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Abstract. Hydroxyl (OH) and hydroperoxyl (Hg) radi- and Transport) and CABINEX (Community Atmosphere-
cals are key species driving the oxidation of volatile or- Biosphere INteractions EXperiment) campaigns at a forested
ganic compounds that can lead to the production of ozonesite in northern Michigan. Supporting measurements of pho-
and secondary organic aerosols. Previous measurements tiflysis rates, volatile organic compounds, N@®IO + NOy)
these radicals in forest environments with high isoprene, lowand other inorganic species were used to constrain a zero-
NOy conditions have shown serious discrepancies with mod-dimensional box model based on the Regional Atmospheric
eled concentrations, bringing into question the current un-Chemistry Mechanism, modified to include the Mainz Iso-
derstanding of isoprene oxidation chemistry in these envi-prene Mechanism (RACM-MIM). The CABINEX model
ronments. OH predictions were in good agreement with the measured
During the summers of 2008 and 2009, OH and peroxyOH concentrations, with an observed-to-modeled ratio near
radical concentrations were measured using a laser-induceahe (0.70t 0.31) for isoprene mixing ratios between 1-2 ppb
fluorescence instrument as part of the PROPHET (Pro-on average. The measured peroxy radical concentrations, re-
gram for Research on Oxidants: PHotochemistry, Emissionsflecting the sum of H@Qand isoprene-based peroxy radicals,
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5404 S. M. Griffith et al.: Part 1: Measurements and model comparison

were generally lower than predicted by the box model in bothing a simpler photochemical box model reported observed-
years. to-modeled OH and H@ratios of approximately 12 and 4,
respectively.

In contrast to these isoprene-rich environmentsy ld@n-
centrations measured in forest environments with lower mix-
1 Introduction ing ratios of isoprene were found to be in better agreement

with modeled values. For example, Ren et al. (2006) re-
The hydroxyl (OH) and hydroperoxy (HQradicals play im-  ported measured HQOconcentrations for the PMTACS-NY
portant roles in tropospheric photochemistry. OH reacts withcampaign with observed-to-modeled ratios of 0.82 and 1.21
volatile organic compounds (VOCs) leading to the formationfor OH and HQ for daytime isoprene mixing ratios less
of both HG, and organic peroxy radicals (RD which in than 1 ppbv. Kanaya et al. (2007) also reported observed-to-
the presence of nitric oxide (NO) are converted back to OH.modeled ratios of 1.4 and 1.9 for OH and bl an envi-
This fast cycling of radicals controls many aspects of atmo-ronment with low to moderate NJevels (Median daytime
spheric chemistry such as the formation of ozone, the for{NQO] = 74 pptv) at isoprene mixing ratios generally less than
mation of secondary organic aerosols, and the removal o600 pptv (Qi et al., 2007). This increase in the observed-to-
methane and other greenhouse gases, such as hydrofluonmodeled ratio for OH with increasing isoprene mixing ra-
carbons and hydrochloroflurocarbons that affect the radiatios in low NGO, environments may suggest that the radical
tive balance of the atmosphere. Because of the central rolehemistry in the isoprene oxidation mechanism is incomplete
of HO, (OH and HQ) radicals in atmospheric chemistry, it (Ren et al., 2008; Lu et al., 2012). Recent studies have sug-
is important to understand their major production and lossgested that the observed discrepancy between the measured
pathways to accurately address current issues of air qualitgnd modeled concentrations of OH could be reconciled if 40—
and climate change. 80 % of the OH radicals were efficiently recycled in the iso-

Because of their short lifetime in the atmosphere, model-prene oxidation mechanism (Lelieveld et al., 2008; Butler et
ing the chemistry of HQradicals is often done with detailed al., 2008).
chemical mechanisms embedded into zero-dimensional box This study reports measurements and model simulations
models (Heard and Pilling, 2003; Ren et al., 2008 for exam-of HOx radical chemistry for a forested site in northern
ple) in addition to chemistry-transport models (Pugh et al.,Michigan during the 2008 PROPHET (Program on Oxidants:
2010; Stavrakou et al., 2010). While there is generally goodPhotochemistry, Emissions, and Transport) and 2009 CAB-
agreement between measured and simulateddéd@centra-  INEX (Community Atmosphere Biosphere Interactions Ex-
tions in urban and remote areas (George et al., 1999; Konrageriment) field campaigns. This work compares theal-
et al., 2003; Emmerson et al., 2007; Dusanter et al., 2009b)ical concentrations from these two field campaigns with pre-
recent efforts to model HQOconcentrations in forested en- vious studies, and discusses the ability of a model incorpo-
vironments characterized by high mixing ratios of biogenic rating the Regional Atmospheric Chemistry Mechanism up-
volatile organic compounds, such as isoprene and low mix-dated by the Mainz Isoprene Mechanism to reproduce the
ing ratios of nitrogen oxides (NO= NO + NOy), have field observations.
shown serious discrepancies with field observations (Tan et
al., 2001, Carslaw et al., 2001; Lelieveld et al., 2008; Whal-
ley et al., 2011; Pugh et al., 2010; Kubistin et al., 2010; Mar-
tinez et al., 2010; Lu et al., 2012) (Table 1). 2 Experimental methods

For example, observed-to-modeled ratios of OH during the
AEROBIC97 campaign in a remote forested area of Greecéhe mixed deciduous forest at the PROPHET site has been
were 1.7-6.2 at midday, while the agreement with,HON- described elsewhere (Carroll et al., 2001; Ortega et al., 2007)
centrations was highly variable with observed-to-modeledand consists primarily of high isoprene emitting species such
ratios in the range 0.1-1.7 (Carslaw et al., 2001; Heard ands aspen and oak but also species that emit monoterpenes
Pilling, 2003). During the PROPHET98 campaign in a north- and sesquiterpenes such as pine and birch. Daytime NO mix-
ern Michigan forest, observed-to-modeled ratios of OH anding ratios at the site were generally below 70 pptv, with an
HO, concentrations during the daytime were 2.7 and 0.9,average morning peak around 150 pptv in 1998 (measured
respectively (Tan et al., 2001). From the North American at the same site during PROPHET 1998, Tan et al., 2001),
based INTEX-A campaign, Ren et al. (2008) reported day-2008, and 2009, which is likely the result of surface-layer
time boundary layer observed-to-modeled OH ratios of 1.5transport and slow upward mixing from soil N@missions
at isoprene mixing ratios of 500 pptv that rapidly increased(Alaghmand et al., 2011), followed by photolysis of NO
to ratios greater than 6 with increasing isoprene mixing ra-These chemical characteristics in combination with a histori-
tios. For the GABRIEL campaign in the boundary layer over cal record of previous campaigns including radical measure-
the Amazon, Lelieveld et al. (2008) reported observed-to-ments at the site (Carroll et al., 2001; Tan et al., 2001; Mihele
modeled OH ratios of 5-10, while Kubistin et al. (2010) us- and Hastie, 2003), make the PROPHET site an ideal location
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S. M. Griffith et al.: Part 1: Measurements and model comparison 5405

Table 1.Published field campaigns incorporating ki@easurements in or above forest environments.

CAMPAIGN PLATFORM  [C5H8] [NOJ OBS/MODEL OBS/MODEL MODEL REFERENCES
(ppbv) (pptv) OH HQ?2 MECHANISM
AEROBIC 1997 Ground <20 60-106 1.7-6.4 0.1-1.7 MCHl Carslaw et al. (2001)
PROPHET 1998 Ground 1.0-2.5 30-150 266 0.85° RACMf Tan et al. (2001)
PMTACS-NY 2002 Ground <1.0 40-156 0.82 1.21 RACM Ren et al. (2006)
Rishiri Is. 2003 Ground <05 10-100¢ 0.74 0.53 RACM™ Kanaya et al. (2007)
INTEX-A 2004 Aircraft ~0.1-2.8 <20-2000 0.99 1.28 LaRQ Ren et al. (2008)
GABRIEL 2005 Aircraft 2.0 204 ~ 6-56 S MESSy w/MIM Lelieveld et al. (2008)
Pearl River Delta 2006 ~ Ground 1ite 140-40 K 1.0-8.0 4 RACM-MIM-GK"Y Lu et al. (2012)
OP3-Danum 2008 Ground 0.4-¥7 20-8C 2-3 ~ 152 CiTTyCAT(aa) WMIM22®  Pugh et al. (2010)
BEARPEX 2009 Ground 127 742¢ —ad —ad RACM22€ Mao et al. (2012)

Data reported in this table is for daytime measurements 8i), measurements from these earlier campaigns may be upper limits due to a potegﬁalmrence,b

Reported for 1100-1500 of 4 measurement déyseard and Pilling (2003}’, Jenkin et al. (1997) with updated isoprene anpinene degradation schemes (Carslaw et al.,
2001; Jenkin et al., 2000§;Tan et al. (2001)‘, Stockwell et al. (1997) with more detailed isoprene and terpene chemistry (Tan et al.,288tijnated from Ren et al. (2006);

h stockwell et al. (1997) and updated with Sander et al. (2008p.m.~5 p.m. value$;Qi et al. (2007)X Estimated from Kanaya et al. (2007)Kanaya et al. (2007J7

Stockwell et al. (1997) and updated with monoterpene chemistry from Kanaya et al. (2@2)nated from Ren et al. (2008) and given as the range throughout the planetary
boundary layer? Ren et al. (2008) given as the median throughout the planetary boundaryPdyargley Research Center model as described in Crawford et al. (1999);
Olson et al. (2004) Given as the daytime mean boundary layer value over the tropical forest (Lelieveld et al.,"2B@pated from Lelieveld et al. (2008)1elieveld et al.
(2008) gives the measured mean boundary layes E@centration but not the modeling result&stimated from Lu et al. (2012Y;Lu et al. (2012) did not report the

Obs/Model HG ratios due to the uncertainty in the interferent&ased on Stockwell et al. (1997) and updated with Geiger et al. (2003), and Karl et al. (20

height;* 5m heightY Compared to base model when unconstrained to observed B@nparing HQ + RO, observed with modef? Emissions driven model, not

constrained by observed concentrations (Wild et al., 1996; Evans et al., Zé(m)aborelli et al. (20092 9a-3p campaign average (Mao et al., Zofﬂ)Mao etal. (2012)
did not report the Obs/model OH and He@atios, but campaign average comparisons show all daytime model OH points within tie@rtainty of the measurements when
using a chemical modulation technique to measure OH, I8Q@verpredicted but appears to be within theuhcertainty of the measuremenfi§;Stockwell et al. (2008).

for investigating HQ radical chemistry in an isoprene-rich, sity measured isoprene, the sum of methyl vinyl ketone
low-NOy environment. and methacrolein (MVK+ MACR), the sum of monoter-
The PROPHET 2008 campaign was focused on measurepenes, formaldehyde, acetaldehyde, methanol, methyl hy-
ments above the forest canopy while the CABINEX 2009 droperoxide, acetone, toluene, benzene, and the sum of C2-
campaign included measurements both above and below thakylbenzenes (Jobson and McCoskey, 2010). Nitrogen ox-
canopy. The work presented here focuses only on the abovigles were also measured by Washington State University us-
canopy measurements from 2008 and 2009 which were pering an instrument based on chemiluminescence of NO and
formed at the top of the 31 meter tower, approximately 8—equipped with a blue light photolytic converter for N@ea-
10 m above the canopy. While both campaigns were well in-surements (Air Quality Design, Inc.). Carbon monoxide was
strumented (Table 2), a more extensive dataset of VOCs antheasured with a Thermo Environmental Instruments Inc.
photolysis rate constants were available for CABINEX. (48C) by the University of Michigan (Carroll et al., 2001).
During PROPHET 2008, isoprene, methyl vinyl ketone, Photolysis frequencies for NQO3z, HONO, H,O,, HCHO,
methacrolein, and the sum of monoterpenegkzs) were  and NG, were measured by the University of Houston using
measured with a proton-transfer reaction linear ion trap in-a Scanning Actinic Flux Spectroradiometer (SAFS) (Flynn
strument (PTR-LIT) from Purdue University (Mielke et al., etal., 2010) while the remaining photolysis frequencies were
2010). Formaldehyde (HCHO) was measured using a laserestimated as stated above and then scaled to either measured
induced fluorescence instrument by the University of Wis-J(NO,) or J(OD) values as done previously (Dusanter et
consin (Hottle et al., 2009), and NQvas measured using a al., 2009b).
custom-built chemiluminescence analyzer from Purdue Uni- During both campaigns, glyoxal was measured using a
versity (Alaghmand et al., 2011). The actinic flux in the range laser induced phosphorescence (LIP) instrument by the Uni-
of 295-385 nm was measured by an Eppley radiometer (U. ofrersity of Wisconsin (Huisman et al., 2008), and ozone was
Michigan), andJ(NO) values were derived using a corre- measured using a Thermo Environmental Instruments Inc.
lation of the measured actinic flux and a parameterization(49C) by the University of Michigan. Nitrous acid was mea-
(Saunders et al., 2003) fof(NO2) on a clear day. Clear sured by the State University of New York-Albany using a
sky values for the other 23 photolysis frequencies required tavet chemical technique (Huang et al., 2002; Zhou et al.,
constrain the model were estimated with either the same pa2011). All of the data are presented in eastern daylight time
rameterization or the Tropospheric Ultraviolet-Visible (TUV (local time).
4.4) model (Madronich and Weller, 1990), and then scaled
to the calculated fit of (NOy) derived from the actinic flux 2.1 Measurements of HQ concentrations
measurements.
During CABINEX2009, a proton-transfer reaction mass The Indiana University Fluorescence Assay by Gas Expan-
spectrometer (PTR-MS) from Washington State Univer-sjon (IU-FAGE) instrument has been described in detail
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Table 2. Instrumentation used to measure above canopy concentrations.

Part 1: Measurements and model comparison

PROPHET 2008 \ CABINEX 2009
Species Instrumentation Time resolution (min)/ | Instrumentation Time resolution (min)/
(Institution) Uncertainty (%, (Institution) Uncertainty (%,
10)3LOD (ppbv) 10)3LOD (ppbv)
Hydroxyl radical IU-FAGE 120/20/6E 5P IU-FAGE 120/20/4E5¢
(Indiana U.) (Indiana U.)
Hyrdroperoxy radical IU-FAGE 0.5/20/6E4d IU-FAGE 0.5/20/6E4€
(Indiana U.) (Indiana U.)
Ozone UV Absorption 1/2/1 UV Absorption 1/2/1
(U. of Michigan) (U. of Michigan)
Carbon monoxide N/A N/A (U. of Michigan) 1/6/40
Sulfur Dioxide N/A N/A (U. of Houston) 5/1/0.027
Nitrous Acid Scrub-AzoDye (SUNY- 30/7.5/0.001 Scrub-AzoDye (SUNY- 30/7.5/0.001
Albany) Albany)
Nitric Oxide (Purdue U.) 10/10/0.017 (Wash. St. U.) 1/8/0.002
Nitrogen Dioxide (Purdue U.) 10/10/0.017 (Wash. St. U.) 1/12/0.002
Isoprene PTR-LIT 10/15/0.1 PTR-MS 1/10/0.05
(Purdue U.) (Wash. St. U.)
Methacroleir4+- Methyl PTR-LIT 10/15/0.15 PTR-MS 1/10/0.07
Vinyl Ketone (Purdue U.) (Wash. st. U.)
Total Monoterpenes PTR-LIT 10/15/0.11 PTR-MS 1/10/0.07
(Purdue U.) (Wash. St. U.)
Glyoxal LIP 1/20/0.003 LIP 1/20/0.004
(U. of Wisconsin) (U. of Wisconsin)
Formaldehyde LIF 12/40/0.120 PTR-MS 1/20/0.14
(U. of Wisconsin) (Wash. st. U.)
Acetaldehyde N/A N/A PTR-MS 1/10/0.09
(Wash. St. U.)
Acetone+ 2-Butanone  N/A N/A PTR-MS 1/10/0.12
(Wash. St. U.)
Toluene, Benzene, N/A N/A PTR-MS 1/10/0.04
ethylbenzenes (Wash. St. U.)
Methyl Peroxide N/A N/A PTR-MS 1/10/0.05
(Wash. St. U.)
J(NO2) Eppley rad. 1/50/- SAFS 1/30/-
(U. of Michigan) (U. of Houston)
F(OD), j(H20y), N/A N/A SAFS 1/30/-
Jj(HCHO), j(NO3) (U. of Houston)

20H and HG measurement uncertainty is the calibration uncertainty.(Brecision uncertainties on OH and ﬁlﬁleasurements are given throughout the text. Other

measurement uncertainties in this table may reflect a combined uncertainty from precision and &dcsad@® cm—3; € 1.0x 108 cm=3; 9 1.5x 107 cm~3, 30s
measurements are only sampled approximately every 30%iifix 10’ cm~3, 30 sec measurements are only sampled approximately every 30 min.

elsewhere (Dusanter et al., 2008, 2009a), thus only a briel dye laser (Rhodamine 640 in isopropanol) that produces
description will be given here. Additional information, in- tunable radiation at 616 nm which is frequency doubled to
cluding recentimprovements in the instrument, is included in308 nm. OH radicals are excited using tfe(3) transition
the Supplement. The FAGE technique detects OH by lasernear 308 nm. During PROPHET 2008, the laser system pro-
induced fluorescence after expansion of ambient air to londuced 5-10 mW at 308 nm, while further modifications im-
pressure, enhancing the OH fluorescence lifetime and allowproved the laser power to 10—-15mW for CABINEX 2009.
ing temporal filtering of the OH fluorescence from laser scat-After exiting the dye laser, the laser beam is focused onto a
ter (Heard and Pilling, 2003). 50 m fiber optic cable to transmit the radiation to the sam-
The laser system consists of a Spectra Physics Navigatqeling cell. The net OH fluorescence signal (signal minus
11 YHP40-532Q diode-pumped Nd : YAG laser that produces background) was determined by successive modulation cy-
approximately 5.5 W of radiation at 532 nm at a repetition cles during which the laser wavelength is successively tuned
rate of 5kHz. This laser pumps a Lambda Physik Scanmate®n-resonance with the OH transition to measure the OH
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S. M. Griffith et al.: Part 1: Measurements and model comparison 5407

fluorescence, and off-resonance to measure the backgrourgition. A heater was later added to the laser entrance win-
signal. Neuroth et al. (1991) demonstrated that naphthalendow and fiber mount to attempt to minimize these issues.
had narrow band absorption lines near 308 nm that could inMeasuring the laser power at the exit of the White cell us-
terfere with OH measurements and Ren et al. (2004) foundng a photodiode, continuous measurements of the ambient
that naphthalene had the potential to cause a background ilrumidity, and performing frequent calibrations allowed the
terference with the “offline” spectral positions around the sensitivity of the instrument to be closely monitored, con-
01(2) OH transition, resulting in a difference in the mag- firming its stability throughout the campaigns. However, the
nitude of the background signal on either side of the?2) low laser power inside the detection ce#t { mW) required
transition. However, measurements of the fluorescence spethe OH measurements during both campaigns to be averaged
trum of naphthalene by Martinez et al. (2004) did not revealover 2h to achieve limits of detection (LOD) of approxi-
a significant transition for naphthalene near hg3) OH mately 1.5x 10° and 1.0x 10° moleculescm® (S/N =1)
transition. In addition, no elevated signal was observed forin 2008 and 2009 respectively. Because peroxy radical con-
either background “offline” position surrounding tkig (3) centrations are typically 100 times greater than the OH con-
transition during cycling for HQmeasurements in 2008 and centrations, the instrument was able to measure their concen-
2009, suggesting that spectral interferences were negligiblérations with a LOD of 2.2« 10’ cm~2 and 1.5x 10’ cm™3
for the measurements reported here. Although most of then 2008 and 20095/N = 1, 30s average). The calibration
OH measurements during PROPHET 2008 and CABINEXaccuracies (@) are +£20% for OH and HQ using the wa-
2009 employed the spectral modulation technique describeter photolysis calibration technique. Additional information
above, an alternative chemical modulation technique was ocregarding the overall uncertainty of the instrument and cali-
casionally used to test for unknown interferences and is disbration method can be found in Dusanter et al. (2008, 2009a).
cussed in Sect. 2.2. The IU-FAGE instrument was extensively tested in the lab-
The sampling cell was placed at the top of the 31 m tower,oratory to evaluate its sensitivity towards the well-known in-
and ambient air was expanded into the detection regiorterference due to laser-photolysis of ozone in the sampling
through a 1 mm pinhole. The pressure in the cell was main<ell (Reaction R1) and the subsequent reaction 6BPyith
tained at approximately 4.1-7.4 Torr (approximately 5.5—water (Reaction R2):
9.9hPa) using two scroll pumps (Edwards, XDS35i) con-
nected in parallel. A Teflon loop located directly below the O3+hv — O('D) + 0z (R1)
inlet aIIowg for the intermittent addition of NO, which con- o 1py 4 H,0 - OH+ OH (R2)
verts ambient HQ to OH through the fast HO+ NO —
OH + NO, reaction, allowing for indirect detection of HO  while this interference is reduced using the FAGE technique
Interferences from organic peroxy radicals during the,HO (Heard and Pilling, 2003), there is still a measurable inter-
measurements are discussed in Sect. 2.3. The air streafarence in the IU-FAGE instrument, likely due to the combi-
passes through the central region of the sampling cell wher@ation of high laser fluence, beam overlap through the use
the UV laser beam is reflected back and forth 24 times in aof the multipass cell, and the large volume of air probed.
multipass cell (White configuration). The OH fluorescence Based on laboratory calibrations, this interference was equiv-
is collected at right angles to both the air stream and thealent to 8500 £800) molecule cm® of OH when normal-
laser beam and detected using a microchannel plate detectared to 1 ppbv of @, 1 % of water, and 1 mW of laser power
(Hamamatsu R5916U), and a gated detection scheme. (see Supplement). However, for the above canopy measure-
ments of OH during the PROPHET 2008 and CABINEX
2.2 Performance of the IU-FAGE instrument during the 2009 field campaigns, this interference was negligible be-
PROPHET 2008 and CABINEX 2009 Campaigns cause of the low laser powet (L mW) reaching the sampling
cell at the top of the tower through the 50 m fiber, resulting
The 50 m long fiber used to bring the laser light to the sam-in a predicted laser-generated OH concentration of less than
pling cell at the top of the PROPHET tower resulted in a 2.5x 10° cm~23, which was below the detection limit of the
significant loss of laser powek(10 % transmission) and the instrument at the top of the tower. As a consequence, no cor-
generation of after pulses that reduced the sensitivity of theection was applied to the OH measurements presented in
instrument by a factor of approximately 5 compared to pre-this study.
vious configurations using a 12m long fiber. During both  Other potential interferences with OH measurements have
campaigns, the laser power entering the IU-FAGE samplingoeen recently investigated during a formal blind intercom-
cell was also observed to decrease throughout the campaigparison involving 3 different OH measurement techniques
likely due to air temperature fluctuations that led to a shift (Schlosser et al., 2009), including LIF-FAGE, Chemical-
of the optical fiber mount and a misalignment of the laserlonization Mass Spectrometry (CIMS), and Differential Op-
beam. In addition, condensation often formed on the entrancécal Absorption Spectroscopy (DOAS). Ambient OH mea-
window of the multipass cell, degrading the transmission ofsurements made by several LIF-FAGE instruments reported
the optics, likely due to residual impurities left after conden- concentrations that were 1.3-1.7 higher than those observed
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5408 S. M. Griffith et al.: Part 1: Measurements and model comparison

using the CIMS technique, but generally within the instru- 2.3 HO; interference

ment and calibration uncertainties. Chamber measurements

of OH by several LIF-FAGE instruments were in good agree- Based on previous laboratory investigations and field inter-
ment with measurements using the DOAS technique. Excepgomparisons, it had been generally believed that the con-
for one instrument consistently measuring 1.7 times highewersion of RQ to HO, (Reactions R3-R4) in FAGE sam-
than the CIMS instrument during the ambient measurementspling cells was negligible due to the reduced concentration
these results suggest that interferences with the OH measur€f oxygen and the short reaction time before detection of
ments in these environments were within the known mea-OH (Stevens et al., 1994; Mather et al., 1997; Kanaya et al.,
surement uncertainty (Schlosser et al., 2009). However, re2001; Creasey et al., 2002; Heard and Pilling, 2003; Ren et
cent measurements of OH using a different LIF-FAGE instru-al., 2004; Fuchs et al., 2010):

ment in a forested environment using an external chemica

modulation technique indicated the presence of an unknowrlqu +NO—~ RO+NO, (R3)

interference with measurements of OH, possibly from the OX-RO+ 0, — RO+ HO, (R4)
idation of biogenic VOCs (Huisman et al., 2011; Mao et al.,
2012). Previously, Holland et al. (2003) reported a minimal inter-

