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Abstract

Acyl peroxy nitrates (APNs, also known as PANs) are formed from the oxidation of
aldehydes and other oxygenated VOC (oVOC) in the presence of NO,. Formation of
APNs suppresses NO, (NO,=NO+NO.,) in urban areas and enhances NO, downwind
in urban plumes, increasing the rate of ozone production throughout an urban plume.
APNs also redistribute NO, on global scales, enhancing NO, and thus ozone produc-
tion. There are both anthropogenic and biogenic oVOC precursors to APNs, but a de-
tailed evaluation of their chemistry against observations has proven elusive. Here we
describe measurements of PAN, PPN, and MPAN along with the majority of chemicals
that participate in their production and loss, including OH, HO,, numerous oVOC, and
NO,. Observations were made during the Biosphere Effects on AeRosols and Photo-
chemistry Experiment (BEARPEX 2007) in the outflow of the Sacramento urban plume.
These observations are used to evaluate a detailed chemical model of APN ratios and
concentrations. We find the ratios of APNs are nearly independent of the loss mech-
anisms and thus an especially good test of our understanding of their sources. We
show that oxidation of methylvinyl ketone, methacrolein, methyl glyoxal, biacetyl and
acetaldehyde are all significant sources of the PAN+peroxy acetyl (PA) radical reser-
voir, with methylvinyl ketone (MVK) often being the primary non-acetaldehyde source.
At high temperatures, oxidation of non-acetaldehyde PA radical sources contributes
over 60% to the total PA production rate. An analysis of absolute APN concentrations
reveals a missing APN sink that can be resolved by increasing the PA+XRO, rate con-
stant by a factor of 3.

1 Introduction

Acyl peroxy nitrates (APNs, also known as PANs) are an important class of reactive ni-
trogen species having the general structure: RC(O)OONO,. In urban source regions,
APN production acts as a net sink for NO, (NO,=NO+NO,). Under high NO, (VOC-
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limited) conditions this temporary sink results in increased ozone production rates by
slowing the rate of OH reaction with NO,, and thus extending the HO, (HO,=0H+HO,)
chain length. Downwind of the source region, where total NO, levels have decreased,
APN decomposition injects NO, into the atmosphere under low NO, conditions re-
sulting in increased ozone production rates. This latter effect has been discussed
extensively with respect to production of ozone in the remote troposphere (Moxim et
al., 1996; Kotchenruther et al., 2001; Hudman et al., 2004; Parrish et al., 2004), but it
is also relevant to regions immediately outside of urban areas (Sillman and Samson,
1995; Olszyna et al., 1997; Lei et al., 2007).

APN formation is initiated by the reaction of the hydroxyl radical (OH) with or by
photolysis of aldehydes, ketones, and other oxygenated volatile organic compounds
(oVOCs) (Reaction R1a and b). When the product of these reactions is an acyl peroxy
(AP) radical with the general structure, RC(O)O,, then reversible reactions with NO, to
form APNSs can occur (Reaction R2a and b).

oVOC + OH(+0,) — RC(0)0O, (R1a)
oVOC + hy(+0,) — RC(0)O, (R1b)
RC(0)O, + NO, — RC(O)OONO, (R2a)
RC(O)OONO, — RC(0)O, + NO, (R2b)
RC(0)O, + NO — products (R3)
RC(0)O, + HO, — products (R4)
RC(0)O, + RO, — products (R5)
RC(O)OONO, + OH — products (R6)

There is a strong temperature dependence to the equilibrium between APNs and their

AP radical intermediates (RC(0)O,), and to the APN lifetime with respect to decom-

position. At high temperatures, the rapid equilibrium Reaction (R2) makes it useful to
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combine APNs and their corresponding AP radicals into a chemical family, denoted as
APNg7, as shown in Scheme 1a. In this situation, loss of APNy, and therefore APNs, is
limited by reaction of the AP radical with NO (R3), HO, (R4), or RO, (R5). At low tem-
peratures, equilibration within the APN; reservoir is slower. In this situation, described
by Scheme 1b, loss of APN; is limited by the thermal decomposition rate of the APN
and, in some cases, reaction of the APN with OH.

In addition to gas phase chemical removal, the APN; reservoir can be removed from
the atmosphere by reactions in aerosol and fog (Roberts et al., 1996) or by dry depo-
sition (Turnipseed et al., 2006; Farmer and Cohen, 2008; Wolfe et al., 2009). APN;
deposition can be an effective net sink for NO, if APNs are lost to surfaces, or it can
serve as a source of NO, if deposition of the corresponding AP radical is important.
APN deposition has been discussed as a potentially important source of nitrogen to
plants (Sparks et al., 2003; Wolfe et al., 2009), with implications for ecosystem pro-
ductivity (Magnani et al., 2007), soil acidification, and nitrate concentrations in run-off
(Bytnerowicz and Fenn, 1996; Goulding et al., 1998).

Many APNs are associated with a single oVOC precursor. For example, peroxy pro-
pionyl nitrate (PPN) is believed to be exclusively derived from propanal and methacry-
loyl peroxy nitrate (MPAN) exclusively from methacrolein (Williams et al., 1997; Roberts
etal., 2001). However, PAN, which typically comprises about 80% of the total speciated
APNs (Roberts et al., 2007), has multiple oVOC sources. Detailed chemical mecha-
nisms indicate that in addition to acetaldehyde, the isoprene oxidation products methyl
glyoxal (MGLY), methylvinyl ketone (MVK), and methacrolein (MACR) are also effec-
tive sources of the peroxy acetyl (PA) radical, the precursor to PAN. Consistent with this
expectation, Roberts et al. (2001, 2002) found that for Nashville, TN, a region heav-
ily impacted by isoprene emissions, production of PA radicals was significantly higher
than could be accounted for by acetaldehyde alone. Observations of PAN off the coast
of New England (Roberts et al., 2006) similarly showed a missing PA radical source
that correlated with isoprene influence. A study using measurements of total peroxy
nitrates (2PNs) and the individual precursor aldehydes at another isoprene-impacted
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site, immediately downwind of Sacramento, CA, led Cleary et al. (2007) to conclude
that a PA radical source 3 times greater than that from acetaldehyde was necessary
to bring their estimate of PAN/2PNs close to the ~80% levels consistently reported
elsewhere. Conversely, in Houston, TX, a heavily urbanized area with limited isoprene
influence, PAN concentrations were consistent with an acetaldehyde source without
the need for other oVOC (Roberts et al., 2001). Global modeling studies (Horowitz et
al., 1998; Folberth et al., 2006) using explicit isoprene chemistry reach the same con-
clusion as the observational studies — that isoprene emissions are a significant driver
of PAN production.

