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Abstract. At the Rocky Mountain Biogenic Aerosol Study which we postulate to be representative of the Colorado front
(BEACHON-ROMBAS) field campaign in the Colorado range forests.

front range, July—August 2011, measurements of gas- and

aerosol-phase organic nitrates enabled a study of the role

of NOy (NOx=NO + NGO) in oxidation of forest-emitted

volatile organic compounds (VOCs) and subsequent aerosc}  Introduction

formation. Substantial formation of peroxy- and alkyl-

nitrates is observed every morning, with an apparent 2.9 9dVitrogen oxides affect both daytime and nighttime volatile
yield of alkyl nitrates from daytime RO+ NO reactions.  Organic compound (VOC) oxidation mechanisms, control-
Aerosol-phaserganic nitrates, however, peak in concentra- INg tropospheric ozone formation and the branching ra-
tion during the night, with concentrations up to 140 ppt astios for formation of VOC oxidation products, such as
measured by both optical spectroscopic and mass spectr@danic peroxides (ROOR and ROOH), alcohols and ke-
metric instruments. The diurnal cycle in aerosol fraction of tones (ROH and R=0), and multifunctional organic nitrates
organic nitrates shows an equilibrium-like response to the(RONG). These products can have reduced volatility mak-
diurnal temperature cycle, suggesting some reversible abind them good aerosol precursors. Figdrshows the gen-
sorptive partitioning, but the full dynamic range cannot be €ral mechanisms of NOcontrol of VOC oxidation. First,
reproduced by thermodynamic repartitioning alone. Night-NOx enhances nighttime or low-light oxidation by provid-
time aerosol organic nitrate is observed to be positively coriNg & source (N@-+ Os) of elevated NQ (blue), adding an
related with [NQ] x [O3] but not with [Os]. These observa- additional oxidation pathway. Second, during the day, di-
tions support the role of nighttime N@nitiated oxidation ~ rectly emitted and photolytically produced NO can be ele-
of monoterpenes as a significant source of nighttime aerosolated (red) and can control the fate of R@dicals, prefer-
Nighttime production of organic nitrates is comparable in €ntially enhancing R@ NOz and RONQ reaction channels

magnitude to daytime photochemical production at this site,0ver non-nitrate channels. With sufficiently high blGn-
other nighttime N effect is possible: N@may react with
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Volatile organic compound (VOC) 2010. A substantiaenhancemendf biogenic SOA forma-
OH, 0,, tion due to anthropogenic pollution has been suggested as
1 or NO, a controlling factor for SOA formatiorde Gouw et a].2005
RO, Weber et al.2007, S_pracklen etal2011 Hoyle etal, 2011).
NO HO, or RO, Because NQcan either suppress or enhance aerosol forma-
/\lol tion, field measurements that probe YSOA interactions
in the real atmosphere are key to evaluating the magnitude of
RO + NO, carbonyl + alcohol

this effect.
Here, we address the question of the fate ofN©®
Fig. 1. Overview of potential N effects on the oxidation of @ pine forest, with particular focus on its influence on bio-
a volatile organic compound. genic SOA formation. We measured selectedyNgpecies
(NO,, peroxynitrates £PNs), alkyl nitrates XANs), and
their gas/aerosol partitioning) over a 6-week summertime
ROy, effectively playing the role of daytime NO, in competi- campaign in a Colorado front range forest, and interpret their
tion with RO, + RO, reactions. These reactions remain very daily cycles with the aid of auxiliary data on NON2Os,
poorly understood§ommariva et al2012). meteorology, @, BVOCs, radicals, and regional transport
NOjs is the least understood of the atmospheric oxidantsmodeling. We demonstrate and quantify distinct daytime and
its concentration is much more variable in space and timenighttime mechanisms of organic nitrate formation, showing
and is therefore poorly characterized. Further, since it existdhat even at this forested site 40 km from the nearest urban
at night in a stable rather than well-mixed boundary layer,area (peakNOz] ~ 2ppb), NG chemistry has a substantial
surface measurements are insufficient to predict the verticaimpact on BVOC fate and SOA formation.
distribution of NG.
Due to its high reactivity, the atmospheric lifetime of BlIO
in forests is likely to be limited by its reaction with un- 2 Experimental design
saturated hydrocarbons, especially biogenic VO@&nér
et al, 1984 Golz et al, 200% Fuentes et 31.2007). Inur- 2.1 BEACHON-RoMBAS field site description
ban forests, N@is responsible for a substantial fraction of
total VOC degradation (e.g., 28 % in Pabstthum near Berlin,The Bio-hydro-atmosphere interactions of Energy, Aerosols,
GermanyGeyer et al.2001). Carbon, HO, Organics, and Nitrogen (BEACHON) project
A better understanding of the effects of N@n secondary is a long-term, multi-institution, collaborative effort, spear-
organic aerosol (SOA) production is a key goal of this study.headed by the National Center for Atmospheric Research
A growing consensus is emerging that M@itiated oxida- (NCAR). In July and August 2011, the Rocky Mountain
tion of biogenic volatile organic compounds (BVOCS) is an Biogenic Aerosol Study (BEACHON-RoMBAS, hereinafter
important source of secondary organic aero$ol (et al, RoMBAS) field campaign took place, with research groups
2009 2011, Pye et al. 201Q Rollins et al, 2012, sug- from 25 institutions participating in measurements with fo-
gesting that organic nitrates may be a significant fractioncus particularly on aerosol emissions and formation. The
of aerosol composition. These nitrates may also contributcRoOMBAS campaign was located in the United States Forest
to the remaining underprediction of SOA sources: modelsService (USFS) Manitou Forest Observatory (MFO) in Pike
based on laboratory-measured SOA vyields from known pre-National Forest, Colorado (39.108, 105.10 W). The site is
cursor VOCs underestimate aerosol loading by from a factoat 2370 m elevation, 40 km northwest of Colorado Springs
of 2 (Farina et al.2010 to up to an order of magnitude in and 70 km southwest of Denver, CO (FR). Vegetation at
polluted regionsde Gouw et al.2005 Heald et al. 2005 the site is almost entirely open-canopy ponderosa pine, but
Volkamer et al. 200§ and cannot explain the evolution of nearby areas include Douglas fir, aspen, oak, spruce, willow,
SOA (Jimenez et a).2009. Recent explicit chemical mod- and grass which may have some impact at the site. Previous
eling of SOA formation in Mexico City indicates SOA load- studies at the site have observed dominant VOC emissions
ing increases up to several days downwind of urban areato be monoterpenes (34 % of total VOC mixing ratio) and
(Lee-Taylor et al.2011). All of this suggests the existence 2-methyl-3-butene-2-ol (MBO, 50 %) during the day, with
of additional mechanisms of SOA formation not yet quanti- monoterpene concentrations dominant at night66% of
fied in the laboratory, yields that are higher under ambientvVOC), comprised of a roughly equal mix of-pinene, 8-
conditions than as measured in the laboratory, or the prespinene, andA-3-carene Kim et al, 2010. Nighttime winds
ence of significant additional VOC mass that is the precursoiat the surface were dominated by local drainage flows from
for aerosol formationonahue et 82006 Robinson eta).  the south.
2007). More recent modeling results can close the gap with During July and August 2011 the circulation and precipi-
the measurements in polluted regions, but it is unclear if thistation patterns over the MFO site were strongly influenced by
is for the right reasonddzepina et al.2009 Hodzic et al, the North American MonsoorHpdzic et al, 2013. During

RONO, or ROOH
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Fig. 2. Map of Manitou Forest Observatory site. Top panels show topography and point sourcescfdRéiibnal NQ point sources are

shown as black/grey dots with size proportional to emissions rate. The Four Corners power plant (lower left of larger map) is not shown on
this scale; its emissions of 136 tons ddydwarf all other power plants in this region. The site is 40 km northwest of Colorado Springs and

70 km southwest of Denver, the two largest urban areas (outlined in blue) in the domain. For discussion of transport to the site, note the South
Platte River Valley (rivers shown in aqua) southwest from the Denver urban area towards the field site (red/green diamond). Bottom panels
show monoterpene emission potential, calculated using the BEIS model.

25-28 July and 2-5 August, the presence of a strong anlished a few hours after sunrise on days when the synoptic
ticyclone over the four-corners region in the southwesternforcing was weak. The upslope transport of the front range
US was associated with the strong southerly mid-level flow,(plains) air and pollution was observed on all nights in/NO
and brought significant amount of moisture from the south-and some days in CO and $@ace gas measurements (see
east and southwest into this region. The largest rain eventliscussion in Sec8.1.2and Fig.4).
occurred on the evening of 4 August and was characterized The site was specifically chosen to have large biogenic
by heavy hail and rain whose 5 min intensity values exceedemissions and limited anthropogenic influence, and one of
120mmh L. During the rest of the campaign, the site was the objectives of ROMBAS was studying the ambient sub-
experiencing more zonal synoptic flow with mid-level winds micron aerosol, presumed to be dominantly biogenic. Most
mainly from the west and very little large-scale advection of chemical instruments were arranged in and on top of trail-
moisture into the region. ers with inlets oriented into the dominant wind, towards the
The near-surface circulation was strongly influenced bysouth, or on a 30 m tower at the center of the site (“Chemistry
the daytime thermally induced mountain flow that was estab-tower”).
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2.2 Instrumentation (TD-LIF) finds that aerosol-phasePNs+ ~ANs are domi-
nated by alkyl nitratesRollins et al, 2012.

