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Abstract. We present a detailed analysis of OH observationsphotolytic production rates and the recycling rates from the
from the BEACHON (Bio-hydro-atmosphere interactions of HO, + NO reaction shows that recycling rates ar20 times
Energy, Aerosols, Carbon, @, Organics and Nitrogen)- faster than the photolytic OH production rates from ozone.
ROCS (Rocky Mountain Organic Carbon Study) 2010 field Thus, we find that direct measurement of the recycling rates
campaign at the Manitou Forest Observatory (MFO), whichand the OH loss rates can provide accurate predictions of OH
is a 2-methyl-3-butene-2-ol (MBO) and monoterpene (MT) concentrations. More importantly, we also conclude that a
dominated forest environment. A comprehensive suite ofconventional OH recycling pathway (H@ NO) can explain
measurements was used to constrain primary production afhe observed OH levels in this non-isoprene environment.
OH via ozone photolysis, OH recycling from HOand OH  This is in contrast to observations in isoprene-dominated re-
chemical loss rates, in order to estimate the steady-state comions, where investigators have observed significant under-
centration of OH. In addition, the University of Washington estimation of OH and have speculated that unknown sources
Chemical Model (UWCM) was used to evaluate the perfor- of OH are responsible. The highly-constrained UWCM cal-
mance of a near-explicit chemical mechanism. The diurnalculation under-predicts observed LBy as much as a fac-
cycle in OH from the steady-state calculations is in goodtor of 8. As HG maintains oxidation capacity by recycling
agreement with measurement. A comparison between théeo OH, UWCM underestimates observed OH by as much as
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2032 S. Kim et al.: Evaluation of HO, sources

a factor of 4. When the UWCM calculation is constrained the observed OH lever2.7 times). On the other hand, the
by measured H& model calculated OH is in better agree- model HGQ results agreed well with the observed HOhis
ment with the observed OH levels. Conversely, constrain-analysis led the authors to conclude that the recycling pro-
ing the model to observed OH only slightly reduces the cess from HQ to OH is poorly understood. These findings
model-measurement HOdiscrepancy, implying unknown are consistent with recent results in two very different photo-
HO, sources. These findings demonstrate the importance athemical regimes. Lelieveld et al. (2008) presented airborne
constraining the inputs to, and recycling within, the,R@d- OH, HO, and other trace gas measurements over the pristine
ical pool (OH+HGQ +R0Oy). rain forest region of Surinam (NQ 50 pptv). Based on mea-
sured precursors, they simulated OH andt@ncentrations
using a state of the art tropospheric chemistry model. