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Abstract. We present an analysis of the N@®udget in con-  oxidized and reduced nitrogen) increased by over an order of
ditions of low NQ, (NOx=NO+ NO,) and high biogenic magnitude from~ 15 TgNyr! to ~ 187 TgNyr?! between
volatile organic compound (BVOC) concentrations that are1860 and 2005 (Galloway et al., 2008). This increase is one
characteristic of most continental boundary layers. Using eof the primary causes of air pollution, contributing directly to
steady-state model, we show that below 500 pptv ofy NO the production of urban ozone and secondary organic aerosol
the NQ lifetime is extremely sensitive to organic nitrate (e.g., Carlton et al., 2010; Pye et al., 2010; Pinder et al.,
(RONQ,) formation rates. We find that even for RO @r- 2012; Rollins et al., 2012). The increase in Nélso results
mation values that are an order of magnitude smaller tharin an increase in the global background of OH (e.g., Wild
is typical for continental conditions significant reductions in et al., 2001). This in turn affects air pollution by increasing
NOy lifetime, and consequently ozone production efficiency, the global background ozone concentration (e.g., Wild et al.,
are caused by nitrate forming reactions. Comparison of the2001) and making it more difficult to reduce ozone in some
steady-state box model to a 3-D chemical transport modetities (e.g., Zhang et al., 2008; Parrish et al., 2010). This in-
(CTM) confirms that the concepts illustrated by the simpler crease in ozone also affects climate directly, and botly NO
model are a useful approximation of predictions provided byand ozone affect climate indirectly by their influence on the
the full CTM. This implies that the regional and global bud- global lifetime of CH; (e.g., Fuglestvedt et al., 1999; Wild
gets of NQ, OH, and ozone will be sensitive to assumptions et al., 2001; Derwent et al., 2008; Fry et al., 2012). Sev-
regarding organic nitrate chemistry. Changes in the budgetsral studies have shown that the net global impact o NO
of these species affect the representation of processes impogmissions on climate forcing is highly dependent on the lo-
tant to air quality and climate. Consequently, CTMs must in-cation and seasonal cycle of the emissions (e.g., Fuglestvedt
clude an accurate representation of organic nitrate chemistrgt al., 1999; Derwent et al., 2008; Fry et al., 2012). Conse-
in order to provide accurate assessments of past, present, angdently, there has been a significant research effort to un-
future air quality and climate. These findings suggest thederstand emissions of NOfrom different sources such as
need for further experimental constraints on the formationfossil fuel combustion (e.g., van der A et al., 2008; Dall-
and fate of biogenic RON® mann and Harley, 2010; Jaégtt al., 2005), lightning (e.g.,
van der A et al., 2008; Hudman et al., 2007; Schumann and
Huntrieser, 2007), biomass burning (e.g., van der A et al.,
2008; Alvarado et al., 2010; Jaégét al., 2005; Mebust et
1 Introduction al., 2011; Wiedinmyer et al., 2006), and soils (e.g., van der
Aetal., 2008; Bertram et al., 2005; Ghude et al., 2010; Hud-
Nitrogen oxides enter the atmosphere as a result of bactenan et al., 2010; Jaggkt al., 2005). In contrast, the lifetime

rial processes in soils, high temperature chemistry in light-of NO,, knowledge of which is necessary determine concen-
ning, and combustion of fossil fuels and biomass. Currentyations from emissions, is not as well studied.

estimates are that human creation of reactive nitrogen (both
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In the vicinity of emissions, the lifetime of NQ(defined  Close to source regions, where NEbncentrations are high,
here as concentration divided by loss rate) is a steeply nonNOy will also be lost through the formation of peroxy ni-
linear function of the concentration of NQ(Valin et al., trates:

2011 and references therein). In the remote continental atmo-

sphere, emissions are more uniformly distributed and, NO ROz +NOz + M < ROONG, + M (R2)
concentrations vary more slowly. Textbooks suggest that thet is well known that peroxy nitrates act as a N@servoir;
chemical lifetime of NQ in these regions is largely set by its they may be transported to rural and remote locations where
reaction with OH to produce HN$ However, several anal- they will dissociate, resulting in a net source of N@wn-
yses have quantified the effect of isoprene nitrate formationyind from the emissions.

on the NQ budget, showing that isoprene nitrate formation  Chemical NQ loss also occurs via the formation of alkyl

is a major sink of NQ and implying a strong effect on NO  and multifunctional organic nitrates of the form RONO
lifetime (e.g., Trainer et al., 1991; Horowitz et al., 2007; Ito from the minor branch of the NO and peroxy radical reac-
etal., 2007; Wu et al., 2007; Paulot et al., 2012). tion:

In this paper we investigate how changes in the formation
rate of organic nitrates (RONS affect the NQ budget in NO+RO, - RONG, () (R3a)
low NOy, high BvVOC _environments. Using a steady-state NO+RO, — NO, +RO (1—a) (R3b)
model we find that the instantaneous Nidetime, and con-
sequently ozone production efficiency, is extremely sensitiveMeasurements of total RONOby thermal dissociation
to RONG production even when production rates are an or-laser induced fluorescence (Day et al., 2002) have shown
der of magnitude smaller than typical for continental con-that RONQ account for a substantial fraction of ox-
ditions. Calculations using the WRF-Chem model (Weatheridized nitrogen (NQ =NO+ NO>+4 NOz+ total peroxy
Research and Forecasting model with chemistry) (Grell et al.nitrates + total alkyl and multifunctional nitratest
2005) with detailed RON@chemistry added to the chemical HNO3+ 2*N2,0O5+ HONO+-...) in urban (Rosen et al., 2004;
mechanism, are shown to be consistent with the conceptudCleary et al., 2005; Perring et al., 2010; Farmer et al., 2011)
model; this indicates that the steady-state model is sufficienand rural (Murphy et al., 2006; Farmer and Cohen, 2008; Day
to serve as a guide for thinking about how changes in RONO et al., 2009; Perring et al., 2009a; Beaver et al., 2012) loca-
chemistry affect NQ. tions as well as downwind of the continents (Perring et al.,

2010).

Isoprene nitrates are thought to be a large fraction of the
organic nitrates. Global modeling studies investigating the
impact of isoprene-derived nitrates on N@nd G have

2 Background found large sensitivities in the net global and regional bud-
gets of @ and OH to assumptions about formation, lifetime,
Daytime chemistry in the lower troposphere encom- and o>_<idation products of isoprene-derived nitrates (g.g.,
passes two chemical regimes: a low NQNOx=NO + Horowitz et al., 1998, 2007; von Kuhlmann et al., 2004; Fiore
NO,) regime in which HQ (HOx = OH +HO, + RO,) self- €t al., 2005; Ito et al., 2007, 2009; Wu et al., 2007; Paulot et
reactions (e.g., HO+ RO,) dominate radical loss processes, al., _2012). Pal_JIot etal. (2012) usgd aglobal CTMto cak_:ulate
and a high NQ regime in which radicals are lost through ni- the impact of isoprene-derived nitrates on the.Ni0dget in
tric acid production. Although low NQchemistry has gen-  the tropics and found that up to 70 % of the local netNO
erally been synonymous with methane and carbon monoxSink is from th_e formation of_lsoprene—denved nitrates. .
ide chemistry, recent field observations have shown that in Recently, simultaneous field measurements of speciated
the presence of high biogenic volatile organic Compoundmultn‘unc'uonal nitrates using chemical ionization mass-