NO3 and NOs were measured in situ by cavity ring-
Nitrogen dioxide, the sum of total peroxy nitrateSKNs),  down spectroscopy (CRDS) using the 662 nm absorption
and the sum of total alkyl nitrateZ@ANSs), as well as aerosol- band of NQ@, detecting NOs via its thermal conversion to
phase-only organic nitrates, were measured by a 3-chann@® O3 (Brown et al, 2001, 2003h 2007 Wagner et a|.2017).
thermal dissociation laser-induced fluorescence (TD-LIF) in-The instrument used a diode laser, tunable over a narrow
strument similar to that described ay et al.(2002), with range near the 662 nm absorption of j)@ pump two sepa-
selective measurement of aerosol phase enabled by a modate optical cavities, each constructed of two high-reflectivity
ification described irRollins et al.(2010. Briefly, the in-  mirrors (R = 99.999% or better). The laser is modulated as
strument thermally dissociates the different classes of NO a square wave at 500 Hz, and the single exponential ring-
into NO, at ambient pressure in three inlet channels, sam-down transients following the falling edge of the square wave
ples this flow through a critical orifice (dropping the pressureare co-added and fit at 4 Hz to measure total optical extinc-
to~ 2 Torr) into a 38-pass White cell, and measures the NO tion, «, according to Eq.X):
mixing ratio by LIF at 408 nm. One of these channels can be RL/1 1
optionally operated as an “aerosol-only” channel by passingr = [NOzlono, = — (— — —) . Q)
sampled air first through a 10 cm-long, 2.2 cm outer diame- ¢\t T
ter cylindrical charcoal denuder (Mast Carbon Ltd, UK, No- Heret andtg are exponential intensity decay time con-
vaCarb F honeycomb monolith, 44 % of cross-sectional areatants in the presence and absence of the absorber, respec-
open). This denuder removes gases more efficiently than thévely; ¢ is the speed of light;R_ is a geometric design
original design; using calculations described and verified infactor to account for the fraction of the cavity length oc-
Rollins et al.(2010, we find that at 10L per minute total cupied by purge volumes that keep the mirrors clean (typi-
flow, < 0.001% of NG gets through this honeycomb char- cally R = 1.15); and [N@Q] ando (NO3) are the N@ num-
coal denuder. Contributions of each class ofNiDe deter-  ber density (molecules cm) and absorption cross section
mined by calculating the difference in N@oncentration  (cmmolecule 1), respectively. Values ofg vary from 250
detected between the channels. Because peroxynitrates digs 450 ps, equivalent to 75—-135 km in effective path length, to
sociate between 100 and 18D and alkyl nitrates between provide a limit of detection of 1 pptv (2) for NO3z and NbOs.
250 and 300C, these classes of N@an be separately mea- The g is measured by addition of NO to chemically destroy
sured; e.g., the difference in NGsignal between ambient NOj3 via the rapid reaction N@ NO3 — 2NO,. The com-
air sampled through a 18C@ oven £PNs+ NOy) and am-  bination of 662 nm extinction and NO titration is a specific
bient temperature (Ng) is attributed toXPNs alone. The technique for ambient air N measurement. The concentra-
instrument is calibrated every 3h using an N@as stan- tion of the sum of NQ and NOs is measured simultane-
dard (4.74 ppmt2% NO in N2, NIST characterized, March  ously by thermal decomposition obRs to NOs in a second
2011, Scott-Marrin) diluted with zero air to 5 known concen- optical cavity that samples through a heated section of tub-
trations in the 1-25 ppb range, resulting in a measuremening (120°C) and that is maintained at 7&. To achieve high
uncertainty of 5% for N@. The accuracy of this measure- sensitivity, both channels sample through a Teflon membrane
ment and effectiveness of the separation has been demoffilter that removes aerosol; filters are changed hourly using
strated by comparison to summed individually measured spean automated device to maintain their cleanliness and trans-
ciated peroxynitrates/ooldridge et al.2010 and alky! ni- mission of N@Q and NoOs. The instrument has an overall
trates Perring et al.2009 Beaver et a].2012. accuracy of-9/ + 129% for NO; and—8/ + 11% for NxOs,

The TD-LIF instrument was run in two modes during the calibrated by separately measuring the N#@oduced from
campaign: (1) “3-gas mode”, in which the inlet ovens were the same chemical titration reaction used to zero the instru-
held at ambient temperature, 180, and 320C, withthede-  ment fuchs et a|.2008.
nuder bypassed, to obtain 1 min averaged time series of sep- Ambient NGO was also measured continuously by
arated N@Q, XPNs, andANs; and (2) “gas/aerosol mode”, a chemiluminescent NObox (Thermo 17i), which agreed
in which both heated channels are held at 32pwith air  within 8% with the TD-LIF ambient temperature (ND
sampled into one of the heated channels passed through ttehannel for all periods when both instruments were sam-
denuder, to obtain 1 min averaged time series of BBRINSst- pling ambient air,~ 14 days over the course of the cam-
> ANs and aerosol-phase-oniPNs+ X ANs (ambienttem-  paign (the TD-LIF was used for other measurements for sub-
perature N@ channel subtracted from each). It is assumedstantial periods). Because the N®ox monitored ambient
that the aerosol-phase organic nitrates will consist predomiair continuously, producing a 32-day record, while agree-
nantly of alkyl nitrates, due to the short lifetime of PANs. To ing well with the more selective TD-LIF measurement of
the best of our knowledge, PANs have not been measured iNO; during periods of overlap, the longer N®ox time se-
the aerosol condensed phase, and a recent intercomparisoies will be used in e.g. computing diurnal averages. Inlets
study of aerosol alkyl nitrates (FTIR) witk PNs+ ANs for this instrument as well as CO and S@onitors were
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located at~ 3m. Ozone was measured by UV absorption aerosol on a porous tungsten vaporizer at8D@nd subse-
spectroscopy (2B Technologies, Model 205) and sulfur diox-quent ionization of the gas plume by electron impact; ions
ide by pulsed fluorescence (Thermo Environmental Modelare mass analyzed by a high-resolution time-of-flight mass
43C-TLE) at 6 different heights along the Chemistry tower spectrometer. The AMS quantifies non-refractory submicron
(z=1.6,5.0, 8.5, 12.0, 17.7 and 25.1 m). These inlets wereaerosol, which includes organic species and most inorganic
sampled sequentially every 5min, yielding a complete pro-salts and organic species, but not black carbon. Refractory
file every 30 min; for this work, only concentration data at nitrates such as Ca(Ng» and NaNQ can be detected by
the lowest height of 1.6 m were used. Carbon monoxide washe AMS; however, they are typically associated with reacted
measured at 3.5m by a Thermo Environmental Gas Filtemineral dust and marine aerosol, respectively, both of which
Correlation CO analyzer (Model 48 equipped with a heatedonly have small fractions in the submicron regime that were
Pt catalytic converter). Wind speed/direction, temperatureikely negligible during ROMBAS.
and relative humidity were measured at 4 heights- (1.8, The AMS sampled ambient aerosol from an inlet at the
7.0, 14.1 and 27.8 m; Vaisala, Model WXT520). Net radi- same height inside the forest canopy as the TD-LIF instru-
ation (visible+ IR, incoming — outgoing) was measured at ment; a PM s cyclone was used to prevent large dust parti-
27.8 m (Radiation and Energy Balance Systems, Inc., Modetles from entering the instrument, and sample air was drawn
Q*7.0 net radiometer). Turbulence measurements were madi&om the inlet into the temperature-controlled trailer through
at z=251m, ~#9m above the canopy height, by a 3- a 3/8-inch o.d. copper tube at 10Ipm. Ambient data used
dimensional sonic anemometer (Campbell Scientific, CSAT-in this work was acquired every 10min for 2.5min-long
3). From these flux measurements, the Obukhov lenfih ( intervals using the lower mass-spectral resolution, higher-
can be determinedull, 1998, which is a surface layer scal- sensitivity mode of the AMS (“V-mode”). The AMS was
ing parameter that gives the ratio of buoyant to mechanicallycalibrated every four days with ammonium nitrate aerosol of
(shear) generated turbulence, which can be used as a measimown mass, and calculated submicron aerosol volumes de-
of atmospheric stability. Whe, > £130m (z/L| < 0.1), rived from these calibrations agreed well with volumes from
shear forces dominate and the atmosphere has nearly nea-collocated SMPS. The overall accuracy of the AMS for
tral thermal stability. At values less tharL00 m, convective  ground measurements has been estimated to be about 30 %
forces become increasingly important and denote an atmofor all AMS species Middlebrook et al.2012 Hayes et al.
sphere that is either thermally stabje/C| > O) or unstable 20132, with better accuracy for ratios due to error cancella-
(lz/L| < 0). tion. The precision is significantly better: about 4 nghfior
VOCs were measured using two proton-transfer-reactioraerosol nitrate and 30 ngra for OA for the time resolution
time-of-flight mass spectrometers (PTR-ToF-MS, lonicon used here. The low nitrate and high organic aerosol concen-
Analytik GmbH, Austria,Jordan et a).2009 and Univer- trations require careful analysis of the HR spectra, taking into
sity of Innsbruck Graus et al.2010. Ambient air was sam- account the contributions of otherwise unimportant isotopic
pled at a flow rate ofs 9 SLPM through a 40 m-long Teflon air interferences such as®* and G800* to the signals
(PFA) line (/4" OD) mounted at 25.3m on the Chemistry atm/z30 and 46, respectively.
tower. Both instruments were sampling off the same line with
a sampling period of about 10s (NCAR) and 0.1s (UIBK). 2.3 Regional modeling
The merged dataset was averaged to 6 min. The drift tube was
operated at 2.3 mbar (both instruments) and a drift voltage ofThe 3-D Weather Research and Forecasting model coupled
580V (UIBK) and 550V (NCAR) and a drift tube tempera- with chemistry (WRF-ChenGrell et al, 2005 was applied
ture of 60°C (both instruments). Calibration was performed to study the transport and chemistry of biogenic and anthro-
by dynamically diluting the VOC standards to ppbv levels pogenic pollutants at the MFO site from 25 July to 26 Au-
using purified ambient air. Details about the data evaluationgust 2011. The chemistry was simulated using the SAPRC99
can be found iMuller et al.(2010, Kaser et al(2013, and  gas-phase chemical mechanis@after 2000 and the MO-
Cappellin et al(20117). SAIC aerosol module with 4 size binggveri et al, 2008.
Submicron particle size distributions (20—800 nm) were Organic aerosols were treated as describeldadzic et al.
measured with a Brechtel Manufacturing, Inc. scanning elec{2012, and several anthropogenic CO tracers were added to
trical mobility spectrometer (SEMS, Model 2002). From monitor the transport of anthropogenic pollution to the site.
these size distributions, total particle surface area per vol- The simulations were performed using two nested do-
ume can be calculated, and assuming a density of 1.3dcm mains: a coarse-scale 36 km horizontal resolution grid cover-
aerosol mass loading can be determined. ing the western and central US and a fine-scale 4 km grid cov-
An Aerodyne high-resolution time-of-flight aerosol mass ering Colorado. The anthropogenic emissions come from the
spectrometer (HR-ToF-AMS; hereafter AMS;DeCarlo 2005 US EPA National Emission Inventory (NEI), while the
et al, 2006, was operated in close vicinitt)e(LOMNW) to  biogenic emissions are calculated online using the MEGAN
the TD-LIF instrument during ROMBAS. Ambient aerosols model Guenther et al.200§. The initial and boundary
in the AMS are analyzed by impaction/vaporization of the conditions for the meteorological variables are taken every
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6 h from the NCEP North American Regional Reanalysis,3 Results and discussion

