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Abstract. Formation of isoprene nitrates (INs) is an impor- tion. These calculations indicate that isoprene represents at
tant free radical chain termination step ending production ofleast three quarters of theAN source in the summertime
ozone and possibly affecting formation of secondary organiccontinental boundary layer of the US. An observed correla-
aerosol. Isoprene nitrates also represent a potentially largdion betweenX ANs and CHO is used to place constraints
unmeasured contribution to OH reactivity and are a majoron nitrate yields from isoprene oxidation, atmospheric life-
pathway for the removal of nitrogen oxides from the atmo- times of the resulting nitrates and recycling efficiencies of
sphere. Current assessments indicate that formation ratestrates during subsequent oxidation. We find reasonable fits
of isoprene nitrates are uncertain to a factor of 2—3 and thdo the data using sets of production rates, lifetimes and recy-
subsequent fate of isoprene nitrates remains largely uncoreling efficiencies of INs as follows (4.4%, 16 h, 97%), (8%,
strained by laboratory, field or modeling studies. Measure-2.5h, 79%) and (12%, 95 min, 67%). The analysis indicates
ments of total alkyl and multifunctional nitrateZ ANS), that the lifetime of XANs as a pool of compounds is con-
NOg, total peroxy nitrates¥PNs), HNQ, CH;O, isoprene  siderably longer than the lifetime of the individual isoprene
and other VOC were obtained from the NASA DC-8 air- nitrates to reaction with OH, implying that the organic nitrate
craft during summer 2004 over the continental US during thefunctionality is at least partially maintained through a second
INTEX-NA campaign. These observations represent the firsoxidation cycle.

characterization oEANs over a wide range of land surface
types and in the lower free tropospheBANs were a signif-
icant, 12—-20%, fraction of N{throughout the experimental
domain andxANs were more abundant when isoprene was

high. We use the observed hydrocarbon species to calculatgqpg| isoprene emissions are estimated at 440-660 Tglyr
the relative contributions a£ AN precursors to their produc- (Guenther et al., 2006), more than the estimated sum of all

anthropogenic non-methane organic compounds (130 Tg/yr)
(Bey et al., 2001; Guenther et al., 1995; Piccot et al.,

Correspondence taR. C. Cohen 1992). Isoprene emissions and subsequent chemistry are
BY (cohen@cchem.berkeley.edu) thus major influences on tropospheric chemistry with notable
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goes subsequent reactions while the minor channel, Reac-
0 i o~ tion (R3b), results in production of a stable unsaturated hy-

)‘\K cyclization l*°“ droxynitrate.

02
csc;%myls o )j\/ CsHg(OH)O2 + NO — C5Hg(OH)O + NO» (R3a)
ONO, ONO,
[H/\ ] {YV] T Csa(OF Oz 1O = CsaORONG. (D)
oH (G072 Examples of each class of the observed products from Ta-
\“*”y"“’xy‘"""af“Yﬁ’”y""’w'””’a’“) °*§’+H°2+N°2+ ble 1 are shown in Fig. 1. The more recent studies have
Organic nitrates O/ﬁ]A”‘ found higher combined yields of methacrolein (MACR) and
O hydroxycarboryTe methyl vinyl ketone (MVK) than previously reported (Karl
(3%)

et al.,, 2006; Sprengnether et al., 2002), and appreciable
] o ) . yields of C5 carbonyls and hydroxy-carbonyls have been ob-
Fig. 1. Examples of each class of OH-initiated isoprene oxidation served (Baker et al., 2005; Zhao et al., 2004). A number of
products observed (in the presence ofji@nd the ranges of ob- studies have reportéd smé&5%) yieldé of 3-methylfuran
ields. .
served yields (Atkinson et al., 1989; Lee et al., 2005; Sprengnether et
al., 2002; Tuazon and Atkinson, 1990b) but there is some

effects on ozone (§), secondary organic aerosol, the hy- controversy over whgther this is a primary oxidation product
droxyl radical (OH) concentrations and on the {NBudget ~ ©OF @ Secondary reaction product of the gydroxycarbonyls
(NOy=NO+NOz+HNOgz+peroxy nitratesLPNs)+alkyl and _(Franms_co-l_\/larquez etal., 2_005; Zhao et al., 2004). Taken
mulitfuctional nitrates EANs)+other minor species) (Atkin- N combination, these experiments approach carbon balance
son et al., 1983; Fiore et al., 2005; Houweling et al., 1998;and indicate that the nitrate yield is likely not more than 12%.

lto et al., 2007; Wu et al., 2007). Recent experiments angStudies in which the nitrate yield was examined directly re-
calculations show that there is still much to be learned abouPOrt values that range from 4.4 to 12% (Chen ?t al.,, 1998;
the chemistry of isoprene and its oxidation products. For ex-atchen et al., 2007; Sprengnether et al., 2002; Tuazon and

ample, chamber experiments now show that isoprene phoRtkinson, 1990b).