A few experiments were performed during CABINEX ference & 5%) coming from methyl peroxy radicals. How-
2009 to test for interferences with the IU-FAGE instrument ever, recent studies have reported (Fuchs et a|_, 2011, Ren
located on the forest floor and using a 12 m fiber, resulting inet al., 2012) that some hydroxy! alkyl peroxy radicals from
significantly higher laser power in the sampling cell. During the OH-initiated oxidation of alkenes and aromatics can also
separate experiments, both perfluoropropylengF§Cand  pe detected by chemical conversion through the addition of
carbon monoxide were introduced into a long flow tube thatNO. This is due to the rapid decomposition of faydroxy
was interfaced to the instrument inlet to scrub ambient OHa|koxy radicals produced from the RG- NO reaction for

radicals. This flow tube ensured that there was enough reglkene-based peroxy radicals Compared to alkane-based per-
action time for ambient OH molecules to be scrubbed befor%xy radicals. These rapid decomposition reactions lead to
sampling. Any interference was then quantified through meathe formation of a hydroxyalkyl radical, which then reacts
surements of the remaining OH signal whesFgor COwas  quickly with O, forming HO;. As a result, addition of NO to
added to the flow tube. Only three short tests were carried outhe sampling cell can lead to the conversion of bothpt@d
around midnight on three different days (1 test each day). Theyydroxyalkyl peroxy radicals to OH (Fuchs et al., 2011).
results of these tests suggest the possibility of an interference Calibrations of this interference in the IU-EAGE in-
(in addition to the laser photolysis of ozone and subsequenétrument under the instrumental conditions used during
reaction with water vapor) on the order of (4-9)10° cm™3, PROPHET 2008 and CABINEX 2009 (inlet size, cell pres-
potentially accounting for 50-100% of the nighttime OH syre, and NO concentration) indicates that approximately
concentrations measured during these tests. However, it i904 4% of isoprene-based hydroxyalkyl peroxy radicals
not clear whether secondary chemistryin the flow tube COUldare converted to OH in the Samp“ng cell, while less than
lead to the formation of a steady-state concentration of OH20+ 2% of propane-based alkyl peroxy radicals are con-
such as from the ozonolysis of alkenes. The IU-FAGE in-verted (see Supplement). As a result, the IU-FAGE instru-
strument was subsequently tested outdoors in Bloomingtonment measured the sum of H@nd a fraction of organic
Indiana and at the ground level of the PROPHET site usingperoxy radicals (HQ = HO, + ROy, « < 1) in 2008 and

an automated externakEs addition using a short ring above  2009. For the PROPHET environment, isoprene peroxy rad-
the inlet rather than a flow tube to remove ambient OH duringicals dominate the hydroxyalkyl peroxy radical population
the summer of 2010 (see Supplement). In all cases, the meaturing the daytime (greater than 80 % of the model tota RO
sured interference was consistent with that expected from theoncentration) and thus contribute to the majority of theeHO
laser photolysis of ambient mixing ratios og@nd subse- interference in this environment during the day. For the pur-
quent reaction with water vapor (Reactions R1 and R2), Sugposes of this paper, measurements Of;H@' be Compared
gesting that other potential interferences were negligible. Anto the sum of hydroperoxy (H£ and isoprene-based hy-
upper limit of this interference at the highest laser power us-droxy peroxy radicals (ISOP) calculated by the model. How-
ing the 12 m fiber would have been&10° moleculescm®  ever, at night isoprene-based hydroxy peroxy radicals (ISOP)
based on the measured mixing ratios of ozone and water vagre no longer the dominant peroxy radical. As a result, the
por. Additional measurements will be performed in forest en-measured H@ concentration likely reflects the detection of
vironments to determine whether the IU-FAGE instrument iSother hydroxya|ky| peroxy radicals in addition to isoprene-

prone to an unknown interference. based peroxy radicals (see Supplement).
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2.4 HOy modeling using the Regional Atmospheric isoprene during the day while at night the largest impact is
Chemistry Mechanism (RACM) from doubling ozone mixing ratios with a more limited im-
pact from some alkene mixing ratios. Large impacts during
HOx concentrations were simulated using a zero-the day can also be seen from temperature, photolysis fre-
dimensional box model incorporating the Regional At- quencies, and water mixing ratios.
mospheric Chemistry Mechanism (RACM) (Stockwell et  Uncertainties associated with the modeled,Hf®ncen-
al., 1997) using the JPL recommended rate constants fotrations were calculated from Monte Carlo simulations us-
the reaction of inorganic species with OHg,Gand NG ing rate constants and measured constraint concentrations
(Sander et al., 2011) as described in Dusanter et al. (2009b}hat were randomly selected from their uncertainty distri-
In addition, the chemical mechanism was updated with thebutions (Carslaw et al., 1999, 2001). All of the individ-
Mainz Isoprene Mechanism (MIM) (Bchl et al., 2000; ual model points at 10 a.m. ([NG]50pptv) and 3 p.m.
Geiger et al., 2003), which includes a more detailed isopreng[NO] < 50 pptv) were simulated 600 times each with con-
oxidation chemistry that is important in low-NGenviron-  straint and rate constant values from the uncertainty distribu-
ments (Bschl et al., 2000). Note that this modeling analysis tion, resulting in an uncertainty (relative standard deviation)
did not incorporate recent additions to the mechanism ofon average of 42 % for OH and 31 % for HG- ISOP for
isoprene oxidation, such as the formation of epoxides andhe 2008 day-to-day modeling42, but only 32 % and 20 %
hydroxyperoxy aldehydes (Paulot et al., 2009; Peeters etor OH and HQ + ISOP for the CABINEX 2009 day-to-day
al., 2009; Crounse et al.,, 2011). A detailed analysis ofmodeling. The more comprehensive dataset from CABINEX
the impacts of these and other proposed additions to théed to a smaller overall uncertainty on the modeling con-
isoprene oxidation mechanism will be examined in a futurestraints than in 2008. Simulations done at the 2 a.m. model
publication (Griffith et al., 2013). points during CABINEX reveal a greater uncertainty of 56 %

Table S1 shows the measured and estimated long-live@dnd 46 % for OH and H®+ ISOP at night. The greater un-
species for the PROPHET 2008 and CABINEX 2009 cam-certainty at night is due to ozorealkene reactions dominat-
paigns that were used to constrain the model. The modeling new radical formation and the absence of comprehensive
ing of the median campaign data only included those pe-measurements of non-biogenic alkene mixing ratios, whose
riods when there were simultaneous measurements of botmixing ratios are set equal to the median mixing ratios from
isoprene (ISO) and nitric oxide (NO), as a sensitivity analy- Tan et al. (2001). Carslaw et al. (2001) used a similar chemi-
sis of the model shows that the modeled ,Hf@ncentrations cal mechanism to calculate OH and HEbncentrations in a
are most sensitive to their concentrations (Table S3 and deforest environment and found through the same type of anal-
scribed below). For PROPHET 2008, the measurements ofsis that their day-to-day modeled OH and $H€bncentra-
isoprene and NO were less frequent and often did not overtions had an uncertainty of 33% and 20 % {2 similar to
lap, providing just half of the amount of daytime points as in the results from the CABINEX modeling.

CABINEX 2009 (Table S2). Other important constraints in

the model were either measured (as noted above and in Table

2) or estimated depending on their availability in 2008 and3 Results
2009 (see Supplement and Table S2).

The differential equations generated from the chemicalFigures 1 and 2 display the measured values and model re-
mechanism were integrated using the FACSIMILE solversults together with key meteorological and chemical mea-
with an integration time of 30 h for each data point. This ap- surements from PROPHET 2008 and CABINEX 2009. The
proach insures that all the species affectingsHfemistry  meteorological conditions during the PROPHET 2008 cam-
have reached steady-state. A sensitivity test using a shortgraign were similar to those observed during previous years
integration time of only 1 h changes the modeled OH,,HO (Carroll et al., 2001, 2008), while the CABINEX 2009 cam-
and ISOP concentrations by less than 2%. During the intepaign conditions could be considered atypical. Temperatures
gration, the constrained parameters were reinitialized to theiduring July 2009 were unseasonably cold, resulting in tem-
initial values every twenty seconds. Sensitivity analyzes weregperatures approximately 1-2 degrees Celsius lower than in
performed on the CABINEX model at the time points 2 a.m., 2008 and 3-4 degrees Celsius cooler than the historical aver-
10 a.m., and 3 p.m. on a number of days from the campaignage (Bryan et al., 2012), while the average photolysis rate
To test the sensitivity of the model to constraint concentra-constants were similar (Fig. 3). The low temperatures ob-
tions and other key parameter values, the constraints werserved during CABINEX 2009 may be a factor in the dif-
multiplied by a factor of 2 independently of each other. Tableference between the observed isoprene mixing ratios for the
S3 (Supplement) shows the key constraints whose doublingwo campaigns (Fig. 3), as temperature has been shown to
of their concentration leads to more than a 5% change in eihave both instantaneous and cumulative effects as a driving
ther OH or HQ + ISOP concentrations in the model. The factor along with UV/visible light in biogenic VOC (BVOC)
largest effect on OH and H{radical concentrations during emissions (Monson et al., 1994; Petron et al., 2001; Sharkey
the sensitivity analysis comes from ozone, nitric oxide, andet al., 2001; Blanch et al., 2011), although unknown errors
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Fig. 1. PROPHET 2008 data showing key model constraints and modeled and measuyednt@ntrations. Measured @recision (not
shown) is approximately 1.5 10 cm3.