A different approach was taken by Grosjean et al. (2002), who used observations of
VOCs from Porto Alegre, Brazil as inputs into the SAPRC 97 model and determined
that a lumped class of reactive aromatic compounds was a significant contributor to a
series of dicarbonyls, including methyl glyoxal, which will lead to PAN formation. No
comparison of the model PAN output to observations was made in this study, nor has
there been any other study, to date, that has verified the mechanisms of PA radical
production by directly comparing PAN measurements to calculations based on the ob-
served oVOC source distribution. With this in mind, the primary objective of this study
is to evaluate a comprehensive chemical mechanism for production of the PA radi-
cal by comparison to observations. We approach this objective by making use of a
steady-state model to determine whether mixing ratios of PAN, MPAN, and PPN, are
in balance with their sources and sinks. Cleary et al. (2007) evaluated a steady model
of APNs against a time-dependent model and suggested that the lifetime of the APN;
reservoir is often short enough compared to the timescale for changes in its production
rate, that a steady-state approximation will accurately describe APN mixing ratios. In
contrast to the Cleary et al. (2007) study, which used the APN steady-state model to
predict OH concentrations, the BEARPEX measurements include OH and HO,, thus
providing an opportunity to thoroughly evaluate the APN steady-state model and to test
the mechanisms of PA radical production.
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2 Measurements

BEARPEX 2007 took place at a site on a ponderosa pine plantation owned and man-
aged by Sierra Pacific Industries and adjacent to the University of California Blodgett
Forest Research Station (UC-BFRS). The site is located 75km northeast of Sacra-
mento, CA (1315ma.s.l., 38.9° N, 120.6° W). The experiment began on 15 August 2007
and ended on 10 October 2007. Measurements and typical meteorological conditions
have been described in detail previously (Lamanna and Goldstein, 1999; Schade and
Goldstein, 2001; Kurpius and Goldstein, 2003; Holzinger et al., 2005; Cabhill et al.,
2006; Farmer et al., 2006; Day et al., 2008). Briefly, the meteorology during the dry
season (May—September) is typified by high daytime temperatures, low rainfall, low hu-
midity, clear skies, and extremely regular east/west, upslope-downslope winds. During
the wet season (October—April), winds are less regular, temperatures are cooler, and
there is moderate rainfall and snowfall (Goldstein et al., 2000). September 2007 was
cooler than typical and there were early snows in October 2007.

Daytime winds carry anthropogenically influenced air from the Greater Sacramento
Area, eastward up the slope of the Sierra Nevada. The region between Greater Sacra-
mento and UC-BFRS is sparsely populated, and the plume develops with minor inputs
from additional anthropogenic emissions as it travels towards UC-BFRS (Dillon et al.,
2002; Murphy et al., 2006, 2007). The anthropogenic plume has a distinct arrival time
at the measurement site in the late afternoon that changes very little from day to day.
A 20-25 km wide band of oak woodlands runs parallel to the Sierra Nevada foothills
and is perpendicular to the mean flow from Sacramento to UC-BFRS. In the morn-
ing, air that has relatively little urban influence passes over the forest and accumulates
isoprene. This air arrives at UC-BFRS a few hours ahead of the anthropogenically in-
fluenced (but also isoprene rich) air. Local emissions from the ponderosa pines include
2-methyl-3-buten-2-ol (MBO) (Schade et al., 2000) and significant amounts of monoter-
penes, sesquiterpenes, and related oxygenates (Schade et al., 1999; Holzinger et al.,
2005; Bouvier-Brown et al., 2009). Compared to the large injection of isoprene by the
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oak woodlands, local isoprene emissions are small (Dreyfus et al., 2002).

A variety of long term and episodic measurements have been ongoing at the UC-
BFRS site since 1997. During BEARPEX 2007, measurements were greatly expanded
over these previous experiments and included a range of anthropogenic and biogenic
VOCs, OH, HO,, NO, and other oxides of nitrogen (NO;), peroxides, CO, O, CO,,
aerosol composition and physical properties, and meteorological variables. Measure-
ments used in this analysis were made from one of two walkup observation towers
located ~10m apart. A complete overview of the campaign is given by Cohen, Gold-
stein et al. (2009).

In this analysis we use measurements of APNs, OH and HO,, a suite of VOCs, and
NO,. The techniques and instruments used for these measurements have been de-
scribed previously. Briefly, speciated APN measurements were obtained via a custom-
built thermal dissociation — chemical ionization mass spectrometer (TD-CIMS) (Wolfe
et al., 2007, 2009). For this instrument, air was sampled from PFA inlets mounted on
the North tower at 18 m through 30 m of tubing (residence time ~2 s) into a 19 cm length
of 1/2” OD PFA tubing directly attached to the CIMS instrument and heated to 180°C.
At this temperature, APNs dissociate into NO, and acyl peroxy radicals (R2,) with
>95% efficiency. The hot sample gas then immediately passes through a critical orifice
into an ion-molecule reaction region held at 60 Torr, where acyl peroxy radicals react
with iodide to form carboxylate anions (Villalta and Howard, 1996; Slusher et al., 2004).
lons are transmitted through a collisional dissociation chamber into a quadrupole mass
spectrometer where they are mass selected and detected. The measurements are ac-
curate to £21% for PAN and PPN and +31% for MPAN and have a precision of £3 pptv
for half-hour averaged APN concentration measurements (Wolfe et al., 2009).

Measurements of acetaldehyde, propanal, 2,3-butanedione (biacetyl), methacrolein,
methylvinyl ketone, isoprene and other organics were obtained on the same tower at
6 m using a 2-channel gas chromatograph/mass spectrometer (GC/MS) (Goldan et al.,
2004; Bouvier-Brown et al., 2009). The accuracy of this measurement is +£25% for
oxygenated species and +15% for all other VOCs. OH and HO, measurements were
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obtained at variable heights (from 2 to 15.5m) from a movable lift adjacent to the North
tower. OH was measured by laser-induced fluorescence (LIF) at low pressure and
HO, was converted to OH through its reaction with NO followed by the LIF detection
of OH (Faloona et al., 2004). The absolute uncertainty of OH and HO, measurements
is estimated to be 32% (20). NO, measurements were obtained by laser-induced
fluorescence (Farmer et al., 2009; Fuchs et al., 2009), sampling at a height of 12m,
also on the North tower. The accuracy of the LIF NO, measurements during BEARPEX
is estimated to be 10%. Meteorological and ozone instrumentation is located on the
South tower and is described in detail elsewhere (Goldstein et al., 2000). For our
analysis we rely on photosynthetically active radiation (PAR) and temperature.

Unless otherwise noted, all data used in this analysis are 30 min averages of mea-
surements and obtained between the hours of 12:00 and 17:00 PST, when observed
oVOC concentrations are relatively constant. Concurrent measurements of all obser-
vations are available from 1 September 2007 to 24 September 2007, except for short
periods where one or more instruments were offline for maintenance. Subsets of the
measurements are available from 15 August 2007 to 10 October 2007.

3 Kinetics of APNs
3.1 Steady-state model of APNs

The chemistry of APNs and their corresponding AP radicals are summarized by
Schemes 1a-b.

Concentrations of APN; can be calculated by explicit integration of its production
and loss rates as defined by Reactions (R1a) and (R3—-R®6), respectively (Eq. 1). Note
that Reactions (R2a and b) are equilibration reactions within APN;, do not lead to net
loss or gain of APN, and, as such, are not included in Eq. (1).

[APN7] = /{k1 [OH(£)][oVOC(#)] - k3[AP(£)IINO(#)] — k4[AP()[HO(1)] (1)
9887
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Regardless of the thermal decomposition rate of APN, the AP radical can usually be
treated in steady-state since its lifetime is very short (7~10 s) relative to typical changes
in [oVOC]. [AP], therefore, can be calculated by Eq. (2).

) K, [OHI[0VOC] + ky, [APN]
lss = 152INO,] + KINO] + kg[HO,] + kgRO,]

The expression for [APN;] (Eq. 3) can be simplified by combining Egs. (1) and (2) and
introducing the term, G (Eq. 4), which has a value between 0 and 1 that represents the
probability that the AP radical will react with NO,, to give an APN, over an irreversible
reaction with NO, HO,, or RO,, to give other products (Roberts et al., 2001). The
lifetime of APN, therefore, is dependent not only upon the thermal decomposition of
the APN, but also the value of 8. Equation (3) can be used to accurately calculate
[APN;], provided one has knowledge of the temporal variation of the oVOC source
molecule, G, and OH.