tooxidation can be an important source of SOA (Boge etal., Uncertainties regarding the products of the reaction of iso-
2006; Kroll et al., 2005; Lee et al., 2006) consistent with the Prene hydroxyperoxy radicals with NO are important be-

implications of field observations of tetrols with an isoprene Cause of their effects on the ly@udget. The resulting uncer-
backbone (Claeys et al., 2004) in the aerosol phase. tainties in the N@ budget propagat.e to uncertainty in spatllal
Uncertainties in the gas phase chemistry remain as wellPattérns of @ and OH concentration as well as the spatial
Analyses of field measurements imply that the reaction ofPatterns _of _nltrogen deposition. These uncertainties also af-
isoprene hydoxyperoxy radicals with H@s not an effec- fect predictions of the response of @nd presumably SOA

tive HOy chain termination step (Thornton et al., 2002) and to changes in isoprene emissions (as will likely occur in a

there are several studies where observed OH significantly exVarmer climate). For example, Wu et al. (2007) show that

ceeds model calculations when isoprene is present (Kuhn dficréasing the production rate of isoprene nitrates (INs) in a

al., 2007; Lelieveld et al., 2008: Ren et al., 2003; Tan et al. 9!0bal model by a factor of three (within the currently es-

2001). In particular, we note that there are no laboratory exlablished range of uncertainty) decreases global tropospheric

periments in which a complete carbon balance for the oxida-2Z0Nn€e production by 10%.
IN production is important to the extent that the fate of

tion of isoprene by OH, @or NOs have been reported. We ) i o e
1 NO2 radical sequestered in the organic nitrate is different

focus here primarily on the OH-initiated pathway and Table i ,

summarizes the findings of past product studies. _than that of free N@. Possubl_e fates that have been discussed
Photooxidation of isoprene is initiated by the addition of include (1) reaction of IN W'th @ OH, or NGy _to prodl_Jce

OH Reaction (R1), and thenQReaction (R2), resulting in (&) @ more complex organic nitrate or (b) bi@iacopelli et

the formation of six chemically distinct unsaturated hydrox- &+ 2005; Grossenbacher et al., 2001; Paulson and Seinfeld,

yperoxy radicals. 1992; Paulson, 1992), (2) removal from the atmosphere by

dry or wet deposition (Giacopelli et al., 2005; Horii et al.,

CsHg + OH — CsHg(OH) (R1) 2004; Rosen et al., 2004; Shepson et al., 1996; Treves and
Rudich, 2003; von Kuhlmann et al., 2004) or (3) incorpora-
CsHg(OH) 4+ O — CsHg(OH)O2 (R2)  tion into aerosol (Ervens et al., 2008; Kroll et al., 2005; Ng

et al., 2007) with subsequent liquid phase chemistry.
The reactions of these peroxy radicals with NO have two Shepson and colleagues are the only group that has re-
product channels. The dominant channel, Reaction (R3a)ported field measurements of specific IN isomers. They use
propagates the HOand NQ catalytic cycles with produc- GC to isolate the specific compounds and thermal dissocia-
tion of NO, and an alkoxy radical which rapidly under- tion followed by luminol detection of N®to observe them

Atmos. Chem. Phys., 9, 1451463 2009 www.atmos-chem-phys.net/9/1451/2009/
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Table 1. Percentage yields of products observed in OH-initiated isoprene oxidation studies.

Reference 1 2 3 4 5 6 7 8 9
Product

MVK 29(7) 36(4) 32(5) 44(6) 55(6) 41(3)

MACR 21(5) 25(3) 22(2) 28(4) (MAC+MVK) 27(3)
Organic Nitrates 8-14 44 8-12 7
C5 hydroxy-carbonyls 19(6.1) 15

C4 hydroxy-carbonyls 3.3(1.6)

C5 carbonyls 8.4(2.4)

Carbon accounted for 58-66 61 55 44 80-84 86 15 68 7

1 =Tuazon et al. (1990), 2 = Paulson and Seinfeld (1992), 3 = Myoshi et al. (1994), 4 = Chen et al. (2002), 5 = Sprengnether et al. (2002),
6 = Zhao et al. (2004) 7 = Baker et al. (2005), 8 = Karl et al. (2006), 9 = Patchen et al. (2007)

(Giacopelli et al., 2005; Grossenbacher et al., 2001, 2004)nitrate species following reaction withs@r OH to 40% and
INs were~10 ppt at a site in Michigan and115 pptatasite  (3) assuming fast deposition. Here we expand this analy-
in Tenessee. First-generation INs were observed to 5 sis by isolating measurements where isoprene oxidation by
of NOy at both sites. These results and the differences beOH in the presence of NOs unambiguously the dominant
tween the two sites have been interpreted to show that INsource of£ AN which we then use to investigate factors con-
are important in reactive nitrogen cycling but that their abun-trolling the production and the removal of molecules from
dance is strongly impacted by both N®adings and photo- the total nitrate pool and examine correlation&#Ns with
chemical processing. Giacopelli et al. (2005) conclude thatpther products of isoprene oxidation.

due to short lifetimes of first-generation INs to further oxida-

tion and/or deposition, more highly oxidized derivatives of

INs are likely also important and that further understanding?2 Methods

of secondary chemistry and loss processes is needed.

