO3 with alkenes can be a loss mechanism for alkenes that is 60 

as important as their daytime reactions with HO (Geyer et al. 2003; Brown et al. 2011).   61 

Important indirect sinks for NO3 involve the formation of dinitrogen pentoxide (N2O5). 62 

NO2 + NO3 + M ↔ N2O5 + M  (4) 63 

Although Reaction 5 is slow in the gas phase due to entropy considerations (Calvert and Stockwell 1983, 64 

Wahner et al. 1998): 65 

N2O5(g) + H2O(g) → 2HNO3(g)  (5) 66 

Reaction 6 is fast on aerosols coated with liquid water (Chang et al. 2011).  67 

N2O5(g) + H2O(aq) → 2HNO3(aq) (6)i 68 

Previous field measurements of NO3 include Geyer et al. (2001; 2003) in which measurements of 69 

significant daytime mixing ratios of nitrate radical were as high as 30 ppt beginning at 3 hours before 70 

sunset.  Brown et al. (2005) conducted measurements of NO3 during the day with values of 0.5 pptv 71 

recorded, which is highly reactive with α-pinene, indicating that it can account for 10-40% of its 72 

oxidation.  Sommariva et al. (2009) conducted measurements on the NOAA research vessel Ron Brown, 73 

and found that modeled NO3 was overestimated by 30-50% in the marine boundary layer at night and 74 

called for more studies of peroxy radicals and NO3 as a potential nighttime loss of NO3.  Salisbury et al. 75 

(2001) conducted measurements of HO2+RO2, NO3 with DOAS, HCs and ozone at a coastal site in 76 

Ireland.  They found the most important reactions at night with respect to radical production were O3 and 77 

NO3 reactions.  NO3 reactions dominated in cleaner marine air from the West, and found that NO3 is both 78 

a source and sink of RO2.   79 

Emerson and Carslaw (2009) performed a measurement campaign in rural area of the UK, 25 miles from 80 

London.  Simultaneous measurements were made of meteorological conditions, aerosol size distribution 81 

and composition, concentrations of HO, HO2, HO2 + ΣRO2, non-methane hydrocarbons (NMHC), 82 

oxidized VOCs), CO, NO, NO2, H2O, and O3.  Although they did not measure NO3, they applied the 83 

Master Chemical Mechanism (MCM; Jenkin et al. 1997; 2003) to simulate it and found a nighttime 84 

average NO3 concentration of 0.6 ppt for their conditions. Their model simulations estimated that NO3 85 

initiated the formation of 33% of RO2 species.   86 

Asaf et al. (2009) measured NO3 in an urban location for two years.  The average nighttime concentration 87 

maximum was 200 ppt with maximum levels exceeding 800 ppt.  Their measurements showed NO3 was 88 

inversely correlated with relative humidity and positively correlated with temperature and to a lesser 89 

extent with NO2 and O3, indicating that heterogeneous removal processes were also important. 90 

Benton et al. (2010) measured the sum of NO3 + N2O5 with a broadband cavity enhanced absorption 91 

spectroscopy system (BBCEAS) located 160m above street level in London. They found that NO3 92 



 

concentrations were not likely to reach steady state during their campaign. Calculated lifetimes of NO3 93 

were on the order of a few minutes. Crowley et al. (2010) measured NO, NO2, NO3 and N2O5 at a rural 94 

mountain site in Germany.  In remote areas, the lifetime of NO3 is controlled by reactions with VOCs.  95 

NO3 and N2O5 were measured using an off-axis cavity-ring-down system (OA-CRD). 96 

Crowley et al. (2011) measured NO3 and N2O5 with OA-CRD on the Atlantic Coast of southern Spain in a 97 

forested area near both pollution sources and the Atlantic Ocean.  NO3 lifetimes were longest in air 98 

masses originating over the Atlantic Ocean, and were very short (a few seconds) in polluted air masses. 99 

Stone et al. (2014) measured NO3, N2O5, HO and HO2 in an aircraft over the UK and the North Sea to 100 

assess the importance of nighttime chemistry on regional and global air quality.  They attempted to 101 

interpret their observations using a zero-dimensional model using the Master Chemical Mechanism v3.2.  102 