[AP ()

[APN7] = /{ﬁ(f)k1 [OH(t)]oVOC(#)] - (1 = B)kap ()IAPN(1)] — kg[APN(H)[[OH(1)I}dt  (3)

. kz2alNO] _ 1 ”
koo [NO,] + ks[NO] + k,[HO,] + k5[RO,] ka[NO]+:4[|E|NOOz]‘]"k5[R02] 1
2a 2

When APN; is in steady-state with its sources and sinks, Eq. (3) can be further
simplified as shown in Eq. (5) where we also note that when [AP]<[APN], [APN] is
approximately equal to [APN7].

Bk4{[OH][oVOC]
kop(1 = B) + kg[OH]
The relationship between the steady-state (Eq. 5) and time-dependent (Eq. 3) models

was discussed by Cleary et al. (2007). Equation (5) is a good approximation of Eq. (3)
9888
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when changes in the APN; loss and production rates are small on the time scale of
the APN; lifetime. To demonstrate, we integrate Eq. (3) to give Eq. (6), subject to
assumptions that OH and G are constant with time. Equation (6) describes the time-
dependent behavior for a hypothetical APN, APN 4, having a precursor, oVOC 4. [APN],
and [oVOC], in Eq. (6) are the initial concentrations in the model (at =0). The depen-
dence of APN, on the history of oVOC, is contained in the term: (1-P/L) kq4[OH],
where P/L is the ratio of oVOC, production to loss and oVOC, loss is presumed to be
exclusively via OH reaction. When P/L is 0 (i.e. when P=0), [oVOC,] is decreasing
exponentially according to its reaction with [OH]. When P/L=1 (i.e. P=L), production
balances loss and [oVOC,] is constant with time.

[APN,] = BK14IOHIOVOC,] [1 - et(<1-fi)km[om—kzm-ﬁ)—kelom)] (6)
Kop(1 = B) + kg[OH] = (1 = Bk, ,[OH]
+ [APNA]OM t((1_%)kM[OH]—kZb“—ﬁ)—ks[OH])
[0VOC 4],

Note that Eq. (6) is modified slightly from that used by Roberts et al. (2001) who
assume in all cases an exponential decay in oVOC concentrations from the point of
emissions, giving P/L=0. Typical oVOC precursors of APNs, such as acetaldehyde,
methacrolein, and propanal, are produced as a result of VOC-HO,-NO, cycling on the
timescale of hours. Calculations show that P/L#0 for these APN precursors, at least in
the near-field (tens of km) with respect to VOC emission sources (see Sect. 5).

In accord with the findings of Cleary et al. (2007) it can be seen that in the case
where P/L=1, the time-dependent equation takes the form of the instantaneous steady-
state equation (Eq. 6) at the limit of f=co. However, in the case where P/L=0, the
lifetime of oVOC, is often short enough that the APN production term is decaying
rapidly relative to the lifetime of APN,. In this case, there will be significant deviations
between a time-dependent solution for [APN 4] and an approximation based on steady-
state assumptions, even as t approaches infinity. This dependence on the behavior
of oVOCs is reduced as the APN; lifetime gets shorter, and, in general, steady-state
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conditions are more likely to apply to the APN; system when temperatures are high
and thermal decomposition is fast.

3.2 Steady-state model of APN concentration ratios

It is commonly assumed that the APN thermal decomposition rate constant (k,;) and
the reactivity of acyl peroxy radicals (k3, k4, and kg) are relatively independent of the
identity of the APN alkyl group. Kirchner et al. (1999) report differences of order 25%
across a series of acyl peroxy nitrates. Given this similar reactivity, it can be instructive
to analyze the ratios of APNs to gain insight into the behavior of their oVOC sources.
Applying the steady-state equation (Eq. 5) to the concentration of two different APNSs,
we derive an expression (Eq. 7) for the ratio of APN, to APNg.

[APN,] _ ky4[0VOC,4] y (1 = B)kops + keglOH]
[APNg]  k15[0VOCg] (1 = B)kops + kes[OH]

This expression can be further simplified, with the assumption that k,,, is identical for
both APNSs. If the loss of both APNs by reaction with OH occurs at similar rates or
at rates that are each much slower than the loss to reaction with NO, HO,, and RO,
(given by (1-B)ky,), then the second term in Eq. (7) cancels and the ratio can be
approximated by Eq. (8).

[APN4] N k14[0VOC 4]
[APNg] ~ ky15l0VOCg]

Analysis of Egs. (7) and (8) indicates that APN ratios are primarily dependent on the
ratio of their oVOC precursors. In addition, APN ratios will be accurately predicted as
long as the ratio of the precursor oVOCs is not changing rapidly relative to the APN
lifetimes and as long as the rate of APN loss to OH Reaction (R6) is slow relative to
thermal decomposition followed by loss of the AP radical. Calculations indicate that
this result holds over a wider range of temperatures and source conditions than was
described by Cleary et al. (2007) for absolute concentrations.
9890
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As with absolute concentrations, these assumptions about a steady-state approx-
imation for APN ratios can be tested by comparing the instantaneous steady-state
equation (Eqg. 7) with the numerical integration for the time-dependent equations of two
hypothetical APNs, APN, and APNg. For simplicity, we assume that both APNs each
have single oVOC precursors, that both do not have any appreciable loss to reaction
with OH, that their decomposition rates are identical, and that initial APN concentra-
tions are 0. Under these conditions, the time-dependent ratio of APN 4 to APNg will be
described by Eq. (9).

[APN,]  ky4[0VOC,]  kap(1 = B) = (1 = £)kyg[OH] 1 _ gt (1= D)K1alOHI-k(1-5))
= X X
[APNg]  k15[0VOCg]  kyy(1 - B) = (1 = £)ky4[OH] 1 — t((1=F)ki5[OHI-kzp(1-B))

9)

This time-dependent ratio is dependent upon the ratio of source terms, as in Eq. (8),
but it is also sensitive to OH concentrations, §, and to temperature when k;,4 and k4z
are appreciably different and when P/L#1. However, when P/L=1 for both oVOCs or if
the differences in k4, and kg are offset by differences in (P/L), and (P/L)g, such that
the ratio of [oVOC,4]/[o0VOCg] is not changing with time, Eq. (9) reduces to the steady-
state approximation (Eq. 8) at t=c0. Thus, if oVOC, and oVOCg have similar sources
and sinks, the ratio of APN, to APNg is accurately approximated by the steady-state
equation.

The effect of differences in the relative behavior of the oVOCs on APN ratios is il-
lustrated with two examples: (A) both oVOC precursors are allowed to decrease ex-
ponentially due to their loss to OH (Fig. 1a) and (B) oVOC, decreases exponentially
and oVOCgz remains constant (Fig. 1b). In case A, at equilibrium (¢=00), the agree-
ment between steady-state and time-dependent predictions is determined by the ra-
tio of rate constants k;, and kg, but only to the extent that this ratio changes the
[oVOC ,41/[oVOCg] ratio on a time scale that is of the same order as APN; loss. In case
B, the added production of oVOCy causes a change in the oVOC,/0VOCg ratio with
time, with effects on APN ratios that depend on the lifetime of APN;.
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To demonstrate, we use a case where APN; lifetimes are about 70 min, and k4
and k4g are equal to the rate constants for propanal and acetaldehyde (see Table 1),
respectively. We initialize the time-dependent model at 9am, and the variables [HO,],
[ROs], [NO], [NO,], [OH], and T are given diurnal behavior typical of the UC-BFRS
measurement site. The results are shown in Fig. 2, where the steady-state predic-
tions of APN,/APNg are plotted relative to the time-dependent predictions versus time
of day. By noon, the system reaches some stationary state and remains there un-
til about 17:00, at which time G is changing rapidly. For both cases, at all times of
day, the steady-state to time-dependent ratio is seen diverging from 1 as a result of
a continuously changing ratio of oVOC, to oVOCgz. While the system never reaches
the exact steady-state, the differences are tolerable when the divergence from steady-
state is slow. For example, in Case A, the steady-state model for APN ,/APNj is lower
than the time-dependent model by 10-15% throughout the afternoon. Case A, which
represents a scenario where two oVOC precursors have similar production and loss
terms, is likely, therefore, to result in an accurate steady-state prediction of APN ra-
tios. When the behavior of oVOCs is very different, however, the agreement between
time-dependent and steady-state predictions of the ratio worsens. As shown in Fig. 2,
the steady-state model is in agreement with the time dependent one to within about
35-45% in Case B. From this analysis, we conclude that an e-fold change in the oVOC
ratio over 150 min will result in a steady-state approximation accurate to 45% or better
when the APN lifetimes are 70 min. A faster change in oVOC ratios would become
tolerable with a corresponding decrease in APN lifetime.

If we now consider a third APN, APN., which has an appreciable loss rate to reac-
tion with OH, the time-dependent model for the ratio of APN, to APN, or APNg will
become more sensitive to the individual rates of change of each oVOC precursor, as
opposed to changes in the oVOC ratios. This results from the lack of cancellation of
the loss terms for the two APNs in Eq. (9). Steady-state predictions of absolute con-
centrations of APN, will be more accurate due to the shorter APN. lifetime, but the
accuracy of the steady-state model in predicting APN./APN, and APN-/APNg may be
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degraded. For comparison to the scenarios above, we assume the same conditions as
in cases A and B and that the loss of APN, to OH is about 40% of the total APN; loss
rate (Trg~90 min and Trop,r3_5~70 Min). Although the above analysis suggests some
degradation of the accuracy of the steady-state approximation for the ratio, we find the
steady-state predictions of ratios of APN-/APN, or APN-/APNg (Eq. 7) to be within
10% of the predictions for APN ,/APNg in both cases A and B.

3.3 Application of the steady-state model to MPAN, PPN, and PAN

Application of the steady-state model to specific APNs requires defining the production
and loss terms for each APN.

3.3.1 MPAN, PPN, and PAN loss

Three important reactants for acyl peroxy radicals are NO, HO,, and organic peroxy
radicals (RO,). NO concentrations are inferred by assuming a photo-stationary state
relationship between NO,, ozone, and peroxy radicals (HO,+RO,) through the follow-
ing equation:
INOJ = Ino,[NO;] (10)
ko, +NolHO2] + Kro,+No[RO2] + koo, (O]

The photolysis rate of NO, (Jyo,) is obtained from the TUV model (Madronich, 1987),
calculated with varying solar zenith angles at every half hour intervals over the entire
campaign while holding other parameters constant (cloud optical depth=0; aerosol
optical depth=0.235; ozone column=300 Dobson units; single scattering aerosol
albedo=0.990). The model output was scaled by measured PAR to account for the
occasional periods of cloud cover. The rate constants used for calculating [NO] are
listed in Table 1.

RO, concentrations are estimated through a separate steady-state relationship
where production occurs from the reaction of OH with a suite of VOCs and loss is due
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to reaction with NO, HO,, and other RO, radicals. This relationship leads to Eq. (11),
which can be reduced to a quadratic equation.

> k[OHIIVOC]

/
[RC.| kio,+r0,[HO2] + Ano+Ro,[NOI] + 2KRo, +R0,[RO:] )
Egs. (10) and (11) are solved iteratively until values of NO and RO, are obtained with
convergence criteria of <1% precision. An uncertainty of a factor of 2 in either RO,
or NO concentrations propagates into an additional uncertainty of 15-20% in the other
radical.

Thermal decomposition rates of PAN and MPAN are considered to be the same in
this analysis. Decomposition of PPN, however, is measured to be 25% slower (at
298K and 1 atm) by Kirchner et al. (1999). Reactions of acyl peroxy radicals (with NO,
NO,, HO,, or RO,) are generally considered to be independent of R group (Roberts
and Bertman, 1992). An additional difference in the chemical removal of the various
APNs is reaction with OH. Of the three APNs that we are considering, only MPAN has
an appreciable loss rate to reaction with OH (7~2h for [OH]=5><106 molecules cm‘3),
stemming from an alkene moiety (Orlando et al., 2002). PPN and PAN, in contrast,
have lifetimes on the order of weeks to months with respect to 5x10° molecules cm™
OH. APN deposition velocities are on the order of 107" cms™’ (T4ep~20—100 h) (Wolfe
et al., 2009), making deposition a 2—6% per hour sink and small enough to neglect in
this analysis.

3.3.2 MPAN, PPN, and PAN production

Production of MPAN; occurs by abstraction of the aldehydic hydrogen from
methacrolein during reaction with OH, followed by the effectively instantaneous ad-
dition of O,. Equation (12), then, describes MPAN; production rate:

P(MPANota) = @macrK1macr[OHIIMACR], (12)
9894
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where a represents the aldehydic abstraction branching ratio from the reaction of
methacrolein (MACR) with OH (@,,,,=0.45) and k4 acr represents the rate coefficient
for the total reaction of OH+MACR.

Similarly, production of PPNy occurs from the abstraction of the aldehydic hydrogen
from propanal. The branching ratio for this process (Qpopanal) is ~1 since the aldehydic
H is the only appreciably reactive functionality.

P(PPNrota1) = apropanalk1 propanal[OH][prOpanal] (13)

Production of PAN; occurs upon oxidation of acetaldehyde (acetal) (Carter, 1990),
methyl glyoxal (MGLY) (Romero et al., 2005; Baeza-Romero et al., 2007), methacrolein
(MACR) (Orlando et al., 1999), and methylvinyl ketone (MVK) (Tuazon and Atkinson,
1989), and through the photolysis of biacetyl (biacet) (Carter, 1990; Klotz et al., 2001).
The pathways to PA radical from these five compounds are shown in Scheme 2.