In this paper, we describe observationsiiNs fromthe  NO», ZPNs andXANs were measured using the Berkeley
NASA DC-8 aircraft over the Eastern US during the INTEX- thermal dissociation-laser induced fluorescence technique
NA campaign in the summer of 2004. In this stu@ANs (Day et al., 2002; Thornton et al., 2000). Briefly, gas is
were measured by thermal decomposition followed by detecpulled simultaneously through four channels, one for each
tion of NO, with laser-induced fluorescence, described in de-class of compounds above and one used to evaluate inlet
tail below, which detects all compounds of the form RONO transmission of HN@. Each channel consists of a section
(where R represents a hydrocarbon) regardless of the identitgf heated quartz tube followed by a length of PFA tubing
of R. With respect to detection of INs, this non-specificity leading to a detection cell where NOs measured using
means that the technique is equally sensitive to all six firstlaser-induced fluorescence. Due to differing X-Nond
generation isomers as well as any subsequent oxidation proagstrengths X PNs, XANs and HNQ all thermally dissociate
ucts that retain the nitrate functional group and that the meato NO, and a companion radical at a characteristic tempera-
surement represents the sum of all of these compounds asre. The ambient channel measures,;Nflbne, the second
well as any other alkyl or multifunctional nitrates that may channel (180) measures N@produced from the dissocia-
be present. Note that this technique would be doubly sention of ¥PNs in addition to ambient NfOso the observed
sitive to dinitrate compounds as thermal dissociation wouldsignal is NQ+XPNs, the third channel (38Q) measures
result in production of two N@molecules but, as discussed NO>+XPNs+XANs, and the last channel (58D) measures
below, dinitrates are expected to be a small fraction of theNO,+XPNs+2ANs+HNO3. Concentrations of each class of
observed signal. These are the most spatially extensive me@ompound correspond to the difference in N€lgnal be-
surements o ANs to date and constitute the first observa- tween two channels set at adjacent temperatures. The differ-
tions of ZANs in the free troposphere. In a first manuscript ence in NQ signal between the 18C and the 38%C chan-
describing these observations, Horowitz et al. (2007) com-nel, for example, is th& ANs mixing ratio. The instrument
pared the aforementioned measurements to the output of deployed for INTEX-NA had one inlet with a heated tip and
chemical transport model (MOZART), showing that model immediate introduction to heated quartz tubes for detection
results within the continental boundary layer could be forcedof XANs and HNQ@ and one inlet with an unheated tip and
into agreement with observations through: (1) setting theintroduction to an additional heated quartz tube for detection
branching ratio for IN production at the low end of the lab- of ¥PNs and an ambient temperature channel for detection
oratory measurements (4%), (2) limiting conversion to non-of NO.

www.atmos-chem-phys.net/9/1451/2009/ Atmos. Chem. Phys., 9, 14632009
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Ambient NGO and NG produced by thermal dissociation that pointX ANs levels were routinely an order of magnitude
was observed by laser-induced fluorescence as described smaller than the underlying N@ XPNs signal and could
detail by Thornton et al. (2000). Briefly, a tunable dye lasernot reliably be distinguished from the temporal variation be-
is pumped at 7kHz by a Q-switched, frequency doubledtween subsequent measurements of the 200C channel.
Ndt3YAG laser. The incoming gas is cooled through the use  The TD-LIF measurement of HNghas been shown to be
of a supersonic expansion (Cleary et al., 2002) and the dy¢he sum of aerosol and gas-phase HNBountoukis et al.,
laser, utilizing Pyrromethene 597 in isopropanol, was tuned2007) and we expect aerosol phase organic nitrates to be-
to an isolated rovibronic feature of jet-cooled N& 585 nm.  have similarly. While a direct intercomparison of tR&Ns
The dye laser frequency was held for 20 s at the peak of thisneasurement has not been published, we have sampled pure
strong resonant feature and then for 5s at an offline posiisoprene nitrates (synthesized by wet chemical methods in
tion in the continuum absorption. The ratio of the peak tothe laboratory) in air, and observed the signals in the non-
background fluorescence of the chosen feature is 10 to 1 atitrate channels of the TD-LIF to be zero (indicating that the
1atm and the difference between the two signals is directlynitrates are not dissociating in the other temperature chan-
proportional to the N@ mixing ratio. The laser light is fo- nels) and the magnitude of the signal to match both the cal-
cused through two multi-pass (White) cells in series and theculated concentration and a PTR-MS measurement to within
red-shifted fluorescence is detected using a red-sensitive phd-0% (Perring et al., 2009). Additionally, we have reported
tomultiplier tube (Hamamatsu). Fluorescence counts are colfield observations of the thermal decomposition of ambient
lected at 5 Hz, scattered light at wavelengths less than 700 nreamples expected to have significant isoprene nitrate influ-
is rejected by band-pass filters and time-gated detection ignce and shown a correspondence between predicted and ob-
used to eliminate prompt noise. We observe a strong deperserved temperature dependence (Day et al., 2002; Murphy et
dence of NQ fluorescence on the external pressure. We cal-al., 2006).
ibrate the NQ LIF instrument at a series of altitudes and in-  HNO3 was measured by the University of New Hampshire
terpolate calibration constants between these points using amith a mist chamber followed by ion chromatography (Dibb
empirical pressure correction determined by direct measureet al., 1994) and by Caltech using Chemical lonization Mass
ment of the NQ pressure dependence from a standard NO Spectrometry (CIMS) (Crounse et al., 2006; Huey et al.,
addition during a test-flight. Calibrations were performed at1996, 2004). Hydrocarbons were measured by UC Irvine us-
least once every two hours during a level flight leg using aing gas chromatography of whole air samples (Colman et al.,
4.7 ppm NQ reference gas with a stated certainty-4e$%. 2001). Oxygenated volatile organic carbon species (methyl-
The reference gas was compared to a library of standards iethyl-ketone, methanol, ethanol, acetone and acetaldehyde
lab both before and after the campaign. The individual stan-collectively referred to, when combined with @8, as ox-
dards are compared on a regular basis (about every 6 monthgjized volatile organic carbon or OVOC) were measured by
to ensure stability and highlight when a given tank has de-NASA Ames using gas chromatography (Singh et al., 1999).
graded. These standards have been observed to remain stdO (Penn State) and {NASA Langley) were measured
ble for up to 5 years and to be accurate at atmosphericallghrough chemiluminesence. OH and pH@ere measured
relevant mixing ratios to within 1% (Bertram et al., 2005). by laser-induced fluorescence by Penn State (Faloona et al.,

The instrument deployed for INTEX-NA had two detec- 2004). CHO was measured by NCAR using tunable diode
tion cells. Cell 1 sampled either the ambient or the°830 laser absorption spectroscopy (TD-LAS) (Fried et al., 2003)
channel while cell 2 sampled either the 2800r the 580C and by the University of Rhode Island using an enzyme-
channel. The direction of flow into the cell was controlled us- derivatization fluoresence technique following collection in
ing a three-way valve and a bypass pump was used to mairan aqueous medium (Heikes, 1992).
tain flow in the non-sampled channel. Cell 1 sampled the The University of Rhode Island measurement was system-
unheated N@channel 75% and the 380 channel EANS) atically ~35% lower than the NCAR measurement and this
25% of the time. Cell 2 sampled the & and the 580C discrepancy remains unresolved as of the preparation of this
channels 50% of the time each. During INTEX-A, the 200C manuscript. For the purposes of this analysis we use the av-
(NO2+XPNs) and 380C (NO,+XPNs+:ANs) channels erage of the two measurements when both are available. De-
were sampled sequentially and the signal in the’@0€han-  spite the absolute disagreement, the two measurements are
nel was interpolated across the 20 s interval when th€@80 very highly correlated so, to increase data coverage when
channel was sampled to calculate i&Ns concentration.  only a single measurement is available, we scale that mea-
Thus for every 2 min duty cycle there were three 20 s averagesurement up or down by the appropriate amount to arrive at
measurements of NQtwo 20 s average direct measurementswhat the mean of the two would have been had both been
of ©PNs, one 20 s average direct measurement of &l available.
one 20s average measuremen®ANs using interpolated The INTEX-NA campaign has been described in detalil
¥ PNs values. The uncertainty of t2ANs measurement (Singh et al., 2006). It consisted of 18 flights over the con-
depends strongly on the amount and variability of Ngdd  tinental US east of 40 and between 30 and 501 during
2 PNs. £ANs were not reported above 4 km because aboveluly and August of 2004 with extensive vertical profiling.

Atmos. Chem. Phys., 9, 1451463 2009 www.atmos-chem-phys.net/9/1451/2009/
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Fig. 2. Medians and interquartile ranges(a) £ANSs, (b) NOy (NOy=NO+NO,+XPNs+xANs+HNQ3), and(c) ZANs/NOy. The colored
points and shading are regions where isoprene exceeded 500 ppt in the planetary boundary layer below the measurement. The gray line
represent all continental data.