(BVOC) concentrations, low NOchemistry is significantly =~ SPectrometry (St. Clair et al., 2010) and measurements of
more complex than this textbook view. Most of these re- total RONG by thermal dissociation laser induced fluores-

cent low NQ, high BVOC studies have focused on under- ¢€Nce provided the first opportunity fora comp_arison qf the
standing the production and loss processes of H@icals ~ total RONG measurement in a complex chemical environ-
(Lelieveld et al., 2008; Stavrakou et al., 2010; Stone et al. Ment. The sum of the individual compounds wa§5 % of

2011; Taraborrelli et al., 2012; Whalley et al., 2011; Mao et the total RONQ when only isoprene (first and second gen-

al., 2012). Here, we focus on understanding the nitrogen radération) and 2-methyl-3-buten-2-ol nitrates were included,
ical budget under these conditions. and was almost closed when all nitrogen containing masses

Chemical loss of NQis generally considered to be domi- Were included. The measurements confirmed that biogenic
RONG; represent the vast majority of the total in a rural en-
vironment (Beaver et al., 2012). Recent measurements from
the NASA Arctic Research of the Composition of the Tro-
OH+ NO2 — HNO3 (R1) posphere from Aircraft and Satellites (ARCTAS) campaign

nated by nitric acid formation:
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Table 1.Reactions and rate coefficients used in the steady-state modeling of daytime chemistry.

Reaction

Rate

CHy + OH-22 CH30, + Hp0

CH30, + NO—> NO, + HO, + HCHO

CH305 + HO, — products

CH30, + CH30, — 0.66 HO; + products

NMVOC + OH-23 RO,

RO, +NO—> (1—a)HO, + (1 —a)NO, + «RONO,
RO, + HO, — products

RO, + RO E@ 1.2 CHzOo + products

RO, —> HO, + OH

RO, + CH30222% 0.6 CHzO + 0.6 HO, + products
co+H0" % Ho, + cO,

co +oHY Hoco 22 HO, +CO,

P(HOx) — 0.80H + 0.2HO,

OH + 03 —> HO, + 0,

OH+Hy 22 HO, + Hy0

HCHO+ OH —> HO, + CO, + Ho0
H-207 + OH — HO, + H2O

HO, + OH — H0 + Oy

HO, + O3 —> OH + 20,

HOy + HOZ - Hp0; + H0

HO2 + NO — OH + NO»
NO 4+ O3 — NO2 + O

NO, + OH 2 HNO;
NO, + hv 22 NO + O3

1.85x 10~ 2exp(-1690r)2
2.8x 10~ 12exp(3007)P
4.1 10~ Bexp(750r)P
9.5 10~ Mexp(3901)P

See Table 2
2.7 x 10~ 12exp(360r)°
2.06< 10~ 13exp(1300r)d

1.4 10712
4.12<10Pexp(7700/)f

1.4¢ 10712

ko = 1.5x10~13 (73006
koo =2.1x 10%(T/300P- 1>

ko = 5.9 x 10~33(7/300)~1-4
koo = 1.1 x 10712 (7/300)4°
See Table 2

1.7x 10 12exp(~940/r)2

7.7x 10~ 2exp(-2100/T)2 Hy = 531 ppb*
5.4x 10~ 12exp(1351I)2

2.9x 10~ 12exp(-160/)2

4.8x 10~ Hexp(250r)2

1.0x 10~ 4exp(-490/T)P

(2.1x 10733 x M x exp(920T) +

3.0x 10713 exp(4601)) x

(1+[H20] x 1.4x 10~21 exp(22007))°
3.45x 10~ 12exp(270r)2

1.4x 10~ 2exp(-1310/)2

ko = 1.49x 10-30(7/300) 18 ., =2.58x 101
See Table 2

2 UPAC Atkinson et al. (2004, 20065?,JPL 2011 (Sander et al., 201§)MCM v3.2 (Jenkin et al., 1997; Saunders et al., 2063\)1CM v3.2
RO,+HO, for five carbon RQ, € (Jenkin et al., 1997) R@reactions secondary RQvith ,fZ-OH,f Crounse et al. (2011) using MCM v3.2
RO,+HO, reaction rate with a 5 carbon BQo represent isoprene peroxyHO,, 9 Henderson et al. (2012),Calculated using the JPL 2011
termolecular rate for chemical activation reactigfisNovelli et al. (1999).

(Jacob et al., 2010) show that in the low NGigh BVOC
environment of the Canadian boreal forest, RQNOcount
for 18 % of NG, and often account for at least half of the
instantaneous NEsink (Browne et al., 2012).

species can be short relative to changes in sources and sinks.
The lifetime of NQ is the ratio of the N@ concentration to
the loss via formation of HN@and RONG. Although this
lifetime may be similar to, or longer than, the length of a sin-
gle day or night, since the transport pathways are over uni-
form environments, the air parcels still have sufficient time
to approach steady-state with the sources and sinks @f NO
Here, we restrict our analysis to NQoncentrations less This_ does nqt affec_t the assumptiqn of steady-_state s_ince the
' cycling reactions within the NOfamily are fast. Simulations

tha” 5t0r(1)'pﬁtv. I\?'SC“SS'O”tO”t_ the effec:)s ?f R%{\,mlfm' with a time-dependent box model also suggest that steady-
istry at higher NQ concentrations can be found in Farmer g5 anicable.

etal. (2011) and are reviewed by Perring et al. (2012). These
low NOy, high BVOC environments, such as boreal and trop-
ical forests, are generally characterized by large expanses
of relatively homogeneous emissions. Consequently, even
while transport can be long-range, the lifetime of different

3 Steady-state calculations

www.atmos-chem-phys.net/12/11917/2012/ Atmos. Chem. Phys., 12, 1191832 2012
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Table 2. Parameters used in the daytime steady-state model. Th&able 3.Effectivea value at various NQconcentrations. These are
value of the parameters (except for NMVOKOH) are based on  calculated using Eq. (A2).

the mean ARCTAS measurements from less than 2 km pressure alti-
tude and excluding data with recent anthropogenic or biomass burn-

R Aeff Ueff Aeff
ing influence. 10 pptv NG, 100 pptv NG 500 pptv NG
: 0.1% 0.06 % 0.08 % 0.09%
Species value 1% 0.64% 0.81% 0.87%
Temperature 285K 5% 3.22% 4.03% 4.37%
Photolysis rate of N@ 6.2x 10351 10% 6.43% 8.06 % 8.74%
CHy 1865 ppbv
(6]0) 130 ppbv
g%x oroduction rate 42 iptl)\(;éi molecules crm3 &1 sFegdy-state and then calculate the formation of R@ NI
HCHO 1.48 ppbv nitric acid.
H,0, 2.04 ppbv Values ofq equal to 0%, 0.1%, 1% 5%, and 10%
Ho0 1.18x 10% ppm are used to |_Ilpstrate a range of condmons. that vary from
NMVOC-+OH 251 remote conditions removed from the continents=Q %
and @ =0.1%) to areas influenced primarily by BVOCs
(e.g., monoterpenes, isoprene) with high RGNGrmation
_ (¢ =5-10%).
3.1 Daytime It should be noted that the value in the steady-state