The abstraction of the aldehydic H (.01 =1) from acetaldehyde by reaction with OH
leads to the PA radical:

PAacetaI = aacetalk1 acetaI[OH][acetaI] (14)

Reaction of MGLY with OH (Baeza-Romero et al., 2007) occurs almost exclusively via
abstraction of the aldehydic H (ay,q,=1), and the corresponding acyl radical promptly
decomposes to yield an energized acetyl radical and CO. After relaxation, the acetyl

radical reacts with O, to form the PA radical, and PA, is quantified as follows:

PAmgly = @mglyK1mgy[OHIIMGLY] (15)

We assume that the acetyl radical produced from the decomposition of the MGLY +OH
reaction product gives the PA radical exclusively in the presence of O,, however, there
is some evidence for a lower PA yield because the energized acetyl radical product
decomposes into CO and CH; at 40% yield (Baeza-Romero et al., 2007). Photolysis
of MGLY can also lead to PA production, and the rate of PA production from MGLY +hv
(Staffelbach et al., 1995) is expected to be similar to the actual rate of OH oxidation at
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[OH]=5x10° moleccm™. By neglecting MGLY +hv and using unity yield of PA from the
MGLY reaction with OH, we introduce compensating errors that result in a reasonable
approximation of PAygy-

The PA production from MVK (Tuazon and Atkinson, 1989) starts from the reaction
of OH with MVK at the terminal carbon of the carbon-carbon double bond at 70%
yield (Tuazon and Atkinson, 1989), producing a hydroxy peroxy radical (species |,
Scheme 2). Reaction of the peroxy radical with NO yields an alkoxy radical (species Il),
the O, initiated decomposition of which produces a PA radical and glycoaldehyde, an-
other 2nd generation isoprene oxidation product. The major competing pathway for the
peroxy radical is the radical chain terminating reaction with HO,. The reaction of the
MVK-derived peroxy radical with RO, can also lead to production of species Il with an
estimated yield of 60% (Jenkin et al., 1997), with the remaining yield corresponding to
products that are inconsequential to PA radical production. It was determined that for
this analysis, this RO, chemistry has a negligible impact on the estimated PA radical
production and it is ignored here. Similarly, alkyl nitrate formation (<10% yield) is also
expected to have a negligible impact on the calculation of PA,,«. Thus, the branching
ratio for production of the alkoxy radical can be estimated as the rate of its reaction with
NO relative to its total loss rate from reactions with NO and HO,. Decomposition of the
alkoxy radical leads to the formation of glycoaldehyde and PA radical. The PA source
from MVK is thus given by:

Kro,+No[NO]
kro,+No[NO] + Aro, ++0,[HO:]

The MACR pathway to the PA radical (Orlando et al., 1999) proceeds through the same

acyl peroxy radical that produces MPAN (MACQO;). But if the MACOg radical reacts

with NO instead of reacting with NO, to form MPAN, the resulting alkoxy radical de-

composes to give CO, and the 1-methylvinyl radical (MVR). MVR quickly forms an O,

adduct (species lll) which either decomposes or reacts with NO. Decomposition of the

MVR-O, adduct proceeds via two possible pathways: one forming two formaldehyde
9896
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(CH,0) molecules and CO or one giving CH,O and the PA radical. The yield of the CO
channel was determined to be 65% by Orlando et al. (1999). MVR-O, reaction with
NO also leads to PA radicals and CH,O. The yield for PA radical production from the
MVR-O, adduct, therefore, is taken as 35%, regardless of NO concentration (Orlando
et al., 1999).

The calculation of PA,., depends on the rate of MACOj; reaction with NO and the
branching ratio of the MVR-O, adduct decomposition. The MACO; concentration can
be calculated directly from the steady-state equation (Eq. 2) for AP radicals. The equa-
tion for PAoc; iS:

PAmacr = 0.35 x ks[MACO4][NO] (17)

Acetone is known to form PA radical through photolysis (Blitz et al., 2004), however,
its lifetime of ~60h in the lower troposphere is too long to be relevant for the current
analysis. Likewise, photolysis of MACR (7~50h) and MVK (7=59 h) are also too slow
(Gierczak et al., 1997) to be a significant fraction of total PA production at UC-BFRS.
An additional pathway that is likely to be significant is the photolysis of biacetyl (2,3-
butanedione), which leads to the production of two PA radicals as shown in Scheme 2
(Klotz et al., 2001). We use a suggested scaling factor relative to Jyo, (3.64%) for the
biacetyl photolysis rate (Jpjacet) (Klotz et al., 2001). PA production from biacetyl is then:

PAbiacet = 2Jpiacetlbiacetyl] (18)

4 Observations of APNs and their precursors during BEARPEX
4.1 Diurnal observations of APNs and oVOC precursors

As a result of the extremely small day-to-day variability of horizontal transport con-

ditions between Sacramento and the measurement site (UC-BFRS), interpretation of

diurnal patterns is instructive for understanding the biogenic and anthropogenic contri-

butions to various species. Locally emitted biogenic VOCs, for example, often follow
9897
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daytime temperature and sunlight cycles coupled to boundary layer dynamics. Iso-
prene and its oxidation products typically arrive at the site around noon, after a few
hours transport from the Oak forests in the foothills. The mixing ratios of anthropogenic
compounds and their oxidation products which are carried from Sacramento, further
upwind, peak several hours after the arrival of the isoprene plume, typically between
18:00—20:00 PST.

Average (median) diurnal concentrations of the three most abundant APNs, PAN,
PPN, and MPAN, are shown in Fig. 3 (right panels) along with that of their oVOC pre-
cursors (left panels). Averages are obtained only from those times when APN and
oVOC measurements were concurrent, which spanned the time period from 24 Au-
gust to 27 September. The differences in the diurnal profiles of APNs can be quali-
tatively (and quantitatively, as we show below) explained by diurnal variations of their
oVOC precursors. MPAN (Fig. 3, top right) peaks at 14:00 PST, concurrently with peak
methacrolein concentrations (Fig. 3, top left), and then steadily decreases throughout
the late afternoon and night. PPN (Fig. 3, middle right) rises steadily throughout the
afternoon, peaking at 19:00-20:00 PST, nearly concurrently with the peak in propanal
(Fig. 3, middle left). PAN (Fig. 3, bottom right) increases rapidly in the early afternoon
and peaks later than the MPAN peak, but earlier than the PPN peak. This pattern is
consistent with combined sources of PAN being from both biogenic and anthropogenic
precursors, as shown by the diurnal profiles of MVK and acetaldehyde (Fig. 3, bottom
left).

4.2 Estimated PAN production rate

The total production rate of the PA radical is given by summing Eqgs. (14)—(18):
P (PANTotaI) = |:)Amvk + IDAmacr + IDAacetaI + IDAmeg + I:’Abiacet (19)

Acetaldehyde, MVK, MACR, and biacetyl were measured during BEARPEX, but MGLY

was not. To calculate P(PANt,), therefore, we use an estimate of MGLY concentra-

tions based on MGLY observations made in August and September of 2000 at UC-
9898
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BFRS by Spaulding et al. (2003). Observed concentrations ranged from 32—-320 pptv,
with a mean of 130(+60) pptv. In addition to isoprene, MGLY is also an oxidation prod-
uct of acetone as well as a number of aromatic species (Tuazon et al., 1986; Smith et
al., 1999). Spaulding et al. (2003) used factor analysis to conclude that its sources at
UC-BFRS were primarily biogenic in origin (Spaulding et al., 2003). Based on this, we
give our estimated MGLY mixing ratios a simple temperature dependence to simulate
a biogenic source. At 15°C and below, we use the observed nighttime background
values of 30 pptv; above 15°C the concentrations follow a linear relationship:

270 pptv pptv) (T - 15) (20)

15
We estimate a factor of 2 uncertainty in MGLY by this equation, resulting in variations
of about 10% in the PA radical production rate (P(PAN1yz))-

It is instructive to view P(PAN+,, ) and the relative strengths of each individual source
as a function of temperature (Fig. 4). The data in Fig. 4 is obtained by taking a running
average of the calculated production rates, using observations of oVOCs, along the
temperature coordinate. The magnitude of each PA production source increases with
temperature even for non-biogenic precursors as a result of the 2—3 fold increase in the
observed OH concentrations over this temperature range. Isoprene-derived sources,
particularly PA,«, increase at a still more rapid rate. PA,.., however, decreases as
a fraction of P(PANy,) from about 80% at the lowest temperatures to about 35% at
the highest temperatures. At temperatures above 20°C, methylvinyl ketone (PA,,,i) be-
comes the dominant non-acetaldehyde source of PA radicals, reaching about 35% of
the total and 60% of the non-acetaldehyde source on average at the highest temper-
atures. Methacrolein is a relatively minor source of PA radicals at UC-BFRS. PA ..
is less than 4% of P(PANy,) at any temperature. Our estimate for PA., is about
10% of the total at 30°C. The photolytic biacetyl source shows a slight increase at high
temperatures. Biacetyl concentrations remain relatively constant, but PA,;,..: increases
with temperature as a result of an increase in the photolysis rate on the hotter days of
the campaign, which were earlier in the season and experienced slightly lower solar
9899
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zenith angles. As a fraction of the total PA source, PAy;,.et decreases with increasing
temperature, ranging from about 30% to about 15% of the total, at the low and high
temperature limits, respectively. A summary of these results is given in Table 2, which
describes averages for the entire campaign as well as those for both high (>20°C)
and low (<20°C) temperature periods. The fractional PA production rates are given for
each individual source, for the lumped non-acetaldehyde sources, and for the lumped
isoprene-derived sources (MVK+MACR+MGLY). The absolute PA radical production
rate is also given.

