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Abstract. We present simultaneous fast, in-situ measure-for biogenic areas, are in contrast to our observed trends.
ments of formaldehyde and glyoxal from two rural cam- It remains important to address this discrepancy, especially
paigns, BEARPEX 2009 and BEACHON-ROCS, both lo- in view of the importance of satellite retrievals and in situ
cated in Pinus Ponderosa forests with emissions dominatetheasurements for model comparison. In addition, we pro-
by biogenic volatile organic compounds (VOCSs). Despite pose that R represents a useful metric for biogenic or an-
considerable variability in the formaldehyde and glyoxal thropogenic reactive VOC mixtures and, in combination with
concentrations, the ratio of glyoxal to formaldehydesrR  absolute concentrations of glyoxal and formaldehyde, fur-
displayed a very regular diurnal cycle over nearly 2 weeksthermore represents a useful metric for the extent of anthro-
of measurements. The only deviations iafRwere toward  pogenic influence on overall reactive VOC processing via
higher values and were the result of a biomass burning evenlOy. In particular, Rg yields information about not sim-
during BEARPEX 2009 and very fresh anthropogenic influ- ply the VOCs dominating reactivity in an airmass, but the
ence during BEACHON-ROCS. Other rapid changes in gly-VOC processing itself that is directly coupled to ozone and
oxal and formaldehyde concentrations have hardly any afsecondary organic aerosol production.

fect on Rsg and could reflect transitions between low and
high NO regimes. The trend of increasedfRfrom both
anthropogenic reactive VOC mixtures and biomass burning

compared to biogenic reactive VOC mixtures is robust duel Introduction
to the short timescales over which the observed changes in

Rar occurred. Satellite retrievals, which suggest highgg R~ The oxidation of volatile organic compounds (VOCs) is di-
rectly coupled to the production of tropospheric ozone, a
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major atmospheric pollutant correlated with increased inci-biogenically-dominated regions can differ in reactive VOC
dences of poor respiratory health, crop damagauzerall composition due to different relative emissions of BVOC
and Wang 2001, Stieb et al. 2000, and production of sec- species. In this work, we present simultaneous, fagtrtin),
ondary organic aerosoDpckery et al. 1993 Laden et al. online, in-situ observations of both Gly and HCHO during
200Q Ostrg 1993. Production of tropospheric ozone is de- two rural field intensives in different Pinus Ponderosa forests,
pendent on VOCs in two ways: the composition of the reac-BEARPEX 2009 and BEACHON-ROCS. Furthermore, we
tive mixture of VOCs in the atmosphere and the oxidation compare and discusBgr values between these campaigns
pathways and mechanisms of these VOCs. Due to the widand with respect t®cr reported in the literature. Finally, we
variety of VOCs in the atmosphere, both explicit measure-discuss multiple events during these campaigns in the con-
ment of the VOC mixture and a quantitative understandingtext of the fate of alkyl peroxy radicals (Rpas well as the

of the oxidation pathways of the VOC mixture are challeng- role of anthropogenic influence on rural regions through the
ing. Observations of oxidation products are fundamental toinfluence of anthropogenic VOCs and NO

testing and improving our understanding of VOC oxidation.
Measurements of oxidation products specific to only one
VOC (e.g. MVK from isoprene oxidation) are valuable as are
measurements of species that are produced from oxidatioa 1 Site information
of many VOCs (e.g. formaldehyde, a general VOC oxidation™"

tracer). By comparing general VOC oxidation tracers that arérpe gigsphere Effects on AeRosols and Photochemistry EX-
produced from both anthropogenic and biogenic VOCs (AV- yariment (BEARPEX) 2009 took place in a Sierra Pacific In-

OCs/BVOCs, respectively), but whose relative yields vary q stries Pinus Ponderosa plantation (canopy heigdm:

between AVOCs and BVOCs, it could be possible to deter-jg4¢ areq index (LAY 3.7) in the Sierra Nevada Mountains
mine which type of VOC contributes more to the reactivity (38°5342.9' N, 120°3759.7' W, 1315 m) near the Blodgett
of a given air mass. Through observation of such oxidationg, st Research Station from 15 June—31 July 2009. This
products, we may obtain a metric to identify changes in thegjte has been described in detail elsewhd®dldn et al,
overall reactive VOC mixture. 2002 Dreyfus et al, 2002 Goldstein et al.2000 and ex-
Formaldehyde (HCHO) and glyoxal (Gly, CHOCHO) are ipits 4 regular diurnal wind profile driven by the moun-
ubiquitous oxidized VOCs (OVOCs) formed as intermedi- 5in anabatic/katabatic winds. Local emissions are primar-
ates in the VOC-H@NOx cycle (HQ = HO + HOz, NOx iy 5 methyl-3-buten-2-ol (MBO) and monoterpenes (MT)
=NO + NO), the catalytic photochemical cycle responsible it diurnally consistent midday advection of isoprene and
for VOC oxidation in the atmospherErQed etal, 1997: Lee oxidation products Dreyfus et al. 2002 and late after-
et al, 1998 Tan et al, 200). HCHO is produced in the 0X-  5on/evening arrival of the Sacramento urban pluBitidn
idation of nearly all VOCs and is often used as a tracer ofg¢ 51 2002, Additionally, this site had a significant under-

pverall VOC o>_<idatio.n. It is also directlly emitted from var- story with an estimated height of 2m and an estimated LAl
ious sourcesiGangi et al, 2011 Garcia et al.2006, but of ~ 1.9 (Wolfe and Thornton2011).

