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Abstract. Acyl peroxy nitrates (APNs, also known as PANs) average during the campaign, respectively. At high tempera-
are formed from the oxidation of aldehydes and other oxy-tures, when upwind isoprene emissions are highest, oxidation
genated VOC (oVOC) in the presence of NOThere are  of non-acetaldehyde PA radical sources contributes over 60%
both anthropogenic and biogenic oVOC precursors to APNsto the total PA production rate, with methylvinyl ketone be-
but a detailed evaluation of this chemistry against observaing the most important of the isoprene-derived sources. An
tions has proven elusive. Here we describe measurementmalysis of absolute APN concentrations reveals a missing
of PAN, PPN, and MPAN along with the majority of chem- APN sink that can be resolved by increasing the BRO;

icals that participate in their production and loss, including rate constant by a factor of 3.

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 1
the Sacramento urban plume. These observations are used

to evaluate a detailed chemical model of APN ratios andacyl peroxy nitrates (APNs, also known as PANSs) are an
concentrations. We find that the ratios of APNs are near'yimportant class of reactive nitrogen Species having the gen-
independent of the loss mechanisms and thus an especialbtal structure: RC(O)OONLD In urban source regions, APN
good test of our understanding of their sources. We showproduction acts as a net sink for NONOx=NO+NGy). Un-

that oxidation of methylVlnyl ketone, methacrolein, methyl der h|gh NQ (VOC-||m|ted) conditions this temporary sink
glyoxal, biacetyl and acetaldehyde are all significant sourcesesults in increased ozone production rates by slowing the
of the PAN+peroxy acetyl (PA) radical reservoir, accounting rate of OH reaction with N@ and thus extending the HO

for 26%, 2%, 7%, 20%, and 45%, of the production rate on(HO,=OH+HO,) chain length. Downwind of the source re-
gion, where total N@levels have decreased, APN decompo-
sition injects NQ into the atmosphere under low N@on-
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production of ozone in the remote troposphere (Moxim et Many APNs are associated with a single oVOC precur-
al., 1996; Kotchenruther et al., 2001; Hudman et al., 2004;sor. For example, peroxy propionyl nitrate (PPN) is be-
Parrish et al., 2004), but it is also relevant to regions imme-lieved to be exclusively derived from propanal and methacry-
diately outside of urban areas (Sillman and Samson, 1995lpyl peroxy nitrate (MPAN) exclusively from methacrolein
Olszyna et al., 1997; Lei et al., 2007). (Williams et al., 1997; Roberts et al., 2001). However, PAN,
APN formation is initiated by the reaction of the hydroxyl which typically comprises about 80% of the total speciated
radical (OH) with or by photolysis of aldehydes, ketones, andAPNs (Roberts et al., 2007), has multiple o0VOC sources.
other oxygenated volatile organic compounds (0VOCs) (Re-Detailed chemical mechanisms indicate that in addition to
action Rla and R1b). When the product of these reactionsicetaldehyde, the isoprene oxidation products methyl gly-
is an acyl peroxy (AP) radical with the general structure, oxal (MGLY), methylvinyl ketone (MVK), and methacrolein
RC(0O)%, then reversible reactions with N@ form APNs  (MACR) are also potential sources of the peroxy acetyl (PA)

can occur (Reaction R2a and R2b). radical, the precursor to PAN. Consistent with this expecta-
tion, Roberts et al. (2001, 2002) found that for Nashville,

0VOC+OH(+02)—>RC(0)O, (R1a) TN, a region heavily impacted by isoprene emissions, pro-
duction of PA radicals was significantly higher than could be

0VOC+hv(+02)—RC(O)O, (R1b)  accounted for by acetaldehyde alone. Observations of PAN

off the coast of New England (Roberts et al., 2006) similarly

RC(0)02+NO2— RC(O)OONG, (R28)  showed a missing PA radical source that correlated with iso-
prene influence. A study using measurements of total per-

RC(O)OONO,—> RC(0)0,+NO> (R2b) oxy nitrates £PNSs) and the individual precursor aldehydes
at another isoprene-impacted site, immediately downwind of

R N R

G(0)Op+NO—products (R3) Sacramento, CA, led Cleary et al. (2007) to conclude that a

RC(0)O,+HO,— products (R4) PA radical source 3 times .greater than_ that from acetalde-
hyde was necessary to bring their estimate of PARNs

RC(0)0,+R0,—> products (R5)  Close to the~80% levels consistently reported elsewhere.
Conversely, in Houston, TX, a heavily urbanized area with

RC(O)OONO,+OH—products (R6) limited isoprene influence, PAN concentrations were con-

sistent with an acetaldehyde source without the need for

There is a strong temperature dependence to the equither oVOC (Roberts et al., 2001). Global modeling studies
librium between APNs and their AP radical intermediates (Horowitz et al., 1998; Folberth et al., 2006) using explicit
(RC(0)®), and to the APN lifetime with respect to thermal isoprene chemistry reach the same conclusion as the observa-
decomposition. At high temperatures, the rapid equilibriumtional studies—that isoprene emissions are a significant driver
(Reaction R2) makes it useful to combine APNs and theirof PAN production.
corresponding AP radicals into a chemical family, denoted A different approach was taken by Grosjean et al. (2002),
as APNr, as shown in Scheme 1a. In this situation, loss ofwho used observations of VOCs from Porto Alegre, Brazil
APNr, and therefore APNs, is limited by reaction of the AP as inputs into the SAPRC 97 model and determined that a
radical with NO (Reaction R3), HE(Reaction R4), or R®  lumped class of reactive aromatic compounds was a signifi-
(Reaction R5). At low temperatures, equilibration within the cant contributor to a series of dicarbonyls, including methyl
APN7 reservoir is slower. In this situation, described by glyoxal, which will lead to PAN formation. No comparison
Scheme 1b, loss of APNis limited by the thermal decom- of the model PAN output to observations was made in this
position rate of the APN and, in some cases, reaction of thestudy, nor has there been any other study, to date, that has
APN with OH. verified the mechanisms of PA radical production by directly