5 APN sources

As the derivation of Egs. (7) and (8) demonstrated, APN ratios are almost exclusively
sensitive to the behavior of the source oVOCs. Figure 5 shows the dependence of the
ratios MPAN/PPN (Fig. 5a), MPAN/PAN (Fig. 5b), and PPN/PAN (Fig. 5b) on temper-
ature. MPAN/PPN and MPAN/PAN ratios increase with temperature from about 0.3 to
~3 and 0.03 to 0.15, respectively. PPN/PAN, conversely, decreases with temperature
from about 0.15 to 0.05. Qualitatively, this behavior is consistent with an increase in
biogenic VOCs with temperature and with MPAN being biogenic in origin, PPN being
anthropogenic in origin, and PAN having some combination of both. Also shown in
Fig. 5 are the predicted ratios, calculated using Eq. (7).

In order to increase the number of calculations that can be compared to the APN ob-
servations, a single average value of [NO,] is used (400 pptv), while NO is allowed to
vary according to the photo-stationary state equation (Eq. 10) with inputs of HO,, RO,,
O3, and Jyp, in order to capture diurnal changes in the NO/NO, ratio. Our primary in-
terest is in resolving temperature-dependent discrepancies between observations and
models, which are sensitive to the NO,/NO ratio rather than the magnitude of total
NO,. We investigated whether diurnal changes in the absolute concentration of NO,,
which has a coincidental negative correlation with temperature, are important for our
analysis and concluded that there was no change in our conclusions if we fix NO, or
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vary its concentration with time of day based on a diurnal average. The uncertainty
in the calculated APN ratios is estimated to be ~40% based on propagation of the
uncertainties in the individual observations used in Eq. (7), a similar or larger value
to the accuracy expected based on approximations used to derive the equation. The
experimental uncertainty stems mainly from the uncertainty in absolute concentrations
of calibration standards, and thus does not have any temperature dependence.
Panels a—b in Fig. 5 show that the predicted ratios exhibit the same general behavior
as the observations for all three APN pairs. Figure 6 shows the comparison between
observed and predicted APN ratios along the temperature coordinate. A value of 1
in this plot corresponds to perfect agreement between observations and predictions.
All data points in this figure are the averages of between 5 and 8 individual half-hour
measurement-model pairs. The bars represent the 10 variance of the mean for each
bin. As discussed previously, the accuracy in predicting relative APN concentrations
with the steady-state equation relies on the oVOC precursors for both APNs having
similar sources and sinks, such that there are slow (relative to the APN; lifetime) up-
wind changes in the oVOC ratio. The main driver of differences in oVOC behavior
along the Sacramento-UC-BFRS transect is the relative importance of anthropogenic
versus biogenic, and primary versus secondary sources of the oVOCs. Smaller differ-
ences arise from the different lifetimes of the oVOC precursors. The emission sources
of the anthropogenic parent compounds to propanal and acetaldehyde are negligible
immediately outside of Greater Sacramento (Dillon et al., 2002; Murphy et al., 20086,
2007), while the emission sources of the parent compound to both MVK and MACR
(isoprene) maximize about an hour or so downwind of Greater Sacramento. In the im-
mediate upwind vicinity of UC-BFRS, therefore, propanal and acetaldehyde are more
likely to be following an exponential decay, while changes in MACR and MVK are more
likely affected to some extent by local production. A useful strategy for estimating the
upwind behavior of 0VOCs is to calculate the instantaneous loss and production rates
at UC-BFRS for each oVOC. Using observations of isoprene and OH at UC-BFRS, we
find that production of MVK and MACR exceeds their chemical loss at high tempera-
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tures by as much as a factor of 1.6 and 2.3, respectively. Production rates calculated
for propanal from observations of n-propanol, and for acetaldehyde from observations
of ethanol, are estimated to be only about 10% and 50%, respectively, of their loss
rates to OH. In addition to chemical production, however, local emissions are likely to
be an additional source of acetaldehyde at UC-BFRS (Schade and Goldstein, 2001).
At an estimated flux of 0.2mgC m=2h~"' at 30°C (Schade and Goldstein, 2001), emis-
sions of acetaldehyde correspond to an atmospheric production rate similar to that
expected from ethanol oxidation. Thus, acetaldehyde loss is calculated to be equal to
the sum of chemical production and local emissions, with the effect that acetaldehyde
is approximately in steady-state at a constant value upwind of UC-BFRS.

The calculated lifetimes of PAN; and PPN range from ~4h at 15°C to ~50 min at
30°C, while that of MPAN; ranges from ~2 h to ~25 min over the same range. The pre-
dictions and observations of all three APN ratios are in agreement to better than 40%
at temperatures above 27°C and within 25% at the highest temperature. Deviations of
the steady-state predictions from observations at low temperatures can be explained
by significant differences in the loss rates for MPAN relative to PPN and PAN as a re-
sult of its fast loss to OH, which are especially apparent at low temperatures where
loss to thermal decomposition for APNs is slow. Under these conditions, the steady-
state equation (Eqg. 7) will not approximate the time-dependent equation (Eq. 9). For
the conditions observed during BEARPEX, Reaction (R6) becomes the dominant loss
pathway for MPAN when temperatures are below 24°C. At 30°C, Reacton (R6) ac-
counts for about 40% of the total loss of MPAN. Therefore, the ratios involving MPAN
are significantly underestimated as temperatures get colder. Similarly, since the de-
composition lifetime of PPN is about 30% lower than PAN at the lowest temperatures,
the PPN/PAN ratio is significantly overestimated at these temperatures.

The agreement of the MPAN/PPN ratio predictions with observations at the highest
temperatures is evidence that upwind variations in oVOC precursor ratios are slow rel-
ative to APN; even for biogenic/anthropogenic oVOC pairs. Therefore, the agreement
between predictions and observations of the MPAN/PAN ratio and PPN/PAN ratios at
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these temperatures are evidence that our parameterization of PA radical production is
accurate or that we have underestimated the production of all 3 AP radicals equally.
The latter option we dismiss as unlikely. We estimate, therefore, based on the total
uncertainty in the steady-state approximation, that the PA radical budget is closed to
within 40%. To our knowledge, this is the first experimental study where explicit bottom-
up analysis of the PA radical budget has achieved closure in a region heavily influenced
by isoprene chemistry.