The data used in this analysis are a subset of points taken over There is large spatial variability in isoprene concentrations
the continental US and are from a 1-min merged data setand, while we would expect this variability to be reflected in
available as described http://www-air.larc.nasa.govThe  observedXANs concentrations, the variability in isoprene
time resolution of the UCI hydrocarbon data was sometimesobserved aboard the DC8 is the result of not only spatial
longer than 1 min in which case the concentrations observedariability but also variability in elapsed time between emis-
in the sample are reported for each of the minutes spannesion and sampling. As a result we do not observe a simple
by the collection time. correlation between isoprene alhNs (or CH,O) but the
comparison between the vertical profiles when isoprene is
high and when it is not qualitatively supports the conjecture
that production o2 ANs is closely associated with isoprene.
The lifetime of isoprene with respect to OH oxidation was
well under an hour in the summertime continental bound-
ary layer of the US and we expect significant amounts of
. ) , the products of isoprene oxidation to persist long after the
Figure 2 shows vertical profiles o&ANS, NGO, and  cqnsumption of the initial isoprene. Some of the highNs
ZANSs/NGy. As shown in panel 2¢, the mediaANs com- 54 0 points also coincide with high isoprene BuNs
ponent of NG was~12% at the surface over the continental 4,4 cHO were often both high when isoprene was at the de-
US when all continental data points are considered. Whengtion Jimit. We interpret this to imply that we were in an
boundary layer isoprene exceeded 500 ppl4% of con-  isonrene-impacted region where all of the isoprene had re-
tinental data below 2km) the medi@ANs component of  5¢teq away but the products remained for a more sustained
NOy at the surface increased to 1892ANs are a larger  period of time. In the present discussion, we are less inter-
fraction of NG, when isoprene is high-500 ppt) thaninthe  ggteq in the amount of isoprene present at any given time
ensemble of observations because of both a higher concenyg |ocation and more interested in the amount of isoprene
tration of XANs (250 ppt vs. 200 ppt) and a reduced over- oyigation that has occurred prior to sampling by the DCS.
all NOy concentration (1500 ppt vs. 2000 ppt). The lower The major products of isoprene oxidation are methacrolein
boundary layer NQ concentration when isoprene is high is (MACR), methylvinyl ketone (MVK) and CHO. Measure-

due to both lower N@(380 ppt vs. 600 ppt) and lower HNO - enis of MACR and MVK were unavailable so we take

(820 ppt vs. 1050 ppt) and indicates that the regions of high'CHgO as our best indicator of isoprene oxidation.
est biogenic activity were generally removed from anthro-

pogenic NQ sources.

3 Results and discussion

3.1 XAN and NQvertical profiles

www.atmos-chem-phys.net/9/1451/2009/ Atmos. Chem. Phys., 9, 14632009
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hyde yield of 70% (Karl et al., 2006) as a transfer standard
1000 4 ° to determine the nitrate formation yield. If we were to ig-
nore loss processes and atmospheric mixing, and if we were
observing only the first-generation products of isoprene ox-
800 —| idation, the slope of th& ANs/CH,O correlation observed
during INTEXA (0.119XANs per CHO) would imply a ni-
& trate branching ratio 0f8.3%:

> ANs
CHO

600 —

ZANSs (pptv)

] x [CH20 formation rati¢ =[INs formation ratid

'

o

=)
1

In what follows, we examine the role that mixing and re-
moval processes play in modifying tR2ANs-CH,O corre-
lation and the constraints that this correlation can place on
IN yield, lifetime and NQ recycling efficiency.

200

HT" : : | i : i 3.3 Investigation o2AN and CHO sources

0 1000 2000 3000 4000 5000 i
CH,0 (pptv) Recently, satellite measurements of {Hhave been used to

infer isoprene emissions (Holzinger et al., 2007; Millet et al.,
Fig. 3. Observed correlation betwe@®ANs and CHO; light blue 2006; Palmer et al., 2007). Palmer et al find that isoprene is
points represent all continental points below 1 km, points outlined inresponsible for 32% of the global GB production poten-
dark blue represent continental points below 1 km that had isoprengjg| and that it drives the CyO variability almost entirely as
>500 ppt, park _blue squares anq dotted lines are the métifed . the other main precursors (methane and methanol) are sig-
concentrations in 500 ppt G bins and the shaded gréy area I nificantly longer lived and well mixed and thus simply raise
the interquartile range of the data. The black dashed line is thethe formaldehyde background. Also, since we are focusing

best fit of all data points (slope=0.119, intercept fixed at%: ificall he | h h . L.
0.55). The solid black line is the best fit of for high isoprene points SPEClTically on the lower troposphere where isoprene origi-

(slope=0.108, intercept fixed at 62=0.68). nates we would expect the contribution from isoprene to be
even higher than when averaged over the entire tropospheric
column.