most of the budget derives from photochemical production 1 Bio-hydro-atmosphere  interactions of Energy
(Lugcken et al.2012. Gly is similarly formed from the OX-  aerosols, Carbon, pD, Organics & Nitrogen-Rocky
|dat|_o_n of many VOCS_, such as alkene and aromatic specieSyguntain Organic Carbon Study (BEACHON-ROCS) 2010
Additionally, Gly has V|rtual_ly no primary source¥dlkamer 50k place in the Manitou Experimental Forest (MEF,
et al, 2009, except from biomass burning _et al, 2008. 39°0602" N, 105°0605’W, 2286m) from 1-31 August
Hays et al, 2002 McDonald et al. 2000, which makes it 5010, MEF is a Central Rocky Mountains Pinus Ponderosa
an excellent measure of the rate of photochemical oxidation, ;diand (canopy height 18.5m; LAl ~ 1.9) located~ 40
(Garcia et al. 200§ Huisman et al.2011). Both Gly and  ym horthwest of Colorado Springs, CO and70 km south
HCHO have similar midday lifetimes on the order of a few ¢ penver. CO. This site has been described previowiy (
hours, driven by photolysis, reaction with OH and, near theGangi et al. 2011 Kim et al, 2010 and exhibited minimal

surface, depositiomtkinson, 2000). .. undergrowth and predominantly biogenic-influenced air.
Due to these differences in sources and similarity in sinks,

the Gly/HCHO ratio Rgr) has been proposed as a tracer 2.2  Gly and HCHO measurements

of changes in the atmospheric VOC mixture. Satellite re-

trievals and modeling studies suggest higher valueRgf Gly and HCHO measurements were obtained by two dif-
(4—6 %) in biogenically-influenced regions and lower valuesferent instruments: the Madison-Laser Induced Phosphores-
(<4 %) in anthropogenically-influenced regionglyioke- cence (Mad-LIP) instrument and the Madison Fiber Laser-
falitakis et al, 2008 Vrekoussis et al.2009 201Q Wit- Induced Fluorescence (FILIF) instrument, respectively. De-
trock et al, 20069. However, there have been no reported tails for these instruments can be found elsewhBi&&ngi
investigations of usin®Rge as a tracer of local VOC oxida- et al, 2011, Hottle et al, 2009 Huisman et al.2008 but

tion or tracer of the reactive VOC composition. Additionally, will be briefly mentioned here. The Mad-LIP instrument uses

2 Experimental
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a 440 nm narrow-bandwidth<(0.06 nm), Nd:YAG-pumped, 2.3 Other measurements

doubled Ti:Sapphire laser (Photonics Industries, TU series),

and FILIF uses a 353 nm narrow-bandwidth pulsed fiber lasefgtails  of the meteorological measurements during
(NovaWave Technologies, TFL Series). The lasers are usegeaARPEX 2009 can be found elsewhef@oldstein et al.

to excite either Gly or HCHO photoluminescence in the Cen-5000. Carbon monoxide (CO) was measured via a gas
ter of a 32-pass White-type multipass cell. Laser scatter Wagorelation infrared spectrometer (Thermo Environmen-
minimized by the presence of carbon black-coated bafflingis| |nstruments, Model 48C). Concentrations of benzene
as well as a light trap opposite the detector. Photolumines(CGH;r), acetonitrile (GH4N*) , the sum of 2-methyl-
cence frpm the analytes was collimated, passed through ag ) 10 > | (MBO) and isoprene ¢8,,0" and GH:,
optical filter (HCHO: 390nm longpass, Gly: 52010 nm hereafter referred to as MBO+Isoprene), and the sum of

bandpass), anq then focuse(_:l qnto the entire active area (§VOC oxidation products such as methylvinyl ketone and
a photon-counting photomultiplier tube. The photolummes—methacrolein (GH70™) were measured via quadrupole

C?Tﬁe S|hgrla: was electromcglly ?ateéj to dOpt'm'ée detzclt'orkroton transfer reaction-mass spectrometry (PTR-MS).
ot thé photoluminescence signal and reduce obServed 1aser patajis  of the additional measurements during

scatter, thus maximizing signal/noise. Since this electronicge A ~HON-ROCS can also be found elsewheBiGang
gating also preferentially detected photons only in a specificet al, 2011). Benzene (GHZ, m/z 79.055), acetonitrile
L] . 7 . ’

t!me window af_terthe laser pulse, only ph(_)tons with the Iife.— (CoHaNT, mlz 42.035), MBO+lsoprene @1:0" &

Flme of the Iur_nmescence were observed, mcreasmg_sele_ctw SH¥, 87.081 & 69.070), GH;O" (m/z 71.050), and

ity. Any remaining background was subtracted by dithering 6H30+ (mlz 95.050, likely corresponding to phenol) con-
the laser periodically between near wavelengths of high an entrations were measured via proton transfer reaction-time

low absorption cross-section. The difference between thesg; flight-mass spectrometry (PTR-TOF-MSp1aus et al
two signals is proportional t_o the analyte concentration. _201Q Jordan et a).2009 Ruuskanen et al2011). Further
Gly and HCHO gradients were measured  during details about the PTR-TOF-MS measurements during this
BEARPEX 2009 by alternately sampling from fow30 m field campaign can be found iKaser et al.(2012 and
, ; ;
3/8; S-ZFE Teﬂr?nr:nlets at helghtfs ?‘f 17.8 m,f8|.37|:2,f3.3hm, Mduller et al.(2010. Additional VOCs, including isoprene,
al‘g 8 ' :éHVgt_ T € gxceptl%nEZCLgl\lljs;O%S dqr t € toluene, and benzene, as well as the toluene:benzene ratio
-om inlet. During BE/ -  gradients ), were measured with the Total Organic Gas Analyzer
measured by alternately sampling from .fouBOm 3/8 (TOGA) (Apel et al, 201Q 2003 Hornbrook et al.20113.
'D,PTFE (Gly) or PFA (HCHO) Teflon inlets placed at Nitrogen oxide (NO) was measured via chemiluminescence
heights of 25.1m, 17.7m, 8.5m, and 1.6 m. Inlet compar-(ECO Physics AG, Model CLD-88Y). OH, HOand RQ
ison testing was performed for both instruments and ob-, ..o measured By the NCAR chemical ionization mass

served_no (_jetectable inlet artitac®iGang _2012)' Mad spectrometers (CIMS)Hornbrook et al. 2011h Mauldin
LIP calibrations were performed weekly using a gas stan-y¢ 4 1999

dard quantified in the field via cavity ringdown spectroscopy

as described by Huisman et aHuisman et al.2008, and

weekly FILIF calibrations were performed using an FTIR .

cross-calibrated permeation source as described by DiGangi ©OPservations

et al. DiGangi et al, 2011). The Mad-LIP instrument de-

tection limit () for both campaigns was 16 pptv in 1s, Figure 1 shows the diurnal profiles of Gly and HCHO con-

while the FILIF detection limit was 1ppbv in 1s during centrations, Gly:HCHO ratiosRgg), and wind direction for

BEARPEX 2009 and 300 pptv in 1s during BEACHON- both sites, while Figs. S1 and S2 show Gly and HCHO con-

ROCS. Calibration uncertainties (accuracies) were 20 % forcentrations for the entirety of each campaign. Gly and HCHO

Gly and 30 % for HCHO during both campaigns. Sixty sec- concentrations at both sites (Fig. 1c—f) exhibited a moder-

ond median precisions for Gly measurements were 8.9 %ately variable diurnal profile, with typical concentration max-

and 11.5% during BEARPEX and BEACHON-ROCS, re- ima in the early evening and minima around sunrise. Average

spectively, while thirty second precisions for HCHO mea- Gly and HCHO concentrations were significantly higher dur-

surements were 11.1% and 0.37 % during BEARPEX anding BEARPEX 2009 than during BEACHON-ROCS, which

BEACHON-ROCS, respectively. This results in 8aF ac- concur with higher OH reactivity during the BEARPEX

curacy of 36 % andRgr median precisions of 15.6% and 2009 campaign (Fig. S3e—fRgr during each campaign

11.6 % during BEARPEX and BEACHON-ROCS, respec- (Fig. 1a and b) showed a remarkably consistent diurnal pro-

tively. file peaking at midday that is nearly independent of Gly or
HCHO concentration changes. BEACHON-ROR&- were
typically higher (on average, 32 %) than BEARPEX 2009
Rgre and also exhibited a much stronger diurnal cycle than
BEARPEX 2009Rgr. Box model simulations based on the

www.atmos-chem-phys.net/12/9529/2012/ Atmos. Chem. Phys., 12, 958913 2012
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Fig. 1. Diurnal profiles of Rgg, HCHO, Gly, and wind direction during BEACHON-ROCS and BEARPEX 2009. Grey dots represent
individual ~ 30s data points and black dots represent the 1 h diurnal binned medians. Note that the Gly and HCHO y-axes are not the
same between the two campaigns. The different symbols in the bottom left panel denote the two dominant diurnal wind profiles for that
campaign, with triangles indicating the more dominant6Q %) southwesterly wind direction and circles indicating the less dominant

(~ 40 %) northeasterly wind direction.

Table 1.Percent increases for Gly, HCH®gF, and other species for each transport event. Note that the values lisfgfare the relative
increases, not absolute changes in values.

Event MFI MFI BN1 BN2 BN3 BN3
(Day 1) (Day 2) (afternoon) (evening)
Event Time 18:00-19:30  12:30-14:30 16:30-18:00 14:00-15:30 13:00-14:00 20:00-21:15
Gly 280 % 140 % 94 % 120% - 380 %
HCHO 110% 120% 160 % 54 % 250 % 67 %
RGF 79% 18% —18% 3% — 190 %
MBO+Isoprene —58% —18% —2% 7% —-12% 84%
m/z 71 6% 7% 42% 200 % 320% 120%
Benzene 280 % 180 % 150 % 320% 260 % 230%
Acetonitrile 150 % 100 % 4% 20% 12% 3%
CcoO 110% 120% 30% 20% 50 % <10%

University of Leeds Master Chemical Mechanisgerfkin
et al, 1997 Saunders et 312003 updated with a recently
reported direct Gly yield from isoprenésélloway et al.
2011h Wolfe and Thornton2011) predict higherRgr for

overnight and the west during the day. During BEACHON-
ROCS, the diurnal wind direction profile (Fig. 1g) was best
represented by two regimes. Winds consistently originated
from the south at night, while during the day the dominant

MBO oxidation than for isoprene oxidation for NO concen- wind direction was either southwesterly 60 %) or north-
trations similar to those during these campaigns, which iseasterly ¢ 40%). Diurnal Gly and HCHO concentrations
consistent with the high observed Gly yields from MBO ox- were higher in the afternoon for the northeasterly regime,
idation (Chan et al. 2009. As isoprene is a ubiquitously while Rgg was similar between the regimes (Fig. S4). Thus,
emitted VOC present during BEARPEX 2009 but is presentthe consistent lower nighttimBgr is possibly due to either
in much lower relative quantities during BEACHON-ROCS, a buildup of directly-emitted HCHO and/or terpene oxida-
this would chemically suggest thAtg should be higher dur-  tion in the stable nocturnal boundary layer, or preferential
ing BEACHON-ROCS compared to during BEARPEX, in dry deposition of Gly over HCHO, though current data is in-
agreement with our observed trends. sufficient to verify either of these conclusions.

The diurnal wind direction profile during BEARPEX 2009  During both campaigns, there existed a humber of what
(Fig. 1h) was very consistent, with wind from the east we will refer to as transport events, indicated by a sharp

Atmos. Chem. Phys., 12, 9529543 2012 www.atmos-chem-phys.net/12/9529/2012/



J. P. DiGangi et al.: Gly and HCHO rural observations 9533

600 25 13
’ m Gly A HCHO @ RGFL2O
I 125
— 3 12
= 400 s 2 72
o AA (@] J2 ™
Z @ rannrttio 3 |7 R
& 200 3 R
fomtege®s 5 < '
annnggu®
>0 ‘ ‘ 10 1
g8 ® ® 18
= 9
2 6 .~.. ] :I
G'EJ. 4 ® AA o & 4 C)+
8 Q -
% 2 .AA 12 :E
Q WAA =
E O Il Il \0
400 3
~ 300 @ Benzene %— g
2 A Acetonitrile 300 N
g 2004 “o® =3
o] [ ) 200 ©
© 100 ¢ ® 100 32
e <™

O%:OO 06:00 12:00 18:00 00:00 06:00 12:00 18:00 00:(?0
Time of Day

Fig. 2. Gly, HCHO, Rgf and other tracer species during the two days of the MFI (DOY 197 & 198). Gly, HCHORgapdare shown as
30 min binned averagesH{15 min each half hour), whereas other species are shown at full resolution. Data for MBO+Isopiién®;C
benzene, and acetonitrile were measured via PTR-MS.

transition from low to high (or vice-versa) concentrations of of this first MFI event is consistent with the arrival of the
many species. These events during BEACHON-ROCS werglume from the MFI site modeled by HYSPLIT forward tra-
observed as intermittent but regular occurrences, while onhjectories (Fig. S5)Praxler and Rolph2011; Rolph 2011),
a two-day series of events occurred during BEARPEX 2009.which predict arrival of the plume at the BEARPEX 2009
We will use a selection of these events to probe the chemistrgite between~ 18:30 and~ 19:30. Rgp, Gly, HCHO, ben-
driving the behavior oRgF. zene, acetonitrile, and CO concentrations all exhibited simi-
lar decays as the evening progressed. No sharp rise was ob-
3.1 BEARPEX 2009 16-17 July 2009: Mammoth Fire served in oxidation products specific to BVOCs, as judged by
Incident (MFI) C4H70™, while MBO+Isoprene (representative of daytime
BVOC emissions) followed the campaign-averaged evening
During BEARPEX 2009, only one event, consisting of two decrease in concentration. The coincidence of the rises in
consecutive days (16-17 July, 2009), was observed tha@cetonitrile, a tracer of biomass burningalzinger et al.
showed deviation from the regular diurnal trends in HCHO, 1999 2009, and CO, a tracer of incomplete combustion
Gly and Rgr. The event corresponds to the Mammoth (Khalil and Rasmusseri988, with the rise in Gly, HCHO
Fire Incident (MFI) which occurred in the American River and Rgr is consistent with influence from biomass burning,
Canyon (38.93° N, 120.99° W, 400 m) east of Auburn, CA.  such as the MFI. This rise iRgr iS noteworthy, as it was
The MFI began on 16 July, 2009 at 14:33 (all times lo- the only time during the 20 days of Gly and HCHO mea-
cal, PST) and was reported contained on 18 July 2009 asurements at BEARPEX 2009 that showed a pronounced and
19:30 fttp://bof.fire.ca.gov/incidents/incidentietailsinfo? ~ rapid change inRgr. These observations demonstrate that
incidentid=340). Rce was clearly enhanced due to a biomass-burning plume.
Figure 2 shows concentrations of Gly, HCH®gg, and  This effect is consistent with satellite retrievalérg¢koussis
other relevant species during the MFI events, while Figure St al, 2010 and can likely be attributed to differing primary
also shows additional parameters (RH, PAR, wind direction,emission rates of Gly and HCHO from the burning event
u,) and Figure S12a shows the precision for the contrastingand/or photochemical processing of biomass burning emis-
features. The morning and afternoon of 16 July had Gly andsions with relatively short lifetimes<3 h).
HCHO concentrations anBlgr typical for BEARPEX 2009. On 17 July, there was a second sharp increase in Gly,
At ~19:00, there was a sharp increaseRige, as well asin  HCHO, benzene, acetonitrile, and CO concentrations at
concentrations of Gly, HCHO, benzene, acetonitrile, and CO~ 13:20, consistent with a HYSPLIT predicted arrival time
(see Table 1), referred to as the first MFI event. The timingof the MFI plume (Fig. S7)@raxler and Rolph2011; Rolph,

www.atmos-chem-phys.net/12/9529/2012/ Atmos. Chem. Phys., 12, 958913 2012
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Fig. 3. Gly, HCHO, Rgf and other tracer species during day BN1 (DOY 230). Gly, HCHO, Rggd are shown as 30 min binned averages
(= 15 min each half hour), whereas other species are shown at full resolution. Data for MBO+Isopi¢®; Cbenzene, and acetonitrile
were measured via PTR-TOF-MS.

2011 of 13:15-13:45. This will be referred to as the seconddifferent. This may point to differences in the emission from
MFI event. Although both HCHO and Gly strongly increased a biomass burning event as it evolves, as the plume on the
compared to the rest of the campaign, the small increasérst day was from the freshly-started fire while the plume on
in Rgr of 18 % was not atypical for BEARPEX 2009 (see the second day was when the fire was more than a day old.
Fig. 1). This appears inconsistent with the previous day asAdditionally, the biomass burning plume arrived late on the
the increases in acetonitrile were very similar between thdfirst day, at which time the lifetime of Gly and HCHO was
two plume arrivals (Table 1), suggestigye should have  much longer than at midday. This is compared to the earlier
risen as well due to biomass burning influence. Addition- arrival of the plume on the second day, near midday and si-
ally, HYSPLIT trajectory models (Fig. S6) predict that the multaneous with the second MFI event. It is possible that the
MFI plumes on the two days should have roughly the sameshorter lifetime during the first day resulted in a stronger in-
age ¢~ 3h), which is comparable to the lifetime of Gly and fluence of Gly and HCHO from the biomass burning event at
HCHO at that time. In contrast to the previous evening, thethe site.
arrival of the MFI plume coincided closely with the arrival
of isoprene at the measurement site from a band of oak tree3.2 BEACHON-ROCS 18 August 2010 (BN1)
to the west, indicated by the significant increasesjHO™
during the second MFI event, which makes it difficult to dis- On 18 August during BEACHON-ROCS, which we refer to
cern the influences of the isoprene vs. the biomass burnings day BN1, sharp changes in Gly and HCHO concentrations
plume. However, since no other isoprene plume yielded Glywere observed (Figs. 3, S8, S12b). In the early morning, con-
and HCHO concentrations as high as during this day andentrations of Gly, HCHO, and particularlys870" con-
combined with the large concentrations of acetonitrile, it is tinuously rose. This was coincident with the onset of pho-
clear that biomass burning can be a significant influence.  tochemistry, BVOC emissions (indicated by the increase in
Overall, the MFI events show that biomass burning canconcentration of MBO+lIsoprene), and vertical mixing (es-
influence Rgr. However, this influence may be dependent timated by u*) expected at this time of day. At09:30, a
on environmental factors, including flaming vs. smoldering sudden shift in wind direction from south to northeast oc-
phases, which have been shown to exhibit substantial differcurred, accompanied by a fast drop in OVOC concentrations
ences in VOC formation ratef\(idreae and Merlet200%; (Gly, HCHO, and GH;O™) and only a small decrease in
Koppmann et aJ2005. Acetonitrile concentrations fromthe MBO+Isoprene and benzene concentrations. This will be re-
MPFI plume for the two days are quite similar, Rgrisvery  ferred to as the BN1 morning event. Acetonitrile concen-
tration remained constant, implying that they were already

Atmos. Chem. Phys., 12, 9529543 2012 www.atmos-chem-phys.net/12/9529/2012/
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Fig. 4. Gly, HCHO, Rgp and other tracer species during day BN2 (DOY 231). Gly, HCHO, Rgd are shown as 30 min binned averages
(£ 15 min each half hour), whereas other species are shown at full resolution. Data for MBO+Isopié¢f®;"Cbenzene, and acetonitrile
were measured via PTR-TOF-MS.

at/near the regional background. Constant MBO+Isoprenesame BVOCs still dominate the site’s reactive VOC mixture,
concentrations, concurrent with a much larger decreas@nd the rise in benzene, a VOC with a long lifetime on hourly
(~50%) in Gly and with near constant OH concentrations, timescales, likely indicates increased anthropogenic influ-
imply a shift from a more photochemically-aged airmass toence via NO rather than via reactive anthropogenic VOCs.
one that is less aged, at least in the presence of Ri§p. Combined with the lack of discontinuity iRgr during the
shows no discontinuity at this time, which demonstrates thaBN1 morning event, this suggests thiagr is independent of
RgF is insensitive to the extent of airmass processing. these changes in RGate regime.
In the afternoon,Rgg continued its regular diurnal in-
crease until the wind direction shifted to the soutk-dt5:00, 3.3 BEACHON-ROCS 19 August 2010 (BN2)
after which the ratio began to slowly decrease following
the average diurnakgp pattern. At~ 17:00, both Gly and  Figure 4 shows another day, referred to as day BN2, with
HCHO concentrations, which had been nearly level all af-similar sharp Gly and HCHO changes, while Figure S9
ternoon, roughly doubled within a few minutes. This will be shows additional metrics and Figure S12c shows the preci-
referred to as the BN1 afternoon event. This fast rise in Glysion for the contrasting features. The morning had a simi-
and HCHO was accompanied by a fast rise in benzene conlar rise in MBO+Isoprene and OVOC concentrations as the
centrations, a rise in 670", and no significant change in morning of BN1. However, there was no morning event as
MBO + Isoprene or acetonitrile (see Table 1 for values). Thewith BN1, as Gly and HCHO increased only slightly. The
trend in many of these tracers was quite similar to those durenhanced morning concentrations slowly decreased as verti-
ing the MFI events at BEARPEX 2009, with the exceptions cal mixing increasedRgr exhibited a morning profile very
of acetonitrile andRgr. Rgr did not only lack an increase, similar to that during BN1, despite these differing condi-
butitin fact continued decreasing on its normal diurnal trend.tions. At~ 14:30, Gly, HCHO, and benzene once again rose
The lack of change in acetonitrile concentrations with risingvery sharply, whereas there was no discernible change in
benzene concentrations implies that this event arose from arMBO + Isoprene or acetonitrile ands870™ also rose con-
thropogenic influence, rather than biomass burning as duringiderably (see Table 1). This will be referred to as the BN2 af-
the MFI events, as biogenic emission of benzene is minimalternoon event. Similar to the BN1 afternoon evektitg was
Despite this noticeable increase in anthropogenic influencainaffected by the sudden change in concentrations. This rein-
and sizable increases in both Gly and HCHO concentrationsforces thatRgr did not exhibit responses to sudden changes
Rgr was unaffected. This likely arises from the fact that the in airmass at the BEACHON-ROCS site. Finally, rainfall at
~19:00 caused a fast decrease in all VOC concentrations,
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Fig. 5. Gly, HCHO, Rgf and other tracer species during day BN3 (DOY 226). Gly, HCHO, Rgd are shown as 30 min binned averages
(£ 15 min each half hour), whereas other species are shown at full resolution. Data for MBO+Isopié¢p®;"Cbenzene, and acetonitrile
were measured via PTR-TOF-MS. Data shown for toluene was measured via TOGAygiglfidsed on TOGA measurements of benzene
and toluene.