and gas-phase and aerosol variables were obtained from the

MOZART4 global chemistry-transport model. The model 3.1 Reasons for elevated NQand organic nitrate
performance in simulating the meteorology, boundary layer concentrations at ROMBAS

height, and the concentrations of the main gas-phase pollu-

tants during ROMBAS has been evaluated in detatauzic 3.1.1 Observed diurnal cycles in oxidants, BVOCs,

etal.(2013. meteorology, and photochemical age markers
2.4 Predicting gas/aerosol partitioning of organic Figure 3 shows averaged daily cycles in the concentrations
nitrates of oxidant and terpenoid gases that form the background and

. ¢ | itioning of th reactants for the observed N@hemistry, as well as rele-
Direct measurements of gas/aerosol partitioning of these ory,n meteorological variables and an indicator of airmass age
ganic nitrates can provide insights into relative volatilities of

) . with respect to anthropogenic pollution. Ozone (measured at
daytime vs. nighttime RONg) and hence the role of NO ;1 gm shows a typical photochemistry- and deposition-
in SOA formanon. Int_erpretmg these obse_rvanons in termsy . an daily cycle, peaking at an average concentration of
of chemical mechamsms, however, requires some way 0 ppb in the late afternoon and decreasing to 30 ppb during
connect chemical structures to a .p.red'lcte.d partitioning. Wey,o night. NG shows the opposite diurnal pattern, peaking at
choose to model gas/aerosol partitioning in terms of an aby, 4yerage concentration of 2 ppb at night and sinking below
sorptive partitioning formalism (assuming no solid phase),0_5 ppb during the day. The diurnal N@attern is explored
following_ Papkow(199{9 and Qapougt and Mulle2009. below in Sect3.1.2
The partitioning coefficientK, is defined as BVOC concentrations measured by PTR-ToF-MS are

F/TSP 760-R-T - fom dominated at night by the sum of all monoterpenes (mea-
K= = W1z o (2)  sured asn/z137.134 (GoH15) andm/z81.071 (GH{), peak
om ¢ - pvap ) 17 9 .
diurnal average concentration of about 0.6 ppb) and during
F and A are the total aerosol-phase and gaseous concenhe day by the sum of MBO and isoprene (measuregh/as
trations of the compound of interest, and TSP is the con-87.081 (GH1,O") and m/z 69.070 (QHJ), peak average
centration of total suspended particulate matter. In the secconcentration of about 1.8 in the early mornirg1.5ppb
ond expression showing the equilibrium constant in termsthroughout the day). This suggests a very large daytime
of thermodynamic properties? is the universal gas con- photo-induced emission of MBO, since this morning peak
stant (8314Jmof K ~1 = 8.206x 10-atmnPK~tmol™),  occurs simultaneously with an increase in convective verti-
T is temperature (K)fom is the weight fraction of organic  cal mixing which effectively dilutes all species. Furthermore,
matter in the total aerosol (assumed), MWom is the av-  this morning peak (9:00-10:30LT) coincides with an ob-
erage molecular weight of the absorbing organic materialserved downward flux of C£above the canopy (not shown),
(gmoi~1), ¢ is the activity coefficient of the compound of in- - suggesting a maximum in photosynthetic activity. This tran-
terest in the condensed phase (assum@&}l andpvapis the  sition is shown by the Obukhov stability parametetI( in
subcooled vapor pressure of the compound of interest (Torr)Fig. 3) changing from a positive to negative sign. At this
760 (Torratnm?) and 16 (ugg™?) are conversion factors to  point, the temperature structure switches from a stable night-
give K in units of nugt. time inversion to a daytime positive lapse rate with higher
Vapor pressures calculated in this paper are also reportegemperatures at the surface. Local wind direction is consis-
as saturation mass concentratiors") for ease of com-  tently from the south, with greater variability during the day
parison with volatility basis set parameterizatioB®ahue  and early evening.
et al, 2006. These saturation densities can be calculated as \We also use PTR-ToF-MS measurements of two aro-
1 matic hydrocarbons, xylene and benzene, to establish the
=X €) diurnal changes in average photochemical age of the pol-

P lution contained in the airmass. Because xylene and ben-
using the same variables shown above to deterniige  zene are typically co-emitted by fossil fuel and combustion
yielding C* in units of ugn3. sources which are common in urban areas, their ratio can

As pointed out byBarley and McFiggang010, a signifi- provide information about photochemical airmass age. Xy-
cant uncertainty in this method can arise from the variation inlene is measured ah/z 107.086 (@Hi_l)’ as a mixture of
vapor pressure values predicted by different group contribu-ortho-, para, and metaisomers, ethylbenzene, and negli-
tion estimation methods. We use the SIMPOL.1 method heragible contributions from the pinonaldehyde fragment. Ben-
(Pankow and AsheR008, with primary focus on the tem- zene is measured at/z79.055 (GgH;r). Both were measured
perature and TSP dependence over a daily cycle for a givewith concentrations in the 10-100 ppt range over the course
molecular structure, rendering the exact predigeg, val- of the campaign. The time rate of change in the ratio of
ues less important than relative changes. xylene : benzene provides information on the photochemical

C*
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age of the airmass; since the OH rate constants of these
species are different, the xylene : benzene decreases with ag-

35- ® NO, 0 ing. We note that this ratio provides no information on the
3.0 05 l L 6o age of the biogenic gases or aerosol in the airmass. This anal-
g 2 l l [ { r ‘T I 17509 ysis is described below in Se@.1.3
515 ‘ III TLH‘AO\?} ) )
o1 LL T LITT1L4 3.1.2 Information from tracers: modeled and measured

T T T T T T T T T Results from the WRF-Chem simulation from the early part
~2.0
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of the campaign are shown in Figy. The anthropogenic front
range CO tracers suggest the frequent occurrence of trans-
port of polluted air from both Denver and Colorado Springs
{ to MFO. This transport occurs in the early afternoon within
EERE t a well-developed boundary layer. Peaks in observecb]SO
LI B B B occur most often during the day, and often coincide with
peaks in anthropogenic tracers from either Denver or Col-
orado Springs, indicating the arrival of pollution plumes at
the site. The sharper spikes in predicted surface N@n-
centrations are also coincident with the presence of anthro-
pogenic tracers at MFO; e.g., the N@pike that was mea-
sured and predicted on 27 July is coincident with the modeled
arrival of a concentrated Denver plume.
The regular, broader nighttime peaks in N&re also pre-

