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Abstract. Urban G is produced by photochemical chain re- ered limited by either gas phase (volatile) organic molecules
actions that amplify backgroundsOn mixtures of gaseous (VOC) or nitrogen oxides (N©=NO +NO,), and control
nitrogen oxides (N§) and organic molecules. Current think- strategies to reducesQypically target the limiting reagent.

ing treats NQ and organics as independent variables thatHere, we demonstrate that the production of organic nitrates
limit O3 production depending on the N@o organic ratio;  (molecules of the form RON$) during oxidation of organ-

in this paradigm, reducing organics either has no effect or reics confounds the usual assumption that organics ang NO
duces Q. We describe a theoretical counterexample whereare independent variables that can be considered separately
NOy and organics are strongly coupled and reducing organin ozone control strategies, and show that in some cases or-
ics increases ©production, and illustrate the example with ganic reductions that are presumed in the standard conceptual
observations from Mexico City. This effect arises from chain model to be effective at reducing ozone can be counterpro-
termination in the HQ and NG cycles via organic nitrate ductive and result in ozone increases.

production. We show that reductions in VOC reactivity that  Tropospheric @is produced by the catalytic oxidation of
inadvertently reduce organic nitrate production rates will begas phase organic compounds in the presence gf IN@i-
counterproductive without concurrent reductions in N ation of the catalysis begins with the production of radicals
other organics. (most often OH) from either sunlight-driven photolysis or the
reaction of Q with alkenes. OH reacts with VOC or CO, pro-
ducing peroxy radicals (HE) RO,). These peroxy radicals
oxidize NO to N@Q, which is then photolyzed to produce the
O(P) atoms that react with £o form Oz:

1 Introduction

High concentrations of ozone ¢Pat the Earth’s surface are

widely recognized as unhealthy and are a target for publicNo+Hoz_) NO2+OH (R1)
policies aimed at reducing occurrence of asthma and othego+ RO, - NO, + RO (R2a)
cardiopulmonary diseases and at improving crop yields (Bell
etal., 2005; Booker et al., 2009; Selin et al., 2009; SilvermanNO, + hv— NO+ OCP) (R3)
et al., 2010). Production of surface; @ typically consid-

OCP)+0, — O3 (R4)
Correspondence taR. C. Cohen In the presence of oxygen, the alkoxy radical (RO) pro-

BY (rccohen@berkeley.edu) duced in Reaction (R2a) typically isomerizes or decomposes,
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resulting in production of R@or HO,. Reaction of HQ The main goal of this paper is to analyze a simplified
with NO to reform OH completes the chain. model of atmospheric chemistry, thus providing intuition
Ozone production (hereaftdfo,) by this radical chain  about interpreting the combined effects of VOC reactivity
continues until termination. Most often, we consider the ef-and alkyl nitrate branching ratios in more complex chemical
fects of two classes of termination reactions. First, in air with transport models representing urban air pollution and inves-
low NOy to organic ratios (N@-limited regime), peroxide tigating possible control strategies. We also show that the
formation (R5) dominates chain termination: hypothetical scenarios we discuss have relevance to thinking
about a real world situation using analysis of observations
RO, +HOz —~ ROOH+0; (RS) " from Mexico City.

In this regime, the addition of NQincreases @production

by enhancing the rates of (R1) and (R2a), while addition of2 Methods and measurements

VOC has little effect on @ production rates as nearly every

OH formed is already reacting with a VOC. In air with high 2 1  sjte

NOx to organic ratios (variously called VOC limited, NO

saturated or NQsuppressed), nitric acid (HN§pformation Measurements were made at the T1 site at the Universidad
is the primary chain termination step: Tecnical de Teemac (UTTEC) in Teamac, MX (19.703N
latitude, 98.982W longitude, 2273 m elevation) as part of
the MILAGRO (Megacity Impacts on Local, Global and Re-