S . . model is different from what has been referred to in the lit-
Here, we use a simplified representation of daytime chemerature as the “effective branching ratio” (Rosen et al., 2004;
istry (Table 1) whereP(HOx) represents primary HOpro- - cleary et al., 2005; Perring et al., 2010; Farmer et al., 2011).
duction from all sources including &) +H20, photoly-  The effective branching ratio refers to the average branch-
sis of species such a8, and HCHO, and any others. We  jng ratio of the entire VOC mixture (including CO, GHetc)
assume that 80 % of HOproduction results in OH and the  gnq is therefore smaller than the branching ratio of the RO
remainder in HQ@ (from HCHO photolysis). In addition to  gpecies. Observations suggest that the effective branching ra-
CO and CH chemistry, we include a lumped VOC that re- tjg for VOC mixtures for urban regions ranges from 4-7 %
acts with OH to form a lumped peroxy radical (R® Ta- (Cleary et al., 2005; Farmer et al., 2011; Perring et al., 2010;
ble 1). When this lumped RCspecies reacts with NO, it ei-  Rosen et al., 2004). The effective branching ratio for the sit-
ther propagates the radicals (R3b) or forms an organic niyations calculated here ranges from 0.06-8.74 % and is de-
trate (R3a). The fraction of the time that an organic nitrate ispendent on NQdue to changes in the ratio of GB. to RO,
formed R3a/(R3a-R3b) is referred to as the branching ratio ith NO, (Table 3). Full details regarding the calculation of

(o). For specific molecules; increases with increasing car- aeff and discussion of how it varies with N@an be found
bon number, lower temperature, and higher pressure (Arey gk Appendix A.

al., 2001).

For the other RQ reactions, we assume that the RO 3.2 Nighttime
species behaves like a primary or secondary peroxy radi-
cal. Following the MCM protocol, the R RO, reaction Nighttime chemical loss of NQoccurs via NQ reactions
then results in 1.2 alkoxy radicals (Jenkin et al., 1997). Inwith alkenes that have organic nitrate products, heteroge-
the model, the alkoxy radical either instantaneously isomerneous hydrolysis of b5, and reactions of N@with aldehy-
izes or decomposes (i.e., we ignore the reaction wight®  des. The latter two loss processes both result in the formation
produce a peroxy radical that is lumped with €4 (i.e., of HNOs. We consider a nighttime VOC mix that consists of
no formation of organic nitrates upon reaction with NO). three VOCs: isoprene;-pinene, and acetaldehyde.
The RGQ+ CH30; reaction follows the same assumptions  Since there is no suitable ARCTAS data to constrain the
resulting in 0.6 CHO, and 0.6 HQ. The RQ species un-  nighttime concentrations of alkenes and aldehydes, we use
dergoes an isomerization reaction with products of OH andoutput from the WRF-Chem model to guide our choice of
HO,. This reduced complexity is designed to mimic the low input concentrations (Table 5). We choose a lower estimate
NOy chemistry of isoprene (e.g., Peeters et al., 2009; Peetersf 400 pptv of alkenes (which we split evenly between iso-
and Muller, 2010; Crounse et al., 2011, 2012). prene and--pinene) and a mid-range concentration of 2 ppbv

For illustrative purposes, we use the mean conditions samef acetaldehyde. In this choice of isoprene angdinene we
pled during ARCTAS at low altitude and removed from re- do not mean to imply that this is the exact speciation of the
cent biomass burning influence (Table 2) as inputs to theBVOCs. Rather we choose these two alkenes to act as ex-
model. We run the model at specified NO concentrations unample species since they have different reaction rates and
til the radicals (R@, CH30O2, HO,, OH, and NQ@) are in organic nitrate yields. Varying the split between these two

Atmos. Chem. Phys., 12, 119174932 2012 www.atmos-chem-phys.net/12/11917/2012/
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Table 4. Reactions and rate coefficients used in the steady-state modeling of nighttime chemistry.

Reaction Rate

1.2x 10~ 13exp(-2450/)2

ko =2.0x 10-30(T/300)44
koo =1.4x 10~12(7/300)"0-7

Keq=2.7x 10-?7exp(110007")P
1.2 10~ 12exp(490r)°

3.15 10~ 12exp(—450/T)°

1.4< 10~ 12exp(~1860/)°

NOs + O3 —> NO3
NO3 +NOy 2 N,O5

N»Og - NO3 + NO,
a-pinene+NQ@ — By-pinendRONO, + products
Isoprener NO3 — BisoprendRONO; + products

Acetaldehydet NO3 — HNOg3 + products
H»O,surface,

NoO5 “ ==~ 2HNO3 See Table 5
k
a JpL 2011 (Sander et al., 2018 JPL 2011 calculated from% .© IUPAC (Atkinson et al., 2006).

Table 5. Parameters used in the nighttime steady-state model. Both these surface areas and the reactive uptake coefficient

used here are likely upper limits for a remote environment.

Species Value With this simplified representation of the chemistry of these
Temperature 285 K _VOCs and the inorganic reactions of N@nd & shown
O3 40 ppbv in Table 4, we calculate the loss of NG HNO3 and to
«a-pinene 200 pptv RONGQ; by prescribing the N@concentration and assuming
isoprene 200 pptv NO3 and N Os are in instantaneous steady-state.
acetaldehyde 2 ppbv
Bisoprene 0.7 4  NOy lifetime
ﬂa-pinene 0.3 X
N2Osg hydrolysis =3or5h .

2% Yerol i 4.1 Daytime

We compute the lifetime of NQwith respect to chemical

— . . loss to RONQ@ and nitric acid using Eq. (1):
BVOCs has no significant impact on our conclusions. We [N?) ] 9 Eq. (1)
X

also note that although isoprene is primarily emitted during, — —
the day, it is possible to have isoprene emitted near sunset * Loss(NOy)
persist into the night (e.g., Brown et al., 2009). [NOy]

The reaction of N@Qwith alkenes results in an N@2alkene ZaikR02i+NO[ROZ,-][NO] + koH+No,[OH][NO2]
adduct that either retains or releases the nitrate functionality ¢
upon reaction with other radicals. We use the paramgter For NO, concentrations less than 500 pptv wher= 0 %,
to represent the fraction that retains the nitrate functionality.HNO3 formation is the sole mechanism for N@bss, and

1)

Recent measurements of organic RON(@Ids for the reac-
tion of biogenic VOC with NQ suggest thag for isoprene

is ~65-70% (Rollins et al., 2009; Perring et al., 2009b),
~ 40-45 % forB-pinene (Fry et al., 2009), and 30 % for
limonene (Fry et al., 2011). Due to experimental difficulties,

the N lifetime is longest at low N@and decreases as O
increases (Fig. 1). This decrease is roughly proportional to
1/[OH] (not shown) which, at low NQconcentrations, in-
creases as NQconcentrations increase due to an increase of
OH recycling from HG+ NO.