associated with the different instrumental techniques canno8.1 OH and HO>* measurements during PROPHET

be ruled out. The sum of the mixing ratios of methacrolein 2008

and methyl vinyl ketone as well as the formaldehyde mixing

ratios were greater during PROPHET 2008 (Fig. 3), whichBecause of the low laser power at the top of the tower, the
may be due to higher precursor isoprene mixing ratios due télay-to-day measured OH concentrations suffered from poor
higher emissions (Millet et al., 2008). Although the different precision during PROPHET 2008 even after averaging over
techniques used to measure isoprene and VOCs during théh and unfortunately do not allow for a meaningful compar-
two Campaigns were not Compared’ each technique has beé‘i}pn with the model. However, because of the hlgher concen-
previously compared to established GC methods (de Gouwiation of peroxy radicals, the day-to-day measured id@nh-

and Warneke, 2007; Mielke et al., 2010). Measurements ofentrations for PROPHET 2008 have sufficient precision to
ozone and NO mixing ratios were similar during both cam- compare with the model, and the measured and modeled con-
paigns, while the measured mixing ratio of ll@as greater ~ centrations are shown in Fig. 1. The measured; ld@ncen-
during PROPHET 2008 compared to CABINEX 2009, even trations for PROPHET 2008 generally agree with the mod-
though the photolysis rates were similar. Two different in- €led HQ + ISOP concentration to within theo2model
struments were used during the campaigns and the reasomiicertainty (Fig. 4a) for 70 % of the points and reasonably
for this discrepancy are unclear. However, any uncertaintyreproduces the day-to-day variations (Fig. 1), although the
associated with the measurements of;Nf@s a minimal im-  model tends to overestimate the measured concentrations. A

pact on the modeled concentrations of OH as thefOoNO,  linear regresszion of the points (Fig. 4a) has a slope of 8.69
reaction is not a significant sink of OH in this environment 0.05 and ank< value of only 0.31, reflecting the substantial
(see Sect. 4.3). scatter in the data points.
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Fig. 2. CABINEX 2009 data showing key constraints and modeled and measured OH ahad#Centrations. Error bars on the OH
measurements are the Precision values of each measurement. Measureg ptecision (not shown) is approximately %5107 cm 3.

The red line in the OH plot indicates the LOD on the 2 h median measuremebts III)6 cm3). Only positive daytime OH measurements
are shown for simplicity.

A 2h diurnal median of all the OH measurements mademedian HG concentrations, although the difference is gen-
during PROPHET 2008 does allow a more meaningful com-erally within the estimated uncertainty of the model (Fig. 5).
parison to the model, as shown in Fig. 5 along with the mea-
sured and modeled median campaign concentrations §f HO 3.2 OH and HO; measurements during CABINEX
As seen in this figure, the model tends to underpredictthe 2h 2009
measured median OH in the afternoon, but the data is highly )
variable and the precision on each point is still relatively poor The day-to-day modeled OH and H@oncentrations for
(LOD of 1 x 10Pcm3 on average), with the model only CABINE)_( 2009 are shown in Fig. 2. The higher laser power
significantly underpredicting the median measured OH value’Sed during CABINEX 2009 (LOD of 1.6 10°cm on
at mid-afternoon. In contrast, the PROPHET 2008 modelecfVerage) resulted in better precision of the daily 2h aver-

HO, + ISOP tends to overpredict the measured campaigr?9® measured OH concentrations compared to the day-to-
day measurements of OH during PROPHET 2008 (LOD of

1.5x 10° cm~2 on average), although only between 30-50 %
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Fig. 3. Diel median values of several species measured from above canopy during PROPHET 2008 (blue) and CABINEX 2009 (red).
Constrained model inputs based on overlap of measurements are shown in the Supplement.

of the daytime measurements were different from zero bedower bound of the model uncertainty«(®, similar to the 2 h

yond their 2r uncertainty. Figure 6 displays a correlation day-to-day HQ comparison (Fig. 4b).

plot of the measured vs. modeled OH concentrations for the Total OH reactivity was also measured during CABINEX

CABINEX 2009 campaign with a bivariate least-squares re-2009 (Hansen et al., 2013) and can be compared with the

gression weighted by the measurement precision and modébtal OH reactivity predicted by the model to test the accu-

uncertainty (Cantrell et al., 2008). Even though the correla-racy of the model's OH loss mechanisms. Figure 8 shows the

tion is poor, only 11 % of the points are outside the @n- comparison between the median measured and modeled OH

certainty range of the measurements and do not display anyeactivity between 26 July and 8 August. As seen in this fig-

systematic trend. The modeled BIQHO, + ISOP) concen-  ure, the model tends to underpredict the measured total OH

trations are higher than the measurements on several daysactivity by a factor of 1.5-2.0 in the afternoon and gener-

(Fig. 2), and the measured vs. model correlation plot showrally overpredicts it at night, although at night the model is

in Fig. 4b illustrates that the model generally overpredictsgenerally within the 2 uncertainty of the measurements and

the measured concentrations, with approximately 50 % of thehe model.

daytime HG measurements outside of the Zincertainty

of the measurements and the model. The measured night-

time HG; concentrations are well reproduced by the modeled4  Discussion

HO, + ISOP during several nights, while overpredicting the

measured concentration on a few nights. A linear regressiof.1 OH measurement — model comparison

of the combined daytime and nighttime 2009 data results in

a slope of 0.64+ 0.01 and ark? value of 0.86. As summarized in Table 1, previous measurements of OH
The CABINEX 2009 modeled OH concentrations are in fadical concentrations in forest environments with low mix-

good agreement with the 2 h median campaign measureHd ratios of NQ and high mixing ratios of isoprene are gen-

concentrations of OH (precision of 5% 10° cm~3 on av- erally significantly greater than model predictions (Tan et al.,

erage) (Fig. 7). However, similar to the PROPHET 2008 re-2001; Carslaw et al., 2001; Lelieveld et al., 2008; Pugh et

sults, the CABINEX 2009 modeled concentrations of HO &, 2010; Stavrakou et al., 2010; Lu et al.,, 2012). In con-

+ ISOP are higher than the campaign median measurement&ast to these previous studies, the campaign median mea-

of HO} by a factor of 1.3-2.5 throughout the day (Fig. 7), surements of OH from CABINEX 2009 are in good agree-

prene mixing ratios were between 1-2 ppbv (Figs. 6 and 7).
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' ' 1 Fig. 5. PROPHET 2008 OH and I-pmedian measurements with
the RACM/MIM model results. Measured points are shown as 2h
medians (OH, triangles) and 30 min medians {@amonds) for

Fig. 4. HO} correlation plots for PROPHET 2008 (top) and CAB- the daytime measurements (6 a.m.—9 p.m.). Error bars aresthe 2
INEX 2009 (bottom, open diamonds daytime, filled circles= measurement precision for OH, while the Ei@easurement preci-
nighttime) showing 30s measurement values (sampled every 3@ion (not shown) is approximatety 2.0 x 10" cm~3. Gray circles
min) from each year. The blue lines are thellcorrelation (solid)  in the bottom plot represent all of the H@neasurements during
and the model H® + ISOP uncertainty @) is shown by the ~ PROPHET 2008 while the gray diamonds are the 30 min median
dashed blue lines. The solid red line is a linear regression of thefor the times of this analysis where HGneasurements are avail-
data with 95 % confidence limits shown as dashed red lines. Meaable. The red lines represent the base RACM/MIM daytime model
surement precision for both years is approximatelyxd " cm—3. results for OH (2 relative uncertainty=50 % shaded) or H@ The

blue lines represent the daytime modeled HOISOP (2 relative

uncertainty+33 % shaded).

Model HO2+ISOP (cm™®)

Many of these previous studies found that the discrepancy
between the measured and modeled concentration of OH in- o i0s b 1-2 vob
4 with increasing mixing ratios of isoprene (Ren et al Prene mixing ratios between 1-2 ppb on average, suggest-
gz)eOaSS'eKubistin (;te‘;f 3010) %Itﬁoﬂsg tr?(e)pmeo deel(s ES: q ?ﬁing that there may be an unknown interference associated
' . N ol 9 . . with the LIF-FAGE technique related to the oxidation of bio-
these studies may have differences in their chemical mecha- _ . imilar interf Id lain the high
nism (Tan et al., 2001; Kanaya et al., 2007; Lu et al., 2012) genic VOCs. A similar inter erence could expiain t € nig
: ' X RSP 'measurements of OH observed in the afternoon during the
or differences in the model implementation (Lelieveld et al.,

2008; Pugh et al., 2010) and have not been compared to th\évarmer PROPHET 2008 campaign comm_dlng with the max-
resent model. an analvsis of the CABINEX observed tomum afternoon temperature and highest isoprene concentra-
P ' y tions. However, any interference in the measurements during

model OH ratio (Fig. S7) does not reveal a significant depen'CABINEX 2009 presented here would result in a reduction

dence on the isoprene mixing ratio, although the precision : .
SR - in the measured OH concentrations, leading to an overpre-
of the correlation is poor due to the poor precision of the

diction by the model. This result would still stand in contrast

. . : R the general underprediction of measured OH concentra-
etal. (2012) during BEARPEX 09 using a chemical modula- tions in forest environments by current atmospheric chem-

tion technique to detect_OH radicals were S|gn|f|(_:antly IOW.eristry models (Table 1).
than measurements using the spectral modulation technique
and were in good agreement with model predictions with iso-
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. ) . Fig. 7. CABINEX 2009 OH and Hg median measurements with