In this regime, the addition of NOdecreases £production gional Environmen_ts) cgmpaign. Inlets _and_instruments were
because N@effectively competes with the available organ- located on the university campus, which~80km to the
ics for OH. Ozone production rates increase when organicd0rth of Mexico City, and lies between a large, unmanaged
are added or when NQOs removed. As a result of these com- field and a large road that was a few hundred meters up-
peting chain termination reaction®o, varies non-linearly ~ hill and to the north of the site, typically downwind dur-
with NOy at constant VOC (Liu et al., 1988; Thornton et al., iNg the daytime. The site was located such that prevail-
2002; Murphy et al., 2007). ing winds should be a few hours downwind from down-
Chain termination can also occur in reactions that resultown Mexico City. Inlets for NQ; species (N@, £PNs,
from combining RQ and NG radicals to form either peroxy = ZANS(gastaeroso, and HNQy(gastaeros)), Oz, and CO were
acyl nitrates (PNs = RC(O)MNO», Reaction R7) or alkyl co-located approximately 10 m above ground level; instru-
and multifunctional nitrates (ANs = RONQ hereafter re- ments were kept in temperature-controlled containers. Mea-

OH+NO, — HNO;3 (R6)

ferred to as “alkyl nitrates”, Reaction R2b): surements described in this paper were taken between 17
March and 29 March 2006.The site was characterized by
RC(0)0O2+NOz <> RC(0)O2NO2 (R7)  mid-afternoon average temperature highs ofQ5nd pre-

sunrise lows of 10C. Thunderstorms and precipitation were
observed on several late-afternoons. The boundary layer

PNs are temporary reservoirs that release most of thg Noggeov;)ramdly in the mid-morning to 2-3km (Fast et al.,
soon (minutes to hours) after formation. On regional and '
global scales it is widely understood that PN formation re-, ,
distributes NQ), decreasing NQin the urban core and in-
creasing NQ downwind (Singh et al., 1981; Moxim et al., NO,, S PNs, SANSgastaerosol, and HNQygas; aerosol Were
1996; Heald et al., 2003; Hudman et al., 2004). measured by the UC Berkeley thermal dissociation-laser in-
In contrast, ANs have been, with few exceptions (Shepsorjuced fluorescence (TD-LIF) detector (Day et al., 2002).
et al., 1993, Horowitz et al., 2007, Ito et al., 2009, Perring et Brieﬂy' air is pu“ed through a heated PFA inlet into a
al., 2009), considered nearly permanent sinks foxM@h  resistively-heated quartz tube, or oven. Classes of;NO
consequences that are only local. Specific effects of AN for-species are thermally dissociated to Nénd an accompa-
mation on global- and continental-scale @ response t0  nying radical at temperatures characteristic of their bond en-
climate change have been the focus of recent model studiegrgies. For example, in the configuration used during the M-
(WU et al., 2007, Ito et al., 2009, Weaver et al., 2009) How- LAGRO Campaign’ peroxy and peroxy acy| nitratMS,
ever, little attention has been paid to effects of AN formation £ R, 0,NO,) dissociate to N@ and RQ radicals at 186C,
on urban @ and thus @ control strategies. This is true both alkyl and multifunctional nitrates{ANs, SR;ONO,) dis-
for simplified analytical models which often neglect the re- sociate to N@ and RO radicals by 360, and HNQ disso-
actions leading to AN formation and for computationally in- cjates to NQ and OH at 626C. The difference in N@de-
tensive chemical transport models which represent chemistryected in adjacent channels is thus the sum of each class: the
using lumped mechanistic elements that reduce computingspPNs mixing ratio is the difference in NGignal detected in
demands but do not accurately represent AN production. 3 180°C oven and N@detected in an unheated oven. HONO

NO-+RO, — RONO, (R2b)

Instrumentation
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is not detected in this system and® dissociates in the versus alkyl nitrates. Briefly, the instantaneous production
~PNs channel. Semi-volatile particle-phase organic nitratesates of alkyl nitrates and £X Psans and Po,, respectively)
are expected to dissociate in tBEANS channel, and semi- can be described by

volatile particulate HN@ (i.e., NHsNO3) dissociates in the

HNOsz channels with unit efficiency (Rollins et al., 2010). Prans = Z“ikOH+VOCi [OH][VOCi] @)

During these experiments, a glass pinhole was placed at the !

entrance to the inlet to create a large pressure drop before abgo _ Zyi(l—ai)k0H+voc,- [OH][VOC] @)
i

entered the ovens. This pressure drop minimized the effects —°
of secondary chemistry on the observed concentrations. As a
result, corrections that have been required at high NO or higtwhere, for an individual VOE «; is the branching ratio and
O3 for other inlet configurations were unnecessary. y; the number of @ produced, typically 2 (Rosen et al.,
NO: is detected by laser-induced fluorescence by exciting2004). Assuming that the VOC mixture is dominated by
ground-state N@radicals at 408 nm with a littrow configu- species withy; =2 and that the effective branching ratio of
ration tunable diode laser (Toptica DL100). Laser power wasthe entire VOC mix ¢) is relatively small &1), « can be
at 9mW for the duration of the campaign, and the linewidth related to the ratio of @to AN production (Rosen et al.,
is <1 MHz. Measurements were taken at 1 Hz, averaged t2004). If near enough to the VOC source to ignore deposi-
three minutes and interpolated to a common time basis.  tion and entrainment, the ratio ok@ X AN production can
The TD-LIF was maintained in a 2 oven-2 cell mode in be approximated by observed chang&$ifi Ox and X ANs:
which' NG, signal is detecte'd from pairslof oven tempera- AO, Po 21—a) 2
tures in two cells for approximately 25 min before the oven A SRS A=
temperatures were ramped to the next pair of temperatures.AEANS Psans o o
For example, the two ovens would be set at 480and  Using this relationship, we determined the effective branch-
360°C to measureéZANs, and then cooled to ambient and ing ratio for the field site from observecsONO, and = ANs.
180°C to measure N@and~PNs. Oven temperatures were Note that this calculation assumes that all ANs observed
overlapped during the ramping cycles at least once a day toy the TD-LIF are formed in the gas-phase through Reac-
intercompare and confirm that ovens set at identical temperation (R2b), whether they were observed in the gas or particle
tures detected identical NOThe duty cycle to directly mea- phase.
sure the full suite of NQ) classes was 100 min. Note that  We calculate the VOC precursors of the obser¥saNs
~PNs and N@ were simultaneously measured for 50 min of following Rosen et al. (2004). The relative contribution of
each ramp cycle. For this analysis, data were interpolateg@ach VOC to an instantaneo®AN production was cal-
to obtain a simultaneous set of NOmeasurements. Com- culated from the VOC reactivity of the individual species
parison of theXPN andX~AN measurements using TD-LIF (ryoc,;) scaled by the species’ branching ratig)(and rate
shows they have accuracy comparable to independent metfeonstant with respect to NGo+ro,), normalized by the
ods (Perring et al., 2010; Wooldridge et al., 2010). total production rate calculated as the sum oveE&N pro-
O3 was measured by a commercial UV photometrig O duction (Eq. 5):
analyzer (TECO Model 49C). CO was measured by a mod-
ified commercial non-dispersed IR adsorption instrument ZAN.-i. _ TVOC.i KNO+RO, i (5)
(Thermo Environmental Systems, Model 48C) (Parrish et al., PzAns ZTVOC,ikNOvLROzO‘i
1994). NO was measured by a chemiluminescence detec- !
tor (Ryerson et al., 2000). VOCs were measured by Proton\We use average afternoon (12:00 p.m.—06:00 p.m.) concen-
Transfer lon Trap Mass Spectrometry (Warneke et al., 2005)irations of each observed species to represent VOC reactiv-
in situ gas chromatography, and ex situ GC analysis fromity. Several VOC species likely to be contributors to alkyl ni-

(4)

canister samples. trate formation were not measured; to account for these, ex-
_ pected average afternoon mixing ratios were estimated from
2.3 Dataanalysis mixing ratios and relative abundance observed in the Mex-

ico City region during the MCMA 2003 campaign (Dunlea
et al., 2007) (starred entries in Table S1). These compounds
represent<15 % of the total OH reactivity. Mixing ratios,
branching ratios and rate constants used in this analysis are
TVOC:ZkOH—Woci [VOCi] (1) summarized in Table S1. This analysis includes observed
i 2 ANs as precursors, which are expected to react with OH

Total OH reactivity was calculated by including CO, NO radicals to become further functionalized (Rosen et al., 2004)
HNOg3, SOy, Og, peroxides and peroxy radicals. and possibly form di-nitrates.