most chamber studies of this type are carried out under condi- As « increases, the NQlifetime decreases, most signif-

tions where the ratio of R£xo HO, is greatly enhanced rela-
tive to the ambient atmosphere. Since fhealue depends on
which radical the nitrooxy peroxy radical reacts with, these
organic nitrate yields are not strictly applicable to ambient

icantly at the lowest NQconcentrations. At 100 pptv NQ
for @ values in the range expected in remote forested regions,
RONG, production results in a NQlifetime of less than 8 h
(¢ =5%) and less than 5 (= 10 %), compared to a NO

measurements. We use these chamber results as a guide difdtime of greater than one day-(27 h) fora =0%. The

assign g8 value of 30 % fow-pinene, and 70 % for isoprene.
We run the model using two different lifetimes 0585 (3

lifetime of NOy peaks near NQconcentrations of 20 pptv
(¢ =1%) to~ 210 pptv & = 10 %) foro values of at least

h and 5 h) with respect to heterogeneous hydrolysis. Assumi % (Fig. 1). This reflects the dependence of RGQNPo-
ing a reactive uptake coefficient of 0.01, these lifetimes cor-duction on RQ concentrations. At low NQconcentrations,
respond to aerosol surface areas of approximately 144 anBO, concentrations change rapidly as a function of,\N@-

87 unt cm~2 for the lifetimes of 3h and 5h, respectively.

www.atmos-chem-phys.net/12/11917/2012/
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Fig. 1. Steady-state model results of N@fetime to chemical loss
versus NQ concentration.
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Fig. 2. Steady-state model results of fractional chemicalkN@s
to RONG; versus NQ concentration .

as roughly proportional to 1/[Rf). As NOy increases, the
change in R@ with NOy slows, and the OH term becomes
more important. The resulting maximum in N@fetime de-
pends on the weighting of the RQ@erm (thea value) and
shifts to higher NQ concentrations ag increases (Fig. 1).
The relative effects of HN@versus RONG formation on
NOx lifetime are shown in Fig. 2, where the fraction of NO
loss to RONQ@ is shown versus NQ The fraction of NQ
loss to RONQ is significant at N@ below 100 pptv-even if
o is as low as 1 %. That fraction decreases as M@reases.
For thea = 5% anda = 10 % cases that are expected to
be typical of BVOC emissions from forests, RON@ro-
duction represents more than half of the NIBss at NQ
concentrations below~ 400 pptv and~ 950 pptv, respec-
tively. Consequently, in remote regions with high BVOC
emissions where we expect N@oncentrations of- 20—

Atmos. Chem. Phys., 12, 119174932 2012
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300 pptv, RONQ formation accounts for over 50 % of the
instantaneous NQIloss. It is notable that even for the=
1%, which is similar to the measured value for ethane of
1.2%+0.2% (Atkinson et al., 1982)y 31% of NG loss

is due to RONQ@ at 100 pptv NQ and~ 15 % of N loss

at 500 pptv NQ. We note that the total VOC reactivity of
2s 1 that we use in these calculations is much too high for
ethane to affect the RONGyield (~ 370 ppbv of ethane are
required to have a reactivity of 28). Since the importance
of RONG;, decreases with decreasing VOC reactivity, we ex-
pect that RONQ@ formation would be low in pure ethane,
CO, CHy chemistry. However, only~ 740 pptv of isoprene
(e ~10%) is needed to achieve a reactivity of 2 sand

74 pptv of isoprene with a reactivity of 0.25would have
the effect ofa ~1%. Even a small addition of isoprene or
other highly reactive BVOC will result in a reactivity and

in the range of these calculations.

The exact numbers presented in Figs. 1 and 2 are sensi-
tive to the parameters chosen for iHfroduction, VOC re-
activity, and peroxy radical reaction rates. We have tested the
effects of much slower or faster peroxy radical self reaction
rates, the effect of increasing the peroxy radical isomeriza-
tion rate by an order of magnitude, and the effects of varying
the HQ production and non-methane VOC reactivity. We
find that the basic structure of our results, that organic nitrate
formation is an important NQloss under low N condi-
tions, is insensitive to wide variations in the assumed param-
eters.

4.2 Nighttime

The nighttime formation of RON®from NOz chemistry
also has important implications for the chemical loss ofNO
especially since the branching ratio for RONformation is
much higher for N@Q chemistry and NOs is present at very
low concentrations due to low concentrations of N@/e
calculate the NQlifetime at night with respect to the forma-
tion of RONG, and HNQ; using Eqg. (2) and Eg. (3) respec-
tively.
TNOy—RONO; = (2
[NO2] + [NO3z] +2- [N20s]
Ba-pinendNO3+a-pinend@-PiNENG[NO3] + BisoprendNos+isoprend|SOPreng{NOs]
TNOy—HNOg = 3
[NO2] +[NO3] 4 2- [N20s]
2kN,0shydrolysid N20s] + kNog +aldehyddAldehydg[NOs]

For NO, concentrations less than 500 pptv, the,Nifetime

with respect to RON@formation is just under 40 h and is
essentially invariant with respect to assumptions regarding
the NbOs lifetime to hydrolysis and acetaldehyde concentra-
tions (Fig. 3a). The lifetime shows relatively little sensitivity

to reasonable changes in alkene concentration since any in-
crease in alkenes decreases the steady-stagechi@entra-
tion.
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NOX lifetime to RONO2
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Fig. 3. Steady state model calculation of N@fetime at night to
(A) RONG, formation and(B) fractional NG loss to RONG at
night in the steady-state model.

The N lifetime with respect to nighttime production of

11923
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NO, (pptv)
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Fig. 4. Steady-state model results for ozone production efficiency
(OPE) versus N@concentration.

the two are nearly equal. Under the range ofyNOncentra-
tions studied here, the nocturnal lifetime is dominated by or-
ganic nitrate formation and is essentially invariant with,NO

HNOs is much longer (at least several days — not shown)concentration. Thus, the shape of the,Nitetime curve will
even for NOs hydrolysis lifetimes as short as 10 min. As a be similar to the shape of the daytime lifetime curve (Fig. 1),

result, the fractional loss of NOto RONG, dominates, al-
ways accounting for at least 95 % of the fractional NQ
loss (Fig. 3b). Furthermore, increasing the HiNSoduction
through the aldehyde NOs reaction by increasing the ac-

however the curve will be shifted to longer lifetimes due to
the slower loss at night.

Ozone production efficiency

etaldehyde concentration by a factor of 3 (to 6 ppbv) results

in minOI’ dif‘fel’ences. Even |f we replace acetaldehyde Withsince the production Of RO[\peduces the NQ“fet'me,
pinonaldehyde (which reacts an order of magnitude moret will reduce the number of ozone molecules produced

quickly), the fraction of NQ loss to RONQ is high: at

per NOQ removed (the ozone production efficiency-OPE)

100 pptv NQ it is ~ 92 % for pinonaldehyde concentrations (Fig. 4). OPE is calculated using Eq. (5):

of 2ppbv and 80 % for 6 ppbv pinonaldehyde (for aQ4§
lifetime of 180 min).