: B dicted by the model (see e.g. 6-8 August), though the accu-
109+ %%H» H H. — } racy of the concentration prediction varies. Rather than indi-
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0.8 vidual concentrated plumes as for §Ghis NG appears to
0.6 g arise from a more regional background, consistent with the
: } importance of a few point sources (coal-fired power plants)
0.2 for SO, vs. the much larger contribution of area sources (ve-
I T S i T o e o hicles) for NQ. Also note that S@peaks are often not coin-
A TR P T cident with NG or Denver/Colorado Springs anthropogenic
A nGH -\ / tracer peaks, suggesting distinct sources. Examination of re-
gional topography (Fig2) reveals that the Denver plume
could be transported up the Platte River canyon during day-
J time upslope flow that is characteristic of the Rocky Moun-
tain foothills, and dispersed into the valley where the MFO
site is located in late afternoon and evening, potentially lead-
S Wind Speed () ing to these higher nighttime concentrations of urban pollu-
o e o e tants. Diurnal variation in measured CO concentration (not
shown) almost always tracks NOshowing the same broad
Fig. 3. Hourly binned average diurnal trends in hi(blue), Q3 (or-  njghttime peaks, consistent with this idea of a dispersed ur-
ange), monoterpenes (purple), methyl butenol and isoprene (pink)ban source of N@to MFO.
wind direction (grey), radiation (yelloyv, arbitrary units), Obukhov A aiternative explanation for the broad nighttime peaks

night windroses at MFO, 21 July—24 August 2011. Error bars argH NOZ.Concemratlon COUI.d be ngtural emissions .Of mtro._
en oxides from local soils, emitted as NO but immedi-

1o based on data averaged to a one-hour timebase; all points a . . .
averaged for the same hour intervals but offset slightly on someately titrated to N@ by Os. This appears to be contradicted,

plots to make error bars easier to read. Concentrations ofai@  however, by the correlation of NOwith CO, as well as
monoterpenes peak at night when they are concentrated in a shalloifi€ observed sharp early evening increases in kiéhcen-
boundary layer, while @and MBO peak during the day. Winds are tration, followed by either flat or decreasing concentrations
dominantly from the south, with more variability during the day; ev- overnight. If the cause were NO emissions into a shallow
ery morning at sunrise the Obukhov length shows a transition fromnocturnal boundary layer, the concentration increase should
a stable nighttime inversion to a convectively mixed boundary layer,continue throughout the night, as observed by, éAgeja
and decreasing xylene : benzene ratio shows aging. et al. (1996. In that study in the southeastern US, the au-
thors used a dynamic flux chamber to quantify the nitrogen
flux from soils, which they found to be 0.1 ppb NG h~1.
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Fig. 4. Time series of N@ (black, Thermo 17i) and Sf)blue) sur- o 2 4 6 8 10 12 14 16 18 20 22 24

face concentrations as observed at the MFO site during the early Hour of day (local)

stages of ROMBAS from 26 July to 14 August 2011. The WRF-

Chem-predicted N@is also shown (red, ppbv), as well as the lev- Fig. 5. Hourly binned average diurnal trends in (top): pi(®Ilue),

els of advected anthropogenic tracers (arbitrary units) from Den-XPNs (green), anCANs (red) from times when the TD-LIF was

ver (green) and Colorado Springs (yellow). Grey shadings indicatg'unning in “3-gas” mode (13-17 and 19-20 August); and (bot-

nighttime periods (8 ;.—8 am.). tom): totalXPNs+ X ANs (red), aerosol-phase-onyPNs+ X ANs
(brown), and fraction of organic nitrates in the aerosol phase (black)
from times when the TD-LIF was running in “gas/aerosol” mode

Rates of increase observed at ROMBAS were typically of or-(28 July—1 August, 20-22 August). Error bars aseliased on data
der 1 ppb NQ h-1 with large variability in timing and rate averaged to a one-hour timebase; all points are averaged for the
of increase. The ’terrain and transport at ROMBAS is com-Same hour intervals but offset slightly on some plots to make er-

| ith d | drai fl dvecti t the sit ror bars easier to read. The N@ace looks slightly different than
piex, wi ownsiope drainage flows advecting past the s eFig. 3 because this data comes only from the subset of campaign

at night. This makes it far more likely that observed sharpdays when the TD-LIF was running in “3-gas” ambient mode.
increases in N@arrive with this advected plume, rather than

resulting from local soil N@ production: a buildup of soil

NOx would be diluted out by this drainage flow and cause

decreasingNOy. tion during the day than at night. This rules out the possibility
that sampling air from a different source region is responsi-
3.1.3 Observed ambient PNs and ANs ble for the increase. Because the increase in concentration

is coincident with increasing vertical mixing, a second pos-

While NO, peaks during the night, the diurnal pattern in sible explanation is that higher-NGair from above mixes
peroxynitrates £PNs) and alkyl nitrates3{ANS) is differ- down in the morning. The observations would require that
ent (top panel of Fig5). Both XPNs andXANs peak dur-  the residual layer above the nocturnal boundary layer con-
ing the day, with increases ef 200 ppt in both cases, rel- sist of essentially N@free air with higher concentrations of
ative to nighttime concentrations. This increase in concen-xPNs andxANs, more “aged” forms of NQ
tration occurs coincident with the increased vertical mix- The available data do not support a solely vertical mix-
ing accompanying the switch from nighttime temperatureing explanation for the increase irEPNs] and EANSs];
inversion to daytime positive lapse rate, as described irthe ratio of xylene to benzene is observed to decrease rela-
Sect.3.1.1 A recent comparisonWooldridge et al.2010 tively slowly at daybreak in the mean (Fig). Roberts et al.
of ambient ZPN measurements shows typical mean con-(1984 showed that fresh emissions have a characteristic ra-
centrations below 500ppt (except in urban areas wherdio of aromatic hydrocarbons, which change with age. In
> PNs are up to a few ppb), with peak concentration dur-the case of the xylene-to-benzene ratio, fresh urban emis-
ing the day. At another pine forested site downwind of an ur-sions have xylene : benzene of 1Rafley et al, 1992 to
ban area (BEARPEX, 75 km northeast of Sacramento), meag (Fraser et a.1998 Schauer et a1.2002. Peak observed
S PN concentration was 400 ppt, whileXANs were found  xylene : benzene at MFO occurs at night, with an average ra-
to increase fromr 300 to~ 600 ppt in the morningReaver  tio of ~ 1. This ratio decreases at daybreak, consistent with
etal, 2012. photochemical aging, as the rate constant of xylene with

There is no substantial change in local wind direction co-OH (1.5 x 10~ moleculescm®s~1; Roberts et a).1984) is
incident with the increase inYJPNs] and EANSs], though  an order of magnitude faster than benzene with OR2 1
the local winds are overall weaker and more mixed in direc-10-?moleculescm®s~1; Atkinson et al, 2004. At the

Atmos. Chem. Phys., 13, 8588605 2013 www.atmos-chem-phys.net/13/8585/2013/



J. L. Fry et al.: Observations of gas- and aerosol-phase organic nitrates 8593

observed morning MFO [OH] of .8 x 10° molecules cm?®
(Kim et al,, 2013, these rate constants lead to the prediction
that photochemical aging from xylene : benzene of 1 to 0.5
would take~ 5-6 h. In fact, we observe this decrease inthe 60
ratio over 5h in the diurnally averaged (mean) data (Bjg. 3
Because this increase in average photochemical age corre=
sponds to the actual clock age and tracks with the increase in® 30
[XPNs] and EANSs], actual aging is more likely to explain
this timing than the downward mixing of more aged air aloft 40
in the morning. We note, however, that there are some days
on which the xylene : benzene ratio decreases more rapidly, . . . . . . .
which_would be consistent with aged aloft air contributing on 0.00 005  0.10 Zi-;:(ppb)o-zo 0.25 030
occasion.

The final possible explanation for the morning increase

n I[EPNS] an_d EﬁNS]. I.s. that a jlgr;)lflcal?t photoc.henln- he ~ 6days during the campaign when the TD-LIF was running
cal source exists that initiates at daybreak, converting ocajy, “3-gas” ambient mode, with standard linear regression including

VOCs that have built up overnight to these more highly 0X- 9504 confidence limits, slope 70+ 38. Only data from 12 noon—
idized NQ,. This is corroborated by an observed increase ing pm. LT are used (see text).