Rosen et al. (2004) described in detail how the observed
branching ratio is calculated from the ratio of @3 + NO>)

We calculated observed VOC reactivity {$ as the sum of
VOC mixing ratios, including Chl, scaled by their OH reac-
tivity:

www.atmos-chem-phys.net/11/4085/2011/ Atmos. Chem. Phys., 11, 40852011
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2.4 Observations As described by Murphy et al. (2006), under conditions of
rapid ozone production in which chain propagation domi-

Daytime total OH reactivity ranged from 3-34'swithNO,  nates, every R@produced via VOC oxidation by OH reacts

comprising 9-35% of the total during the day, and VOC with an NO radical (Reaction R2) and results in ant+éd-

and CO ranging 43-69% of the total. The contributions ical following reaction of the alkoxy radical withO Thus,
to the afternoon reactivity were due to CO (31%), £H HO, can be expressed as:

(7 %), saturated hydrocarbons (13 %), unsaturated hydrocar-

bons (29 %)= ANSs (5 %), and G-Cy1 aromatics (7 %), with  [HO,] ~ [RO,] ~ “voc[OH] @)
aldehydes, ketones, alcohols, and formaldehyde making up (1—a)kno+ro, [NO]

the remaining 8 %. Aromatic concentrations largely follow Following Murphy et al. (2006), the instantaneds, is ap-
the diurnal cycle of VOC reactivity but they contribute a proximated from Eq. (3):

larger fraction of VOC reactivity in the evening and morning

than at midday (12 % vs. 7 %) indicating that they are a largerf0s = kH0,+NO[HO2][NO] + kro, +No[RO2] [NO]

fraction of primary emissions. While benzene and toluene  =2x tyoc X [OHcald (8)
each comprise a third of observed nocturnal aromatics, the)é
account for almost all (benzene 56 %, toluene 43 %) aromati(%

ombining the above equations and solving for OH, one

concentrations at peaksq02:00p.m.). DailySAN max- M0’

ima were observed at noon ang Maxima were observed at —b+ b2~ dac

~02:00 p.m. XANs were correlated with ©(= O3+ NO»), OHcalc= B a— (9)
consistent with previous observations in urban and rural eNyhere

vironments (Day et al., 2003; Rosen et al., 2004; Cleary et

al., 2005) and with our analysis of export in the Mexico city a = (21<Hoz+Ho2 + 2kRO,+HO, +2kR02+R02)

plume (Perring et al., 2010). . 2
Relative contributions of VOC classes to OH reactivity and  x < ) (20)

AN production are shown in Fig. S1. As AN branching (1—a) x kno+ro, X [NO]

ratios for aromatics are less well established than for some o X kNO+RO, X TVOC

of the other categories, the contribution of aromatics to ANs? = kor+No, X [NO2] +

is calculated with two different estimated yields to provide

an upper and lower limit of their contribution. The lower ¢=—PHo, (12)

branching ratios are described in the table (5% for benzen

0, 0, i
e e o 2L Cier el 5 . 1 h efectve AN branching o for e ambien
g pap P mix of VOC andPho, is the HGQ production rate. Rate con-

The upper estimates for aromatic branching ratios are 5 % for . .
benzene and toluene, 10 % for xylene and 25 % for all othertants for H@ self-reaction ko, Ho,), HO2-RO; reactions

(kHo,+R0,) and RQ self-reaction kro,+ro,) Were taken

(11)
(1—a)kno+RO,

?n the above equations,oc is the VOC reactivity to OH

aromatics. from the 15th JPL evaluation (Sander et al., 2006) and are
2.74x 10712, 8x 107*? and 6.8x 10 **cm®molects™?,
3 Discussion respectively. These numbers assume that rates foligG;
are exemplary of all RQ as described in Perring et
3.1 Analysis al. (2001).