The campaign median measured concentrations Ofne RACM/MIM model results. Measured points are shown as 2h
OH at night during 2009 were less thanx30°cm™  medians (OH, triangles) and 30 min medians fH@iamonds).
(2.7x 10°cm~2 on average between 10 p.m. and 6 a.m.),Error bars are the ® measurement precision for OH, while the
near or below the detection limit of the instrument and ap-HO} measurement precision (not shown}is.5 x 107 cm~3. Gray
proximately four times lower than previously observed at thispoints in the bottom plot represent the entire above canop§ HO
site (Faloona et al., 2001). The 2 h median night-to-night OHmeasurements during CABINEX 2009. The red lines represent the
concentrations measured in 2009 are in reasonable agre€2seé RACM/MIM model results for OH @ relative uncertainty

ment with the modeled results (median observed to modef-32 % shaded) or H&) The blue lines represent the modeled HO

ratio = 0.8), although there is significant scatter in the data™ 'SOP (% relative uncertainty-30 % and+41 % shaded for day

as the nighttime measurements were generally near the dete%r-mI night).

tion limit of the instrument. One possible explanation for the

high pighttime concentrations of OH measureq previously Alterences. Unfortunately, laser problems prevented extended
this site may be the presence of an unknown interference res,a4surements of OH at night during 2008, when the ob-

lated to the oxidation of biogenic VOCs. As previously men- sor e average nighttime temperatures and ozone levels were
tioned, recent measurements by the Penn State ground—bassgtWeen those measured in 1998 and 2009. Other poten-

HOx LIF instrument in a ponderosa pine forest found that OH ;) instrumental interferences for IU-FAGE associated with
measurements using an external scrubbing technique simiync oxidation products are being investigated.
lar to that described above were 40-50% lower than mea- 1o model underprediction of the measured OH reactivity

surements using the traditional spectroscopic method, ang}, he afternoon suggests that the model may be missing an
that the discrepancy was temperature dependent (Mao et alqgitional daytime OH sink. Depending on the nature of the
2012). As discussed above (Sect. 2.2), itis not clear whethepisqing reactivity, the modeled OH concentrations may be
the instrument was sensitive to a similar interference, alygyer if the model was constrained to the measured OH re-
though the measurements described above at this site using.ir, However, increasing the modeled reactivity by sys-
the external scrubbing technique did not reveal a significante natically increasing the constrained VOC mixing ratios to
interference. However nighttime ozone levels were generally; e afternoon measured reactivity only decreases the mod-
4-8 ppbv higher on average over the 7 week PROPHET 199%Ied OH concentrations by 30% on average, still in good

campaign com_pared to the 3 weeks of appve canopy meaégreement with the measurements during CABINEX 2009
surements during CABINEX 2009. In addition, the average(See discussion below and in the Supplement).

temperature was 3% warmer on average in 1998 com-
pared to 2009. These differences could impact both night-
time radical production as well as potential instrument inter-
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on the measured points are the @ncertainty valuest3 %+ 0.14
s1, 50 point median). Pink outline is ther lincertainty £40 %)

of the modeled OH reactivity. )
Y similar to previous measurements of total, ROy + ROy)

concentrations at this site in 1997 (Mihele and Hastie, 2003),
. further suggesting that the measured’Hfoncentrations re-

4.2 HO; measurement — model comparison flect the sum of H@ and isoprene peroxy radical concentra-

tions. The modeled R&HO, ratios were between 1.5-2.5 on
Previous measurements of H@oncentrations in forested average, similar to that calculated previously for PROPHET
environments were found to be in good agreement with1998 (Tan et al., 2001).
model predictions in some studies (Tan et al., 2001), while As illustrated in Figs. 4, 5 and 7, the modeled sum of
significantly underpredicted in others (Lelieveld et al., 2008; HO, + ISOP tends to overestimate the measured; lda@n-
Pugh et al., 2008; Stavrakou et al., 2010). However, it iscentrations during both 2008 and 2009, although the agree-
not clear whether these previous bideasurements are free  ment is better during the warmer PROPHET 2008 campaign
from measurement interferences fr@ahydroxyperoxy rad-  than the cooler CABINEX 2009 campaign. The lifetime of
icals as discussed above (Fuchs et al., 2011). As discussedO, radical reservoir species such as #ND, and PAN is
above (Sect. 2.3), laboratory calibrations have shown that apgreater under the cooler conditions in 2009, and it is possible
proximately 90 % of isoprene-based peroxy radicals are dethat the greater observed model-measurement discrepancy of
tected by the IU-FAGE instrument in addition to HOnder ~ HO} during CABINEX is due to the transport of these im-
the instrumental configurations during PROPHET 2008 andportant radical reservoirs out of the modeling environment,
CABINEX 2009. Because the model predicts that isoprene-as such loss mechanisms are not accounted for in the zero-
based peroxy radicals comprise approximately 80 % of thedimensional box model. However, adding an additional first-
total RG; radical pool in this environment, isoprene-based order loss rate of 0.014 for both HONO, and PAN to the
peroxy radicals are the dominant species contributing to thenodel (decreasing the lifetime of PAN from approximately
HO, interference in these measurements. Figure 9 illustrateg h to less than 2 min and the HRO; lifetime from ap-
the dependence of the observed HO modeled HQ ratio  proximately 20s to 16 s) does not have a large impact on the
on mixing ratios of NO and isoprene for the measurementanodeled concentrations of H@uring CABINEX 2009.
during CABINEX 2009. However, when the ratio of the ob-  The systematic model overprediction of the observed HO
served HQ to the modeled sum of HO+ ISOP is plotted  concentrations suggests the possibility of a missing peroxy
versus NO and isoprene, the dependences appear to be signifidical loss mechanism or an overestimation of the peroxy
icantly reduced (Fig. 9). This is consistent with the IU-FAGE radical production. A recently proposed radical recycling
measurements of HOreflecting the concentration of both mechanism (Peeters et al., 2009; Peeters and Muller, 2010;
HO, and isoprene peroxy radicals. In addition, the modeledCrounse et al., 2011) can lead to a decrease in the concentra-
HO, + ISOP concentrations better reflects the shape of theijon of isoprene peroxy radicals through isomerization reac-
median diurnal trends in the measured Héncentrations  tions. Although the radical isomerization decreases the mod-
compared to the modeled H@oncentrations (Figs. 5 and eled ISOP concentration, the products can lead to a net pro-
7). The measured H{xoncentrations during 2008 and 2009 duction of both OH and H@leading to a net increase in the
were generally between 2-3410° cm2 (Figs. 1 and 2), modeled HQ + ISOP radical concentrations and thus may
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not explain the discrepancy between the measured and mods underestimating the loss of HG- ISOP or overpredicting
eled HG, concentrations observed here. A detailed discus-a peroxy radical source.
sion of the impact of this and other radical recycling mech-
anisms (Lelieveld et al., 2008; Hofzumahaus et al., 2009)4.3 Radical budgets
and a comprehensive analysis of radical production routes
and potential missing loss processes for;t@e beyond the A rate of production analysis provides information about
scope of this study and will be examined in a subsequent pathe key processes driving radical production and loss routes,
per (Griffith et al., 2013). which can be divided into initiation, termination and prop-
Nighttime HG; concentrations (11 p.m. to 5 a.m.) are in agation categories to more specifically describe the sources
reasonable agreement with the modeled,HOISOP con-  and sinks of OH, H@, ROy, HOk, and RQ (HOx + ROy,
centration, although the model tends to overpredict the obthe total sum of radicals). In this study, R@adical initia-
served campaign median by approximately 35 %. Howevertion routes are defined as those leading to new Ri@ical
as discussed above, isoprene peroxy radicals may not be tHermation, with primary contributions from photolysis routes
dominant hydroxyalkyl peroxy radical at night. As a result, and ozonolysis of alkenes. R@adical termination routes are
this agreement may be fortuitous as it is likely that other per-those that remove RCradicals from the system with either
oxy radicals contribute to the measured nighttime concentraRO radical+ radical or RQ radical+ NOy reactions dom-
tion of HO; (see Supplement). In addition, the treatment of inating termination depending on the mixing ratio of NO
RO, chemistry in RACM is limited and can lead to the ac- Finally, propagation routes convert one Rfadical into an-
cumulation of the concentration of several peroxy radicalsother (e.g., H@ + NO — OH + NOy).
under the modeled conditions of this study (Fig. S5). This Figure 10 illustrates the campaign daytime modeled rad-
is in part because of the lack of a complete set off RO ical budget for 2008 and 2009 with arrows and rates indi-
RO radical reactions which would help regulate the night- cating the direction and magnitude of the Rfadical ini-
time RG concentrations, but are not important during the tiation, termination, and propagation routes. Given that the
day when higher mixing ratios of NO and H@ontrol the  model reasonably reproduces the measured OH concentra-
RO, concentrations. tions, these model derived radical budgets can provide in-
As noted above, the measured OH reactivity is underpresights into the importance of individual radical sources and
dicted by a factor of 1.5-2.0 in the model from 11 a.m. to sink in this environment, even though, the modeled,HO
5 p.m. It has been previously proposed that the observedSOP overpredicts the measured §i@both years. The rates
missing OH reactivity may be due to the presence of unmeaare 12 h medians from 7.30 a.m.—7.30 p.m. In this figure, ar-
sured reactive biogenic VOCs (DiCarlo et al., 2004). How- rows pointing towards a radical are considered a component
ever, these reactions would likely lead to the production ofof production (initiation and propagation) and those pointing
hydroxyalkyl peroxy radicals which would likely contribute away are a component of loss (termination and propagation).
to the concentration of HDand potentially increasing the Figure 10 indicates that the primary radical initiation route
model measurement disagreement. Constraining the modelt the PROPHET site is the formation of new OH radicals,
to the higher measured OH reactivity could improve thewhile the primary radical termination route is through per-
observed-to-modeled Hdiscrepancy if the increased re- oxy radical (RQ and HQ) reactions. However, RQradical
activity routes do not produce detectable peroxy radicals (forpropagation routes are still important compared to initiation
example OH+ saturated alkanes generate RBat are not  and termination routes even in this moderately low,ND-
efficiently detected during the HOmeasurement); although vironment, although the average chain length for OH radical
more than 100 ppb of additional small saturated alkane wouldropagation is less than one.
be required to close the reactivity budget. Introducing an ad- Figures 11 and 12 compare the diurnal trends of the
ditional OH loss route as a first order reaction from 11 a.m.median campaign model OH and total radical budgets for
to 5 p.m. that does not regenerate anothek Rédlical de- PROPHET 2008 and CABINEX 2009. Distinct differences
creases the modeled OH and H® ISOP concentrations in the magnitudes of important R@adical initiation routes
by 30-60 % and 15—35 %, respectively, while adding an OH(Figs. 11b and 12b) and distinct trends during the morn-
loss route that proceeds to an alkane;R@dical (such as ing and afternoon time periods of the OH radical budget
ethane peroxy radical, ETHP), decreases the modeled OKFigs. 11a and 12a) can be seen for the two years. The total
and HQ + ISOP by 20-50 % and 10-25 %. The lower mod- RO radical budget for both years (Figs. 11b and 12b) reveals
eled OH concentration from the additional OH loss routesthat RG radical initiation routes are dominated by photoly-
during the midday is still within the uncertainty associated sis pathways (greater than 70 % of total initiation) throughout
with the measured OH; however, the reduction in the mod-the day, with a smaller contribution of approximately 20—
eled HQ + ISOP concentration is small compared to the 30% from & + alkene reactions. Photolysis of ozone, ni-
50-70 % reduction needed to bring the model into agreementrous acid, formaldehyde, aldehydes, and dicarbonyls all con-
with the measurements at midday, suggesting that the modétibute significantly to the total RQradical budget in both
years, with ozone photolysis contributing 19-34 % toxRO
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Fig. 11.PROPHET 2008 radical budget diagrams showing the cam-
radical initiation and nitrous acid photolysis contributing an- paign median OH radical budggh) that compares all the produc-
other 14-20 %. The magnitude of thg @ alkene routes for tion and loss terms (i.e., initiation, termination, and propagation
both years should be interpreted with caution due to the un+outes) for OH and the total radical budgB) that groups and com-
certainty associated with the estimations used for many ofares all initiation and termination reaction rates for OH,J+&nd
the unmeasured alkene mixing ratios. The main difference?Oz radicals.
in radical initiation between the PROPHET 2008 and CAB-