They found that their model systematically underpredicted HO2 by approximately 200% and 103 

overpredicted NO3 and N2O5 by around 80 and 50%, respectively. 104 

These observations suggest that much more remains to be learned about production and loss processes for 105 

the nitrate radical.  (Readers are directed to the excellent review article by Brown and Stutz (2012) for a 106 

more in depth look at nocturnal chemistry.)  In this project our objective is to evaluate the impact of 107 

nitrate radical on the transformation and removal of atmospheric compounds under conditions of low 108 

relative humidity.  This project provides the first continuous measurements of nitrate radical over a period 109 

of four weeks in an arid urban location, Reno, Nevada, USA.   110 

2. Site Description 111 

This study was performed at the Desert Research Institute (DRI) located at 39.52°N 119.81°W, 1509 m 112 

ASL) on a mesa to the north of Reno (about 400 meters from Highway US Route 395) during July and 113 

August of 2008.  Reno is an urban area (population ca. 200,000) in a semi-arid valley between the Sierra 114 

Nevada and Virginia mountain ranges.  Reno is bordered to the east by the city of Sparks. The Reno-115 

Sparks metropolitan area is informally called the Truckee Meadows, and consists of about 400,000 116 

residents.  Due to the effect of the Sierra Nevada mountain range on wind flow patterns, pollutant 117 

concentrations in Reno, NV are mostly local in origin although some long-range transport from the San 118 

Francisco Bay Area and central California may occur. 119 

The air quality in Reno is moderately polluted with peak ozone mixing ratios typically between 60 to 120 

about 95 ppb, peak NOx levels on the order of 50 to 80 ppb and there are frequent episodes of high 121 

particulate concentrations (Stanley et al., 1997; Washoe County, 2014).  These levels of O3 suggest that 122 

NO3 is not likely to reach detectable levels during the daytime because Geyer et al. 2003a required O3 123 

mixing ratios exceeding ~100 ppb for nitrate radical to reach detectable levels. However, Reno is in a 124 

relatively deep valley with considerable shading (attenuating solar radiation) that reduces NO3 photolysis 125 

during the late afternoon.   126 

The relative humidity in Reno, NV is low enough for hydrolysis to be slow, leading to concentrations of 127 

nitrate radical high enough to be observed.  The average relative humidity is 26, 18 and 35% at 10:00, 128 

16:00 and 22:00, respectively, during July for the previous ten years (Western Regional Climate Center: 129 

www.wrcc.dri.edu).  However, during this campaign (July 2008), relative humidities were even lower: 11, 130 



 

9 and 14% at 10:00, 16:00 and 22:00, respectively.  Givens the presence of high ozone, NOx and low 131 

relative humidity, the mixing ratios of nitrate radical were easily observed during the nighttime hours.   132 

3.0 Methods 133 

3.1 Measurements 134 

Measurements were conducted nightly for VOCs and NO3 from 7 July 2008 to 8 August 2008. Long-path 135 

Differential Optical Absorbance Spectrometry (DOAS) is an established procedure for measuring gaseous 136 

constituents of the atmosphere, and is based on ultraviolet-visible absorption spectroscopy.  A DOAS 137 

instrument has three necessary components:  a source of broadband light, a focused light path long 138 

enough for significant absorbance by the constituent gases (e.g., a combination of telescope and 139 

reflectors) and a detector capable of measuring light intensity over a range of wavelengths (e.g., a 140 

multichannel spectrometer). What distinguishes DOAS from other forms of absorption spectroscopy is 141 

that it’s a single-beam technique with the reference beam intensity estimated from an interpolated 142 

background. The DOAS instrument was used to measure the concentrations of the atmospheric species, 143 

NO3, NO2, O3, CO, SO2 and HCHO.   144 

For this project, the DOAS was obtained on loan from the Air Quality Laboratory at the Institute of Earth 145 

Sciences, Hebrew University of Jerusalem.  The system was manufactured by Hoffmann-Messtechnik, 146 

Rauenberg, Germany, and consists of a transmitting/receiving telescope housing, containing a light source 147 

and connected to a diffraction-grating spectrometer with a 1024 channel photodiode array detector.  The 148 

DOAS system was mounted on the top floor of DRI's Northern Nevada Science Center (NNSC) building 149 

on the outskirts of the urban area.  The light path was directed toward the south of DRI to a set of retro-150 

reflectors mounted on the rooftop of the Grand Sierra Resort in downtown Reno, a distance of 5.86 151 

kilometers each way, Figure 1.  (For detection limits of this and other instruments used in this study see 152 