The effects of AN chemistry oo, can be represented by 3.2 Theoretical examples
a quadratic equation (Egs. 6—12) that describes the coupled
kinetics of Reactions (R1-R7) (Murphy et al., 2006). The Figure 1la—d shows calculations 86, using this equation
equation describe®o, at a single time of day, and is de- With Pxo, =3.5x 10°moleccnt®s™* and « =0, 0.035,
rived from the understanding that @= OH + HO, + ROy) 0.07 and 0.13. An increase in causes a decrease Ryps
radicals are in steady state. Using this equation is a reasorindependent of VOC reactivity. At larger VOC reactivity the
able approximation to the effects that would be observed ireffect is slightly larger. For example, doublingirom 3.5 %
a fully coupled chemical transport model as péak occurs  to 7% with a VOC reactivity of 53! causes a 21 % decrease
at noon and is strongly correlated with observech@xima.  in peakPog, but the same changednat a VOC reactivity of
As HOy is assumed to be in steady-state, the production and.0 s 'causes a 26 % decreasefp,. The effect obr on max-
loss rates are equal: imum Po, can be approximated as (2> °hain length \yhere
chain length is the ratio of propagation to initiation rates for
Prox = Lo, =korno, X [OHIINO2] +a x kno+ro, O3 formation through the steps described above. This is use-
X [NOJ[RO,] +2kHo,+Ho, % [HO2][HO2] 4 2kr0,+HO, ful to keep in mind as it helps to explain why RON@ro-
x [HO2][RO,] + 2kro,+R0, X [RO2][RO2] (6) duction is not important at high NOwhere chain lengths

Atmos. Chem. Phys., 11, 4085394 2011 www.atmos-chem-phys.net/11/4085/2011/
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Fig. 1. Ozone productionKg,, ppb 1) derived from an analytic model is plotted as a function of N&dd VOC reactivity under four
different organic nitrate scenarios with branching ratios of @%3.5%(b), 7 % (c), 13%(d) and a VOC-dependant branching rat).
Given a single organic nitrate branching raf#e-d), increasing VOCs increasé®,; in the NG-limited regime, increasing Nfincreases
Po, until a maximum is reached and the system becomes VOC-limited. Ignoring organic nitrate production severely over-@gimates
maxima(a) compared to the 7% AN branching ratios scenghip observed in Mexico City. A scenario in which VOC decreases are
accompanied by a reduction in branching ratio from 13 to 3.5 % between VOC reactivities of Zo_dn(:l)ék:temonstrates the case in which
the Po, maximum is centere(e). Decreasing VOC reactivity may actually increds,, counter to current thinking.

are only 1 or 2. AN formation also affects the N@oncen-  Paulot et al., 2009; Perring et al., 2009), and that depending
tration at which the system transitions from Nmited to on the choice of urban mix and effective biogenic branch-
VOC-limited by a policy relevant percentage. For a given ing ratio, the effect orPo, would vary. To illustrate the ef-
reactivity, maximumpPo, occurs at a higher NOwhen the  fect we are describing, Fig. 1e shows a calculatiorPef
calculation uses lower branching ratios. For example, at a refor « decreasing from 0.13 to 0.035 as reactivity decreases
activity of 4.5s1, ignoring AN formation & =0 %), we find  from 20s! to 4s1 (Fig. 1f). The figure demonstrates that
peak Po, at 3.0 ppb NQ; with a 7% branching ratio peak accounting for the effects of RONGormation can funda-
Po, occurs at 2.8 ppb N This shift of peak-NQincreases  mentally change the shape of tie, contour map with a
with reactivity: the same branching ratio shift £0% to  peak occurring in the center rather than the nearly vertical
7 %) at a higher reactivity of 9% results in a 13% change ridge line shown in Fig. 1a—d. Although there are a number
in the NQ, where Po, peaks. of other metrics for considering the effects of VOC changes

. . . on Po, (e.g. incremental reactivity, ozone production poten-
The strong suppression &b, by AN formation shown in tial, Pickering et al., 1990; FinlaysonPitts et al., 1997), to our