[OH] from 1 to 3x 10° between 7:00-9:00 LTKim et al.,
2013. This photochemical processing is intertwined with
tropospheric ozone production, and that chemistry can behe six-hour timescale of the correlation plot. This may intro-
used to determine a branching ratio of alkyl nitrate forma- duce variation in measured yields from different hydrocarbon
tion in the oxidation of the ambient mixture of VOCs. mixtures and in different climates: especially if monoterpene

nitrate products are multifunctional, and in a humid environ-
3.1.4 Using morning ZAN rise to determine RONO,  ment, losses could be significant and depress the apparent

yield and impact on Oz production yield.
Figure6 shows ambient @vs. X ANs for the~ 6-day pe-

Tropospheric ozone formation is governed by the coupledyioq guring which ambienEANSs were separately measured
RO and NG catalytic cycles. Without radical sinks, typi- (3.gas mode). Much of the variability is assumed to be due

cally two O3 molecules are produced for each time aroundyq, the changing ambient mix of VOCs, but additional contri-
the RQ radical cycle (RQ - RO— HO; — OH— R®.),  pytions to the variability may arise from mixing, especially
because this drives the N©& NO; — NO cycle twice 8€-  gyring the morning breakup of the nighttime thermal inver-
infeld and Pandis1998 Sect. 5.10). The radical sinliR@)  sion layer: hence, in order to omit periods where mixing or
occurs as a minor secondary channel in the RO reac-  genosition of @ compete with photochemical production,
tion, the yield of which f = RZ/(R1+R2)) depends onthe e include only data from noon to 18:00. The fitted slope
structure of the initial VOC. of 70+ 38 (= 2/ A) implies an effective alkyl nitrate yield of

A =29+ 3.4/ —1.0%, similar to a previously observed ef-
ROz +NO — RO+NO, (R1) fective alkyl nitrate yield of 24% in an isoprene-dominated
RO; + NO — RONG, (R2)  region Horowitz et al, 2007. The major daytime VOCs

at this site are MBG-isoprene (assumed to be dominantly

Values of A range from near zero for small hydrocarbons MBO: Kim et al, 2010, with ten times lower concentration

like methane to, e.g., 18 % f@r—pinene Atkinson and Arey of monoterpenes. The OH rate constant with MBO is com-
,2003' Because of the coupling of R‘an NG cych; lead- parable to that with monoterpenes, but MBO is present at an
ing to ozone formationyt can be determined empirically by o qer of magnitude larger concentration, soREactivity is
comparing ozone p_ro_ductlon to alkyl nitrate production Wher'assumed to be dominated by that from MBO. Measured or-
losses (including mixing) of @and RONG canbe neglected ¢ hitrate yields from these precursors are available but

(Rosen et a).2004 Perring et al.2013: not well constrainedAlvarado et al.(1999 report a nitrate
AO3 210—4) 2 y?eld of 5.2% from MBO;Chan _et al(2009 report 10+4%

ATANS S a4 T a 4) yield. The ambient yield of 2% is lower than both MBO lab

studies, suggesting either other VOCs contributing tg RO

A is the fractional yield of RON@ from RO, + NO re- chemistry or additional radical losses at the ROMBAS site.

actions. This analysis would yield a tight, linear correlation  This relatively small ambient alkyl nitrate yield implies

if the airmass contained a single reactive hydrocarbon andhat most of the N@ at the MFO site remains available for

all radical losses were due to R@ NO. A caveat is that this  ozone production. In the absence of other chain-terminating

yield estimate will incorporate any AN losses that occur on reactions, the RON®yield of 2.9% would imply a RQ

Fig. 6. Correlation plot of measured ambieng @s. £ANs, for
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cycle length of 34; however, other reactions (e.g.,-ER02,
HO2 +HOy) are likely to contribute and reduce this cycle
chain length.

3.2 NG; radical fate, nighttime organic nitrate and
SOA production

3.2.1 Organic nitrate gas/aerosol partitioning

Examining the N@ data from gas/aerosol mode, we find an-
other interesting diurnal pattern. While total (gaaerosol-
phase)>PNs+ X ANs peaks during the day, aerosol-phase-
only PNs+ X ANs peaks during the night (bottom panel of
Fig. 5). This can be seen most clearly in the diurnal cycle
of the fraction ofEPNs+ X ANSs in the aerosol phase (black
trace, bottom panel of Fid). Up to 30 % of the organic ni-

trate is in the aerosol phase at night, but less than 10 % dur-

ing the day. Some of this may be due to repartitioning of

semivolatile organic nitrates to the gas phase as temperatur

increases; however, we show in SekR.3that partitioning

thermodynamics alone cannot account for the diurnal pattern

observed in the bottom panel of Fig.

3.2.2 Observed and calculated ambient N@and
lifetime

Early in the field campaign, the cavity ringdown
NO3/N2Os instrument was deployed to measure in-

.. Observations of gas- and aerosol-phase organic nitrates
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canopy ambient concentrations for several nights (it was o )
otherwise deployed to monitor oxidant exposure on aFig. 7. Calculated lifetime based on BVOC reactive losses (top,

NO3 potential aerosol mass flowtube reactor, manuscript in®

preparation). On one of those nights, between 23 and 2
July 2011, N@ and NOs displayed a sharp peak just after
midnight (shown in the bottom panel of Fig), coincident
with a sharp peak in N@and during a period when{wvas
anomalously elevated (55 ppb) until past midnight. In con-

urple), production rate from NO+ O3 (middle, red) and pre-
icted steady-state concentration (lower, blue) ofsNfroughout

he RoMBAS campaign, nights only. Lower panel also shows mea-
sured N@Q (aqua) and NOs (red) from two nights early in the cam-
paign.

trast, for most of the remainder of the ambient measurement

period, no NQ was detectable due to high levels of biogenic
VOCs that provided a rapid N{sink.

We can use the peak measur@dO3]=5ppt, [NO;]
=6.5ppb, and[O3]=55ppb to determine the lifetime of
NO3 due to reactive losses, following the steady-state as
sumption derived in Eq. (8) d@rown et al.(20033:

[NOs] ~ -1

rssiNOs) = ToaiNe, T

(5)
wherek; is the rate constant for 3+ NO» andk, is the rate
constant for reactive loss of NOThe left-hand equality of
this equation is the definition of the NGsteady-state life-
time, and the right-hand approximation holds wlens the
only significant loss term, i.e., when sinks 0@ are neg-
ligible.

In this field campaign, the sinks of s indeed appear
to be smaller than reactive loss of NOThere are both
homogeneous and heterogeneous reactions »@sNvith

Atmos. Chem. Phys., 13, 8588605 2013

water, which have been examined extensively (€3goywn

et al, 2009 Thornton et al. 2003 Wahner et al. 1998
Tuazon et al. 1983 Hjorth et al, 1987. However, the
homogeneous pOs + H2O rate constant is negligible for
this dataset, especially since at 283 K absolute humidity is

low (Brown et al, 2007 Crowley et al, 2011). We cal-
culate relative rates of Ms heterogeneous uptake com-
pared to NQ reaction with BVOCs (dominated at night by
monoterpenes), using typical nighttime monoterpene (MT),
MBO, and sesquiterpene (SQT) concentrations (measured
by PTR-ToF-MS) of 0.6 ppb, 0.4 ppb, and 0.01 ppb, respec-
tively, and the NOs/NOs ratio of 4.1. This ratio is cal-
culated based on the 283K equilibrium constai{=
[N2Os]/[NO,][NO3]) of 2.05 x 10~ 1%cm®molec ! (Sander

et al, 200§ and 1ppb NQ@. The rate constant used for
NOs with monoterpenes is .6x 10 *?cm®molects1,
which is an average of the rate constants witipinene,
B-pinene, andA-3-carene Calvert et al. 2000, since they
were present in roughly equal concentrations at ROMBAS

www.atmos-chem-phys.net/13/8585/2013/
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(based on gas chromatology/mass spectrometry canistemn estimate of the N@lifetime, using the known mix, con-

samples, not shown). For MBO, the 283K rate constant
of 1.1 x 10 ¥cm®*molec1s™1 is used; for sesquiterpenes,
we use the rate constant fg#-caryophyllene of 2 x
10~ cmPmolects~1. At the reported average concentra-
tions, this gives an average NQifetime (tno,Bvoc) Of
14 s, dominated by MT losseg;[i] for MT : MBO : SQT is
1:0.001:0.05).

1

knos+-BvOC[BVOC]
1

- knog,MT[MT] 4 knos,MBO[MBO] + kNo3,5QTISQT]

The heterogeneous uptake 0$@®§ onto aqueous particles
depends on the uptake coefficiept)( molecular speed of

TNO3,BVOC =

(6)

centration time series, and N@ate constants of monoter-
penes, sesquiterpenes, and MBO as described above. This
calculation shows that maximum NQifetimes throughout

the campaign are consistentty200s during the night. The

top panel of Fig.7 shows the result of this calculatiotho,,

for the entire campaign. Daytime results have been omitted
in this plot, since NQ@ lifetime will be limited by photolysis

and reaction with NO during the day.

We also calculate a full time series of the production
rate of NG based on measured3zONO,, and tempera-
ture (RNO3) =k1[O3][NO2]), shown in the middle panel of
Fig. 7. We predict production rates of up to 0.15-0.2 ppts
(0.5-0.7 ppbh?), with peaks generally in the early evening
when NG rise and Q decline intersect (see Fig). Combin-
ing these production and loss terms, we derive the time series

N20s (v), and the aerosol surface area per volume (SA), pashown in the bottom panel of Fig, the predicted nighttime

rameterized as a first-order rate constant:

knet=1-SA )
Measured uptake coefficients on liquid water range from

0.02 to 0.04 around 283KS@ander et al. 2009; we

use an upper limit valugz = 0.04. At a typical observed

(SEMS) nighttime aerosol surface area per air volume of

240 punf cm=3, N,Os molecular speed of.3 x 10°cms ™,

this gives an averagedQs lifetime (tn,0s,het) Of 440's.