Table 1.) 153 

The field study provided four weeks of continuous measurements of nitrate radical, meteorological 154 

variables, particulate nitrate and sulfate, and ancillary species during the summer along with 30-minute 155 

integrated samples of hydrocarbons and aldehydes which were collected once or twice per day throughout 156 

the intensive, Tables 1 and 2.  A wide range of relative humidities were expected due to the low absolute 157 

water vapor concentrations and the relatively strong diurnal temperature variations that occur in desert 158 

environments during the summer.  Another major possibility that could affect the nitrate radical 159 

concentrations was wildfires that often occur and can significantly increase the concentrations of aerosol 160 

particles for weeks at a time.   Some of the measurements were in fact made during wildfires that affected 161 

the Reno area.   162 

Temperature, solar radiation, relative humidity, wind speed and direction, and barometric pressure were 163 

monitored continuously from sunset until sunrise along with mixing ratios of NO, NO2, O3, total nitrogen 164 

oxides, CO, CO2, and SO2 which were measured by real time analyzers using chemiluminescence or 165 

optical absorbance instrumentation from the Tennessee Valley Authority. Particulates were measured 166 

nightly by a Scanning Mobility Particle Sizer (SMPS™) spectrometer for submicrometer particle sizing 167 

(obtained on loan from the Storm Peak Laboratory, Steam Boat Springs, CO for this project). 168 



 

Canister samples were collected for analysis volatile organic compounds on the rooftop of DRI, Table 1.  169 

These samples were then sent to the University of California, Irvine laboratory for analysis using three 170 

gas chromatography (GC) ovens coupled with a suite of detectors that together are sensitive to 76 C2–C10 171 

VOCs, using two flame ionization detectors (FIDs) to measure hydrocarbons, two electron capture 172 

detectors (ECDs) for halocarbons, and a quadrupole mass spectrometer detector (MSD) for sulfur 173 

compounds (Simpson et al. 2010).  DNPH (2,4-dinitrophenylhydrazine) cartridge samples of aldehydes 174 

were collected using the EPA TO-11A method were made during the intensive, which were analyzed by 175 

the Organic Analytical Laboratory at DRI (see Table 1 for instrument description).    176 

The time resolution for each instrument ranges from 5 to 15 minutes (all continuous meteorological 177 

measurements to 15 minutes DOAS measurements) and the recorded measurements were synchronized.  178 

VOC samples (canisters and DNPH cartridges) were also synchronized to cover the two fifteen-minute 179 

sampling intervals of the DOAS.  It is evident that the DOAS is not a point measurement.  However, the 180 

optical path was located so that the impact by local sources would be minimized.  We believe the 181 

increased sensitivity of this measurement outweighed any uncertainties due to differences in spatial 182 

resolution.  Furthermore, the differences in measurements of ozone and NO2 between the point samples 183 

and the DOAS were less than 10%, therefore local effects were not observed. 184 

The DOAS spectra were analyzed following well-established procedures for the identification and 185 

quantification of atmospheric gaseous species (e.g., Heintz et al. 1996; Geyer et al. 1999). Background 186 

spectra, dark current, and electronic offset were subtracted, followed by band-pass filtration of the 187 

resulting spectra. A fifth order polynomial and reference spectra for NO2 (measured on site), NO3 188 

(literature values), and water vapor (from daytime spectra with no NO3 present) were fitted using 189 

nonlinear least-squares fitting routines by the analysis software MFC (Asaf et al. 2009). 190 

The measurements of the NO3 concentrations and of the ancillary species were analyzed in order to 191 

evaluate their sources, chemical processes, oxidative capacity, sinks, and products.  The important 192 

parameters governing the  NO3 chemistry can be calculated from the ancillary data, including nitrate 193 

radical production rates, NO3 lifetime, concentrations of N2O5 (which is in equilibrium with nitrate radical 194 

and may serve as a major sink under some conditions), oxidation capacity, nitrate radical degradation 195 

frequency, and direct and indirect removal rates.  The measured ancillary species were used to estimate 196 

the expected gas-phase losses of nitrate radical through reactions with VOC and NOx.   197 

Additional meteorological information was obtained using a miniSODAR (Atmospheric Systems 198 