Measured OH combined with OH production and loss

3.2 TANs v CHO correlations rates calculated from measured species indicate that we are

likely missing only 10-30% of the total reactivity and that
As indicated in Fig. 1, bothztANs and CHO are first  the suite of measured VOC's is reasonably complete. The
generation stable reaction products of isoprene oxidatiormeanZ ANs contribution to OH reactivity can be estimated
in the presence of NO If isoprene were the only or at 0.45s?1 or roughly 18% of the total OH loss rate as-
the primary source of these two compounds, then wesuming a rate constant typical of addition to a double bond
would expect a strong correlation between them in am-(6.92x10-*!cm®/molecs/s) as would be the case for an iso-
bient samples. Figure 3 shows tha&tANs and CHO prene derived nitrate, discussed in more detail below. This is
are indeed correlated with a fit to the observations givinglikely an upper limit to the actual reactivity f& ANs as any
»ANs=0.11% CH,0, R?=0.55 and a correlation using only more highly oxidized compounds that lack a double bond
high isoprene £500 ppt) data gives a similar slope of 0.108 would be significantly less reactive. The relative contribu-
and anR? of 0.68. Calculations using the observed suite tions to OH loss at the lowest altitude (0-0.5km) are shown
of VOC, OVOC and radical species (discussed in detail be-graphically in the left panel of Fig. 4a. For the entire data set,
low) indicate that isoprene is the primary source of INs. If a 24% of the reactivity at the surface is due to isoprene (com-
significant portion of isoprene oxidation happens in the ab-parable to the reactivity due to CO) while that due to the
sence of N, this would constitute a formaldehyde source sum of all other non-methane hydrocarbons is only 4%. For
but not an IN source and would weaken the correlation. Inthe high isoprene data 53% of the reactivity at the surface
the present data set 90% of the continental data below 1 knis due to isoprene and that due to other NMHC is approxi-
had more than 500 ppt of NOndicating the predominance mately 4%. CO is the second most importantl %) OH
of NOy-impacted airmasses and the vast majority of pointssink for the high isoprene case as well. The mean reactiv-
that did have less than 500 ppt of N@lso had less than ity due to the sum of the measured OVOC wa25% of the
a ppb of CHO. The effects of CHO from low-NGC iso- total in the full data set and 15% in the high isoprene data.
prene oxidation will thus be most pronounced in the regionFormaldehyde alone accounted for about half of the OVOC
of the X ANs-CH,O correlation that has the least impact on reactivity with the remaining compounds each contributing
the slope (i.e. low ChlO, low XANs). We use a formalde- small (<5%) amounts.
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Fig. 4. (a) Calculated mean contributions to OH reactivity when isoprene is high and in the bulk data. “Other” includes all measured
non-methane hydrocarbons other than isoprene as well as acetone, acetaldehyde, MEK, methanol, ethgnotréiities and HQself-
reactions(b) Calculated mean contribution to tABANs signal for high isoprene points and the bulk data normalized to the bulRuksits
production, using an isoprene branching ratio of 4.4% and a recycling efficiency of 80%.

The relative reactivities of measured hydrocarbons wereo 82%. If, instead, we use a 12% branching ratio the iso-
weighted by their nitrate branching ratios to calculate a frac-prene source oEANs exceed 90% in the full data set and
tional contribution to thez ANs signal resulting from each  93% in the high isoprene case. Also, the distribution shown
precursor. Nitrate branching ratios for non-isoprene alka-in Fig. 4 represents the mean of the instantaneous reactivity
nes were taken from Atkinson et al (Atkinson et al., 1982; at the time of observation and, as such, will underemphasize
O’Brien et al., 1998), for alkenes from O’Brien et al. (1998) the importance of short-lived compounds that have been ap-
and that for isoprene was assumed to be 4.4% (Chen et alpreciably consumed prior to sampling. Isoprene itself is the
1998; Horowitz et al., 2007). Nitrates derived from MACR shortest lived of the observed hydrocarbons so it may be an
and MVK, VOC precursors which were not measured, areeven larger fraction of th& ANs source than indicated by
not included in the calculation, however their nitrate branch-the calculation.
ing ratios are expected to be small (Tuazon and Atkinson, There is a potential source of isoprene-deri¥saNs from
1990a). Hydrocarbon measurements that were below the dehe nighttime oxidation of isoprene by N®ut, as they are
tection limit were assumed to be O but parallel calculationsprimarily formed just after sunset and are expected to have
were performed assuming levels equal to the lower limit of short lifetimes to both deposition (at night) and oxidation
detection (typically 5 ppt) and results were not markedly dif- (after sunrise), we expect them to impact daytime concen-
ferent. The results of this calculation are shown graphicallytrations only minimally. There is also an unaccounted for
in the right panel of Fig. 4b. Using means of all continental > ANs source from unmeasured terpene compounds, which
data below 0.5km, about three quarters3dANs are pre-  we expect to be no stronger than that due to alpha and beta-
dicted to be isoprene derived and, in the specifically highpinene which account for only a small fraction (10%) of
isoprene points, the calculated mean contribution increases ANs.
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a)19.7%  ono, ! b) 3.4% o different INs, Fig. 5 shows the six possible IN isomers and

; their relative percentage yields as calculated by Giacopelli et
oH | ONO, al. (2005). These six isomers are each predicted to have dif-
; ferent rate constants for reaction with OHz @nd NG;. To