The importance of representing isoprene chemistry explicitly through a few genera-
tions of stable products is highlighted by the importance of MVK, MACR, and MGLY in
the production of PA radicals. These compounds contribute up to 50% of total PAN pro-
duction. The magnitude of our inferred non-acetaldehyde PA radical source is similar
to those reported for other biogenically influenced observations, typically in the range
of 2-3 times that of the acetaldehyde source (Roberts et al., 2001, 2006; Cleary et
al., 2007). During BEARPEX 2007, values ranged from ~0.5 to ~4 times the calcu-
lated production from acetaldehyde and were about 1.7 times that of acetaldehyde on
average at temperatures greater than 20°C.

6 Absolute APN concentrations

In Sect. 5 we used APN ratios to constrain their production rates. Here we take those
production rates as known values and evaluate our understanding of APN loss rates
using absolute APN concentrations. Figure 7 shows the steady-state concentrations
for PAN, MPAN, and PPN (Eq. 5) divided by the observations as a function of temper-
ature. As in Fig. 6, all observations in this figure are the averages of between 5 and 8
individual half-hour measurement-model pairs, with bars representing the 1o variance
of the mean. As shown in Fig. 7, the modeled-to-observed ratios for all three APNs
are significantly different from 1 at temperatures below 15°C. This disagreement is ex-
pected for all three APNs: both the long APN lifetimes at low temperatures and the
dependence of the steady-state predictions on changes in absolute oVOC concentra-
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tions over this lifetime contribute to these differences. The model prediction of excess
PAN and PPN implies that the rate of change in the production term exceeds the APN;
loss rate (i.e. the exponential term in Eq. (6) is positive) at low temperature. Conversely,
the prediction of too little MPAN implies that its loss rate remains fast enough (due to
its reaction with OH) that it exceeds the rate of change in oVOC precursor (MACR)
concentrations (i.e. the exponential term in Eq. (6) is negative).

The model agrees with observations for PAN to within 25%, for PPN to within 50%,
and for MPAN to within 35% between 15°C and 20°C. Above 20°C, all three APNs
are increasingly over-estimated by the model. The model for all three APNs pre-
dicts 60—100% more than is observed at temperatures greater than 27°C. This result
is surprising since deviations from steady-state should approach zero (modeled-to-
observed ratio=1) as temperatures rise and APN lifetimes decrease. While deposi-
tion is not considered in our steady-state model, its inclusion decreases the predicted
APN concentrations only by ~5% at high temperatures using the highest deposition
velocity (1.3cm 3'1) reported by Wolfe et al. (2009). Additionally, the assumption that
[APN]~[APN;] is valid since we calculate that AP radical concentrations are less than
3% of their corresponding APN over the entire campaign.

We suspect that the chemical model used to describe APN concentrations is miss-
ing a significant reactive loss channel for AP radicals. It is unknown whether this is
a result of an error in our estimation of the NO, HO,, or RO, loss rates or a result of
neglecting some additional loss term, such as photolysis or aerosol uptake. A signifi-
cant uncertainty in the model is in the estimate of the AP+RO, reaction rate, stemming
from an uncertainty in the estimated concentrations of RO, (from Eq. 11) and in the
reaction rate constant (k5). We estimate that the average RO,/HO, ratio is about 4,
and at high temperatures, RO, can contribute to as much as 35% of the total AP rad-
ical loss. The rate constant used in our analysis for these reactions is that reported
for the reaction of the PA radical with the methyl peroxy radical (CH30,). Villenave et
al. (1998) have suggested, based on experimental and theoretical considerations, that
reactions of acyl peroxy radicals with any peroxy radical will proceed at a rate simi-
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lar to that of PA+CH30,, regardless of the size or functionality of the organic chains.
The reactions of acyl peroxy radicals with hydroxy-functionalized RO, radicals were
not specifically considered by Villenave et al. (1998), nor have they been investigated
in any other experimental study, to our knowledge. This is important as the majority of
peroxy radicals at UC-BFRS during the afternoon are hydroxy-peroxy radicals derived
from 2-methylbut-3-en-2-ol (MBO), isoprene, terpenes, and their respective oxidation
products. An increase in the rate constant for AP radicals reacting with the pool of RO,
radicals by a factor of 3 would bring the predicted APN concentrations into agreement
with observations at the highest temperatures. For comparison, the RC(0O)O,+HO,
rate constant is about a factor of 1.5 higher than the RC(0)O,+RO, rate constant.

An increase in the calculated RO, concentrations would also help explain the model
bias and may be a more likely possibility since a significant increase in k5 would lead
to a lower estimate of [RO,] via Eq. (11), since the effective Kro,+Ro, rate constant
would increase. The RO, production term in Eq. (11) neglects direct production from
carbonyl photolysis, alkene ozonolysis, and decomposition of alkoxy radicals, which
may be important at UC-BFRS. Without running a detailed chemical model, which is
beyond the scope of this study, it is difficult to make a better approximation for RO,.
Our estimates are, however, consistent with those resulting from an analysis of the
NO-NO,-O5 photo-stationary state at UC-BFRS in 2001 (Day et al., 2009). While it
seems unlikely that RO, is under estimated by a factor of 3, there is some precedent in
the literature for higher observed RO,/HO, ratios than our estimation during BEARPEX
(Mihelcic et al., 2003; Emmerson et al., 2007).

While we believe that chemical loss of AP radicals is the most likely source of error
in the model, there are other possibilities that may contribute to the observation-model
differences.

We have also considered, for example, the likelihood that fast spatio-temporal varia-
tions in APN sources or sinks may be responsible for driving APNs out of steady-state.
The changes required in [oVOC], B, and/or [OH] over the 5-10 km upwind of UC-BFRS
are too fast to be realistic based on previous work modeling the Sacramento-UC-BFRS
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transect (Perez, 2008; Perez and Cohen, 2009).

7 Conclusions

We have presented an observationally constrained steady-state analysis of PAN, PPN,
and MPAN. We estimate a total non-acetaldehyde source of peroxy acetyl radicals (PA),
and thus PAN, that is up to ~4 times that of acetaldehyde and find that methylvinyl ke-
tone, methyl glyoxal, biacetyl, and methacrolein represent 63% of the total PA radical
source on average at the highest observed temperatures. The magnitude of the non-
acetaldehyde PA radical source is similar to and occasionally higher than previously
reported PA radical budget gaps (Roberts et al., 2001, 2006; Cleary et al., 2007).
Methylvinyl ketone, an isoprene oxidation product, explains, on average, ~40% of the
non-acetaldehyde source when MVK concentrations exceed 1 ppb, which is about 50%
of the afternoon observations. Biacetyl can contribute 15% the total PA production
under high temperature conditions, but it is most important in a relative sense when
isoprene-derived sources are low. At temperatures below 20°C, acetaldehyde con-
tributes ~60% and biacetyl accounts for ~25% of the total PA radical sources.