1

khet (8)

TN2Os,het =
Applying the NOs/NOs ratio of 4.1 and compatring to the
TNO3,BVOC 10 TN,0s, het this estimate suggests that the rate of

NOs with BVOC is 15 times faster than uptake 0pGk to
agueous particles.

We apply the N@ steady-state approximation (Eg). to
the case of the high-N©night (23-24 July), to compare
the calculated lifetime of N@from steady state to that cal-
culated from reactive loss via,. For the average ambi-
ent nighttime temperature ot 283K, the rate constant of
O3 with NO» is k1 = 2.3 x 107 cm®molec1s~1 (Atkin-
son et al. 2009. At the concentrations listed above, this
gives k1 = 1ss(NOg) = 30s. Calculating the N@lifetime
instead from the dominant MT los&,(= kno,,mT), at the
observed average MT concentrations that night (7p—5a local
of 0.28 ppb, we findno, MT =295, in excellent agreement
with the steady-state prediction. Henced + NO3 losses
are in fact dominated by reactive loss of Bl@ biogenic
VOCs, with a lifetime in the canopy on the order of seconds,
making this a very efficient sink of both species.

Other than the period described above, nozN@s ob-

steady-state nitrate concentration:

P(NO3)

NOg,SS: -
(TnO3,BVOC)

9)

Because N@will also be reactively lost to later generation
oxidation products, this represents a conservative upper limit
on the steady-state concentration of NOuring the night of
24 July when a sustained peak BO6f 5 ppt was measured,
our steady-state calculation accurately predicts the timing of
the peak, but overestimates its magnitude by almost a factor
of 4 (predicted N@ concentration was 18 ppt). For most of
the campaign, the steady-state N@edicted in this way is
significantly lower, near the detection limit of the CRDS in-
strument, so it may not be surprising that we did not detect it.
Golz et al.(200]) also sought to measure N@Qsing DOAS
in a European forest and were unable to detect it.

3.2.3 Evidence for NQ-initiated organic nitrate SOA
production at night: predicted organic nitrate
structures and modeled thermodynamics

When NG oxidation of monoterpenes is modeled in the
Leeds Master Chemical Mechanism (MCMv3a2tp://mcm.
leeds.ac.uk/MCMJenkin et al.1997 Saunders et gl2003,

the major organic nitrates produced by daytime (largely OH-
initiated) and nighttime (largely N§initiated) oxidation are
distinct (Fig.8). We carried out two 12 h model runs with
the chemical conditions observed at ROMBAS (temperature,
[O3], [NO2], [monoterpenes]) for daytime photochemistry
and dark nighttime chemistry, and tracked th®00 prod-
ucts, identifying the top six organic nitrates in terms of peak
concentration during that time period. Daytime simulations

served on four additional nights the CRDS instrument waswere run at 25C and 30% RH, nighttime simulations at

used to monitor ambient N Dand NOs, so it was sub-

10°C and 80% RH. For consistency, both were initiated

sequently deployed to make other measurements. In ordewith the same gas-phase concentrations of reactive precur-

to estimate ambient concentrations of N@t RoMBAS
throughout the campaign, we can use Hi).t6 determine

www.atmos-chem-phys.net/13/8585/2013/

sors: 35ppb @ 4ppb NQ, 0.5ppba-pinene, 0.4 ppkB-
pinene, and 0.1 ppb limonena&{3-carene is not yet in the
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Fig. 8. Major organic nitrate oxidation products predicted by the 5
MCM for daytime and nighttime simulations, initialized with ob- 06+
served monoterpene and oxidant concentrations at MFO. Struc- &
tures are shown in order of peak concentration, with highest on E 0.4+
the left. Outlined structures show the more volatile daytime ni- .8
trates (orange, predictepvap > 103 Torr; C* > 10*pgn?) and & 0.2
less volatile nighttime nitrates (blue, predictpghp ~ 10~°Torr; " .
% A 0 == : : — —— : : —
C* ~ 100pgr). 0 2 4 6 & 10 12 14 16 18 20 22 24
v Hour of day (local)
£ 1 L C, ketonitrate
o ot T * Cyp hydroperoxyn_itrate
MCM, and MBO was omitted because it is not expected to 3 R * Gy ketohydroxynitrate
00.8 o 4 s ® e C,, dihydroxynitrate
produce condensable products). o . T e . * observed
In both day- and nighttime cases;dChydroxynitrates £06 e .
are among the top products (Fig). The remaining top or- é . .,
ganic nitrates show some differences, however: during the g 0.4 . " .
day, two fragmentation products are predicted (outlined in 5 et 5 T e
orange), which SIMPOLv.1 predicts to have higher volatil- & 0-2 R N
ity. The structure on the left, agketo-nitrate, has a pre- g 0 . . ‘ . .
dicted vapor pressure of 5x 10-3 Torr at daytime average S 5 10 15 20 25 30

temperature of 298 K, which is equivalent taC4 of 6.2 x Temperature (°C)

104ugﬁ?; the structure on the right, a mulufunctlonal per- d:ig. 9. Observed (black, same as in Fi). and modeled fraction
oxynitrate produced glycolaldehyde, which has a predicte

"3 N O uand of organic nitrate in the aerosol phase over the diurnal cycle in
vapor pressure of. 5 x 107 Torr (C* = 1.2x 10" pgnr). At temperature (blue) and background organic aerosol mass (measured

night, in contrast, two hydroperoxynitrates are observed (outyy AMS, brown), based on calculated vapor pressures for a series
lined in blue), which are predicted to have lower volatility of possible nitrate structures (indicated in legend). None of these
(1.0 x 1075 Torr at nighttime average temperature of 283K, structures can capture the observed dynamic range in aerosol frac-
C* = 130ugn?). Hence, accounting for day/night tempera- tion. Bottom panel shows aerosol fraction for the same series of
ture differences observed during RoMBAS, nighttimedNO molecules, demonstrating that the observed aerosol fraction does
produced organic nitrates have substantially lower volatility, not fully scale with temperature as simple repartitioning of the same
consistent with the observation that a larger fraction of or- n.it.rates would 'predict. Dat'a are normalized to peak fraction to fa-
ganic nitrates is in the aerosol phase at night. cilitate comparison of the lineshapes.

Although daytime- and nighttime-produced organic ni-
trates are predicted to include distinct structures, some of
the observed diurnal cycle in aerosol-phase fraction of ni-the temperature-dependent vapor pressures of hypothesized
trates (bottom panel of Fig) may be explained by thermo- structures. We calculate the average diurnal cycle in several
dynamics: as temperature cools at night, total organic nitratenultifunctional nitrates in this way (Fig), using average
repartitions to favor the condensed phase. We can test thidiurnal cycles in temperature and ambient organic aerosol
by modeling the fraction in the aerosol phase for a series ofmass loading as inputs. These model predictions (colors) are
organic nitrate structures deemed likely as monoterpene oxshown with comparison to the observed aerosol nitrate frac-
idation products. We employ the absorptive partitioning for- tion (black).
malism introduced in Eq2) to predict background aerosol- First, we note that neither daytimed®eto-nitrate or PN)
dependent (using AMS-measured organic aerosol) partitionnor nighttime (Go hydroperoxy-nitrate) MCM-predicted
ing of hypothesized structures, using SIMPOLV.1 to predictproducts would partition appreciably to the aerosol phase
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)

in this simple model: the predicted volatilities are simply -

too high. As discussed abovgarley and McFiggan€010 E 0.25 | ® NOs 10 5
have pointed out that vapor pressure estimation methods dif- & ® 03 0.8 %
fer widely; in a test of sensitivity of calculated OA forma- £ 0.20— ® fraction T2
tion to vapor pressure prediction, Barley and McFiggans ob- £ 0.6 5
served that predicted multifunctional compounds were 100- 3 0157 3
1000 times more volatile than needed to contribute signifi- % o10de1t sl 04 §
cantly to OA. 5 @

We find a similar result here. In order to bracket the & 0.05- } —0.2 %
observed aerosol fraction, one or two additional func- § z
tional groups must be added 4§ keto-hydroxy-nitrate, % e S —— O
2.0 x 10~%Torr, C* = 27ugnt at 283 K; or Go dihydroxy- 2 0 4 8 12 16 20 24
nitrate, 80 x 10-8 Torr, C* = 1.0 ugn?). Alternatively, simi- <

Hour of day (local)

larly low volatilities can be realized if the precursor BVOCis _ )

a sesquiterpene §€) with only two functional groups (e.g., Fig. 10. Rates of reaction pf NQ and. Q; with monoterpenes
C10 hydroperoxy-nitrate, 4.& 108 Torr, C* = 0.7 ugmg’ at averaged for entire campaign, mghttm_we data only, using mea-
283K). Sesquiterpenes were measured at ROMBAS at muc ured [@] and [monoterpenes], and using the production rate of

| . h t iahtti K O3 (k1[NO>][O3]) to stand in for the rate of N@+MT, since it is
ower concentrations than monoterpenes (nighttime pea assumed that every N(produced reacts with MT. Right axis: the

0.01ppb, PTR-ToF-MS), but may have a diSprOportiOnatefra(:tion of total MT reactivity due to reactions with N@black)
impact on aerosol formation because less functionalizationyyggests a greater role for §@han G as the initial oxidant in
is required to achieve lower volatility. nighttime oxidation.