including Gly, HCHO, and ¢gH70". Rgr remained surpris- a measure of the processing of anthropogenic air, also in-
ingly constant during this transition, given the large differ- creased substantially~(50 %) at this time, though recent
ences in gas/liquid partitioning between Gly and HCHE ( measurements have suggested that this use of the ratio of

et al, 2009 Staudinger and Robert$996. toluene:benzene may be affected by non-negligible biogenic
toluene sourcesWhite et al, 2009. Still, the combina-
3.4 BEACHON-ROCS 14 August 2010 (BN3) tion of increases in alkane concentrations and the ratio of

toluene:benzene confirms that anthropogenic VOCs in this

During the BN1 and BN2 afternoon events, we observed nd'€W airmass were less/differently processed than the previ-
change inRgr despite sharp increases in Gly, HCHO, and 0UsS airmass. Isoprene also shows a marked increase at this
benzene. However, benzene concentrations remained fairljme. As this rise was quite similar to the rise in BN1, it is
low, especially compared to the MFI events. During the daylikely that there was a similar spike in isoprene during BN1
BN3 (14 August; Figs. 5, S10, S12d), the morning and after-2S well, though measurements are not available to confirm
noon had similar behavior as during BN1 and BN2, but thethis.

evening exhibited different behavior as it was the only time ~ Of particular interestis the region from19:00 to~ 23:00
substantially increaseBge values were observed. Unfortu- (See Fig. 6), referred to as the BN3 evening event. Both
nately, Gly measurements did not start until early evening of iCHO and Gly exhibited a series of brief-@-5 min)

this day, but the various other measured species indicate th&Pikes in concentration. Even more significant was that for
the site was undergoing a similar change in airmass in théhe only time during either of the campaigns discussed in
afternoon as during the BN1 and BN2 afternoon events. this work, Rgr also increased significantly over these short

As during the BN1 morning event, during the morning of timescales, yielding the largest values Rér during both
BN3, OVOC concentrations (including HCHO) exhibited a €@mpaigns and approaching values observed in urban ar-
sudden decrease (BN3 morning event), suggesting a transfas. At the same time, we observed strongly increased ben-

tion to a less/differently photochemically-processed airmassZene and toluene concentrations, including the highest ben-
VOC concentrations remained mostly level until a wind di- Z€ne concentrations during BEACHON-ROCS, a slight rise

rection change at-13:15, when HCHO, MBO+Isoprene, N both MBO+Isoprene concentrations andHzO™ with
and GH;O* concentrations rose quickly, whereas acetoni-N0 observable change in acetonitrile concentrations. The
trile stayed constant, referred to as the BN3 afternoon evengtrongly-elevated benzene with constant acetonitrile indi-

Benzene, toluene, and many alkanes (butane, isopentané@tes that these spikes were caused by relatively fresh and
pentane) rose significantly. The ratio of toluene:benzeneStrong anthropogenic influence. This is further supported by
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measurements of gE17O", which is attributed to phenol. areas (4-6 %) with vegetated land coverdkoussis et aJ.
Phenol has a much shorter lifetime than toluene and the BN2010. Satellite-driven global models tend to agree with these
evening event was the only event for which we observed desatellite retrievals Nyriokefalitakis et al, 2008. Median
viation of GGH;O™ from background levels (Fig. S11), indi- daytime Rgr during BEACHON-ROCS and BEARPEX as
cating fresh anthropogenic influence. At the same time, wemeasured on the ground were less than 30% of those re-
observed the only deviation and fast changeRigr for the trieved by satellites in rural regions. We believe this is not
entire campaign. The spikes during the BN3 evening eventain LIF/LIP instrumental artifact, a®gr measured using
are distinct evidence that fresh anthropogenic air (i.e. withthe same instrumentation in Bakersfield, CA were consistent
reactive anthropogenic VOCSs) has higlReyr, a trend oppo-  with other urban field sitedHenry et al, 2012. Furthermore,
site of that predicted by satellites (see Sect. 4.1). the trend of higheRgr values for anthropogenic VOC mix-

tures over the very short timescales of individual events dur-

ing these campaigns is independent of instrumental changes
4 Discussion (i.e. calibration factors) and even the absolute valuBgf.