In addition to gas phase chemical removal, the APN comparing PAN measurements to calculations based on the
reservoir can be removed from the atmosphere by reactionebserved oVOC source distribution. With this in mind, the
in aerosol and fog (Roberts et al., 1996) or by dry depositionprimary objective of this study is to evaluate a comprehen-
(Turnipseed et al., 2006; Farmer and Cohen, 2008; Wolfe esive chemical mechanism for production of the PA radical
al., 2009). APN deposition can be an effective net sink for by comparison to observations. We approach this objective
NOy if APNs are lost to surfaces, or it can serve as a sourcédy making use of a steady-state model to determine whether
of NOy if deposition of the corresponding AP radical and mixing ratios of PAN, MPAN, and PPN, are in balance with
concurrent release of NOs important. APN deposition has their known sources and sinks. Cleary et al. (2007) evaluated
been discussed as a potentially important source of nitrogen steady model of APNs against a time-dependent model and
to plants (Sparks et al., 2003; Wolfe et al., 2009), with im- suggested that the lifetime of the ARNeservoir is often
plications for ecosystem productivity (Magnani et al., 2007), short enough compared to the timescale for changes in its
soil acidification, and nitrate concentrations in run-off (Byt- production rate, that a steady-state approximation will accu-
nerowicz and Fenn, 1996; Goulding et al., 1998). rately describe APN mixing ratios. In contrast to the Cleary
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et al. (2007) study, which used the APN steady-state modeBEARPEX 2007, measurements were greatly expanded over
to predict OH concentrations, the BEARPEX measurementghese previous experiments and included a range of anthro-
include OH and H®, thus providing an opportunity to thor- pogenic and biogenic VOCs, OH, HONOy and other ox-
oughly evaluate the APN steady-state model and to test théles of nitrogen (NGQ)), peroxides, CO, @ CO;, aerosol
mechanisms of PA radical production. composition and physical properties, and meteorological
variables. Measurements used in this analysis were made
from one of two walkup observation towers located0 m
2 Experimental apart. A complete overview of the campaign is given by Co-
hen and Goldstein (2009).
2.1 Site description
2.2 Measurements
BEARPEX 2007 took place at a site on a ponderosa pine
plantation owned and managed by Sierra Pacific Industriesn this analysis we use measurements of APNs, OH and
and adjacent to the University of California Blodgett For- HO,, a suite of VOCs, and N® The techniques and in-
est Research Station (UC-BFRS). The site is located 75truments used for these measurements have been described
km northeast of Sacramento, CA (1315ma.s.l, 3B.9 in detail previously. Speciated APN measurements were
120.6 W). The experiment began on 15 August 2007 andobtained via a custom-built thermal dissociation — chemi-
ended on 10 October 2007. cal ionization mass spectrometer (TD-CIMS) (Wolfe et al.,
Typical meteorological conditions at the site have been de2007, 2009). For this instrument, air was sampled from
scribed in detail previously (Lamanna and Goldstein, 1999;PFA inlets mounted on the North tower at 18 m through
Schade and Goldstein, 2001; Dillon et al., 2002; Kurpius30m of tubing (residence time2s) into a 19 cm length of
and Goldstein, 2003; Holzinger et al., 2005; Cabhill et al., 1/2’0OD PFA tubing directly attached to the CIMS instru-
2006; Farmer et al., 2006; Day et al., 2008, 2009). Briefly, ment and heated to 180. At this temperature, APNs dis-
the meteorology during the dry season (May-September) isociate into N@ and acyl peroxy radicals (RC(OXpwith
typified by high daytime temperatures, low rainfall, low hu- >95% efficiency. The hot sample gas then immediately
midity, clear skies, and extremely regular east/west, upslopepasses through a critical orifice into an ion-molecule reac-
downslope winds. During the wet season (October—April), tion region held at 60 Torr, where acyl peroxy radicals react
winds are less regular, temperatures are cooler, and thengith iodide to form carboxylate anions (Villalta and Howard,
is moderate rainfall and snowfall (Goldstein et al., 2000). 1996; Slusher et al., 2004). lons are transmitted through
September 2007 was cooler than typical and there were earlg collisional dissociation chamber into a quadrupole mass
snows in October 2007. spectrometer where they are mass selected and detected.
Daytime winds carry anthropogenically influenced air  In-situ calibrations and background determinations for the
from the Greater Sacramento Area, eastward up the slope ofD-CIMS were performed during the campaign using a pho-
the Sierra Nevada. The region between Greater Sacramentolytic PAN source and NO injection, respectively, as de-
and UC-BFRS is sparsely populated, and the plume developscribed by Wolfe et al. (2009). In CIMS, calibration con-
with minor inputs from additional anthropogenic emissions stants are typically assumed to be similar between a fam-
as it travels towards UC-BFRS (Dillon et al., 2002; Mur- ily of compounds, and previous work has shown this to be
phy et al., 2006, 2007). The anthropogenic plume has a distrue for most APNs with the exception of MPAN (Slusher et
tinct arrival time at the measurement site in the late afternooral., 2004). Post-campaign calibrations were done at NOAA-
that changes very little from day to day. A 20-25km wide ESRL simultaneously with a gas chromatograph electron
band of oak woodlands runs parallel to the Sierra Nevadacapture detection (GC/ECD) instrument (Roberts et al.,
foothills and is perpendicular to the mean flow from Sacra-2002) and a NO/N@NO, detector (Williams et al., 2000).
mento to UC-BFRS. In the morning, air that has relatively Absolute concentrations of PAN, PPN, and MPAN from a
little urban influence passes over the forest and accumulatestable diffusion source were verified using the NOANIDy
isoprene. This air arrives at UC-BFRS a few hours aheadietector. These experiments confirmed that the University of
of the anthropogenically influenced (but also isoprene rich)Washington TD-CIMS is equally sensitive to PAN and PPN,
air. Local emissions from the ponderosa pines include 2-but less sensitive to MPAN by a factor of 4.3. This rela-
methyl-3-buten-2-ol (MBO) (Schade et al., 2000) and sig-tive insensitivity to MPAN is consistent across a number of
nificant amounts of monoterpenes, sesquiterpenes, and rdD-CIMS instruments (Slusher et al., 2004; Turnipseed et
lated oxygenates (Schade et al., 1999; Holzinger et al., 2005l., 2006) and was also observed for two other TD-CIMS in-
Bouvier-Brown et al., 2008). Compared to the large injec- struments operated during these post-campaign experiments.
tion of isoprene by the upwind oak woodlands, local isopreneWhile the precise chemical explanation for this artifact is un-
emissions are small (Dreyfus et al., 2002). known, by comparison with the GC/ECD instrument and the
A variety of long term and episodic measurements haveNO/NO,/NOy measurements, it was concluded that this arti-
been ongoing at the UC-BFRS site since 1997. Duringfact is particular to the CIMS method and not an error in the
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APN; Unless otherwise noted, all data used in this analysis are
(a) Warm 30 min averages of measurements and obtained between the
RC(O)OONO:; + products hours of 12:00 and 17:00 PST, when observed oVOC concen-
trations are relatively constant. Concurrent measurements
gg{ léé;;“ggt of all observations are available from 1 September 2007
on NG, HO, RO, to 24 Se_ptember 2007, except for short periods where one
ovoC ————> RC(0)0: T products or more instruments were offline for maintenance. Subsets
of the measurements are available from 15 August 2007 to
10 October 2007.
(b) Cold
RG(0)OONO, OH products 3 Kinetics of APNs
depends on R
NOg[ [A’ o, 3.1 Steady-state model of APNs
fast very slow . . . .
oH NO. HO.. RO et The chemlst_ry of APNs and their corresponding AP radicals
oVOC  —————> RC(0)0; P products are summarized by Schemes l1a-b.

Concentrations of APN can be calculated by explicit in-

Scheme 1.1 APN chemistry schematic under wafa) and cold(b) tegration of its production and loss rates as defined by Re-

i ; action (R1a) and Reactions (3-6), respectively (Eqg. 1). Note
ditions. AP th f APN (RC(O)OON dthe AP ; o )
f;)(;‘ici,;lo(gsc(o)g)_ls esumo (RC(O) §) and the that Reactions (R2a) and (R2b) are equilibration reactions

within APN7 and do not lead to net loss or gain of APN
and, as such, are not included in Eqg. (1).

characterization of the standard MPAN calibration source,
synthesized according to Bertman and Roberts (1991). Thué,APNT]Z/{kl[OH(t)][OVOC(I)]_kS[AP(t)][NO(t)]}
the PAN sensitivity was applied to all three raw APN sig- —k,[AP(1)][HO2(7)]—ks[AP()[[RO(7)]
nals to yield concentrations, and the MPAN signal was fur-

L —ks[APN(#)][OH(N)1}d 1
ther corrected for reduced sensitivity by a factor of 4.3. The{ 6l (DIOH® ]t @
measurements are accurateti®1% for PAN and PPN, and Regardless of the thermal decomposition rate of APN, the AP
+31% for MPAN, where the larger total uncertainty results radical can usually be treated in steady-state since its lifetime
from the added uncertainty of the MPAN correction factor; is very short ¢~ 0s) relative to typical changes in [oVOC].
the precision ist3 pptv for half-hour averaged APN concen- [AP], therefore, can be calculated by Eq. (2).
tration measurements (Wolfe et al., 2009). k1[OHI[OVOC] 42 [APN]