Furthermore, we observe that while the fraction in the
aerosol phase falls in the range of these selected tri-
functional molecular structures, none of these individualozonolysis when we evaluate their relative rates for all
species captures the full dynamic range of aerosol fractiorof the campaign nighttime data (Fig.0). We approxi-
observed. As shown in the bottom panel of Figthe aerosol mate the rate of N@+ MT as the rate of N@ produc-
fraction is not simply a function of temperature: at the lowesttion (Pno, = k1[NO2][O3]), because we assume that at night
temperatures the observed aerosol fraction is higher than theearly every N@ produced is consumed by reaction with
linear extrapolation that individual structures would predict. monoterpenes. We calculate the ozonolysis r&g, {(mT)
This again suggests that at least a subset of the organic nas ko[O3][MT], where ko =5.7 x 10~ 7 cm®molec 1s1,
trates contributing to aerosol during the day and night are inthe average of rates of ozonolysis @fpinene, 8-pinene
fact of different molecular structures with differing aggregate and A-carene Calvert et al. 2000, the three dominant
volatility. After condensation, these organic nitrates may alsomonoterpenes observed at MFO. We calculate the fraction of
continue to evolve via condensed-phase reactions, resultinhonoterpenes oxidized by NGas Pno,/(PNO; + ROs+MT)
in a different aerosol composition than dictated by the initial and find that throughout the campaign, 6&%0% of the
condensing species. No such continuing transformations araighttime monoterpene reactivity goes via NO
treated in this simple thermodynamic model.

This apparent combination of thermodynamic repartition-3.3  Aerosol organic nitrate concentrations derived from
ing and different production mechanisms of organic nitrates AMS measurements
contrasts with a recent studipérraud et al2012), in which _
observed SOA formation from-pinene could only be ex- The nighttime peak in aerosol organic nitrate concentration
plained by irreversible, kinetically limited uptake of organic iS further corroborated by AMS measurements of this species
nitrates onto aerosol. This difference may be explained by(Fig. 11). Farmer et al(2010 reported that due to fast ther-
the BVOC precursor mix, if the mechanism is uniquexto ~ Mal dissociation of organic nitrates prior to ionization, the
pinene, or by the elevated oxidant (1.5 pprg) @nd aerosol AMS will quantify the nitrate moiety almost exclusively as
mass (30-2000 pg#iin those chamber experiments causing NO* and NG/ ions. Several groups have reported that the
the SOA formation mechanism to be different than under amNOJ /NO* ratios observed in AMS spectra for organic ni-
bient conditions at ROMBAS (30 ppbs&and 2ugmi PM; at  trates are typically 2-3 times lower than for hRO3 (Fry

night). etal, 2009 Bruns et al.201Q Farmer et a.201Q Liu et al,
2012. Assuming these ratios are stable, the measured ratio
3.2.4 Further evidence for NQ-initiated organic nitrate can be used to separately quantify ammonium and organic
SOA production at night: oxidant contributions nitrates asKarmer et a).2010

We find further observational evidence that nighttime chem-RONQ; rac = (Rambient — RNHaNO) (1+ RRONG,) (10)
istry is dominated by N@initiated oxidation rather than (RrRONO, — RNH4NO3) (1 + Rambient
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Fig. 11. (a) Concentration of AMS organic and inorganic nitrate, calculated based on tlje;/l}\lkl}fr field ratios andRrong, = 0.13,

compared to aerosol organic nitrate measurements with the TD-LIF system, for the six days the ambient measurements of both instrument:
overlapped during RoMBASb) Scatter plot of calculated AMS organic and inorganic nitrate with TD-LIF aerosol organic n{cai@tal

organic aerosol mass as measured by the AMS, any MOT (Rambien) Used to calculate organic nitrate fraction(@). Also shown are

the NC%/NOJr ratio determined in calibration with inorganic nitrate as well as the estim@teg\o, ratio. A 3-point smoothed version of

the ratio was used when calculating RON@) Cation vs. anion balance, evaluated by plotting measured AMS ammonium vs. predicted
ammonium for two cases: assuming all AMS nitrate is inorganic and assuming it is all organic.

According to Eq. 10), Rambient (the ratio of NqL/NOJr RronNo, based on previous laboratory measurements of the
in ambient data) can be used to calculate the fraction of or-ratio of ratios” x:
ganic nitrate, RON®@srac, if both Ryn,no; (fOr the ammo-

nium nitrate calibrant) an®rono, (Measured or assumed 5 — M. (11)
average NQ)/NOJr for organic nitrates) are known. It should RRroNO,
be noted that this expression only applies if s is the Based on the calibrations reportedfgrmer et al(2010),

solely important inorganic nitrate in the submicron mode,We calculate a value fog of 2.25+0.35. Using the (very

Ence other nltrated sagts ha\_/e. d'ﬁelrlf nlt frsgmentatu()jn drat'OSt:onstant)R,\l|44,\K)3 of 0.295+0.005 measured throughout the
owever, as noted above, it is uniikely that reacted dust Of,_ge|q |E calibrations, this would result iRrono, = 0.13+

sea salt contributed significantly to the submicron aeroso 02

during ROMBAS. . Figurellc showsRambientfor ambient data for the six days

_ Both RNH“NOJ ir:\%eRON_OZ ”_'erf’e”d or;]the pargculat; AZ/IS where the AMS and the TD-LIF ambient aerosol datasets
m_strudmenthan .tumng, ence _t ey nee' towﬁ_l eter'overIap.Rambiemis quite constant within the noiseat0.13,
mined at the sarge mstrurr(ujefnt Setﬂngs%b'er.“ G I(Ije | with the exception of a brief spike around midnight of 20
.};NH‘EN% can be determined from t %_;fgut:ne m—r:e €@l August. This implies that the fraction of total nitrate that is
: ratlons,. es,t'.m‘r’,ltngRON,OZ s more difficult as t, ere 1s organic was essentially constant, with no diurnal cycle, ex-
some variability in the ratios found for pure organic nltrat_es cept for a few brief inorganic nitrate episodes such as on 20
(I_:armer_et al.2010, and_ standargjs for the ;pemﬁc organic August. Given the very different night and day chemistry, it
nitrates important at a f!eld location are typlgally not ava|.|- seems unlikely that this fraction would stay constant, unless
able at the .“”?e of the field study. One pos_S|bIe way 1o cir-j, happens to correspond to 100 % organic nitrate, which is
cumvent this issue is to use the observation tRat,no, consistent with therono, value derived above.

andRrono, typically co-vary prqportionally _betvyeen instru- Another piece of evidence that supports the dominance of
ments. Based on that observation, we derive field values fOf)rganic nitrates in the submicron nitrate at this location is
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the anion vs. cation balance. A linear regression of measurethl organic aerosol mass at a given time. As first reported by

AMS ammonium vs. predicted, assuming that all measured-armer et al(2010), this also has implications for the AT

nitrate is inorganic, leads to a negative intercept and a slopand N/ C ratios that the AMS reports, since the default anal-

of less than 1 (Figlld; slope = 0.92). The deviation of the ysis algorithm used for field studies assumes that only CHO,

slope from 1 is substantially larger than the 2% observedCHN, and CHON ions are organic and all of the N@ns

for NH4NOg calibrations. Such a deviation is normally as- are assigned to the “nitrate” species. For ROMBAS, includ-

sociated with partially acidic sulfate, but in those cases theing nitrate from RONGQ in the calculation of organic NC

deviation typically varies substantially in time (e.ghang  would increase by 0.013 on average (up to 0.025 at night and

et al, 2007, and that would also be expected here given theabout 0.009 during the day), while typical AMS/IC values

large variability of SQ (Fig. 4). The slope can also be due to which do not include organic nitrate are0.01-0.02 (e.g.,

mistakenly assuming RONQo be inorganic nitrateHarmer ~ Hayes et al.2012 Docherty et al. 2017). Likewise, O/C

et al, 2010. If we instead exclude all of the aerosol nitrate ratios would be enhanced 0.03 on average, with spikes of up

from the neutralization calculation, the slope becomes veryto 0.07 at night, resulting in about a 5 % increase for the cam-

close to 1 (0.99) and the negative intercept disappears. As caoaign average.

be inferred from the tightness of the scatter plot, for most of

the campaign this ratio was very constant. While this could3-4 ~Estimated alkyl nitrate production rate, daytime vs.

reflect an aerosol of fairly constant free acidity, that would be nighttime

highly unusual for such a long time period. Hence, the most_. , L ) .