Since the lifetime is controlled by the production of

_ P(Os)
~ L(NOy)

®)

RONGQ,, the lifetime is highly sensitive to the assumed value kHop+NolHO]INO] + kchs0,+NOICH3O2][NO] + (1 — @)kRr0, +NO[RO]INO]

of B; asp increases and the loss of WN@rough NQ reac-

tions becomes more efficient, the N@fetime will be lim-

ited by the NQ+ Os rate. Under this condition, the NQife-

time is

= [NOx]
FkNo,1-05[NO2][O3]

(4)

where F is a number between 1 (loss through N@omi-
nates) and 2 (loss through®s dominates). Under low NQO
conditionsF will be close to 1 and the lifetime has a limiting
value at high BVOC or higlg of ~12h.

4.3 Twenty-four hour average lifetime

The average NQlifetime will be a combination of the night-
time and daytime sinks. However, the Nifetime at night is
much longer than the daytime value except at 0 % where

www.atmos-chem-phys.net/12/11917/2012/

koH+NO,[NO2][OH] + kro,+No[RO2][NO]

At 100 pptv NG, OPE decreases from 110 fora = 0% to
~ 19 for thea = 10% case. The shape of the OPE versus
NOy curve also changes with; the slope of the OPE versus
NOx line decreases in steepnessxdacreases. The shallow
slope of OPE versus NCfor the highera cases occurs be-
cause both ozone production and Ni@ss depend on RO
For the lowa cases, N@loss depends primarily on OH con-
centration, which, as discussed earlier, decreases aglBlO
creases. Since the R@oncentration increases as N@e-
creases, this results in a high OPE at low,NO

NOy reservoirs, such as peroxy nitrates, transportyNO
from high NQ, low OPE environments (urban areas) to ar-
eas downwind at lower Ngand high OPE. Figure 4 suggests
that if this downwind area is over the continents, that the OPE
may be significantly lower than the traditional textbook view
of low NOy chemistry would assume. This high sensitivity

Atmos. Chem. Phys., 12, 1191832 2012
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of OPE to the RON@formation potential also suggests that
small errors in RON@representation may lead to larger er-
rors in the calculated ozone burden.

As will be discussed further in Sect. 7, some fraction of
RONGO;, return NG to the atmosphere after oxidation and
consequently have a similar impact as otheryN€servoirs
such as the peroxy nitrates discussed above (with the impor-g A
tant distinction that the NOx is returned to the atmosphere & %
after oxidation - not just after thermal decomposition). The - %
impact of this has been discussed by Paulot et al. (2012) who< 10t
show that increases in the N®@ecycling from isoprene ni-
trates in the tropics increases ozone downwind of the con-“E’ o A
tinents. Since this is not a steady-state process, we are un¥g; UJ °
able to represent using our steady-state model and mstea@ Em N ] m
use the 3-D chemical transport model to investigate this ef- o 5 40 60 80 100 1é0 140 160
fect (Sect. 6). Under conditions where the return of,N® < NO_ (pptv)
the atmosphere from RONQs important, Eq. (5) should be X
rewritten as:

207
A A O.S%Soc <2%

A o 3°/o<06 <4°/o
A [ | (X >5°/o

mical loss (hours)

157

A

to

Fig. 5. WRF-Chem predication of the NQifetime to net chemical
loss over Canada (north of 58l) averaged over two weeks in July.

OPE= P(Os) = (6) The net chemical loss is defined as the sum of the net chemical loss
L(NOy) to different classes of N@including RONG, RO;NO,, and HNG;
kr0,4+NO[HO21INO] + kch;0,+NO[CH3021INO] + (1 — @) kro,+No[RO21[NO] (full details can be found in Appendix B). If the net chemical loss
kor£N0, [NO21[OH] + atkro,+No[RO21INO] — 8kRoNO, losd RONO,] is less than zero for any particular class, the net loss is set to zero.

The results are sorted by the effectivgs value as calculated using

Herekrono, loss Fepresents the total effective first order loss Ed- (A2).

rate of RONQ ands refers to the fraction of this loss that re-

turns NQ to the atmosphere (rather than removing throughOPE value that lies between oui= 5 % ande — 10 % val-

processes such as deposition). It is important to note that ac-
ues expected for a forested environment.

counting for this process simply by decreasing ¢healue

is incorrect since the amount of N@eturned will depend

strongly on the history of the airmass and will not neces-g Boreal forest: comparison to a 3-D chemical transport

sarily be representative of the local chemistry. For instance, model

one could imagine a forested region where there is a transi-

tion region from isoprene to monoterpene emissions. In thise compare the steady state calculations described above to

situation, transported isoprene nitrates may releasg INO the WRF-Chem 3-D chemical transport model simulations

the monoterpene region. Due to the different properties ofcarried out using a domain that includes a large fraction of

monoterpene nitrates and isoprene nitrates (e.g., vapor pre§&anada where we expect low jJ@oncentrations coupled

sure, oxidation rates, deposition rates), simply decreasingvith high BVOC emissions from the boreal forest to have a

the monoterpene nitrate formation will result in an inaccu- strong effect on N lifetime. Details regarding the WRF-

rate representation of the chemistry that will induce errors inChem model simulations can be found in Appendix B.

calculations of ozone and SOA. Alternatively, the speciation The WRF-Chem model allows us to account for the effects

of RONG; production may be constant, but the atmosphericfrom NOy reservoirs with long lifetimes relative to changes

conditions may change (e.g., the transition from day to night)in sources and sinks (i.e. ones for which transport plays an

that would result in the same species of nitrates having difimportant role in determining concentration) such as: forma-

ferent integrated effects on atmospheric chemistry. tion and decomposition of peroxy nitrates and the release of
The value of OPE in the atmosphere has often been esNOy from oxidation and photolysis of RONOWe define the
timated using the correlation between NONO, =NO,- NOy lifetime with respect to the net chemical loss of NO

NOy) and G, however, this is a difficult comparison due to In this formulation the N lifetime depends both on local
the different lifetimes of @and NQ, as well as the variabil- chemistry as well as the decomposition of transported NO
ity in lifetimes of the different NQ components. These prob- reservoirs. If the net chemical loss to any class of species
lems are more significant in the boundary layer of remote(e.g., peroxy nitrates, RONQnitric acid) is less than zero,
environments where there are large contributions of peroxythen that species has zero contribution to the chemical loss of
nitrates and HN@to NO,. However, measurements from a NOy at that NQ concentration. Figure 5 shows the Niie-
forest in northern Michigan suggest an OPE-a22 for NO, time to net chemical loss as a function of N®inned by the
concentrations around 300 pptv (Thornberry et al., 2001), areffectivex value calculated using Eq. (A2). In the calculation