The cause of the disagreement between surface measure-

The observation of changes in reactive VOC composition beiments and satellite retrievals is unclear but may be partially
tween BVOCs and biomass burning/AVOCs on a very shortexplained by the inherent limitations of comparing a near-
timescale affords the opportunity to evaluate trend®dx surface point measurement with column-averaged satellite
without potential instrumental changes, such as changes ifetrieval. In rural forests, there is evidence that direct emis-
calibration factors. The results from BEARPEX 2009 and sion may be a major source of HCHO within the forest
BEACHON-ROCS demonstrate thRgr is a tracer sensitive ~ canopy DiGangi et al, 2011) and may result in significantly
to the reactive VOC composition of the measured air masslower Rgr near the canopy. However, these emissions are
Rgr was observed to be distinctly elevated for the oxida-too small to be significant on the scale of the boundary layer
tion of high concentrations of anthropogenic VOCs and con-and would only result in decreasétr at night when tur-
ditionally elevated for biomass-burning plumes, comparedbulence is low. Another possibility is that boundary layer ra-
to the lower Rgr values for oxidation of reactive BVOCs. tios are overall significantly lower than free tropospheric ra-
Therefore,Rge may represent a useful metric for the de- tios. However, the majority of the number densities of HCHO
gree of reactive anthropogenic or biomass burning influencéand Gly are expected to be in the boundary layer. Thus, the
on rural areas via transport of reactive anthropogenic VOCssatellite retrievals should be strongly influenced by boundary
or biomass burning plumes. ABgr did not vary even for layer values, although this depends on the altitude sensitiv-
large and rapid changes in absolute concentrations of Glyty for the satellite retrievals. The validity of this hypothesis
and HCHO,Rgr appears insensitive to the extent/type of ox- is difficult to ascertain, as there have been no published si-
idative processing of air masses with similar reactive VOC multaneous measurements of Gly and HCHO in the free tro-
composition. In the following sections, we discuss the extentposphere. Finally, BVOC emissions at the BEARPEX 2009
of agreement between surface and satellite retrievakepf ~ and BEACHON-ROCS sites are dominated by MBO and
and the origin of the observed large changes reported in thighonoterpene emissions, in contrast to isoprene-dominated
study in absolute Gly and HCHO concentrations at constangleciduous forests (e.g. the Amazon, Northern Michigan)

RGF (i.e. constant reactive VOC composition). (Karl et al, 2007, Ortega et al.2007. Although models in-
dicate that MBO oxidation should yield highRgg, Gly and
4.1 Gly: HCHO ratios from anthropogenic and HCHO vyields in low-NQ high-isoprene environments are

biogenic VOC oxidation: surface and satellite values  poorly understood. Even if measurements at these sites are
shown to exhibit higheRgF, this study still indicates a larger

Figure 7 shows a comparison betwefar in this work  degree in the variability of biogenigp than is currently de-
and the literature. Our measurements during BEACHON-rived from satellite retrievals.
ROCS and BEARPEX 2009 typically had low values of In addition to differences in absolute values Rgr be-
Rcr (<2%). Sites in urban areas such as the Mexicotween urban and rural sites, there are significant differences
City Metropolitan Area Garcia et al.2009, Pasadena, CA in variability. As mentioned in Sect. 3, BEACHON-ROCS
(Washenfelder et gl.2011), and Bakersfield, CAHenry  and BEARPEX overall exhibited very consistetir. How-
et al, 2012 typically exhibited higher values adkgr (2.5—  ever, urban ground sites report considerably higher vari-
3.5%). This trend of increase®gr in air masses with ance. One potential explanation for these differences is the
anthropogenic influence matches with observations for thevariability in reactive VOC mixture resulting from influ-
transport events during BEACHON-ROCS. Specifically, the ence by different emission sources among these sites. Gly
BN3 event reache®Rgr values up to 4%. In contrast to and HCHO concentrations at the BEACHON-ROCS and
surface-based measuremerkge values based on GOME BEARPEX sites are generally determined by local BVOC
and SCIAMACHY satellite retrievals have been observed toemissions (MBO, MT, isoprene). In urban areas (e.g. Mex-
be lower « 4 %) in urban/polluted areas as compared to ruralico City, Pasadena, and Bakersfield), the VOC mix is much
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Fig. 8. Examination of RQ fate and its relation to HCHO, Gly, anklgg on 24 August during BEACHON-ROCS. (a & b) Thirty minute
binned medians oRgg and concentrations of Gly, HCHO, NO, NOHO,, and HG+RO, over the course of the day. (¢) Thirty minute
binned medians of the percent of R®ss from reaction with NO or H®based on concentrations in (b) and rate constants from the IUPAC
database.

more diverse, comprised of a mixture of advected BVOC4.2 Anthropogenic influence on BVOC oxidation
and freshly-emitted anthropogenic VOCs. As different VOCs via NO
have different rates and yields of Gly and HCHO production,

a fast-changing mix of VOCs, as would be expected in an urOne of the most striking features in the BEACHON-ROCS
ban setting, could result in a widely variabiter. Tradition-  Rgr is the lack of a change during quite significant (even
ally, primary emissions of HCHO have been considered an--100 %) changes in Gly and HCHO except during fresh
thropogenic in natureGarcia et al.2006 and variability in  anthropogenic VOC influence. Additionally, overall BVOC
these primary emissions certainly contributes to the observe@viBO+Isoprene) concentrations typically do not signifi-
urban variability inRgr. Recent evidence suggests that pri- cantly change+ 12 %) during these events. As BVOC con-
mary biogenic HCHO sources may be significadiGangi  centrations do not change while oxidation products do, this
et al, 2011) which would lowerRgr in rural settings. Inter-  suggests a difference in the oxidation pathways. VOC oxi-
estingly, sites at rural locations such as George Smith Statgation often begins by reaction with OH, creating an,RO
Park, GA (ee et al, 1995 and Shenandoah National Park, radical, which can react with either NO, HCanother RQ,

VA (Munger et al. 1995 have been reported to havesr  or itself. These differing channels result in different OVOC
similar in variability and typical values to urban areas. This products, and lower NO concentrations in rural areas will
is potentially due to the greater anthropogenic influence neapaturally result in a lower yield of RO+ NO reaction prod-
these Southeastern US field sites, compared to sparser popcts. Most models predict lower yields of Gly and HCHO
lation nearer the Western US sites. The variakég values  with decreasing NO (i.e. RO HO, becomes increasingly
for the George Smith State Park and Shenandoah Nationalominant) Galloway et al. 2012. The morning decreases