Corporation, Santa Clarita, CA), which can measure the winds in the range of 30 to 200 meters above the 199 

ground in 5 meter increments; and a Vaisala Ceilometer CL-31, which measures vertical visibility with 200 

infrared light (λ=910 nm) to establish boundary layer heights as a function of time.  The miniSODAR was 201 

located in the parking lot of DRI, while the ceilometer was located on the rooftop of DRI. 202 

3.2  Modeling 203 

The RACM2 mechanism (Goliff et al. 2013) was employed in a box model (SBOX: Seefeld 1997) to 204 

simulate ambient field data collected during the summer 2008 campaign.  RACM2 uses a lumped 205 

molecular approach for representing atmospheric chemistry. It consists of 363 chemical reactions 206 

including 33 photolytic reactions and uses 120 chemical species to describe atmospheric chemistry. It 207 

uses kinetic data from several sources including the recent suggestions of IUPAC (IUPAC 2010) and 208 



 

NASA/JPL (Sander et al. 2011). It was evaluated by comparing simulation results with environmental 209 

chamber experimental data from the University of California, Riverside and the EXACT campaign 210 

(Goliff et al., 2013). For daytime simulations, photolysis frequencies were calculated from the absorption 211 

cross-sections and quantum yields referenced in (Goliff et al. 2013) and spectrally resolved actinic flux 212 

calculated according to Madronich (1987). 213 

The box model SBOX using RACM2 was run with and without dry deposition for the following 214 

compounds:  O3, NO2, N2O5, HNO3 and PAN.  Deposition rates were taken from Pugh et al. 2010 (ozone, 215 

NO2 and HNO3); Rohrer et al. 1998 (N2O5); and Schrimpf et al. 1996 (PAN).  The model was constrained 216 

by observations of organic and inorganic compounds measured during the campaign.  For the two case 217 

studies presented in this manuscript, initial conditions were taken from observations at the beginning of 218 

the night. Radical intermediates reach a steady state based on the initial concentrations within a few 219 

simulated seconds during a chemical box model simulation. No spin-up time is required because of the 220 

very rapid establishment of a steady state of the reactive intermediates and the box model assumption of 221 

instantaneous perfect mixing. 222 

4. Results and Discussion 223 

4.1  Measurements 224 

Concentrations of NO3 were measured above the detection limit every night with the exception of 225 

portions of the nights of July 9-10, July 10-11, and July 12-13, 2008 (on the night of July 11-12 the wind 226 

shifted to the East).  These nights were impacted by wildfires upwind in northern California. Severe light 227 

scattering from the fire-generated particles prevented the DOAS from making nitrate radical 228 

measurements during most of these three nights.  During these nights there was elevated particulate 229 

matter, CO, VOCs and NO2.  The highest nighttime ozone observed throughout the field campaign was 230 

on the night of July 9-10, when ozone peaked at 88 ppb.  Carbon monoxide, acetone and many measured 231 

aldehydes were elevated on these high O3 nights compared to the rest of the field campaign (Figure 2a-c).   232 

The sampling location on the rooftop of DRI was in the free troposphere for much of the night throughout 233 

the campaign.  This conclusion is supported by CO measurements conducted during the campaign.  234 

Figure 3 illustrates the CO and ozone concentrations for the night of July 13-14, 2008, in which spikes in 235 

the CO concentrations (the result of mobile emissions from the valley floor) are observed at 6 a.m. and 8 236 

a.m. local time. We believe the first spike is due to updrafts of air due to warming of the hillside, and the 237 

second spike is due to the boundary layer height rising to the height of the sampling location.  These pairs 238 

of CO spikes were observed every morning of the field campaign.  In addition to the CO spikes, we 239 

observed concurrent dips in the ozone concentrations due to the titration of ozone by NO (also from 240 

mobile emissions). 241 

Figure 4 shows the nocturnal half-hourly mixing ratios of NO3 measured by the DOAS during the entire 242 

measurement campaign.  Higher concentrations were generally observed during the second half of the 243 

night, with levels dropping at dawn, which was approximately 5:30 a.m. local time.  Table 3 shows the 244 

range and average nighttime concentrations for NO, NO2, NO3, O3 and CO for the entire campaign.  The 245 

highest concentrations of nighttime NO3 and O3 were observed on the nights when Reno air quality was 246 

influenced by wildfires in northern California.  The highest NO2 values were observed during the hours of 247 

the early morning commute due to the presence of nearby US Route 395. 248 



 