Measurements of acetaldehyde, propanal, biacetyl (2,3tAP]s=
butanedione), methacrolein, methylvinyl ketone, isoprene k24[NO2]+k3[NOJ+kalHO2]+45[RO]
and other organics were obtained on the same tower athe expression for [APN] (Eg. 3) can be simplified by com-
6m using a 2-channel gas chromatograph/mass spectronpining Egs. (1 and 2) and introducing the terfgy Eqg. (4),
eter (GC/MS) (Goldan et al., 2004; Bouvier-Brown et al., which has a value between 0 and 1 that represents the proba-
2008). The accuracy of this measurement-2&5% for oxy- bility that the AP radical will react with Ng) to give an APN,
genated species antl15% for all other VOCs. OH and over an irreversible reaction with NO, HQor RO, to give
HO, measurements were obtained at variable heights (fronother products (Roberts et al., 2001). The lifetime of APN
2 to 15.5m) from a movable lift adjacent to the North tower. therefore, is dependent not only upon the thermal decom-
OH was measured by laser-induced fluorescence (LIF) at lowposition of the APN, but also the value gf Equation (3)
pressure and HPwas converted to OH through its reaction can be used to accurately calculate [ARNprovided one
with NO followed by the LIF detection of OH (Faloona et has knowledge of the temporal variation of the oVOC source
al., 2004). The absolute uncertainty of OH and H@ea- molecule,8, and OH.
surements is estimated to be 32% {2 NO, measurements
were obtained by laser-induced fluorescence (Farmer et aI[APNT]:/{,8(t)kl[OH(t)][oVOC(t)]—(l—,B)kz;,(t)} (©)
2009; Fuchs et al., 2009), sampling at a height of 12m, also
on the North tower. The accuracy of the LIF N@easure-  (APN®1—ke[APN(H)I[OH(1)]}dt
ments during BEARPEX is estimated to be 10%. Meteo—hg koa[NO3] @
rological and ozone instrumentation is located on the SouthP=
tower and is described in detail elsewhere (Goldstein et al., k2a[NOzl+ks[NOl+-ka[HO]+£5 RO
2000). For our analysis we rely on photosynthetically active When APN- is in steady-state with its sources and sinks,
radiation (PAR) and temperature. Eq. (3) can be further simplified as shown in Eq. (4) where

)
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we also note that when [ARJ[APN], [APN] is approxi- 3.2 Steady-state model of APN concentration ratios

mately equal to [APN].
It is commonly assumed that the APN thermal decomposi-
Bk1[OH][oVOC]

~ tion rate constantg,) and the reactivity of acyl peroxy radi-
APN]=[APN7]= 5
[ 1=l 7] kop(1—B)+ke[OH] ) cals s, ka4, andks) are relatively independent of the identity
h lationshi h . of the APN alkyl group. Kirchner et al. (1999) report differ-
The relationship between the steady-state (Eq. 5) and UME€ances of order 25% across a series of acyl peroxy nitrates.

dependent (Eq. 3) models was discussed by Cleary e en this similar reactivity, it can be instructive to analyze
al. (2007). Equz?mon (4) is a good approxmqnon of Eq. (3) the ratios of APNs to gain insight into the behavior of their
when changes in the APNloss and production rates are ,\yoc sources. Applying the steady-state equation (Eq. 5)
small on the time scale of the ARNifetime. To demon- 10 concentration of two different APNs, we derive an ex-
strate, we integrate Eq. (3) to give Eq. (5), subject to assumpbression (Eq. 7) for the ratio of AP to APNy .
tions that OH ang are constant with time. Equation (5) de-

scribes the time-dependent behavior for a hypothetical APN [APN7,]_ k1A[0VOGa] « (1= P)kap+kes[OH] @)
APN,, having a precursor, oVOC [APN], and [ovOC},  [APNz;]  kig[oVOGCg]  (1—p)kana+kealOH]

in Eq. (5) are the initial concentrations in the model (at t=0). This expression can be further simplified, with the assump-
The dependence of APN on the history of oVOg& is con-  tion thatkyy is identical for both APNs and that loss of both
tained in the term: (£P/L)xk1A[OH], where P/L isthe ratio ~ APNSs by reaction with OH occurs at rates that are each much
of oVOC, production to loss and oVQCIoss is presumed  slower than the loss to reaction with NO, KCand RQ

to be exclusively via OH reaction. When P/L is O (i.e. when (given by (18) k2p). With these assumptions, the second
P=0), [oVOG] is decreasing exponentially according to its term in Eg. (6) cancels and the ratio is approximately Eq. (7).
reaction with [OH]. When P/L=1 (i.e. P=L), production bal- [APNr,] _ki1a[0VOCa]

ances loss and [oVQO4} is constant with time. [APN7, ] R k15l0VOCs] (8)
[APNy, | Bk1a[OH][0VOCa] Analysis of Egs. (6 and 7) indicates that APN ratios are pri-
A kZb(l—ﬂ)+k6[OH]—(1_E’)kl‘,[OH] marily dependent on the ratio of their oVOC precursors. In
(1= Y ATOH] kb (1— ) —ke[OH]) addition, APN ratios will be accurately predicted as long as
[1_8 . ] the ratio of the precursor oVOCs is not changing rapidly rel-
[0VOCa] ative to the APN lifetimes (e.g. the steady state assump-
HAPNTA]Om tions for APNr ratios are accurate) and as long as the rate of

APN loss to OH (Reaction R6) is slow relative to thermal de-
(6) composition followed by loss of the AP radical. Calculations
indicate that this result holds over a wider range of tempera-

Note that Eq. (5) is modified slightly from that used by tyres and source conditions than was described by Cleary et
Roberts et al. (2001) who assume in all cases an exponentigj| (2007) for absolute concentrations.
decay in oVOC concentrations from the point of emissions,  As with absolute concentrations, these assumptions about
giving P/L=0. Typical oVOC precursors of APNs, such as 3 steady-state approximation for APN ratios can be tested
acetaldehyde, methacrolein, and propanal, are produced asg comparing the instantaneous steady-state equation (Eq. 7)
result of VOC-HQ-NOx cycling on the timescale of hours. ith numerical integration of the time-dependent equations
Calculations show that PO for these APN precursors, at  for two hypothetical APNs, APN and APN;. For simplic-
least in the near-field (tens of km) with respect to VOC emis-jty e assume that both APNs each have single oVOC pre-
sion sources (see Sect. 5). cursors, that both do not have any appreciable loss to reaction

In accord with the findings of Cleary et al. (2007) it can be with OH, that their decomposition rates are identical, and that
seen that in the case where P/L=1, the time-dependent equgitial APN; concentrations are 0. Under these conditions,
tion takes the form of the instantaneous steady-state equahe time-dependent ratio of AR to APNy will be de-
tion (Eg. 6) at the limit of tso. However, in the case where scribed by Eq. (8).
P/L=0, the lifetime of oVOG is often short enough that the P
APN7 production term is decaying rapidly relative to the [APNTA]ZklA[OVOCA] XkZb(l_ﬂ)_(l_E)le[OH]
lifetime of APN74. In this case, there will be significant de- [APNz;]  k1g[0VOCg] k%(l—ﬂ)—(l—E)klA[OH]
viations between a time-dependent solution for [ARNand 1— ! (1= PIk1AlOHI—k2b(1—$))
an approximation based on steady-state assumptions, even g&s 9)
t approaches infinity. This dependence on the behavior of 1—e
0VOCs is reduced as the ARNifetime gets shorter. We This time-dependent ratio is dependent upon the ratio of
also find that steady-state conditions are more likely to applysource terms, as in Eq. (7), but it is also sensitive to OH con-
to the APN- system when temperatures are high and thermakentrations8 and to temperature whena andkig are ap-
decomposition is fast. preciably different and when P#&1. However, when P/L=1

1((1— P)kg A[OHI~k (1) —kg[OHI)
e

1((1— D)k1[OH] —k2p(1—B))

www.atmos-chem-phys.net/9/7623/2009/ Atmos. Chem. Phys., 9, 7623-2009
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Fig. 1. oVOC profiles for time-dependent simulations of AP X&)
Case A: both 0VOCs decreasing exponentially with e-folding life-
times of~2.5 (0VOG ) and~3.5h (0VOG) with no production
(P/L=0) and(b) Case B: oVOG decreasing as in scenario A, and
0VOCg having equal production and loss rates (P/L=1).

for both oVOCs or if the differences ikRia and k1g are
offset by differences in (P/ly) and (P/Lp Eq. (8) reduces
to the steady-state approximation (Eq. 8) ait=Thus, if
oVOC, and oVOG have similar sources and sinks, the ra-
tio of APN7 4 to APNyp is accurately approximated by the
steady-state equation.