INEX 2009 campaigns is the greater contribution of HCHO
photolysis to the formation of HOradicals (23 % contribu-  ratios of NO were similar during PROPHET 2008 and CAB-
tion to RQ radical initiation in 2008 vs. 5% in 2009) due INEX 2009 (Fig. 3), the mixing ratio of NO during periods
to the higher mixing ratios of HCHO observed in 2008. As based on availability and overlap of key constraints results in
mentioned above, the higher HCHO mixing ratios may belower morning mixing ratios of NO constraining the model
a result of the higher mixing ratios of isoprene leading to ain 2008 compared to 2009 (Fig. S4). As a result, modeled
greater production of HCHO during the warmer summer of rates of RQ radical propagation are lower during the morn-
2008, or the result of greater photochemical activity in 2008ing in 2008 due to the lower mixing ratios of NO constraining
compared to 2009. the model (Fig. S4), with the HO+ NO reaction contribut-
RO radical termination reactions (Figs. 11b and 12b) areing to approximately 30—40 % of the total OH production
dominated by RQ + ROy radical reactions throughout the (Fig. 11a). The propagation of OH to R@adicals is similar
day and night (greater than 90 % contribution to total radi-in each year except in the morning where this propagation
cal termination), due to the relatively low N@nixing ratios  route is 2—6 times higher for CABINEX due to the high NO
typically observed at the PROPHET site reducing the impor-mixing ratio constraining the model during the days used in
tance of the OH+ NO, termination reaction. Of the RO  this analysis (see Supplement).
+ RO termination reactions, HO+ RO, reactions domi- The campaign median OH radical budget for CABINEX
nate at all times due to their larger rate constants (2—3 timeg¢Fig. 12a) also illustrates an imbalance between the steady-
greater) compared to the R@ RO, and HQ + HO, reac-  state HONO production and loss as predicted by the model.
tions. In addition, only a fraction of the RG- RO, reaction  The gas-phase HONO source (GHNO + M — HONO)
channels terminate the radicals, although the chemistry focontributes less than 6 % from 7.30 a.m.—7.30 p.m. and less
RO, + RO; reactions is simplified in RACM. than 1% at noontime to the total rate of HONO formation
During CABINEX 2009, rates of RQradical propagation based on the total loss of HONO by photolysis. This im-
were highest in the morning, with the HO- NO — OH balance translates to a missing source during CABINEX of
+ NO; reaction contributing to approximately 53 % of to- approximately 150 pptvht on average throughout the day
tal OH production (Fig. 12a), correlating with the morning and 250 pptv h' at noontime. The magnitude of this missing
NO peak seen in Fig. 3. By afternoon, radical propagationsource correlates wellR? = 0.80) with the measured value
rates generally decreased due to the decrease in NO everi J(HONO) (Fig. S6) suggesting that the missing source
though the rate of radical initiation in the afternoon was sim-is photolytic. These results are consistent with the results of
ilar to the morning. Although the median measured mixing Zhou et al. (2011) who measured an upward flux of HONO

www.atmos-chem-phys.net/13/5403/2013/ Atmos. Chem. Phys., 13, 548223 2013



5418 S. M. Griffith et al.: Part 1: Measurements and model comparison
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2 lower than the values measured at this site in 1998 us-
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128407 e However, Mao et al. (2012) recently observed that OH mea-

0:00 3:00 6:00 9:00 12:00 15:00 18:00 21:00

______________ surements in a ponderosa pine forest using the Penn State

o LIF-FAGE instrument during the BEARPEX campaign us-

LOE+07 ing a chemical modulation technique resulted in measured
HHONOSh-50HeNO OH concentrations that were a factor of 2 lower than those

e — to be approximately & 108 cm~2 in 1998 (Tan et al., 2001),
) ’80&06 mHO24NO=>0H resulting in predicted H®+ ISOP concentrations similar to
E ' that predicted in 2008 and 2009, but higher thanjHGea-
F \ . surements reported here.
£ Zo0t00 T 022 0m The measured and modeled OH concentrations reported
g o | 9% = ooxo? here during 2008 and 2009 are approximately a factor of
o

<«

1
1
1
1
1
-8.0E+06 :
1

(-

% 5.0E+06 -

o T

€ 1

E - ; N oason obtained using a spectral modulation technique. As a result,

8 ! ; ROKNOKSRONO?, i it is possible that the measurements made during PROPHET

3 oo | e | R 1998 may have also suffered from a similar interference.