The measured NO3 concentrations were not sensitive to relative humidity, the concentrations of NO2 or 249 

ozone during the entire campaign as shown by their lack of correlations in the data. However, NO3 did 250 

correlate with NO, implying that NO concentrations were the main driver for NO3 destruction for the 251 

Reno conditions.  Nighttime NO concentrations ranged from 0.004 to 3.86 ppb throughout the campaign, 252 

with an average of 0.7 ppb.  Possible local sources were soil and vehicle traffic from nearby highway US 253 

Route 395.  As expected, NO concentrations inversely correlated with ozone concentrations.   254 

Concentrations of total particle numbers were highest while Reno, Nevada was downwind of the wildfire 255 

event the nights of July 9-10, July 10-11, and July 12-13, 2008, peaking at 12000 particles per cubic 256 

centimeter.  Particle concentrations on typical nights in Reno were in the vicinity of 2500 particles per 257 

cubic centimeter.  Figure 5(a) shows the observed particle diameters for a night impacted by the fires, and 258 

Figure 5(b) shows particle diameters on a typical night.  While the particles on a typical night show a 259 

bimodal distribution of diameters, this is not case for the night downwind of the California fires, during 260 

which the diameters are larger, peaking at around 200 nm. 261 

4.2.1  Comparing model output to observations 262 

In this manuscript we present the results of box model simulations for two nights in Reno, NV:  July 30-263 

31, 2008 (a typical night in Reno) and July 10-11 (a night impacted by wildfires from California).  The 264 

difference between these nights is illustrated in Figure 6.  On July 10-11 ozone and NO2 was higher for 265 

the first half of the night than July 30-31.  NO was lower by about 50% the night of July 10-11 for the 266 

entire night.  NO3 measurements were sporadic for the first half of the night of July 10-11 due to high 267 

particle concentrations from the California wildfires interfering with the light path of the DOAS.  For the 268 

second half of both nights, NO3 concentrations were slightly higher on July 30-31, 2008.  The 269 

temperature and relative humidity for both nights were essentially the same.   270 

Case Study #1:  the night of July 30-31, 2008 - a typical night in Reno, NV 271 

During the night of July 30-31, 2008 in Reno, NV, ozone levels were approximately 50 ppb throughout 272 

the night, NO was 0.8 ppb, NO2 averaged 3 ppb, and NO3 was measured to be 5 ppt.  The measured 273 

VOC/NOx ratio was 15 at 8:25 p.m. July 30 and 8 at 5:20 a.m. July 31.  The box model was able to 274 

reproduce the ozone, NO, and NO3 levels (which were underestimated during the second half of the 275 

night), but not the NO2 concentrations.  In fact, the model overestimated NO2 concentrations by factor of 276 

3 during the night.  Even when dry deposition is accounted for, model output for NO2 continues to be 277 

overestimated.  There are several possible reasons for this.  One is that the box model has greater mixing 278 

than what is realistic for nighttime conditions, even in the free troposphere.  This explanation seems 279 

unlikely due to the fact that the DOAS measurements and point measurements are in good agreement.  280 

Another possible reason may be due to N2O5 uptake by aerosols.  (Uptake efficiencies tend to be higher 281 

for N2O5 than NO3, so we will limit our discussion to N2O5 (Chang et al., 2011)).  Therefore we added 282 

N2O5 uptake by aerosols to the model, using an uptake coefficient of 0.002 due to the low humidity.  The 283 

model predicted N2O5 concentrations lowered by 1 ppt for the night of July 30-31 and lowered by 0.5 ppt 284 

on the night of July 10-11.  Although there is a higher surface area density on the night of July 10-11, the 285 

aerosol is due to biomass burning, which contains a higher percentage of organic carbon (Singh et al. 286 

2010), which has been shown to impede N2O5 uptake (Chang et al., 2011).  Another possibility is that 287 

there is an additional, unaccounted for, removal mechanism for NO2.  288 



 

Case Study #2:  the night of July 10-11, 2008, Impact of wildfires from California in Reno, NV 289 

During the night of July 10-11, 2008, the measured VOC/NOx ratio was 108 at 11 p.m. on July 10 and 79 290 

at 3a.m. July 11. The box model was able to replicate the ozone levels, underestimate NO concentrations 291 

by about 15%, underestimate NO3 levels by an average of 50%, and overestimate NO2 concentrations by 292 