Atmos. Chem. Phys., 12, 119174932 2012 www.atmos-chem-phys.net/12/11917/2012/
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Fractional net NoX loss to RON02 assumed peroxy nitrates were at steady-state and thus could
S be ignored.
0.75 ””lj!!!_*_,”i} 7777777 I L A The fragtional net' NQ loss to RONQ, peroxy .nitrates,
0.5 ob“md;osl. 7777777 7777777 777777 and HNG; is shown in Fig. 6. The NQconcentrations pre-
Al 3 3 0o | o | , dicted by WRF-Chem cover the range-eB0-250 pptv. Al-
0.25- MA ””” A AA° though this range represents a small fraction of the global
0 40 60 80 100 120 140 160 var!ati_on of NQ concen.trations, it .is a typical range for the
NO, (pptv) mfljo_r|t3t/hqf rempte .corr:.urk\}(lantal re.gt]'lonf. I{:‘owli(\ger, thetchem-
. istry in this regime is hi sensitive to the N@oncentra-
Fractional net NO, loss to HNO, tior?/ and, as s%own in bgotr)( Fig. 2 for the steady state model
1 I P . B! and in Fig. 6 for the WRF-Chem model, large changes in the
O R P T P fractional composition of the products of the N@ss reac-
0.5 AAMAA A AT A AT tions are predicted. In both calculations the fraction of net
0.25 w@w:::o:l‘:". fffffff - NO loss to RONQ (Fig. 6a) approaches unity as N@e-
0 e mmmmm ARRE E 1 1 ? ? creases and as the effectivevalue increases. Interestingly,
40 60 80 100 120 140 160 the WRF-Chem predictions for the fractional net NI0ss
NO, (pptv) to HNOs shows only a slight increase as a function of NO
Fractional net NO, loss to RO,NO,, (Fig. 6b) and the decrease in fractional NIBss to RONQ
L B e R oo is compensated by an increase in the net\3s to peroxy
0.75 : goz/lzo‘ejz;/" ERRSRETSELEEES C ffffff nitrates when N@ is greater than~50-80 pptv (Fig. 6c).
05/ u aeff; R Lo b b b We note that a plot of the fractional instantaneous gross loss

o @, T when only RONQ and HNG; are considered (which is a di-
1 ‘ 1 1 rect comparison to Fig. 2), does show the fractional contribu-
100 120 140 160 tion of HNO; increasing with increasing NQ(not shown).
NO, (pptv) The fractional net NQloss to peroxy nitrates exhibits little

Fig. 6. WRF-Chem results fafA) fractional net NQ loss to organic Va”atlo_n with respect torer, InQICatln_g th.at peroxy hitrates
nitrates(B) fractional net NQ loss to HNQ;, and(C) fractional net are acting to buffer NQ A full investigation of this ef_‘fect,
NOy loss to peroxy nitrates. The net chemical loss is defined as thd/OWever, would require a larger N®@ange and attention to
sum of the net chemical loss to different classes ofNi@luding  the effects of temperature and transport. Many of these as-
organic nitrates, peroxy nitrates, and nitric acid (full details can bepects of peroxy nitrate chemistry have been discussed pre-
found in Appendix B). If the net chemical loss is less than zero for viously (Sillman and Samson, 1995). We note that due to
any particular class, the net loss is set to zero. The results are sortatie thermal instability of peroxy nitrates, the importance of
by the effectivexeff value as calculated using Eq. (A2). peroxy nitrates as a NQOreservoir will be highly dependent

on temperature and we expect large differences between sea-
sons and between boreal and tropical forests. In no regime
THoes peroxy nitrate chemistry change the conclusion that the
lifetime of NOy is controlled by RONQ@ production rates at

P(03) = jno,[NOz] — kno+0,[NOI[O3] (7). 1owNOx concentrations.

of aeff We assume that the ozone production rate defined i
Eq. (A3) is equivalent to Eq. (7):

We note that the WRF-Chem results we report use 24-h av-

eraged data to calculates. This allows us to sort the air- 7 Discussion

masses by their RONproduction rates; however, the exact

value ofaefr differs slightly from what would be calculated In the past few years it has become increasingly apparent

using only the daytime data. that our understanding of atmospheric chemistry in lowyNO
Within the domain, we find examples of airmasses with high BVOC environments is limited. Most of the work in

aeff ranging from~ 0.4—-8 %. Both the full 3-D calculations this chemical regime (e.g., Lelieveld et al., 2008; Peeters

(Fig. 5) and the box model (Fig. 1) show the same general deand Miller, 2010; Stavrakou et al., 2010; Stone et al., 2011,

pendence of the lifetime om: a dependence that due to the Taraborrelli et al., 2012; Whalley et al., 2011), however, has

dominance of RON@formation as a NQ sink, is roughly  focused on the HQbudget with little to no discussion on

proportional to 1&. The most notable difference between the other controlling factors, including the nitrogen budget. Un-

two is that the NQ lifetime from the 3-D calculations de- certainties in the HQbudget, particularly regarding the fate

creases more steeply as Nidcreases than it does for the of RO, and the production of OH, impact the N®udget

steady-state results. This is due to an increase in the loss duga the changes in the concentrations of2RB0O,, and OH

to peroxy nitrate formation (Fig. 6¢) as N@creases, an ef-  which, in turn, change the absolute values of RGN{Dd

fect that is not represented in the steady-state model whiciiNOs production. However, the work presented here shows
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that in these low N, high BVOC environments the fate of preindustrial era when NOconcentrations were lower, that
NOx also has important consequences on atmospheric chenRONO, formation was a more important NGink than it is
istry. In particular we show that the formation of RON@c-  today. Model predictions of preindustrial climate often pre-
counts for the majority of the instantaneous \NInk, result-  dict larger ozone concentrations than the semi-quantitative
ing in decreased NQlifetime and decreased OPE relative to measurements of the late 19th/early 20th century indicate
chemistry dominated by CO and GH hus, itis clearthatal- (e.g., Mickley et al., 2001; Archibald et al., 2011). Although
though there are significant uncertainties associated with thishere may be problems with the ozone measurements or with
chemical regime, it is necessary to consider both thg HO the emissions estimates used in the models, this may also
and NQ, budgets. indicate that models are missing a N€ink in the preindus-
One of the most important uncertainties regarding the im-trial era. As shown in Fig. 4, we calculate that the OPE is
pact of RONG chemistry on regional and global scales is very sensitive to the assumed branching ratio, indicating that
the extent to which these molecules serve as permanent veasmall error in RON@formation may have a large effect on
sus temporary NQsinks; a value which, in general, is not the ozone burden.
well known. For instance, if we assume that RON@e- In industrialized countries, NQemissions are currently
dominately serve as temporary N6inks that transport NOQ  decreasing due to air quality control measures (e.g., van der
to areas with higher OPE (e.g., areas with lower,@areas A et al., 2008; Dallmann and Harley, 2010; Russell et al.,
at the same NQbut lowera), we expect an increase in the 2010, 2012). Coupling this decrease in N@th the increase
ozone burden as a result of accounting for R@N®emistry.  in biogenic VOC emissions expected in a warmer climate,
In contrast, if the RON@are lost primarily through deposi- suggests that RONQOchemistry will begin to play a more
tion, they may increase nitrogen availability in the biosphere.important role in NQ termination in urban and suburban ar-
Since many areas are nitrogen limited, introduction of nitro-eas. As discussed in Sect. 4.1, the crossover from RONO
gen will also affect the carbon storage capacity of an ecosysto nitric acid accounting for over 50 % of NQoss occurs
tem (e.g., Holland et al., 1997; Thornton et al., 2007, 2009;at ~ 400 pptv for a 5% branching ratio and at950 pptv
Bonan and Levis, 2010). A recent study observed the direcfor a 10 % branching ratio. Past studies have constrained the
foliar uptake of RONQ@ and subsequent incorporation of the effective branching ratio in urban areas at 4—7 % (Cleary et
nitrogen into amino acids (Lockwood et al., 2008), indicating al., 2005; Farmer et al., 2011; Perring et al., 2010; Rosen
that (at least some) RONQwill affect plant growth. et al., 2004), which suggests that to predict ozone in future
In order to improve our understanding of the impact of climates, it will be necessary to correctly simulate RGNO
RONGO;, on atmospheric chemistry, particularly on the global chemistry in order to understand regional pollution and air
and regional N@ and HG budgets, laboratory studies on quality.
the formation of RONQ (particularly for biogenic species
other than isoprene), oxidation, physical loss, and oxidation ,
products are necessary. Of particular importance is improv8 ~Conclusions