% 108407 | E i ooz SR As discussed above, it is not clear whether the IU-FAGE

Bl o : instrument suffers from a similar interference even though
000 300 600 900 1200 1500 1800 21:00 subsequent chemical modulation tests at this site did not re-

Local Time

veal a measurable interference. Additional measurements of

Fig. 12. CABINEX 2009 radical budget diagrams showing the cam- HOx concentrations are still needed to confirm that the mea-

paign median OH radical budgga) that compares all the produc- surements are free from unknown interferences. However,

tion and loss terms (i.e., initiation, termination, and propagationas mentioned previously, any interference in the measure-

routes) for OH and the total radical budgB) that groups and com- ments presented here would result in a reduction in the mea-

pares all initiation and termination reaction rates for OH,1énd sured OH concentrations, leading to an overprediction by the

RO; radicals. model. This result would still stand in contrast to the general
underprediction of OH measurements in forest environments
by current atmospheric chemistry models (Table 1).

at the PROPHET site that correlated with leaf-surface nitrate

loading and the rate constant of nitrate photolysis. These au-

thors found that this canopy surface source of HONO corre® Summary

sponded to a production rate of approximately 200 ppfv h

at noontime, contributing to approximately 57 % of the mea-

sured total noontime source of HONO in that study (Zhou et

al,, 2011). Regional Atmospheric Chemistry Mechanism updated with

The basg-c.aselziradlcal budget from the PROPHE.T site "he Mainz Isoprene Mechanism. The measurement/model
1998 has similarities to both the 2008 and 2009 radical bud- .
greement for OH was good (correlation slope0.90 +

gets pres_e_nted h_ere (Tan et 6."" 2001). The_|spprene an§.35) during the CABINEX campaign, when colder tem-
HCHO mixing ratios observed in 1998 were similar to the 2 X .
peratures led to lower observed mixing ratios of isoprene,

PROPHET 2008 observations, while the NO mixing ratios : . :

. - . methacrolein, methyl vinyl ketone, and formaldehyde. This
observed in 1998 were similar to that observed during CAB-result is in contrast to Many previous measurements of OH
INEX 2009 and PROPHET 2008 (Fig. 3). As a result, the contr y P !

. N . .~ concentrations in forest environments characterized by low
calculated rates of radical propagation during 1998 were sim- L - ; )
) : NOy and high isoprene mixing ratios (Tan et al., 2001,
ilar to that calculated for 2009, while the rate of KQro- o ) )

: . - Carslaw et al., 2001; Lelieveld et al., 2008; Pugh et al., 2010;
duction from HCHO photolysis was similar to that calcu-

lated for 2008. Overall the maximum noontime median cam-KUbIStln et al., 2010; Martinez et al., 2010; Whallgy et aI..,
aian modeled OH concentration in 1998 was approximatel 2011) that have generally been greater than predicted using
E_ng 10P cm-2 (Tan et al., 2001), similar to thef)?neasuredyzero dimensional box models and chemical-transport mod-
noontime concentrations |n 2008 f’:md 2009 (Figs. 5and 7) al?ls’ inclu_dir_19 previous measurements at this site (Tan et al.,
though the model used for 1998 contained several addition 001). Similar to the results of Mao. et al. (2012) who also
BVOC reactions. Similarly, the maximum noontime cam- ound good agreement between their OH measurements and
paign median modeled Hazoncentration of approximately model, the agreement between the measured.and modeled
OH concentrations suggest that our understanding of the OH

4% 10 cm~2 in 1998 is similar to the predicted HQron- . . . :
centrations presented here for 2008 and 2009 (Figs. 5 and 7§ad|cal chemistry of this forested environment may be better

Peak isoprene peroxy radical concentrations were predicted1 an previously believed.

Measurements of OH radical concentrations during the
PROPHET 2008 and CABINEX 2009 campaigns were gen-
erally in good agreement with model predictions using the
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Similar to measurements reported previously (Fuchs et al.termine whether the model can reproduce the observed HO
2011) the IU-FAGE instrument used during the PROPHET concentration both during the day and at night, and whether
2008 and CABINEX 2009 campaigns was sensitive to thethe observed overprediction of the observed;H@ncen-
detection of alkene-based peroxy radicals in addition totration is due to an overprediction of the concentration of
HO,. As a result, the measured peroxy radical concentration$1O5, isoprene peroxy radicals, or both. The discrepancy be-
(HO3) reflect the sum of both H®and isoprene-basegh tween the HQ concentrations observed in 2008 and 2009
hydroxyalkyl peroxy radicals (H®+ ISOP) for this study.  with the modeled HQ + ISOP concentration, and the im-
During both campaigns, the measured H&@ncentrations  pact of proposed radical cycling reactions in the isoprene ox-
were generally lower than the modeled sum of HOISOP,  idation mechanism will be further examined in a subsequent
although the agreement is better in 2008 compared to 2009aper (Griffith et al., 2013).
indicating the possibility of an incomplete characterization
of peroxy radical losses in the model. This result is in con-
trast to previous studies that found measuredld@centra-  Supplementary material related to this article is
tions greater than predicted (Kanaya et al., 2007; Kubistin etavailable online at: http://www.atmos-chem-phys.net/13/
al., 2010). However, it is unclear whether the fi@easure-  5403/2013/acp-13-5403-2013-supplement.pdf
ments in these studies were also subject to interferences from
the detection of alkene-based peroxy radicals.

Although the campaign median OH concentrations mea-
sured during PROPHET 2008 and CABINEX 2009 are in
good agreement with the model in this analysis, the modelAcknowledgementsThis research was supported by grants from
does underestimate the OH concentrations measured in tHbe National Science Foundation (AGS-0612738 and AGS-
afternoon during 2008. This suggests that there could be 8904167 and AGS 0904134). SG and RH acknowledge support
missing source of OH radicals during the warmer summerTom a Biosphere Atmosphere Research and Training (BART)
of 2008 when isoprene mixing ratios were higher, and doedellowship.
not rule out the possibility of the existence of radical cycling
reactions under low NQconditions contributing to the ob-
served OH concentrations under higher isoprene conditions
(Lelieveld et al., 2008; Hofzumahaus et al., 2009; Peeters angzeferences
Muller, 2010). However, it has been recently suggested that
OH measurements using laser-induced fluorescence may sukjaghmand, M., Shepson, P. B., Starn, T. K., Jobson, B. T., Wal-
fer from an interference related to the oxidation of biogenic |ace, H. W., Carroll, M. A., Bertman, S. B., Lamb, B., Ed-
VOCs (Mao et al., 2012). The higher temperatures observed burg, S. L., Zhou, X., Apel, E., Riemer, D., Stevens, P., and
in 1998 and 2008 compared to 2009 resulted in higher bio- Keutsch, F.: The Morning N@ maximum in the forest atmo-
genic VOC emissions which may have impacted the mea- sphere boundary layer, Atmos. Chem. Phys. Discuss., 11, 29251—
sured OH concentration during those years, and could ac- 29282, doi10.5194/acpd-11-29251-2012011.
count for the discrepancy between the observed and modBlanch, J. S., Llusia, J., Niinemets, U., Noe, S. M., and Penuelas, J.:
eled OH concentrations. Measurements of OH concentra- 'Nstantaneous and historical temperature effects on alpha-pinene
tions on the ground at the PROPHET site in 2010 did not emissions in Pinus halepensis and Quercus ilex, J. Environ. Biol.,
rev?al (’fm unknown interferenpe_in the lU_FAGI.E system, re_Br):/gazrll,l;?,l\i?léértman, S. B., Carroll, M. A., Dusanter, S., Ed-
sulting in a measured upper limit for unknown interferences wards, G. D., Forkel. R.. Griffith, S., Guenther, A. B., Hansen. R.
of approximately 5¢ 10> molecules cm® based on the un- £ 'Helmig, D., Jobson, B. T., Keutsch, F. N., Lefer, B. L., Press-
certainty associated with these tests (see Supplement). How- |ey, S. N., Shepson, P. B., Stevens, P. S., and Steiner, A. L.: In-
ever, more measurements in forest environments with higher canopy gas-phase chemistry during CABINEX 2009: sensitivity
mixing ratios of biogenic VOCs are still needed to fully de-  of a 1-D canopy model to vertical mixing and isoprene chemistry,
scribe the potential level of interferences with the LIF-FAGE ~ Atmos. Chem. Phys., 12, 8829-8849, d6i5194/acp-12-8829-
technique, which may be more prevalent under warmer con- 2012 2012.
ditions and higher mixing ratios of biogenic VOCs. Butler, T M., Tarab.o.rrelli, D., Bihl, C., Fischer, H., Hardgr, H.,
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FC);?AI%TNHS?Izagorg%\r/];trlg]zt(z)rbcé)lg\(;ve{]rf;agg?escg]oiaﬁrl:]ri?zfd tl;]réng the ECHAMS/MESSy c_hemistry-cl_imate model: lessons from
. - . . the GABRIEL airborne field campaign, Atmos. Chem. Phys., 8,
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determine if elevated nighttime OH concentrations are pPOStantrell, C. A.: Technical Note: Review of methods for linear least-
sible in this environment or whether they are a result of an  squares fitting of data and application to atmospheric chemistry
instrument artifact. In addition, measurements ofH@&di- problems, Atmos. Chem. Phys., 8, 5477-5487,ibB194/acp-
cals without the peroxy radical interference are needed to de- 8-5477-20082008.
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