50% at the beginning of the night a factor of 2.5 during the second half of the night.  Adding dry 293 

deposition to the model did little to change those numbers (<5%).  The model was less able to simulate 294 

observed values for these compounds possibly because the VOC/NOx ratio was much higher than is 295 

typically observed in urban areas.  VOC/NOx ratios in the vicinity of 100 are typically found in remote 296 

areas where NO concentrations are very low.  For this case study, NO is not low, rather VOC 297 

concentrations were very high due to the influence of the California wildfires. 298 

4.2.2  Process Analysis  299 

In many cases a steady state assumption for NO3 concentrations (defined as when the production and loss 300 

rates are equal and the concentration of the species is unchanged) is not valid due to the presence of N2O5 301 

as a reservoir species which is in equilibrium with NO3 and NO2 (reaction 4) and the possibility of N2O5 302 

removal by hydrolysis, aerosol uptake and deposition.  For the conditions present in this study, the 303 

warmer temperatures and low NO2 concentrations allow for the system to reach steady state faster than 304 

most other scenarios (Brown et al., 2003), particularly when removal rates for N2O5 are slow (detailed 305 

below). 306 

July 30-31, 2008 307 

Reaction with NO3 was a significant loss process for the model species OLI (olefins with an internal 308 

double bond), DIEN (olefins with two double bonds), ISO (isoprene), and API (α-pinene).  Table 4 309 

illustrates the relative importance of NO3 reactions compared to HO and O3 reactions.  NO3 reactions 310 

accounted for slightly more than half of the loss (60%) of OLI, less than half of the loss (28%) of DIEN, 311 

60% of the loss for ISO, and 85% of API for most of the night.  NO3 contributions for aldehyde 312 

degradation were much smaller, generally less than 10%, and 20% for OLT (olefins with a terminal 313 

double bond). 314 

July 10-11, 2008 315 

Table 4 shows the relative loss rates for the model species OLI, DIEN, ISO and API for July 10-11, 2008.  316 

In the case of every model species, NO3 reactions are more important on July 10-11 than on July 30-31.  317 

This is likely because the model predicts lower HO concentrations of 7.6 x 10-6 ppb on July 10-11 (Figure 318 

7 9) during the second half of the night compared to 3.6 x 10-5 ppb on July 30-31.  Figure 8 shows the 319 

predicted HO2 concentrations for each case study.  While July 10-11 had lower HO concentrations than 320 

July 30-31, HO2 concentrations were higher: peak value of 4.7 x 10-3 ppb HO2 on July 10-11 and 1.2 x 10-
321 

3 ppb HO2 on July 30-31.  This may be because CO and formaldehyde (HCHO) were elevated on July 10-322 

11 (1318 ppbv CO and 27 ppbv HCHO on July 10-11 and 152 ppbv CO and 4.7 ppbv HCHO on July 30-323 

31), and served to convert HO to HO2 during the night. 324 

Case Study Comparisons 325 



 

Figure 9 illustrates which reactions are most important for overall HOx (HO + HO2) formation during the 326 

nighttime hours on July 10-11 and July 30-31, 2008.  For both nights, the OLI + O3 and OLT + O3 327 

reactions are most important, ranging from 68% - 80% of the total HOx formation.  The ISO + O3 328 

reaction is more important on the night of July 10-11 (with an average of 12% contribution to HOx) than 329 

the night of July 30-31 (with an average of 4% contribution), which was expected due to isoprene 330 

concentrations being 2 times greater on the night of July 10-11.  The model species DCB1, DCB2 and 331 

EPX are products of the oxidation reactions of aromatic compounds and they react with ozone to form 332 

HO and/or HO2 in RACM2. 333 

The calculated HO2/HO ratios were quite different for each case study: an average of 101 on July 30-31 334 

and 185 on July 10-11 (Figure 10), even though the measured NO was lower on July 10-11; however, that 335 

night had elevated concentrations of HCHO and CO which also serve to convert HO to HO2.  Elshorbany 336 

et al. (2012) state that a high HO2/HO ratio is typical for clean air with low NOx conditions.  The model 337 

calculations in this study show a high HO2/HO ratio may also be seen with polluted air with low NO (NO 338 