Fig. 1a—d implies that organic emission reductions that aﬁeCtknowledge none of these methods has a functional form ca-

the branching ratios in Reaction (R2) will affeRp,. For ex- - ; . X
. . . .Rable of predicting an increase in ozone in response to VOC
ample, we have observed higher average branching rations N, | ictions

urban environsd = 5—-10 %) than in rural ones (= 3—4 %)
(Rosen et al., 2004; Perring et al., 2009, 2010). If we assume This figure uses a larger branching ratio than we have ob-
reducing VOC emissions results in a transition from an ur-served in the atmosphere to exaggerate the effect we are de-
ban to rural VOC mix, then the reduction énwill lead to scribing. A more realistic scenario is useful to indicate how
an increase in @production. Note that branching ratios for RONO, chemistry would effect a policy relevant discussion
isoprene range from 4 % to 12 % (Tuazon et al., 1990; Cherof VOC vs. NQ, reductions. For the purposes of evaluat-
et al., 1998; Sprengnether et al., 2002; Patchen et al., 2007ng policy options, itis common to consider examples where

www.atmos-chem-phys.net/11/4085/2011/ Atmos. Chem. Phys., 11, 40852011
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VOC or NG, emissions are reduced by about 30%. Using 7
that as a metric, in Fig. 2 we compare the effect of two hy-
pothetical ozone reduction strategies to a reference case witt 6t
7 % branching ratio andyoc = 4.5s7* (the solid Po, curve
in Fig. 2). In the first strategy we imagine uniform emission 5r
reductions that result in a 30% reduction in organic reac-
tivity with no change tax (the lowest, dashe#o, curve in
Fig. 2). The result is a decrease By, for NOy > 0.7 ppb;
this decrease changes with N@ixing ratios, approaching
20% above 5ppb N If instead the same 30 % reduc-
tion of VOC reactivity occurs concurrently with a decrease 2r
in a from 7 % to 3.5 % (the dotted curve in Fig. 2) the result
is mixed. At high NQ where HNQ formation dominates T
chain termination, VOC controls are effective. In this exam- v
ple, VOC controls do not redud®y, by at least 10 % unless e - .7 ..
NOy is over 8 ppb. However, peak ozone production rates NO,_ (ppb)

increase and ozone production increases at all values @f NO

below 3 ppb, making it I|ke|y that ozone will increase at all Fig. 2. Under three sample V(:)(:.N&]egimeg,ypo3 varies as a
locations downwind of the urban core. As a result of thesefunction of NQ: for observed conditions in Mexico City (solid
calculations, we believe that much more careful attention toline; VOC reactivity of 4.551, ANs branching ratio of 7%); a

the effect of RONQ formation onPo, will provide new in- 30 % reduction in VOC reactivity with no change in branching ratio
sights into optimal urban §control strategies. We note that (dashed line, 3.2, 7%), and a combined 30 % reduction in VOC
these calculations consider a single NO:N@tio, and that reactivity anq su_bsequent_ 3.5% branchipg ratio, th_e resu_lt of tar-
the assumptions required for Eq. (7) may not hold for thegeted re.ductlon in aromatics and other high-branching ratio VOCs
low-NOy/high VOC reactivity regime of the upper left cor- (dotted line).

ner of Fig. la—e. For example, for a VOC reactivity of § s

the assumption that every R@eacts with NO is invalid at

NO concentrations on the order of a ppt, as reactions witHProduction in the Mexico City area is in a N@uppressed
HO, radicals become significant. At higher VOC reactivi- regime (Lei et al., 2007; Tie et al., 2007). This is most evi-
ties, the break-down of the assumption occurs at highgr NO dentin increased odd-oxygen levels on weekends in response
concentrations: for example, for an airmass with 2bgoC ~ to the decreased N(oncentrations (Stephens et al., 2008).
reactivity, the assumption required for Eq. (7) breaks downlLong-term studies show that N@nd CO decreased over the

at 0.4 ppb NO. Additionally, H9and RQ radicals can react last20 yrby 10 and 70 %, respectively (Arriaga-Colina et al.,
with O3, 2004; Stephens et al., 2008). Total VOC concentrations have

been essentially constant (Arriaga-Colina et al., 2004). PAN
HOz+ 03— OH+20; (R8) concentrations have decreased from daily maxima of 34 to
RO, + 03 — RO+ 20, (R9) 15 ppb between 1997 and 2003. This is a steeper decrease
than in NQ, and is likely due to reduced emissions of spe-
cific hydrocarbons (Marley et al., 2007).

a=0.07, Tygc=4.551
0=0.035, Tyoc = 3.2 51

o =0.07, Tygc =3.251

Pog (pPb/hr)