likely explanation is that the anions were fully neutralized Finally, we wish to put the nighttime production of alky! ni-

and thus most of the nitrate was organic. trates into co.n.text with the.total nitrate 'pI’OdL.JCtlon. We use
Calculated AMS organic nitrate concentrations are com-Poth ourempirically d_etermmed net daytime yield of RONO

pared with the TD-LIF data in Figlla. The overall agree- 1M RQz +NO reactionsA = 2.9% (Sect3.1.4 as well as

ment between the two organic nitrate measurements, botfl!gher literature values from chamber studies, to determine

in amplitude and time dependence, is very good. Figute two est|m.at_e.s of daytlme production rates of organic nitrates

compares AMS organic and inorganic nitrates with the TD- from OH-initiated reactions followed by RG-NO, for com-

LIF aerosol nitrate. As expected, there is little correlation parison to nighttime N@!nltlated che_mlstry. _

of TD-LIF nitrate with AMS inorganic nitrate € = 0.1), We calculate the daytime production rate of alkyl nitrates

while the correlation with AMS organic nitrate correlation as

i_s fair.(r2 = 0.53), despitg separate inlets, Fhe low concentra- Paay=(kor, [OHIIMT Jar+kor,[OHI[MBO

tions involved, and the difference in analytical methods. Both

datasets were averaged to a longer timebase (i.e., longer tha¥1ere kow, = 7.4 x 10~**cm’molec s~ (Calvert et al,

the 10 min original database). The slope for the resampled000 is the average of the rate constants for OH reac-

data, 1.16, seems to indicate a slightly lower AMS responselion with -pinene,a-pinene, andA-carene at this temper-

but is well within the stated accuracies for the instruments@ture (these three dominant monoterpenes are present in ap-

(30 % for the AMS, 25% for the TD-LIF). The dominance Proximately equal concentrations at ROMBAS), diagh, =

of aerosol organic nitrate over the inorganic form at this lo- 6-5 % 10—110”‘3'“0'30_15_% (293K, Rudich et al. 199 is

cation contrasts with polluted urban locations such as Riverihe rate constant of OH with MBO. The values tayir and

side, CA, where the aerosol nitrate is dominated by the inor#mBo are either chosen to both be equalApthe empiri-

ganic form Farmer et al.2010. cally determined brqnchlng ratio of alkyl nitrate produqtlon
The concentrations of aerosol organic nitrate concentraffom RO;+NO reactions, or to be equal to values from liter-

tions shown in Figl1a for both instruments only quantify the ature chamber studies (23 % for monoterpeResting et al.

NOs functional group and do not reflect the actual mass 0f2013 and 7% for MBO Alvarado et al. 1999 Chan et al.

organic molecules containing nitrate functional groups that2009. The former production rate is lower by about a factor

are present in the aerosol (since both techniques detect tHf 5- Fro,+No is the fraction of R@ radicals that react with

nitrate functional group after it has dissociated from the or-NO rather than other R{or HO,. _

ganic parent structure). Estimating a total mass for the or- The calculation offroz;no is based on diurnal Rand

ganic molecules containing nitrate groups is difficult, since HO2 data with calculated NO steady-state concentrations:

the average molecular mass of the organic species pgr NO [NO2]jno

group is needed for this calculation. Assuming that thg-C [NOlss= T Osl 1k 2 (RO, T HOAl'

keto-hydroxy-nitrate as shown in Figjis a representative or- Os+NO [Os R/HO2ANO 2

ganic nitrate molecule, the molecular weight of the moleculewhere jno, is the photolysis rate of N& ko,+no = 1.4 x

minus the nitrate group is 168 gmd}, 2.7 times larger than  10~12exp(—131¢/ T)cm®molec*s™ and kr/Ho,+NO =

the mass of the nitrate group. For the periods considered her@,9 x 10~ ?cm®molec 's™1, which is the average of rate

that implies a concentration ef 0.2-0.5 ugnT2 of organic  constants of H@+NO and CHO,+ NO (Sander et a).

species with nitrate groups, representing 6—20 % of the t0o2006, using instantaneous measured temperaturg], [O

lameo) Fro,+no (12)

(13)
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[RO2], [NO2] and [HO]. Typical daytime [HQ] peaked — night 1.0
midday at 100 ppt; [Rg] was 45-55 ppt throughout the day, o010 G hZ”
and [NO] peaked at 80ppt at 8:30 and 14:30 and was - — Frozmo | os
40ppt throughout the day. To determine the relative rates of £ | '
RO,+NO reactions, we use rate constants forsOpl (Atkin- Py
son et al. 2004. We use the ChO; rate constants because g 0.06 -o6
those reactions have been well characterized; however, sinces g
they are for a smaller RQthan the ambient mix, this likely = L oa °
introduces some error. é 0.04

Nighttime production rate of alkyl nitrates is calculated as ¢

50.02 0.2

Pnight= [NO3](kmt[MT] Ymr + kmBo[MBO] Ymo).  (14) 3
where k; and Y; are NQ rate constants and or- B 0.00 - 0.0

LI B B |

ganic nitrate yields, respectively, from monoterpenes and 0 4 8
MBO. Again, we use 6.k 10 ?cmPmolecls™! for
the NG; 4+ monoterpene rate, the average of rate con-
stants with«a-pinene, g-pinene, andA-3-carene Calvert

et al, 2000. The rate constant for NOwith MBO is (blue) mechanisms. The fraction of R€&adicals that react with NO
1.1x 10~ cmPmolecs™* (Rudich et al, 1999 at 283K. (Fro,--NO, black) ranges from~ 40%-90 % during the day. The
Yields of organic nitrates from MT and MBO are taken to be daytime production of organic nitrates is calculated using the ob-
45% (Fry et al, 2009 measured nitrate yield fg8-pinene)  servedA of 2.9 % (orange) and, alternately, using literature chamber
and 13 % Fantechi et a).1998, respectively. The few mea- organic nitrate yields of 23 % for monoterpenes and 7 % for MBO
surements of organic nitrate yields frgidOs] + BVOC that  (yellow).
have been made are reviewedAtkinson and Arey(2003,
and span the range of 14 % farpinene to 66 % forA-3-
carene, making thig-pinene figure a reasonable average be- These production rates are both likely underestimates
havior for the monoterpenes present at ROMBAS. since they consider only first-generation oxidation chemistry
Rollins et al. (2012) also recently assessed aerosol organimitiated by OH or N@, and omit other VOC precursors
nitrate yield from NQ-initiated SOA formation, in Bakers- that may contribute to additional organic nitrate production,
field, California, an urban site in the agricultural San Joaquine.g., sesquiterpenes. We note further that the empirically de-
Valley with much higher N@, Oz, and biogenic VOC con- rived A, the daytime organic nitrate branching ratio, implic-
centrations, and particle loading. At that site, BVOC con- itly includes any fast chemical losses of daytime RGQINO
centrations are so high that ROM®@roduction is limited including potentially rapid hydrolysis in the aerosol phase
by NOs production via NQ + O3, which proceeds at typi- (Liu et al, 2012, while the nighttime source calculation is
cal rates of 1-2 ppbtt (Rollins et al, 2012. Significantly  the gross formation rate, with any nighttime ROND@sses
lower organic nitrate production is observed at ROMBAS unaccounted for. Based on structural differences — daytime
(0.05 ppbhl), due to much lower pollutant concentrations, organic nitrates are derived from shorter-chain hydrocarbons
but at both sites the resulting contribution of RON or- and are thus likely to have more oxidized functional groups
ganic aerosol loading is substantial. per carbon and hence be more hydroscopic — we anticipate
A comparison of daytime (OH-initiated) and nighttime wet deposition losses to be faster for daytime than nighttime
(NOs-initiated) rates of alkyl nitrate production is shown in RONO,. Thus, we believe it is more important that these
Fig. 12, showing a diurnal cycle that indicates the rates arelosses are incorporated for the daytime RQNsPoduction
comparable in magnitude, with the nighttime production raterate, and we expect the error in net nighttime production rate
falling between the two estimates of daytime organonitratedue to omission of chemical losses to be relatively small.
production. The difference in these two daytime production Because this organic nitrate production is occurring in
rate estimates suggests that MBO and monoterpenes are neg¢ry different volumes during the day (afternoon boundary
the only sinks of OH at this site: since the observed overalllayer height of 800—1500 m, radiosonde measurements) vs.
A is lower than the yield for MBO, it is likely that at this night (shallow nocturnal boundary layer height of order 50 to
site, substantial OH loss goes to R@hich have a low or 90 m), the total mass of organic nitrate produced during the
0% yield of organic nitrate, bringing the overall yield down. day is likely to be larger if the NQor BVOC level aloft dur-
For example, the OH oxidation of first-generation products ofing the night is significantly smaller than that at the surface.
MBO oxidation may be important. Note also that this anal- Nevertheless, the lower-volatility nighttime organic nitrates
ysis omits contributions from ozone, which may contribute produced in the shallower boundary layer lead to a peak in
to alkyl nitrate formation both during the day and night, but observed aerosol organic nitrate at night. This is consistent
which we cannot constrain. with the hypothesis that nighttime N@nitiated chemistry

A L |

12 16
Hour of day (local)

20 24

Fig. 12. Calculated rates of production of organic nitrates for
daytime OHe-initiated (orange/yellow) and nighttime Bibitiated
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