ing the constraints on the extent to which organic nitrates ac‘-‘eecent field measurements have indicated that low,NO
as permanent versus temporary sink of NGhis requires high BVOC chemistry is significantly more complex than

measuremgnt of. th.e'OX|dat|on rates and proc!ucts, dry an%e textbook view of low N chemistry being controlled
wet deposition velocities, and secondary organic aerosol for;

: . ) ) . o by methane and carbon monoxide. Most of the work on low
mation and processing for various biogenic organic mtratesNO high BVOC chemistry has focused on the implica-
T_hese laboratory measurements must be. supplemented t%nxs' for the HQ budget. In this paper we analyze how the
field measurements spanning N€bncentrations from near NO, lifetime responds to changes in RONEroduction un-

zero to a fewppbv. In one such analysis, we use measure;

. der these conditions. We find that production of RGN®@-
ments from the ARCTAS campaign (Browne et al.,, 2012). counts for the majority of the instantaneous N\&ink in low

Howev_er, a fchorough un_ders_tandlng will require measu_re-NOX' high BVOC environments in both a steady-state model
ments in environments with different classes of BVOC emis- .
and a 3-D chemical transport model. Furthermore, thg NO

sions (e.g., pine forests which are dominated by monoters;. .. . " .
penes ¢ ~ 18 %) and oak forests which are dominated by lifetime and OPE are highly sensitive to ROMN@roduction.

isoprene ¢ ~ 10 %)). These field measurements will provide These.fmdmgs suggest t'hat proper representation of RONO
. . o formation and N recycling are necessary for accurate cal-
constraints on how the importance of RON@ersus nitric . .
. : . culation of past, present, and future ozone concentrations and
acid changes as a function of y@nd will test the represen-

tation of RONQ chemistry in condensed chemical mecha- the corresponding climate effects.
nisms.
It is interesting to consider how incorporation of im-
proved RONQ chemistry into condensed chemical mech-
anisms may impact our understanding of both preindustrial
and future climates. For instance, it is likely that during the
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Appendix A

Effective branching ratio

The effective branching ratio is a measure of the averages,,
branching ratio for the VOC composition contributing to
ozone production. For the steady state model, we calculate
the effectivex value using Eq. (Al):

akro,+No[RO2]
kcH;0,4+N0[CH302] + kro,+No[RO2]

Here RQ refers to the lumped peroxy radical from Table 1.
This is equivalent to

(A1)

Qeff =

P(RONO) (A2) Fig. B1. NOx (=NO+NO2+NO3+2*N»0s5) concentration (pptv)
Aeff = A2 over the WRF-Chem domain. This concentration represents the
P(O3) + P(RONG,) — kto,+N0[HO2]INO] boundary layer average over two weeks of simulation.
where
P(03) = ko, +NO[HOIINO] + Y ~ (1 — & )kRro,, +NO[RO, 1INO] _
i Appendix B
+kcH;0,+No[CH302][NO] (A3)
WRF-Chem details
P(RONQy) = ) erikro, +No[RO,, 1INO] (A4)
i

B1 Domain
Here we have generalized the production gfabd RONGQ
to account for situations of multiple peroxy radicals with an e run the WRF-Chem model at 36 km 36 km resolution
RONO, formation channel. with 29 vertical layers for 23 June—13 July 2008 using mete-
Unlike «, aeff changes as a function of NQlue to the  orological data from NARR (North American Regional Re-
dependence afes on the ratio of R@ to CHzO,. This ra-  analysis). Biogenic emissions are from MEGAN (Guenther
tio decreases as N@ecreases because RORO, reactions €t al., 2006, available attp://www.acd.ucar.edu/wrf-chejn/
which form CHO,, the loss of R@, by isomerization, and ~and anthropogenic emissions are from RETRO and EDGAR
the importance of Re+HO, reactions (which are faster for using the global emissions preprocessor for WRF-Chem
RO, than for CHO,) all increase in importance atlow NO  (Freitas et al., 2011). Boundary conditions come from the
As a resultae decreases as NQlecreases. This decrease MOZART model (Emmons et al., 2010) using GEOS-5 me-
is steepest under low N@onditions where, due to the high teorology (available attp://www.acd.ucar.edu/wrf-chejn/
RO, concentrations, R&- RO, reactions are most impor- Photolysis rates are calculated using the FAST-J scheme
tant. As shown in Table 3' the increasaﬂé}f from 10 pptv (Bian and Pl‘ather, 2002) WRF-Chem is described in further

to 100 pptv ¢ 2025 % increases) is about twice the increasedetail by Grell et al. (2005).
from 100 pptv to 500 pptv NQ(~ 8-12 % increase). The domain is shown in Fig. B1. We exclude results south

This definition of effective branching ratio differs slightly ©0f 53°N, over water, and over snow/ice. Additionally, we re-
from that used by elsewhere in the literature (Rosen et al.move the first five boxes on all sides to allow for relaxation
2004; Cleary et al., 2005; Perring et al., 2010; Farmer et al.of the boundary conditions which come from the MOZART-
2011) where the effective branching ratio is approximated agt model using GEOS-5 meteorology (Emmons et al., 2010).

> > For the remainder of the grid boxes, we take a 24 h boundary
~ ~ (A5) layer (a median of 8 vertical levels at midday) average for the

P(Og)/P(RONG,)  A[Ox]/A[EANS] last two weeks of the run. When we bin the results byyNO
where P(O3) and P(RONG) refer to the production rate of  for Figs. 5 and 6 (midpoint of the bin shown by the symbols
ozone and RON@respectively. The second equality using in the figures), we exclude any bin with fewer than five points

concentrations holds under conditions where loss rates arg the bin. Consequently, all NGtoncentrations greater than
small. This derivation relies on the assumption thabl@d 250 pptv are excluded.