≈1 ppb) conditions as well. 339 

While the most important removal mechanism during the nighttime hours for NO3 is reaction with NO, 340 

the removal of NO3 by hydrocarbons varied with the two case studies discussed in this paper.  Figure 11 341 

shows OLT + NO3 (average of 6%)  OLI + NO3 (average of 41%) and ISO + NO3 (average of 42%) as 342 

important for NO3 removal by hydrocarbons on both nights, although OLI is more dominant for much of 343 

the night on July 30-31 than on July 10-11 (average of 67%). 344 

Process analysis was also employed to investigate the importance of various reactions with regard to 345 

nitric acid (HNO3) formation.  For both case studies, the most important reaction was NO2 + HO.  For the 346 

night of July 10-11, when VOC concentrations were elevated due to the wildfires in California, NO2 + 347 

HO accounted for 40% of nitric acid formation at the beginning of the night, and 80% at the end of the 348 

night (Figure 12), with the remainder due to oxygenated VOCs + NO3 and other inorganic reactions.  On 349 

July 30-31, NO2 + HO accounted for 86% of the nitric acid formation for most of the night (Figure 12). 350 

Acetaldehyde (ACD in RACM2) was the most important contributor to nitric acid formation among the 351 

oxygenated VOCs reacting with NO3 (10%). 352 

Because the model overpredicts NO2, we adjusted the model parameters to force a fit to observed NO2 353 

concentrations.  Under these conditions, the NO2 + HO reaction accounted for 76% of nitric acid 354 

formation for most of the night of July 30-31, while the impact of this reaction remained unchanged for 355 

the night of July 10-11, and remains the most important HNO3 formation reaction in these case studies.  356 

An additional consequence of the model adjustment, the hydroxyl radical concentrations dropped 4% for 357 

the night of July 30-31 and 0.4 % for the night of July 10-11. 358 

5. Conclusions 359 

Nighttime concentrations of nitrate radical were successfully measured during a four week field campaign 360 

in an arid urban location, Reno Nevada.  While typical concentrations of NO3 ranged from 5 to 20 ppt, 361 

elevated concentrations were observed during a wildfire event.  On a typical night in Reno, Nevada, NO3 362 

accounted for approximately half of the loss of olefins, 60% of the isoprene loss, and 85% of the α-pinene 363 

loss during the nighttime hours.  The NO3 + aldehyde reactions were not as important as anticipated.  On 364 

a polluted night with elevated VOCs. For both case studies discussed here, inorganic chemistry was the 365 



 

biggest influence on NO3 concentrations and on nitric acid formation.  Model simulations overpredicted 366 

NO2 concentrations for both case studies.  This may be due to NO2 removal processes that were not 367 

accounted for. It’s also possible that the box model may have greater than realistic mixing then suitable 368 

for simulating the measurement period.  However, the sampling location was in the free troposphere, 369 

above the boundary layer every night, so it’s unlikely that the air was stagnant.  Future studies include 370 

box modeling with dilution terms simulating horizontal dispersion, examination of the impact of different 371 

chemical mechanisms on model simulations and analysis of the effects of mountain meteorology with a 1-372 

D model to further explore the impact of mixing on NO2 and CO concentrations, as well as vertical flux 373 

and deposition. 374 
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Tables 492 

Table 1.  Instrumentation of ancillary species for field studies. 493 

Pollutant Symbol Manufacturer & 
model 

Detection 
Limit 

Principle of Operation 

Ozone O3 Dasibi 1008-AH 
and DOAS 

2 ppb U.V. photometric  and light absorption 

Nitric oxide NO TEII 42S 0.2 ppb Chemiluminescence 
Total nitrogen 
oxides 

NOy TEII 42 + ext. Mo 
converter 

0. 2 ppb Chemiluminescence 

Nitrogen 
Dioxide 

NO2 DOAS* and TEII 
42S 

0.1 ppb Light absorption 

Nitrate radical NO3 DOAS* 5 ppt Light absorption 
Total nitrate NO3- TEII 42 + ext. Mo 

converter 
0.2 ppb Chemiluminescence, the measurement 

used another NOy monitor with a 
nylon filter upstream, and NO3- was 
calculated from the difference between 
the two instruments. 