Reaction (R8) produces OH radicals, thus effectively recy-
cling HO radicals. For 60 ppb §) this reaction accounts for , .
~59% of the HQ sinks when NQ is <0.2 ppb and H@ s As descnbeq in Sgct. 2.3, we use the slope of thec_)
high. In parallel to HQ, RO, + O3 reactions effectively recy- EANS correlation (Fig. 3) to der!ve an effective branching
cle RG + HO, radicals, and have no significant effect on the rstlo o of 7i1f% ggl)o (;)bsferr\]/atlot?s ofé%—\(ﬁ A’:‘; shov_v
modeled HQ andPo,. The reaction rate for Reaction (R9)is €Y account for 5-10% of the observaiNs. We esti-

approximately 200 times slower than Reaction (R8) (Tynda"mlate;lr\lact:conde}l cor;]tnbsu(t)l/on? olLolbs.erved orga(;nc_s tc()j tfhe to-
etal., 1998), and cannot compete with otherReactionsin & ZANS, finding that 5% of alkyl nitrates are derived from

our model system. While the NO:NQatio depends on § oxidation of G to C4 alkanes, 10-26 % are derived from aro-
HO, and RO and thus varies the algebraic solution pre- matic VOCs, and 29-35 % are derived from unsaturated hy-

sented is accurate for an instantaneous choice of those varfirocarbons (Fig. S1). Longer-chain saturated hydrocarbons

ables, and the values used in this manuscript are typical oft'® 24-29% of the AN precursors aEANs themselves 8-
observations made in Mexico City. 10%. The predicted branching ratio is 4%, about half of

what we observe, indicating that there are additional high
3.3 Application to Mexico City AN yield compounds that were not measured; the predicted