We find that the MPAN/PAN and PPN/PAN ratios can be described by a steady-state
model to within 40% at temperatures greater than 15°C, thus verifying the proposed
mechanisms for PA radical production. Predictions for the MPAN/PPN ratio are within
40% of observations at temperatures above 27°C. Absolute concentrations of PAN,
PPN, and MPAN are all predicted to be too high by a factor of 1.6—2 at the highest
observed temperatures, indicating some common bias in the steady-state model. From
this, we suggest that experiments aimed at measuring the rate constants of the PA
radical with a series of hydroxy peroxy radicals are needed to constrain the loss rates
of APNSs in low NO,/high VOC regimes.
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Table 1. Rate constants used in analysis.
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& Where k(M)

k (T) or k(T ,[M])? k (298 K) a” Reference
VOC+ OH reactions
methacrolein 8.0x10" "2 exp(380/T) 2.9x10°"" 0.45 (Atkinson et al., 2006)
acetaldehyde 4.4x107"2 exp(365/T) 1.56x107"" 1 (Atkinson et al., 2006)
propanal 5.1x107'2 exp(405/T) 2.0x107" 1 (Atkinson et al., 2006)
methy! glyoxal 1.83x10™'2 exp(560/T) 1.2x107" 1 (Baeza-Romero et al., 2007)
methyl vinyl ketone 2.6x107"2 exp(610/T) 2.0x10""  N/A (Atkinson et al., 2006)
Acyl Peroxy Radical reactions
RC00,+NO, —APN (R2a) ky=2.7x107%8 (1/300) ™" 1.0x10™""  N/A  (Atkinson et al., 1997, 2004)
k=1.2x10"" (T/300)"%°
Foer=0.3
N=1
APN—RCO00,+NO, (R2b) ko=4.9x10"° exp(-12100/T)  4.6x10™* N/A (Atkinson et al., 1997, 2004)
ko,=4.0x10"® exp(-13600/T)
Foor=0.3
N=1.41
PPN—C,H;C00,+NO, ko=1.7x1072 exp(-11280/T)  4.6x10™° N/A (Kirchner et al., 1999)
k,,=4.0x10"® exp(-13940/T)
Foom=0.36
N=1.41
RCO0,+NO—products (R3)  8.1x10 "2 exp(270/T) 2.0x10™""  N/A (Atkinson et al., 1997, 2004)
RCOO,+HO, —products (R4) 4.3x107"3 exp(1040/T) 1.4x10"""  N/A  (MCM, 2003)
RCO0,+R0, —products (R5) 2.0x10™"? exp(500/T) 1.1x10™"  N/A  (Tyndall, 2001)
APN+ OH reactions
PAN NI/A 3x10"™ N/A (Talukdar et al., 1995)
PPN NIA 3x107"  N/A Estimated from
(Carter and Atkinson, 1985)
MPAN NIA 32x107'2  N/A (Orlando et al., 2002)
HO, and NO, reactions
HO,+RO, 2.9x107" exp(1300/T) 2.3x10™""  N/A  (MCM, 2003)
RO, +RO, NIA 2.4x107'2  N/A (MCM, 2003)
NO+RO, 2.54x10" "2 exp(360/T) 85x107'2  N/A  (MCM, 2003)
NO+HO, 3.5x107"2 exp(250/T) 8.1x107'2  N/A (NASA, 2006)
NO+0, 3.0x107"2 exp(-1500/T) 2.0x10™" N/A (NASA, 2006)
= S+ F. and log(F,) = — e _ 2
e <('°9 K’)
T+ —w

Pais the branching ratio for aldehydic abstraction.
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Table 2. Summary of PA radical sources for entire campaign, temperatures above 20°C, and

temperatures below 20°C.

Full Campaign (n%=66)

Temperatures>20°C (n=46) Temperatures<20°C (n=20)

PA Source mean (%) median (%) max (%) mean (%) median (%) max (%) mean (%) median (%) max (%)
Acetaldehyde 45.7 41.4 89.7 36.9 37.5 54.5 59.2 57.7 89.7
Methylvinyl Ketone (MVK) 26.3 31.8 48.2 35.9 35.6 48.2 11.6 12.3 321
Methacrolein (MACR) 1.9 1.9 3.8 1.9 1.9 3.3 1.8 1.8 3.8
Biacetyl 19.5 17.4 56.8 15.4 13.9 33.1 25.9 23.9 56.8
Methyl Glyoxal (MGLY)b 6.6 8.3 137 9.9 9.9 137 1.6 1.6 5.7
Total non-acetaldehyde 54.3 58.6 80.7 63.1 62.5 80.7 40.8 42.3 69.7
Total isoprene-derived® 34.8 40.7 63.7 47.7 48.1 63.7 14.9 16.2 39.0
Total PA Production Rate®  3.0x10°  2.6x10°  1.2x10” 4.4x10°  42x10°  1.2x107 1.0x10°  9.1x10°  2.4x10°

2 n represents the number of 30 minute averaged observations for each time period.
P MGLY concentrations estimated from Spaulding et al. (2003) according to Eq. (20).
¢ Isoprene-derived sources include MVK, MACR, and MGLY.

4 Production rate given in units of moleculescm™

3
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8 10 12 14 16
Hour of Day

Fig. 1. oVOC profiles for time-dependent simulations of APNs: (a) Case A: both oVOCs de-
creasing exponentially with e-folding lifetimes of ~2.5 (0VOC,) and ~3.5h (0VOCg) with no
production (P/L=0) and (b) Case B: oVOC, decreasing as in scenario A, and oVOCg having

equal production and loss rates (P/L=1).
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Fig. 2. Ratio of results from steady-state (SS) to time-dependent (TD) model for predicting
the ratio of APN,/APNg for the two different cases of oVOC behavior described in the text and

illustrated in Fig. 1a—b.
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Fig. 4. Behavior of different PA production sources vs. temperature. Mechanisms for each
production route are shown in Scheme 2. This figure is obtained by using a running average
with temperature of the calculated production rates from observations of oVOCs.
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MPAN/PPN Ratio

Temperature (°C)

Fig. 5. Observed APN ratios vs. temperature: (a) MPAN/PPN (blue squares) and (b)
MPAN/PAN (red triangles) and PPN/PAN (blue squares). Also shown are the steady-state
predictions for each ratio, binned by temperature (connected symbols); the bars represent the

10 variance of the predicted mean.

9922

APN/PAN Ratio

Temperature (°C)

ACPD
9, 9879-9926, 2009

Observations of acyl
peroxy nitrates (PAN,
PPN, and MPAN)

B. W. LaFranchi et al.

1] i


http://www.atmos-chem-phys-discuss.net
http://www.atmos-chem-phys-discuss.net/9/9879/2009/acpd-9-9879-2009-print.pdf
http://www.atmos-chem-phys-discuss.net/9/9879/2009/acpd-9-9879-2009-discussion.html
http://creativecommons.org/licenses/by/3.0/

1750

e \[PAN/PAN

=i PPN/PAN
s \IPAN/PPN

—_
[6)]

1.25

0.75

©
o1

Modeled / Observed APN Ratios

0.25

Temperature (°C)

Fig. 6. Modeled-to-observed ratios for: PPN/PAN ratio (blue squares), MPAN/PAN ratio (red
circles), and MPAN/PPN (green triangles). The bars represent the 1o variance of the mean.
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Fig. 7. Modeled-to-observed ratios for: PAN (blue squares), PPN (green triangles), and MPAN

15 20
Temperature (°C)

(red circles). The bars represent the 1o variance of the mean.
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ACPD
9, 9879-9926, 2009

(a) Warm APNr
Observations of acyl
RC(O)OONO: + products peroxy nitrates (PAN,
PPN, and MPAN)
NO As _NOZ
fast2 very fast B. W. LaFranchi et al.
oVOC __OH RC(0)0; m products
(b) Cold
RC(O)OONO, %, products e
e e e
NO A, -NO;
fast2 very slow ! !
NO, HO,, RO
Scheme 1. APN chemistry schematic under warm (a) and cold (b) conditions. APNj; is the _
sum of APN (RC(O)OONO,) and the AP radical (RC(0)0O,). _
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Scheme 2. Reaction mechanisms for the production of the peroxy acetyl radical (PA), which is
outlined by a box in each case.
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