B. W. LaFranchi et al.: Closing the peroxy acetyl nitrate budget:

observations of acyl peroxy nitrates

=& Case A
=%~ Case B

0.95

0.9

0.85

0.8

0.75

SS/TD Ratio

0.7

0.65

0.6

0.55

Hour of Day

Fig. 2. Ratio of results from steady-state (SS) to time-dependent
(TD) model for predicting the ratio of APWAPNp for the two dif-
ferent cases of 0VOC behavior described in the text and illustrated
in Fig. 1a—b.

tio changes the [oVO£]/[o0VOCg] ratio on a time scale that
is of the same order as ARNoss. In case B, the added pro-
duction of oVOG causes a change in the oVR©VOCg
ratio with time, with effects on APN ratios that depend on
the lifetime of APN;.

To demonstrate, we use a case where APif¢times are
about 70 min, and5 andkp 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
[HO2], [RO2], [NQ], [NO2], [OH], and T are given diurnal
behavior typical of the UC-BFRS measurement site. The re-
sults are shown in Fig. 2, where the steady-state predictions
of APN7 4/APN7 g are plotted relative to the time-dependent
predictions versus time of day. By noon, the system reaches a
stationary state and remains there until about 17:00, at which
time B 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 oM OC
to oVOGs. 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-4/APN7 g is lower than the time-dependent
model by 10-15% throughout the afternoon. Case A, which
represents a scenario where two oVOC precursors have sim-

The effect of differences in the relative behavior of the ilar production and loss terms, is likely, therefore, to result

oVOCs on APN ratios is illustrated with two examples: (A)

in a steady-state prediction of ARNatios that is accurate to

both oVOC precursors are allowed to decrease exponentialft5%. When the behavior of oVOCs is very different, how-
due to their loss to OH (Fig. 1a) and (B) oVQ@Gecreases ever, the agreement between time-dependent and steady-state
exponentially and oVOgremains constant (Fig. 1b). In case predictions of the ratio worsens. As shown in Fig. 2, the
A, at equilibrium (t=0), the agreement between steady-statesteady-state model is in agreement with the time dependent
and time-dependent predictions is determined by the ratio obne to within about 35-45% in Case B. From this analysis,
rate constant&; o andk1g, but only to the extent that thisra- we conclude that an e-fold change in the oVOC ratio over
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150 min will result in a steady-state approximation accurateleads to Eq. (10), which can be reduced to a quadratic equa-
to 45% or better when the APNlifetimes are 70 min. A  tion.
faster change in oVOC ratios would become tolerable with a
corresponding decrease in APNfetime.

If we now consider a third APN, APN which has an ap- [ROZ]:kHo R0, [HO21+knos Roo INOI+2kRo, + RO, [ROS]
preciable loss rate to reaction with OH, the time-dependent 2RO RO O +ROz (11)
model for the ratio of APN¢ to APNz4 or APNz g will be-
come more sensitive to the individual rates of change of eaclequations (9 and 10) are solved iteratively until values of
oVOC precursor, as opposed to changes in the oVOC ratiosNO and RQ are obtained with convergence criteria<of %

This results from the lack of cancellation of the loss terms forprecision. An uncertainty of a factor of 2 in either ROr

the two APNs in Eqg. (8). Steady-state predictions of absoluteNO concentrations propagates into an additional uncertainty
concentrations of APN- will be more accurate due to the of 15—-20% in the other radical.

shorter APN-¢ lifetime, but the accuracy of the steady-state Thermal decomposition rates of PAN and MPAN are con-
model in predicting APMc/APN74 and APNc/APNrg  sidered to be the same in this analysis. Decomposition of
may be degraded. For comparison to the scenarios abovgspN, however, is measured to be 25% slower (at 298 K
we assume the same conditions as in cases A and B anghd 1atm) by Kirchner et al. (1999). Reactions of acyl
that the loss of APN to OH is about 40% of the total peroxy radicals (with NO, N@ HO,, or RG,) are gener-
APN7 loss rate {re~90 min andrranrras~70min). Al-  ally considered to be independent of R group (Roberts and
though the above analysis suggests some degradation of thgertman, 1992). An additional difference in the chemi-
accuracy of the steady-state approximation for the ratio, weca| removal of the various APNSs is reaction with OH. Of
find the steady-state predictions of ratios of ARMAPN74  the three APNs that we are considering, only MPAN has
or APNzc/APN7g (Eq. 7) to be within 10% of the predic- an appreciable loss rate to reaction with Ot~@h for
tions for APNr 4/APN7 g in both cases A and B. [OH]=5x 10° molecules cm?®), stemming from an alkene

Our conclusions on the accuracy of the steady-state modehoiety (Orlando et al., 2002). PPN and PAN, in contrast,
under these various scenarios of oVOC behavior are summaqave lifetimes on the order of weeks to months with respect
rized in Table 2. to 5x10° molecules cm® OH. APN; deposition velocities
are on the order of I¢ cms™? (tgep~20-100 h) (Wolfe et
al., 2009), making deposition a 2—6% per hour sink, small
enough to neglect in this analysis.

> k[OHI[VOC;]

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

Application of the steady-state model to specific APNs re-

guires defining the production and loss terms for each APN.?"S'2 MPAN, PPN, and PAN production

Production of MPAN- occurs by abstraction of the aldehydic
hydrogen from methacrolein during reaction with OH, fol-
Three important reactants for acyl peroxy radicals are NO,owed by the effectively instantaneous addition of qua-
HO,, and organic peroxy radicals (RD NO concentrations  tion (12), then, describes MPANproduction rate:

are inferred by assuming a photo-stationary state relation-

3.3.1 MPAN, PPN, and PAN loss

ship between N@ ozone, and peroxy radicals (HERO,) PMMPANT)=tmack1maci OHIIMACR], (12)
through the following equation: wherea represents the aldehydic abstraction branching ra-
INo,[NO2] tio from the reaction of methacrolein (MACR) with OH

[NOJ=

kro,+NolHO2]+kRo, + NO[RO21+kNo + 05 [O3] (10) (¢mac=0.45) andk1macrrepresents the rate coefficient for the
The photolysis rate of N® (Jno2) is obtained from the total reaction of OH+MACR.
photoly NO2 Similarly, production of PPN occurs from the abstraction

TUV model (Madronich, 1987), calculated with varying so- ; . i
lar zenith angles at half hour intervals over the entire cam-(?f the aldehydic hydrogen from propanal. The branching ra

paign while holding other parameters constant (cloud opticaﬂ? for ;{hIS prOCQSEIO(propan;) 'SfN1 s_lncel_the aldehydic H is

depth=0; aerosol optical depth=0.235; ozone column:300t € only appreciably reactive functionality.

Dobson units; single scattering aerosol albedo=0.990). Thq)(PPl\b"):apropanaklpropana[OH][propana] (13)

model output was scaled by measured PAR to account for the

occasional periods of cloud cover. The rate constants useBroduction of PAN occurs upon oxidation of acetaldehyde

for calculating [NO] are listed in Table 1. (acetal) (Carter, 1990), methyl glyoxal (MGLY) (Romero
RO, concentrations are estimated through a separatet al., 2005; Baeza-Romero et al., 2007), methacrolein

steady-state relationship where production occurs from thdMACR) (Orlando et al., 1999), and methylvinyl ketone

reaction of OH with a suite of VOCs and loss is due to reac-(MVK) (Tuazon and Atkinson, 1989), and through the pho-

tion with NO, HO,, and other R@radicals. This relationship tolysis of biacetyl (biacet) (Carter, 1990; Klotz et al., 2001).
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Table 1. Rate constants used in analysis.

k(T) or k(T ,[M])2 k(298K)  «P  Reference
VOC+OH reactions
methacrolein 8.210~12exp(380/T) 2.%1011 045 (Atkinson et al., 2006)
acetaldehyde 441012 exp(365/T) 1.x10°11 1 (Atkinson et al., 2006)
propanal 5.%1012 exp(405/T) 210711 1 (Atkinson et al., 2006)
methyl glyoxal 1.8% 1012 exp(560/T) 1x1071 1 (Baeza-Romero et al., 2007)
methyl vinyl ketone 2.610~12 exp(610/T) 210711 N/A  (Atkinson et al., 2006)
Acyl Peroxy Radical reactions
RCOO+NO,—> APN (R2a)  kg=2.7x10~28 (T/300)~ "1 1.0x10711  N/A  (Atkinson et al., 1997, 2004)
koo=1.2x10~11(T/300)-0-9
FcenFo.S
N=1