branching ratio is similar to the difference between AN yields
To illustrate with an example, this chemistry is likely im- inferred from the @-XAN correlation and observed VOC in
portant to the options for ozone control in Mexico Citys O other urban areas including Sacramento and Houston (Rosen
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160 — strategy could be implemented in Mexico City. However, the
branching ratios for aromatics are poorly known for the first
oxidation stage and completely unknown for subsequent ox-
idation steps. As described above (Sect. 2.4), we calculate
aromatic ANs yields with both low and high branching ra-
tios. The higher values are intended to represent the possible
. range for chemical production of ANs in subsequent stages
40 — of aromatic oxidation. Aromatic precursors contribute 10 %
i of £ANs for the lower yields and 26 % for higher yields.
0 The higher yields raise the effective branching ratio by 17—
| | | | | 19 %, depending on whether potential IVOC are included in
0.0 0.5 1.0 15 2.0 the calculation. Complete removal of aromatics would either
>ANSs (ppb) result in no change in th€o, maximum (5.9 ppb ht, low
aromatic branching ratios) or increase g, maximum by
Fig. 3. The net branching ratio of 7 % for total alkyl nitrates in the 3% to 6.1 ppb h® (high aromatic branching ratios). If in-
Mexico City region is calculated from the slope (27 ppbphpof  stead of complete removal we imagine 50 % removal of C
the correlation of @ (NO2 + O3) and ZANs observations. and larger alkanes, IVOC and aromatics, we predict that peak
Po, would increase by 5-6 %. These effects are magnified
for systems with higher VOC reactivity: for a system with
etal., 2004; Cleary et al., 2005). These results from the Tecatwice the VOC reactivity (9s!), a 50 % removal of €and
mac ground site are consistent with concurrent aircraft objarger alkanes, IVOC and aromatics would result in an 8-9 %
servations taken in and downwind of the Mexico City plume increase in theo, maximum. It should be noted that the his-
(Perring et al., 2010). tory of air quality control measures has focused on reducing
As the effectivea is so high (larger than we have ob- vapor pressure — an action which had the likely consequence
served in other cities), it is reasonable to imagine that con-of increasingx, while current trends toward replacing gaso-
trol strategies targeting £or particulate matter would al- line with higher vapor pressure fuels (e.g. ethanol) act in the
ter the effective branching ratio of the hydrocarbon mixture converse to decrease
in Mexico City. This could occur as a transition to a ru-  Perring et al. (2010) demonstrated that &N branch-
ral mixture dominated by lower; VOCs as described in ing ratio can decrease with photochemical age as an urban
the theoretical example above, or by direct management oplume evolves, changing from 12 % to 2 % with 50 h of pro-
anthropogenic emissions. For example, long chain hydrocessing. This is consistent with ground-based observations
carbons are thought to be important to secondary organithat branching ratios in urban areas are typically higher than
aerosol (SOA) and might be deliberately reduced in an atdin rural areas, suggesting that the concurrent effect of chang-
tempt to lower SOA. These chemicals also have some of théng VOC mix andZAN branching ratios orPo, is relevant
largest branching ratios~30 %) to AN formation (Lim et  over a wide range of atmospherically relevant regimes (Per-
al., 2009). We calculate that an emission control strategyring et al., 2010).
resulting in a selective 50 % reduction of the &nd larger
alkanes that we measured would reduce VOC reactivity by
4% andx by 14 %. Starting with the reference case in Fig. 24 Conclusions
(4551, @ =7%), this change would increase peak,
from 5.9 ppb ! to 6.1 ppb 1. Note that if the AN branch- AN formation, a relatively minor reaction that is more or less
ing ratio effect onPo, described in this paper is ignored (i.e., ignored in the standard models guiding air pollution con-
o =0), a 4% reduction in VOC reactivity from 4.55 re- trol strategies, is surprisingly important. We show both in
duces peakPo, in this model from 8.4 to 8.2 ppbft. Itis a model and with a real world example of Mexico City that
now believed that a class of intermediate volatility organic the effects of AN formation can counteract the benefits of
compounds (IVOC) are not measured by current technique¥OC reductions on ozone production. Under circumstances
but react rapidly to form SOA in urban plumes (Robinson of significant photochemistry and high VOC reactivity, re-
et al., 2007). These IVOC would have high30 %) AN moving VOCs can change the effecti¥?®N branching ra-
yields. If we assume they are an additional 4 % of the re-tio, potentially increasing @ production and changing the
activity, removal of these molecules would incredgg by NOx and VOC dependence @%,. This chemistry may also
6% to 6.3ppbht. Similarly, AN formation from aromat- be a partial explanation for why ozone reductions are slow-
ics are estimated to occur more efficiently than the averagéng in Los Angeles, a city where VOC controls have until
VOC (Atkinson et al., 2003; Wagner et al., 2003). Aromat- recently been effective. Independent of these two examples,
ics have been dramatically reduced in the US through use ofhe effect of AN production on ©formation rates indicates
reformulated fuels and one might imagine a similar control that additional thought should be given to AN formation in

120 —

80 —

O, (ppb)
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designing air quality control strategies and additional atten-Day, D. A., Dillon, M. B., Wooldridge, P. J., Thornton, J. A,,
tion should be given to understanding the chemical mecha- Rosen, R. S., Wood, E. C., and Cohen, R. C.: On alkyl ni-

nisms for production of ANs and to accurately representing

trates, @, and the “missing N¢J', J. Geophys. Res., 108, 4501,

them in the photochemical mechanisms used for air quality d0i:10.1029/2003JD003683003.
modeling. At present, chemical mechanisms used in urbafPuniéa, E. J., Herndon, S. C., Nelson, D. D., Volkamer, R. M.,

and regional air quality models do not treat AN formation in
detail in the first stage of oxidation, let alone in the subse-

quent ones. The problem may be even more severe for mul-

tifunctional oxidation products for which there are relatively
few constraints from the laboratory. Until the mechanisms in

San Martini, F., Sheehy, P. M., Zahniser, M. S., Shorter, J. H.,
Wormhoudt, J. C., Lamb, B. K., Allwine, E. J., Gaffney, J. S.,
Marley, N. A., Grutter, M., Marquez, C., Blanco, S., Cardenas,
B., Retama, A., Ramos Villegas, C. R., Kolb, C. E., Molina, L. T.,
and Molina, M. J.: Evaluation of nitrogen dioxide chemilumines-
cence monitors in a polluted urban environment, Atmos. Chem.

such models are evaluated, approximate calculations could Phys., 7, 2691-2704l0i:10.5194/acp-7-2691-200Z007.

be used to supplement those models in planning.
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