Park sites imply that these sites may experience greater arsf Gly and HCHO observed during BEACHON-ROCS are
thropogenic VOC influence than the more remote BEARPEXconsistent with a transition from a higher NO regime to a

and BEACHON-ROCS sites. However, it should be notedjower NO regime, and the afternoon/evening increases are
that the DNPH measurement technique used by these inveshe opposite Rgr does not change significantly during the
tigators can be prone to interferences and requires averagin@st increases and decreases of Gly and HCHO concentra-
over a long time Arnts and Tejadal989 Kleindienst etal.  tions, which is consistent with the similarity of the Gly and
1998. HCHO dependence on NO during MBO and isoprene oxi-
dation used in common chemical mechanisms (e.g. Univer-
sity of Leeds Master Chemical Mechanisr®g]loway et al.
2012. The available NO data, although limited in quantity
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and sensitivity, generally agrees with this hypothesis (cam-oxides, would confirm this effect. This likely illustrates a
paign midday medians 100 pptv). way in which anthropogenic influence can affect rural pho-
Figure 8 shows one such day during BEACHON-ROCS tochemistry by simply altering the pathway by which local
on 24 August for which the low morning HCHO and Gly VOC emissions are processed. Ozone production is sensitive
concentrations correlate with low N@nd in particular low  to NOy, and large differences in SOA yields have been re-
NO values between 40 and 70 pptv. Due to limitations of theported between high and low N®@egimes Chan et al.201Q
data set the other events could not be compared nor coultlane et al, 2008 Ng et al, 2007). We propose thaRgr to-
the OH/HQG ratio be further analyzed. Therefore, it is not gether with the absolute concentrations could be an important
clear how consistent this correlation was or whether the lowand useful metric of the biogenic versus anthropogenic ori-
HCHO and Gly concentrations are the result of low NO con- gin of a reactive VOC mix as well as the NO regime. Coinci-
centrations and not the result of air masses that have accumulent measurements &g with a low NO chemistry tracer,
lated more oxidation products. The similar lifetime of MBO, such as hydroperoxides, are necessary to confirm Kgig.
isoprene and Gly make this less likely, but from the avail- as an additional metric for the reactive VOC processing in a
able dataset we can only conclude that the observed behagiven airmass has many uses. Studies in rural areas with en-
ior is consistent with transitions between high and low NO hanced ozone can usgr to help constrain the source of the
conditions. To further characterize these events, measuregrocessing causing the enhanced ozone, in terms of anthro-
ments of the R@+HO, oxidation products (i.e. hydroper- pogenic vs. biogenic VOC sources, which can help with mit-
oxides) would be of significant importance, as these wouldigation strategies. For example Rt;r remains constant dur-
be expected to increase relative to the RO products. ing the arrival of an enhanced ozone airmass, then the source
For example, in Fig. 8c, the R@HO, channel changes from of the enhanced local ozone production rate is likely not due
> 70% to< 10 % during the low NO to high NO transition, to the influence of advected VOCs, but a change in the chem-
as calculated from NO and H@oncentrations and rate con- ical pathway by which the air is processed.
stants from the IUPAC database. Rcr atthese rural sites were observed to be typically lower
than at any ground sites reported in the literature. Possi-
ble anthropogenic VOC influence at other rural sites may
5 Conclusions have contributed to higher ratios there, whereas other reports
have been from urban campaigns, although measurements
In this work, we present the first simultaneous online mea-in other, isoprene dominated, rural areas are needed to con-
surements of Gly and HCHO during the BEARPEX 2009 firm this. While ground-based urban campaigns are consis-
and BEACHON-ROCS field intensives. Gly and HCHO con- tent with satellite column retrievals of urban areas, satellite
centrations at both sites showed significant variability, whileretrievals show higheRgr in areas with greater BVOC in-
Rgp diurnal values were typically remarkably consistent fluence. The trend of increasé&gr from anthropogenic re-
and peaked at midday. A fast change of airmass duringactive VOC mixtures and biomass burning compared to bio-
BEARPEX 2009 due to the Mammoth Fire Incident resulted genic reactive VOC mixtures from our work is robust due
in a near doubling oRgF, the only large and/or rapid change to the short timescales over which the observed changes in
or deviation inRgr from the diurnal cycle during that cam- Rgp occurred. Similarly, observations in Bakersfield directly
paign. This demonstrates that biomass burning influence capreceding the BEACHON-ROCS campaign with the same
result in higherRgg. Similarly, fast, large increases of a instrumentation gave high&gr values Henry et al, 2012.
PTR-TOF-MS mass corresponding to phenol, a very short-The cause of this discrepancy between the ground and satel-
lived anthropogenic tracer, during BEACHON-ROCS coin- lite retrievals is unclear. Considering the importance of satel-
cided with fast increases iRgr, suggesting that fresh an- lite retrievals for global models, it is important to resolve
thropogenic air mass influence also results in highgt. this discrepancy through further studies, especially through
An increase inRgg was not observed during multiple studies of the vertical tropospheric distributions of Gly and
events of weaker anthropogenic influence, because the madCHO.
jority of the reactive VOCs in that airmass were still biogenic
in nature. This is despite evidence that the,Né&vels were . } o
substantially elevated, likely leading to a transition of chem- SUPPlementary material related to this article is
ical regime. Rge was not observed to change during these @vailable online at: http://www.atmos-chem-phys.net/12/
events, despite very rapid increases in both Gly and HCHO9529/2012/acp-12-9529-2012-supplement.pdf
During these events, concentrations of BVOCs with compa-
rable lifetimes to HCHO and Gly were usually constant, sug-
gesting that the rise in Gly and HCHO, and other oxidation acknowledgementsThe authors thank the National Science
products, was more likely due to a shift in the fate of the Foundation (ATM 0852406), the NCAR BEACHON project,
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