; arrive at an overall estimate we calculate effective rate con-

_____________________________ stants for the suite of INs weighted according to the product
c) 23% oNo d) 1.4% o yields of the individual isomers (taken from Giacopelli et al.,
2 : 2005) and derive 6.9210~ 11 cm®/molecs/s for OH+IN, and
OH/\‘/\ NG, AN 2.18x10 18 cmi/molecsl/s for @G+IN, neglecting the effects
' of daytime NQ@. Using observed mean 0-1km concentra-
_____________________________ tions of OH (3.9<10° molecs/cm) and G (49 ppb), the life-
e) 14% ' ) 38.5% time of INs to OH is about 60 min and toz@s about 65 min,
OH | ONO, giving a combined oxidative lifetime of about 32 min.
ONO, =z ; OH/\|/\/ The rate constants for OH+IN are based on structure-
; reactivity relationships as outlined in Kwok and Atkin-
; son (1995), who show that their methods replicate known
rate constants to within a factor of 2. The rate constants for
Fig. 5. Relative abundances of the six possible first-generationO3+IN are assumed to be similar to the analogously substi-
INs as calculated based on formation pathway branching ratios pretyted double bonds in non-nitrate hydrocarbons for which
sented in Giacopelli et al. (2005). there are measured rate constants. The 1,4 isomers (inter-
nal C=C bonds) are taken from Atkinson 1997) and other
isomers (terminal C=C bonds) from Grosjean and Gros-
In summary, given a reasonably complete suite of VOCjean (1996). Giacopelli et al. (2005) find that the calculated
measurements and using a nitrate formation branching rati®s rate constants are likely an overestimation. If we reduce
on the low end of the published range, we calculate that isothe Q3+IN rate constant by half and leave the OH+IN rate
prene is the primary source of boEANs and CHO within constant as calculated above the combined oxidative lifetime
the summertime boundary layer of the continental US. This is's 40 min rather than 32. Given the uncertainties in these rate
especially true for CHO that is observed to be well above the constants, we estimate the uncertainty in our overall calcu-
background. This fact allows us, in what follows, to use thelated oxidative lifetime to be a factor of 2. If the deposi-
¥ ANs-CH,O correlation to constrain the isoprene oxidation tion velocity (vs) of INs were equal to that of HN§X4 cm/s;
mechanism and in the fate of isoprene oxidation products. Hauglustaine et al., 1994), the lifetime to depositionina 1 km
boundary layer would be given by:
3.4 Atmospheric processing of isoprene nitrates

B.L. Ht (km) 1km 7h

In addition to constraining the sources®ANs and CHO, [ vd ] = (4@ y 3600§ y 10_5k_m) =
our interpretation of this correlation requires that we are able s cm
to account for the impacts of atmospheric mixing, chemi- Thus the overall lifetime is determined by the instantaneous
cal conversion of nitrates to other forms of NQoss of lifetime to oxidation. Although these reactions unambigu-
CH0 and deposition. Taking the mixing term first, we ob- ously result in production of new chemicals, it is not clear
serve that the free tropospheric (above 1km) levels ANs from previous laboratory experiments whether the products
and CHO, while smaller in magnitude, lie along a sim- of IN oxidation are stillZANs or whether they release the
ilar ©ANs-CH,O correlation line (slope=0.114R?=0.54) nitrogen in the form of HN@ or NO,.
to that observed from 0-1 km in the boundary layer (shown Figure 6 shows a possible mechanism and products result-
in Fig. 3). Although higher precision observations would ing from the OH oxidation of one of the six possible IN iso-
likely be able to resolve some effects of mixing, overall the mers (for a complete reaction scheme for the production of
observations indicate that there is not a pool within the re-INs see Sprengnether et al., 2002). Pathway 1 proceeds via
gional atmosphere that has concentrations that can alter thid-abstraction by OH and regenerates Niédm the nitrate.
2 ANs/CH,O ratio by mixing. Pathway 2 proceeds via addition of OH to the double bond to