APN—RCOO,+NO, (R2b) ko=4.9x10"3 exp(-12100/T)  4.&10°9% N/A (Atkinson et al., 1997, 2004)
koo=4.0x 10 6exp(—13 600/T)

Fcent:o.s
N=1.41
PPN—>CyH5CO0,+NO, ko=1.7x10"3 exp(-11280/T)  4.610°%% N/A (Kirchner et al., 1999)
koo =4.0x 1016 exp(—13 940/T)
Fcent:o.36
N=1.41
RCOO,+NO—>products (R3)  8.£1012 exp(270/T) 2610711 N/A  (Atkinson et al., 1997, 2004)
RCOO+HO,—> products (R4)  4.8310~13 exp(1040/T) 1410011 N/A  (MCM, 2003)
RCOQ,+R0O,—> products (R5)  2.81012 exp(500/T) 1.%10°11 N/A  (Tyndall, 2001)
APN+OH reactions
PAN N/A 3x1071%  N/A (Talukdar et al., 1995)
PPN N/A 3x10713  N/A Estimated from (Carter and Atkinson, 1985)
MPAN N/A 32x10712  N/A (Orlando et al., 2002)
HOx and NOx reactions
HO,+RO, 2.9x 10713 exp(1300/T) 2310711 N/A - (MCM, 2003)
RO,+RO;, N/A 2.4x10712 N/A  (MCM, 2003)
NO+RO, 2.54x 10712 exp(360/T) 810712 N/A (MCM, 2003)
NO+HO, 3.5x 10712 exp(250/T) 8.%x10°12 N/A (NASA, 2006)
NO+03 3.0x 10712 exp(~1500/T) 2.<1071%  N/A  (NASA, 2006)
a\Wherek(M)=—0ML F. and logF.)= 10g(Feend

koM
g

00

1+<aogko[l\N/l] koo))z'

by is the branching ratio for aldehydic abstraction.

Table 2. Summary of conclusions from comparison of steady state and time dependent models.

Upwind behavior of oVOCs Accuracy of steady state model
oVOCp oVOCg oVOCc APNy  APNp  APN¢c  APN4/APNg  APNC/APN4  APNC/APNg
constant constant constant +10% +10% +10% +10% +10% +10%
decreasing decreasing decreasing-60% —60% —60% +15% +25% +25%
decreasing constant decreasing-60% +10% —60% —45% +25% —55%
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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.

The pathways to PA radical from these five compounds ardOH]=5x 10° molec cn13. By neglecting MGLY+h and us-

shown in Scheme 2. ing unity yield of PA from the MGLY reaction with OH, we
The abstraction of the aldehydic H4etaFl) from ac-  introduce compensating errors that result in a reasonable ap-
etaldehyde by reaction with OH leads to the PA radical: proximation of PAygy.
The PA production from MVK (Tuazon and Atkinson,
PAaceta=acetak 1acetal OH][acetal (14) 1989) starts from the reaction of OH with MVK at the ter-

2007) minal carbon of the carbon-carbon double bond at 70% yield
(Tuazon and Atkinson, 1989), producing a hydroxy peroxy
radical (species I, Scheme 2). Reaction of the peroxy radical
tyvith NO yields an alkoxy radical (species Il), the @iti-
ated decomposition of which produces a PA radical and gly-
coaldehyde, another 2nd generation isoprene oxidation prod-
uct. The major competing pathway for the peroxy radical is
PAmgly=¢mglyk1mgly[OHI[MGLY ] (15)  the radical chain terminating reaction with HOThe reac-
tion of the MVK-derived peroxy radical with ROcan also
We assume that the acetyl radical produced from the delead to production of species Il with an estimated yield of
composition of the MGLY+OH reaction product gives the 60% (Jenkin et al., 1997), with the remaining yield corre-
PA radical exclusively in the presence of,Bowever, there  sponding to products that are inconsequential to PA radical
is some evidence for a lower PA yield because the enerproduction. It was determined that for this analysis, this RO
gized acetyl radical product decomposes into CO and CH chemistry has a negligible impact on the estimated PA radi-
at 40% vyield (Baeza-Romero et al., 2007). Photolysis ofcal production and it is ignored here. Similarly, alkyl nitrate
MGLY can also lead to PA production, and the rate of PA formation (<10% yield) is also expected to have a negligible
production from MGLY+h (Staffelbach et al., 1995) is ex- impact on the calculation of R4yk. Thus, the branching ratio
pected to be similar to the actual rate of OH oxidation atfor production of the alkoxy radical can be estimated as the

Reaction of MGLY with OH (Baeza-Romero et al.,
occurs almost exclusively via abstraction of the aldehydic H
(emgly=1), and the corresponding acyl radical promptly de-
composes to yield an energized acetyl radical and CO. Afte
relaxation, the acetyl radical reacts with @ form the PA
radical, and Pfgy is quantified as follows:

www.atmos-chem-phys.net/9/7623/2009/ Atmos. Chem. Phys., 9, 7623-2009



7632 B. W. LaFranchi et al.: Closing the peroxy acetyl nitrate budget: observations of acyl peroxy nitrates

rate of its reaction with NO relative to its total loss rate from al., 2002; Perez, 2008; Perez and Cohen, 2009). Further, the

reactions with NO and H® Decomposition of the alkoxy analysis is designed such that our assumptions about the up-

radical leads to the formation of glycoaldehyde and PA radi-wind behavior of APNs, oVOCs, and oxidants can be tested

cal. The PA source from MVK is thus given by: using the relative behavior of MPAN and PPN, compounds

for which the production rates are accurately known.

P Amie=0.7xk1mu OHIIMVK ] Uncertainty in the current analysis, with respect to trans-
kro2:NOINO] (16)  portand mixing, could result from different entrainment rates

kro2+NO[NOJ+kro2+HO2[HO?] for the different oVOCs and APNs with background air. If,

The MACR pathway to the A radical (Orlando et al., 1999) for example, the entrainment rate for PANr any of its
proceeds through the same acyl peroxy radical that proPrecursor oVOCs are S|gn|flpantly different from that for
duces MPAN (MACQ). But if the MACO; radical reacts MPAN7 and PPN (due to different background concen-
with NO instead of reacting with N©to form MPAN, the trations), a situation could arise where MPANNd _PPN
resulting alkoxy radical decomposes to give £and the could be in stea(_jy-state, but not PAN The entrammgnt
1-methylvinyl radical (MVR). MVR quickly forms an @  rates can be estimated asmix([X] —[X]og), Wherémix is
adduct (species Il1) which either decomposes or reacts witfh® entrainment rate constant (determined to be 0-3bly
NO. Decomposition of the MVR-@adduct proceeds viatwo P€réz and Cohen, 2009) and p]s the background concen-
possible pathways: one forming two formaldehyde O t_ratlon fqr a given species X. Using background concgntra-
molecules and CO or one giving GB and the PA radical. t!ons est|mate(_JI by Perez and Cohen (2009), the entrainment
The yield of the CO channel was determined to be 65% bylime constant is on the order of 4-5h for APlnd 5-10h
Orlando et al. (1999). MVR-@reaction with NO also leads fPf the various QVOC precursors uged in this ana|y5|s..The
to PA radicals and CyD. The yield for PA radical produc- time scale for mixing, therefore, is likely too slow to be im-
tion from the MVR-G adduct, therefore, is taken as 35%, portant at the highest temperatures, when chemical loss of
regardless of NO concentration (Orlando et al., 1999). APN7r (z<1h)and oVOCs{~1-2h) are fastest. Thus, we
The calculation of° Amacrdepends on the rate of MAGO make the assump'qon of equal entrainment rates and back-
reaction with NO and the branching ratio of the MVR-O ground concentrations for all APNs and oVOC precursors.
adduct decomposition. The MAGGroncentration can be Similar assumptions have been made in previous analyses of
calculated directly from the steady-state equation (Eq. 2) forAPNS (cf. Roberts et al., 2006).
AP radicals. The equation for Rfcris:

PAmac=0.35xk3[MACO3][NO] (17) 4 Observations during BEARPEX

Acl_etone Iis knownhto form _Pﬁ_fragicalméthro#gh hphlotolysis Average and maximum concentrations of all species used in
(Blitz etal., 2004), however, its lifetime 6760 hin the lower this analysis, both measured and inferred, are listed in Ta-

trppos_phere is too]ong to be relevant for the current analysisble 3. Relative uncertainties for each species are also in-
Likewise, photolysis (_)f MACR{~50 h) and MVK @:59 h) cluded. Values are given for the entire campaign and for
are also too slow (Gierczak et al., 1997) to be a 3|gn|f|cantthe hot '>20°C) and cold ' <20°C) periods of the cam-

fraction of ‘O“%" P.A pr°°'“°“°r? at_ .UC'BFRS' An additi(.)nal paign. These values are calculated only from the periods of
pathway that is likely to be significant is the photolysis of time during which all of the relevant observations are concur-

biacetyl (2,3-butanedione), which leads to the production Ofrent, giving a total of 66 half-hour data points (26 during the

two PA radicals as shown'in Scheme 2 (_KIOtZ etal, 2001)'cold period and 40 during the hot period). Over the course
We use a suggested scaling factor relativengz)3.64%) of the campaign, the calculated lifetimes of PABNd PPN

for the biac_etyl phOto_lySiS r?‘teb@cea (Klotz et al., 2001). ranged from~4 h at 15C to ~50 min at 30C, while that of
PA production from biacetyl is then: MPAN7 ranged from~2 h to~25 min at these same temper-

3.3.3 Transport and mixing 4.1 Diurnal observations of APNs and oVOC
precursors

This analysis is greatly simplified due to the constant trans-

port patterns between Sacramento and UC-BFRS. Both bioAs a result of the extremely small day-to-day variability of
genic and anthropogenic species arrive at UC-BFRS fromhorizontal transport conditions between Sacramento and the
the same wind direction with regularity on a daily basis, someasurement site (UC-BFRS), interpretation of diurnal pat-
the simple model described in Sect. 3.2 can be reasonablierns is instructive for understanding the biogenic and an-
applied to the current data set. A Lagrangian model haghropogenic contributions to various species. Locally emitted
been developed for the Sacramento urban plume and testdalogenic VOCs, for example, often follow daytime tempera-
against observations, supporting these assumptions (Dillon dtire and sunlight cycles coupled to boundary layer dynamics.
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Table 3. Summary of observed and inferred species for entire campaign, temperatures dtfoyvarzDtemperatures below 0.

Full Campaign £=66)

Temperatures20°C (n=40)

Temperatures20°C (n=26)
accuragy (1

Species medh median max mean median max mean median max

PAN 451 392 1469 304 301 663 676 600 1469 21%
PPN 43 29 160 20 18 51 77 79 160 21%
MPAN 32 28 75 30 30 66 36 28 75 31%
Acetaldehyde 589 538 1580 677 651 1580 452 418 848 25%
Methyvinyl Ketone (MVK) 1123 1044 4087 1741 1768 4087 173 177 438 25%
Methacrolein (MACR) 334 256 1107 480 484 1107 109 121 228 25%
Biacetyl 49 49 80 57 55 80 36 35 53 25%
Methyl Glyoxal (MG LY)b 139 139 300 212 219 300 49 34 97 100%
NOP 65 55 188 57 53 99 77 72 188 100%
Nog 400 400 400 400 400 400 400 400 400 10%
OH 0.283 0.279 0.662 0.361 0.333 0.662 0.162 0.156 0.277 16%
HO» 21 23 44 28 28 44 12 10 24 16%
Rog 82 85 223 118 113 223 28 26 48 100%
O3 (ppbv) 57 57 83 63 65 83 47 44 71 1%

& All concentration units are pptv unless otherwise noted.
b Concentrations inferred (see text) and given a conservative factor of 2 uncertainty.
¢ Average NQ concentration used for entire analysis.

(right panels) along with that of their oVOC precursors
(left panels). Averages are obtained only from those times
when APN and oVOC measurements were concurrent, which
spanned the time period from 24 August to 27 September.
The differences in the diurnal profiles of APNs can be qual-
itatively (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

1 1 1 1 1 peak methacrolein concentrations (Fig. 3, top left), and then
ol 1 1 1 1 steadily decreases throughout the late afternoon and night.

MACR (ppb)
MPAN (ppt)

0151

Propanal (ppb)
PPN (ppt)

? 600 PPN (Fig. 3, middle right) rises steadily throughout the after-
2 = | noon, peaking at 19:00-20:00 PST, nearly concurrently with
g ' g “oon the peak in propanal (Fig. 3, middle left). PAN (Fig. 3,
3 0% & 200§ bottom right) increases rapidly in the early afternoon and
1 ‘ ‘ ‘ ‘ 1 ‘ ‘ peaks later than the MPAN peak, but earlier than the PPN
0 6 12 18 24 0 6 12 18 24
Hour of Day (PST) Hour of Day (PST)

peak. This pattern is consistent with combined sources of
_ _ _ PAN being from both biogenic and anthropogenic precur-
Fig. 3. Diurnal hourly medians of oVOC precursors to APNs: sors, as shown by the diurnal profiles of MVK and acetalde-
methacrolein, propanal, and acetaldehyde/methylvinyl ketone (achyde (Fig. 3, bottom left). Daytime (12:00—-17:00 PST) av-
etal/MVK) (left side, top to bottom) and APNs: MPAN, PPN, and grage concentrations of the three APNs and their precursor
PAN (right side, top to bottom). The bars represent thevariance 0VOCs are listed in Table 3 for the full campaign as well
of the mean. as for the hot >20°C) and cold periods{<20°C) of the
measurement period.

Isoprene and its oxidation products typically arrive at the
site around noon, after a few hours transport from the Oak4.2 Estimated PAN production rate
forests in the foothills. The mixing ratios of anthropogenic
compounds and their oxidation products which are carriedThe total production rate of the A radical is given by sum-
from Sacramento, further upwind, peak several hours afte'ining Egs. (12-16):
the arrival of the isoprene plume, typically between 18:00—
20:00 PST.
Average (median) diurnal concentrations of the three mos(PAN7)=PAmvk+PAmacr-PAacetal

abundant APNs, PAN, PPN, and MPAN, are shown in Fig. 3+PAmgiy+PAbiacet (29)
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< 10° at the lowest temperatures to about 35% at the highest tem-
5 ‘ ‘ peratures. At temperatures above @0methylvinyl ketone
I Acetaldehyde .
45 | N Biacety! (PAmvk) becomes the dominant non-acetaldehyde source of
4| | ] Methyhinyl ketone PA radicals, reaching about 35% of the total and 60% of
B Mthacrolein the non-acetaldehyde source at the highest temperatures.
350 | I Vethyl glyoxal

Methacrolein is a relatively minor source of PA radicals at
UC-BFRS. PAyacris less than 4% of P(PAN at any tem-
perature. Phygy is about 10% of the total at 3C. The
photolytic biacetyl source shows a slight increase at high
temperatures. Biacetyl concentrations remain relatively con-
stant, but PAjacetincreases 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 zenith angles. As a fraction of the total
PA source, Pfiacet 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
Fig. 4. Behavior of different PA production sources vs temperature.these results is given in Table 4, which describes averages for