Total sulfate SO4-- TEI Model 5020 
SPA (Sulfate 
Particulate 
Analyzer) 

0.50 µg/m3 
(15 minute 

cycle) 

Converts SO4 to SO2 using a thermal 
reduction technique.  SO2 is then analyzed 
using pulsed fluorescence spectroscopy.  
The result is a continuous analyzer 
producing data points every 10 seconds 

Formaldehyde HCHO DNPH and 
DOAS* 

50 ppt Extraction from DNPH followed by 
IC, and light absorption 

Carbon 
monoxide 

CO Aero-Laser Model 
AL5002  

2 ppb vacuum UV fluorescence, instrument 
with 1 s response time 

Sulfur dioxide SO2 TEII 43S 0.1 ppb pulsed fluorescence 
Volatile 
Organic 
Compounds 

VOC Varian Saturn 
2000 mass 
spectrometer, 
Varian 3800 GC, 
and Entech 7100 

0.01 - 0.05 
ppbv 

Canisters analyzed by GC/FID/MS 

Aldehydes RCHO Waters 2695 
Alliance 
Separation Module 

0.1 ppbv DNPH (2,4-dinitrophenylhydrazine) 
cartridges 

Particle size 
distribution 
and number 
density 

0.1-10 

µm 

SMPS: 3080N 
Electrostatic 
Classifier  and 
CPC 3025 
Condensation 
Particle 
Counter (TSI) 

2 × 102 to 5 × 
107 part./cm3 in 

number 
concentration 

for 
monodisperse 

50 nm particles) 

electrical-mobility 
particle size classification, combined 
with a Condensation 
Particle Counter (CPC) 

* DOAS sensitivity based on a light path of at least 5 km. 494 



 

Table 2.  Meteorological instrumentation for field studies. 495 

Meteorological 
variable 

Symbol Manufacturer 
& model 

Sensitivity Principle of Operation 

Wind direction WDD MET-ONE 24A 5° Wind vane 

Wind speed WDS MET-ONE 21A 0.5 m/s 3-cup anemometer 

Temperature T MET-ONE 60A 0.5°C Thermistor 

Relative humidity RH MET-ONE 83A 3% Capacitance 

Barometric pressure Press MKS-Baratron 0.2 torr Transducer 

 496 

Table 3.  Range and average values of nighttime NO, NO2, NO3 and O3 throughout the campaign. 497 

Compound Range Average 
NO 0.004 – 3.9 ppb 0.71 ppb 
NO2 0.45 – 35 ppb 3.6 ppb 
NO3 0 – 150 ppt 11 ppt 
O3 17 – 85 ppb 51 ppb 
 498 

Table 4.  The relative importance of NO3 reactions compared to HO and O3. 499 

Date Model Species NO3 HO O3 
July 10-11 OLI 36% 3.5% 60% 
(wildfire event) DIEN 16% 59% 25% 
 ISO 44% 36% 21% 
 API 71% 3% 25% 
     
July 30-31 OLI 49% 10% 42% 
(Typical night) DIEN 11% 80% 9% 
 ISO 34% 57% 8% 
 API 79% 7% 14% 
 500 

 501 
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Figures 503 

 504 

Figure 1  Schematic of DOAS setup.  The DOAS is located at DRI, with reflectors located on the hotel 505 

roof. 506 

Figure 2  Time series for measured (a) CO, (b) acetone, and (c) aldehydes, with periods of elevated 507 

concentrations associated with the wildfire event 508 

Figure 3  Ozone and CO concentrations during the night and early morning of July 13-14, 2008 509 

Figure 4  Summary of NO3 measurements throughout campaign.  The average mixing ratio is depicted by 510 

blue diamonds, with the error bars showing the standard deviation of the mean. 511 

Figure 5  Comparison of particle size distribution for a night impacted by (a) wildfires and (b) a typical 512 

night  513 

Figure 6  Comparison of the nights of July 10-11, 2008 and July 30-31, 2008 for (a) ozone, (b) NO2, (c) 514 

NO, and (d) NO3 including measurements and 0-D model output 515 

Figure 7  Model predictions for HO concentrations for the nights of July 10-11 and July 30-31, 2008 516 

Figure 8  Model predictions for HO2 concentrations for the nights of July 10-11 and July 30-31, 2008 517 

Figure 9  Total HOx (HO + HO2) formation rates during the nights of July 10-11 (polluted night) and 518 

July 30-31 (typical night) in Reno, NV 519 

Figure 10  Modeled HO2/HO Ratios for July 10-11 and July 30-31 520 

Figure 11  Relative removal rates of NO3 by hydrocarbons for (a) July 10-11, and (b) July 30-31, 2008 521 

Figure 12  Relative rates of nitric acid formation on (a) July 10-11, 2008 and (b) July 30-31, 2008 in 522 

Reno, NV 523 
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