The remaining factors to assess are chemistry and deposproduce a peroxy radical that reacts subsequently. For sim-
tion. The CHO lifetime to the sum of photolysis and OH ox- plicity, we show here the more likely of two possible peroxy
idation was approximately 3 h, calculated from observed OHradical intermediates and products only of its reaction with
and J values, in the planetary boundary layer during INTEX-NO. The scheme is representative but not comprehensive and
NA. Deposition is not expected to significantly shorten its products from the other radical isomer or from reactions of
lifetime. Estimation of theX AN lifetime requires consid- the radical with something other than NO would be differ-
eration of the composition a£ANs and speciation among ent. Pathway 2a shows an alkoxy radical decomposition that
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Fig. 6. Possible OH oxidation products for one of the IN isomers.
Fig. 7. As in Fig. 2, the shaded area is the interquartile range of all
continental data below 1km. Lines represent the expected correla-
produces N@ from the nitrate. Pathway 2b shows decom- tion after 2 h of aging for various nitrate branching ratios aaN
position resulting in a stable mononitrate and formaldehyde /ifétime combinations. From the bottom up: an 8% branching ratio
Pathway 2c produces a dinitrate and is expected to be a mie_}nd 1hr lifetime (dashed), a 12%_branch|ng ra_ltlo_ and 95 min life-
nor pathway but is interesting in that it results in seques-t'me (doned)I an 8% branCh'ng.rat!o and 2:5h lifetime (daSh'dOI.)’ a
. . . 4.4% branching ratio and 16 h lifetime (solid) and an 8% branching
tration of addlt_lonal NQ. Pathway 3 proceeds via OH _ad- ratio and 8 h lifetime (dor-dot-dash).
dition to the nitrate group to produce HNO Ozonolysis
of INs could produce a similarly complex mixture of mul-
tifunctional nitrates, aldehydes and ketones (Giacopelli et
al., 2005). The products of these reactions, however, arality under oxidation by either OH or £ are inconsistent
unknown and model treatment of them varies widely. Oxi- with the observed correlation. Unless the estimate of the OH
dation constitutes a loss process ©ANs only if INs are  and Q rate constants (6.9210~ ! molecsccm3s~! and
converted into something that is no longer a nitrate such a®.18x10-*® molecsccm=3xs™1) are in gross error (consid-
HNOs or NO; (via pathways 1, 2a or 3 in Fig. 6 for example). erably more than a factor of two), this indicates that some
If OH+IN reactions result simply in more functionalized ni- significant fraction of IN oxidation reactions transform one
trates, then the reaction represents a renaming but not a losstrate into another and supports an IN branching ratio on
from the pool ofAN compounds (pathway 2b in Fig. 6). If, the mid to high end of the published range. In support of
for example, 10% of reactions with OH lead to N@roduc-  this, results from a recent smog chamber study by Paulot et
tion while the other 90% retain the nitrate functional group al. (2008) indicate an 11.2% overall branching ratio for the
but change the identity of the parent molecule, then the effecformation of first generation nitrates but that lifetimes and
tive lifetime to loss by reaction with OH would be an order of fates of these nitrates varying widely among the different iso-
magnitude longer (10 h) than the lifetime of an individual IN. mers. The observed correlation betweeANs and Q is
Pathway 2c is expected to be minor as the nitrate branchingnost consistent, however, with a nitrate branching ratio that
ratio for the intermediate peroxy radical should be no higheris on the low end of the 4.4-12% range (see Horowitz et al.,
than for isoprene itself. We would expect less than 5% of2007 for a graphical depiction).
> ANs to be di-nitrates. If the initial nitrate production ratio is 8% then a lifetime
Figure 7 shows calculations of t#@ANs/CH,O correla-  of ~2.5h provides a reasonable fit of the data. Such a life-
tion for a range o ANs lifetimes (45 min to 20 h) assuming time indicates about a 79% rate of nitrate recycling for IN
an initial IN yield of 8% which is in the middle of the cur- oxidation reactions. Note that this is not a unique solution.
rently published range of branching ratios. We also showWe can fit the data equally well if the initial nitrate produc-
calculations for a lifetime of 95 min and a 12% IN branch- tion ratio from isoprene oxidation is 12% and the IN lifetime
ing ratio and a lifetime of 16 h and a 4.4% branching ratio. is ~1.5h (an implied recycling of 67%) or if the branching
It should be noted here that th&AN lifetimes shown have ratio is 4.4% and the lifetime is16 h (an implied recycling
been calculated relative to that for @Bl so that we would  of 97%). Paulot et al. (2008) report a weighted average of
expect deviations of OH or £from the mean values to re- 64% recycling of nitrate functionality for the first generation
sult in scatter but notin a change in the overall slope expecteditrates. Even if the @+IN rate constant were overestimated
for a given lifetime.Z AN lifetimes of <1 h (or less than 1/3 by a factor of 2, the observed correlation would still imply at
that of CHO), which would indicate loss of nitrate function- least 50% nitrate recycling for the 12% branching ratio case,
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73% recycling for the 8% branching ratio case and 96% forthrough laboratory observations will lead to more realistic
the 4.4% branching ratio case. If the rate constants were bothssessments of the combined effects of isoprene anddNO
underestimated by a factor of 2 and the lifetime of IN to oxi- Oz, SOA production and nitrogen deposition.
dation were on the order of 15 min rather than 32 as we have
calculated, that would imply a recycling rate over 80% for all AcknowledgementsThe analysis described here was funded by
conceivable branching ratios. NASA grants NNGO5GH196 and NAG5-13668 and by NASA
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son et al., 1996) as compared to 210°F M/atm for HNOs: collaboration and especially Melody Avery for editorial input.
LeIi_eyeId and Crutzen, 1991) {and.may therefore represent jiioq by: V. Faye McNeill
a similarly permanent NQtermination event and be a re-
moval pathway for nitrogen that competes with that of HNO
(Munger et al., 1998; Shepson et al., 1996)ANs were
~23% of HNG; in the full data set and more than 35% of
HNOj3 for the high isoprene points. Thus if INs deposit as
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