RO, radicals are present in near equal concentrations (i.e.,

that each RO generates a carbonyl and an)H@d is equal B2 Chemical mechanism

to Eq. (A2) when this assumption is valid. This assumption is

appropriate under high NQGronditions where this derivation A complete description of the WRF-Chem chemical mech-
has been used previously, but is invalid under low,NONn-  anism can be found in Browne and Cohen (2012) and
ditions where R@ concentrations are larger than L©Gon- Browne (2012). Here we provide a brief overview of the

centrations. chemical mechanism which is based on RACM2 chemistry

Aeff
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(Goliff and Stockwell, 2010; Stockwell et al., 2010) with rate of the unsaturated nitrate is calculated using the EPA
substantial modifications to the RON@nd isoprene chem- Estimation Program Interface (EPI) Suite v4.1 (available
istry. The isoprene chemistry is based on Paulot et al. (2009aat http://www.epa.gov/opptintr/exposure/pubs/episuite.htm)
b) and uses ozonolysis rates of isoprene-derived nitrates frorlUS EPA, 2011). All the oxidation reactions are assumed
Lockwood et al. (2010). The formation of a hydroperox- to form a more highly functionalized nitrate that has the
yaldehyde (HPALD) from the 1,6 H-shift of isoprene per- same chemical properties as HBO'he oxidation of the
oxy radicals is included using the rate constant measured bynonoterpenes by N forms two nitrooxy-peroxy radicals.
Crounse et al. (2011). Photolysis of HPALD is the same asOne of these primarily decomposes (formed 90% of the time
assumed in Stavrakou et al. (2010) with the assumption thafor «-pinene and 29% of the time for limonene) while the
one OH is generated. Loss of HPALD also occurs through re-other primarily reacts to form a nitrate. We assume that the
action with OH and is assumed to regenerate OH (Peeters amltrates formed from these reactions are split 70/30 between
Mdller, 2010). When the first generation isoprene-derived ni-saturated/unsaturated nitrates.

trates react with OH between 0% and 65 % of the nitrogenis There is no heterogeneous hydrolysis ofQY in the
returned as N@Q The exact amount of NQreturned depends  WRF-Chem model, however this should be a smalks@k

on whether the isoprene nitrate peroxy radical reacts withunder low NQ conditions and we anticipate no significant
HO, (with an assumed 100 % yield of a multi-functional ni- change to the results if heterogeneoy©l hydrolysis were
trate) or with NO or other peroxy radicals (to return betweenincluded.

~ 34 % and~ 65 % of the nitrogen as NQ. Ozonolysis of

th_i ﬂ(;St generatlon mt.rtatfs IS asizrgeo/d t?&rrﬁuém 32'.70/_0 (fofﬁxcknowledgem_entSNe thanl_< Wendy Goliff for providing the
p-hy roxy isoprene nitra es) or 44.5% (férhydroxy SO RACM2 chemical mechanism and Lukas Valin for helpful
prene nitrates) of the nitrogen as per MCM v3.2 (Jenkin et al. jiscussions regarding the WRF-Chem model. The WRF-Chem
1997; Saunders et al., 2003). Based on Geiger et al. (2003hodel was run on the Mako cluster supported by the UC Shared
the NOs+ isoprene reaction forms an organic nitrate that is Research Computing Services and we thank the consultants for
oxidized by OH to return 0% of the NOThere are no re- their technical help. This work was supported by a NASA Earth
actions between N§and the isoprene-derived nitrates in the Systems Science Fellowship to ECB.

chemical mechanism. Monoterpene derived nitrates are oxi-

dized to form HNQ; all other nitrates are assumed to releaseEdited by: P. O. Wennberg

NO» with 100 % efficiency when oxidized by OH.

Photolysis of RONQ is assumed to release NQvith
100 % efficiency except for the photolysis of the peroxide
nitrate formed from reaction of an isoprene nitrate peroxy aarado, M. J., Logan, J. A., Mao, J., Apel, E., Riemer, D., Blake,
radical with HGQ. As per MCM v3.2, we assume that pho-  D., Cohen, R. C., Min, K.-E., Perring, A. E., Browne, E. C.,
tolysis results in OH and an alkoxy radical which then de- Wooldridge, P. J., Diskin, G. S., Sachse, G. W., Fuelberg, H.,
composes. We assume thatl/3 of the alkoxy radicals Sessions, W. R., Harrigan, D. L., Huey, G., Liao, J., Case-Hanks,
will release NQ when they decompose. Photolysis cross- A., Jimenez, J. L., Cubison, M. J., Vay, S. A., Weinheimer, A.
sections of RON@were calculated using FAST-JX 6.5 (Bian ~ J- Knapp, D. J., Montzka, D. D., Flocke, F. M., Pollack, .
and Prather, 2002) and include enhancement from carbonyl \Els\}i’s:/r\llzlr:er;birg’MPii( cg/.iln :f“_rrter\‘(’aﬁt'(')sc(::g’“gse'\h J.,Cgrlggé (‘j' 2" gt"
g:gagz ((Iggtr)r;?tss &eltn:Ilgajltfr?ig:g)dV\:f?:rlJecgggrsogﬁgeh)lljdr;o()jqe/- and Le Sager, P.: Nitrogen oxides and PAN in plumes from boreal

" ’ fires during ARCTAS-B and their impact on ozone: an integrated
position rates of RON®follow Ito et al. (2007) and there is analysis of aircraft and satellite observations, Atmos. Chem.

no wet deposition for any species. Phys., 10, 9739-976dpi:10.5194/acp-10-9739-2012010.

The monoterpene chemistry includes two lumped Archibald, A. T., Levine, J. G., Abraham, N. L., Cooke, M. C., Ed-
monoterpenes: a-pinene to represent low-reactivity  wards, P. M., Heard, D. E., Jenkin, M. E., Karunaharan, A., Pike,
monoterpenes and limonene to represent high reactiv- R. C., Monks, P. S., Shallcross, D. E., Telford, P. J., Whalley, L.
ity monoterpenes. The nitrate yield from the reaction of the K. and Pyle, J. A.: Impacts of HOregeneration and recycling
a-pinene peroxy radical with NO is set to 18% (similar to  in the oxidation of isoprene: Consequences for the composition
that measured by Nozie et al. (1998)) and is set to 22% for of past, prgsent and future atmospheres, Geophys. Res. Lett., 38,
the limonene peroxy radical reaction (based on Leungsakul L05804,doi:10.1029/2010GL04652@011. _ _
etal. (2005)). The-pinene-derived nitrate is assumed to be a A"&Y: 3 Aschmann, S. M., Kwok, E. S. C. and Atkinson, R.:
mix of both unsaturated (yield of 0.12) and saturated (yield of Alkyl nitrate, hydroxyalkyl nitrate, f'jmd hydroxycarbonyl forma-

. . - . ) . tion from the NQ-air photooxidations of C5-C8 n-alkanes, J.
0.06) nitrates while the .Ilmqnene—derlved nitrate is assumed Phys. Chem. A, 105, 1020—102%i:10.1021/jp0032922001.
to be unsaturated. Oxidation rates by OH are calculatethikinson, R., Aschmann, S. M., Carter, W. P. L., Winer, A. M.
using weighted averages of the MCM v3.2 ratesofepinene and Pitts, J. N.: Alkyl nitrate formation from the nitrogen oxide
and g-pinene (50-50 mixture) for the saturated nitrate and  (NOy)-air photooxidations of C2-C8 n-alkanes, J. Phys. Chem.,
from limonene for the unsaturated nitrate. The ozonolysis 86, 4563-456%0i:10.1021/j100220a022982.
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