Mechanisms for each production route are shown in Scheme 2. Thighe entire campaign as well as th‘?se for both htgﬁ(]f’C)
figure is obtained by using a running average with temperature offnd low (<20°C) temperature periods. The fractional PA

the calculated production rates from observations of oVOCs. 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 ab-
Acetaldehyde, MVK, MACR, and biacetyl were measured solute PA radical production rate is also given.
during BEARPEX. To calculate P(PAN we use an estimate
of MGLY concentrations based on MGLY observations made . o
in August and September of 2000 at UC-BFRS by Spauld-> APNr ratio predictions

ing et al. (2003). Observed concentrations ranged from 32— I
320 pptv, with a mean of 13G460) pptv. In addition to iso- As the derivation of Egs. (6 and 7) demonstrated, APN ra-

prene, MGLY is also an oxidation product of acetone as WeIItios are almost explusively sensitive to the behavior of the'ir
as a number of aromatic species (Tuazon et al., 1986; Smitfource OVOCS.‘ Figure 5 shows the erendence of the ratios
et al., 1999). Spaulding et al. (2003) used factor analysis th'_DAN/PPN (Fig. 5a), MPAN/PAN (Fig. 5b), and PPN/PAN
conclude that its sources at UC-BFRS were primarily bio- (_F'g'_ 5b) on temperature. MPAN/PPN and MPAN/PAN ra-
genic in origin. Based on this, we give our estimated MGLY tios increase W'Fh temperature from about 0.3-®and 0.03 .
mixing ratios a simple temperature dependence to simulaté? 0.15 respectively. PPN/PAN, conversely_, dgcrease; with
a biogenic source. At P& and below, we use the observed tem'per'ature fr.om abqut 0'15 to 0'05'. Qqalltat!vely, this pe—
nighttime background values of 30 pptv; above@She con- havior is consistent with an increase in blo_ge_mc VOCs with
centrations follow a linear relationship: temperature and W.'th. MPAN being blogenlg n ongn, PPN
being anthropogenic in origin, and PAN having some combi-
270 pptv) (T—15) (20) nation of both. Also shown in Fig. 5 are the predicted ratios,
15 calculated using Eq. (6).

. oo . In order to increase the number of calculations that can be
We estimate a factor of 2 uncertainty in MGLY by this equa- compared to the APNobservations, a single average value
tion, resulting in variations of about 10% in the PA radical ’
production rate (P(PARN)).

of [NO2] is used (400 pptv), while NO is allowed to vary ac-
Itis instructive to view P(PAN) and the relative strengths ;:norgtlg%ft (l)-igelrggf tg—sst:agrfry i?\t?)tsjgﬁt%aé:ntéseqdit?%;rnh
of each individual source as a function of temperature P . g 02 P
(Fig. 4). The data in Fig. 4 is obtained by taking a run-

changes in the NO/N©ratio. Our primary interest is in
. . X resolving temperature-dependent discrepancies between ob-
ning average of the calculated production rates, using obser- . ! g
; . servations and models, which are sensitive to the/NO
vations of oVOCs, along the temperature coordinate. The _.. . . .
) . . - ratio rather than the magnitude of total NOWe investi-
magnitude of each PA production source increases with tem- . . .
ated whether diurnal changes in the absolute concentration

rature even for non-bi nic precursor result of th . . . .
perature even for no biogenic precursors as a esu tort %f NO,, which has a negative correlation with temperature,
2-3 fold increase in the observed OH concentrations over. . . . )

. . . _are important and there was no change in our conclusions if
this temperature range. lIsoprene-derived sources, particu-

larly PAmyk, increase at a still more rapid rate. 26 how- \(I)vr?efll)((jitlronza?;\\/lsg 'LS concentration with time of day based
ever, decreases as a fraction of P(RANrom about 80% ge-.

w
T

251

PA Production (molec cm3 3‘1)

5 10 15 20 25 30
Temperature (°C)

[MGLY =30 pptv- (
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Table 4. Summary of PA radical sources for entire campaign, temperatures abt@e&td temperatures below 20.

Full Campaign £3=66) Temperatures20°C (n=40) Temperatures20°C (n=26)
PA Source mean (%) median (%) max (%) mean (%) median (%) max (%) mean (%) median (%) max (%)
Acetaldehyde 45.7 414 89.7 36.9 37.5 545 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) 19 1.9 3.8 1.9 1.9 3.3 1.8 1.8 3.8
Biacetyl 195 17.4 56.8 154 13.9 33.1 25.9 23.9 56.8
Methyl Glyoxal (MGLY)P 6.6 8.3 13.7 9.9 9.9 13.7 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-deriveéd 34.8 40.7 63.7 47.7 48.1 63.7 14.9 16.2 39.0

Total PA Production Rafe  3.0x10° 2.6x10°0  1.2x107  4.4x10° 42x100  1.2x107  1.0x10° 9.1x10° 2.4x10P

a5 represents the number of 30 min averaged observations for each time period.

b MGLY concentrations estimated from Spaulding et al. (2003) according to Eq. (20).
€ Isoprene-derived sources include MVK, MACR, and MGLY.

d production rate given in units of moleculescis 1.

The uncertainty in the calculated ARNatios is estimated MVK and MACR, maximize about an hour or so downwind
to be~40% based on propagation of the uncertainties in theof Greater Sacramento. In the immediate upwind vicinity
individual observations used in Eq. (6), a similar or larger of UC-BFRS, therefore, propanal and acetaldehyde are more
value to the accuracy expected based on approximations usdittely to be following an exponential decay, while changes
to derive the equation. The experimental uncertainty stemsn MACR and MVK are more likely affected to some ex-
mainly from the uncertainty in absolute concentrations oftent by local production. A useful strategy for estimating the
calibration standards, and thus does not have any temperapwind behavior of oVOCs is to calculate the instantaneous
ture dependence. As the ARNatios are mainly a function loss and production rates at UC-BFRS for each oVOC. Using
of the ratios of their production rates, uncertainty in our in- observations of isoprene and OH at UC-BFRS, we find that
ferred concentrations of NO and R®as only a minor effect  the production rate of MVK and MACR exceeds their chem-
on the APN- ratio calculations. A factor of 2 uncertainty in ical loss rates at high temperatures by as much as a factor
both NO and R@results in only a 5% increase in the APN  of 1.6 and 2.3, respectively. Production rates calculated for
ratio uncertainty. propanal from observations of n-propanol, and for acetalde-

Panels a-b in Fig. 5 show that the predicted ratios exhibithyde from observations of ethanol, are estimated to be only
the same general behavior as the observations for all threabout 10% and 50%, respectively, of their loss rates to OH.
APNy pairs. Figure 6 shows the comparison between ob-n addition to chemical production, however, local emissions
served and predicted APNatios along the temperature co- are likely to be an additional source of acetaldehyde at UC-
ordinate. A value of 1 in this plot corresponds to perfect BFRS (Schade and Goldstein, 2001). At an estimated flux
agreement between observations and predictions. All dat@f 0.2mgCnr2h~t at 30C (Schade and Goldstein, 2001),
points in this figure are the averages of between 5 and 8 inemissions of acetaldehyde correspond to an atmospheric pro-
dividual half-hour measurement-model pairs. The bars rep-dUCtiOﬂ rate similar to that expected from ethanol oxidation.
resent the & variance of the mean for each bin. As dis- Thus, acetaldehyde loss is calculated to be equal to the sum
cussed previously, the accuracy in predicting relative APN of chemical production and local emissions, with the effect
concentrations with the steady-state equation relies on théhat acetaldehyde is approximately in steady-state at a con-
oVOC precursors for both APNs having similar sources andstant value upwind of UC-BFRS.
sinks, such that there are slow (relative to the APINe- The predictions and observations of all three APrdtios
time) upwind changes in the oVOC ratio. The main driver are in agreement to better than 40% at temperatures above
of differences in oVOC behavior along the Sacramento-UC-27°C and within 25% at the highest temperature. Deviations
BFRS transect is the relative importance of anthropogenimf the steady-state predictions from observations at low tem-
versus biogenic, and primary versus secondary sources of thegeratures can be explained by significant differences in the
oVOCs. Smaller differences arise from the different lifetimes loss rates for MPAM relative to PPN and PAN- as a result
of the oVOC precursors. The emission sources of the anef its fast loss to OH, which are especially apparent at low
thropogenic parent compounds to propanal and acetaldehydemperatures where loss to thermal decomposition for APNs
are negligible immediately outside of Greater Sacramentds slow. Under these conditions, the steady-state Eq. (7) will
(Dillon et al., 2002; Murphy et al., 2006, 2007), while the not approximate the time-dependent Eq. (9). For the con-
emission sources of isoprene, the parent compound to botHitions observed during BEARPEX, Reaction (R6) becomes
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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 Yariance of the mean.

(Eg. 7) gives an overall uncertainty of 40% in the pre-
dicted APN ratios. Therefore, the agreement between pre-
dictions and observations, within this uncertainty, of the
MPAN7/PAN7 and PPN/PAN7 ratios at the highest tem-
peratures is evidence that our parameterization of PA radi-
cal production is accurate. Alternatively, it is possible that
we have underestimated the production of all 3 AP radi-

cals equally, but we dismiss this as unlikely. We estimate,
therefore, based on the total uncertainty in the steady-state
approximation (see Sect. 3.2), that the PA radical budget is
closed to within 40%. To our knowledge, this is the first ex-
perimental study where explicit bottom-up analysis of the PA
radical budget has achieved closure.

0.05F ~ -~~~

|
|
) |
15 20
Temperature (°C)

Fig. 5. Observed APN ratios vs. temperatua) MPAN/PPN (blue
squares) angb) MPAN/PAN (red triangles) and PPN/PAN (blue
squares). Also shown are the steady-state predictions for each ratig’,

binned by temperature (connected symbols); the bars represent the . . . .
1o variance of the predicted mean. 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 ab-
solute APN concentrations. Figure 7 shows the steady-state
concentrations for PAN, MPAN, and PPN (Eg. 5) divided by
are below 24C. At 30°C, Reaction (R6) accounts for about the observations as a function of temperature. As in Fig. 6,
40% of the total loss of MPANN. Therefore, the ratios in-  all observations in this figure are the averages of between 5
volving MPAN are significantly underestimated as tempera-and 8 individual half-hour measurement-model pairs, with
tures get colder. Similarly, since the thermal decompositionbars representing theslvariance of the mean. As shown in
lifetime of PPN is about 30% lower than that of PAN at the Fig. 7, the modeled-to-observed ratios for all three APNs are
lowest temperatures, the PPRPAN7 ratio is significantly  significantly different from 1 at temperatures below @5
overestimated at these temperatures. This disagreement is expected for all three APNs: both the
The uncertainty in the absolute PA radical production ratelong APNy lifetimes at low temperatures and the dependence
is estimated to be about 20-30%. Individual contributions toof the steady-state predictions on changes in absolute oVOC
this uncertainty are largest for the MVK (10%) and acetalde-concentrations over this lifetime contribute to these differ-
hyde (9%) sources. Propagating this uncertainty through thences. The model prediction of excess PAN and PPN implies
calculation of the MPAM/PAN; and PPN/PANy ratios that the rate of change in the production term exceeds the

Absolute APN concentrations

the dominant loss pathway for MPANwhen temperatures
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APN7 loss rate (i.e. the exponential term in Eq. 5 is positive) 7
at low temperature. Conversely, the prediction of too little ‘ ‘ ‘
MPAN implies that its loss rate remains fast enough (dueto 6}~~~ f- -1 . A 1
its reaction with OH) that it exceeds the rate of change in ‘ ‘ :
oVOC precursor (MACR) concentrations (i.e. the exponen-
tial term in Eq. 5 is negative).

The model agrees with observations for PAN to within
25%, for PPN to within 50%, and for MPAN to within
35% between 1% and 20C. Above 20C, all three APNs
are increasingly over-estimated by the model. The model
for all three APNs predicts 60—100% more than is ob-
served at temperatures greater thahQ7This result is sur- | ‘
prising since deviations from steady-state should approach 1 im e e e m e e ——t— o e e
zero (modeled-to-observed ratio=1) as temperatures rise and | 1
APN7 lifetimes decrease. While deposition is not consid- o 1*0 1*5 o o o
ered in our steady-state model, its inclusion decreases the Temperature (°C)
predicted APN concentrations only by5% at high temper-

atures using the highest deposition velocity (1.3 cft) se- Fig. 7. Modeled-to-observed ratios for: PAN (green triangles), PPN

ported by Wolfe et 5_1'- (2909?- Additionally, the assumption (pjue squares), and MPAN (red circles). The bars represenisthe 1
that [APN]=[APN7] is valid since we calculate that AP rad- variance of the mean.

ical concentrations are less than 3% of their corresponding
APN over the entire campaign.

We suspect that the chemical model used to describe APN@adicals reacting with the pool of RGadicals by a factor of
concentrations is missing a significant reactive loss channe$ would bring the predicted APN concentrations into agree-
for AP radicals. It is unknown whether this is a result of an mentwith observations at the highest temperatures. For com-
error in our estimation of the NO, HQ or RO, loss rates ~ Parison, the RC(O)&HO; rate constant is about a factor of
or a result of neglecting some additional loss term, such ad-5 higher than the RC(O)3@R0; rate constant.
photolysis or aerosol uptake. An error in the inferred [NO], An increase in the calculated R@oncentrations would
based on the NO-N§O; photostationary-state assumptions also help explain the model bias and may be a more likely
is possib|e, however, previous measurements of NO angj NOpOSSlblllty since a Significant increase k@ would lead to
at UC-BFRS indicate that a factor of 3 error in the NOANO @ lower estimate of [Rg] via Eq. (10), since the effective
ratio, required to force agreement between the APN modekro2+Rroz2 rate constant would increase. The R@oduction
and observations, is unlikely at this particular site, which isterm in Eq. (10) neglects direct production from carbony!
far removed from significant NOsources (Day et al., 2009). Photolysis, alkene ozonolysis, and decomposition of alkoxy
A significant uncertainty in the model is in the estimate of radicals, which may be important at UC-BFRS. Without run-
the AP+RQ reaction rate, stemming from an uncertainty in Ning a detailed chemical model, which is beyond the scope
the estimated concentrations of R@rom Eq. 10) and in of this study, it is difficult to make a better approximation for
the reaction rate constaritsj. We estimate that the average RO2. Our estimates are, however, consistent with those re-
RO,/HO;, ratio is about 4, and at high temperaturesyR@n  sulting from an analysis of the NO-NADs photo-stationary
contribute to as much as 35% of the total AP radical loss. Thestate at UC-BFRS in 2001 (Day et al., 2009). While it
rate constant used in our analysis for these reactions is th&teems unlikely that R&is under estimated by a factor of 3,
reported for the reaction of the PA radical with the methyl there is some precedent in the literature for higher observed
peroxy radical (CHOZ) Villenave et al. (1998) have sug- ROZ/HOz ratios than our estimation during BEARPEX (M|'
gested, based on experimental and theoretical considerationgelcic et al., 2003; Emmerson et al., 2007).
that reactions of acy| peroxy radicals with any peroxy radical While we believe that chemical loss of AP radicals is the
will proceed at a rate similar to that of PA+G8), regard- ~ most likely source of error in the model, there are other pos-
less of the size or functiona"ty of the organic chains. The re-SibiIitieS that may contribute to the observation-model differ-
actions of acyl peroxy radicals with hydroxy-functionalized €Nnces.

RO, radicals were not Speciﬁca”y considered by Villenave We have also considered, for example, the likelihood that
et al. (1998), nor have they been investigated in any othefast spatio-temporal variations in APN sources or sinks may
experimental study, to our knowledge. This is important asPe responsible for driving APNs out of steady-state. The
the majority of peroxy radicals at UC-BFRS during the after- changes required in [oVOCJ3, and/or [OH] over the 5-
noon are hydroxy-peroxy radicals derived from 2_methy|but_ 10km UpWind of UC-BFRS are too fast to be realistic based
3-en-2-ol (MBO), isoprene, terpenes, and their respective ox2n previous work modeling the Sacramento-UC-BFRS tran-
idation products. An increase in the rate constant for Apsect (Perez, 2008; Perez and Cohen, 2009).

i PPN

(6]

EN

w

Modeled / Observed [APN]

n
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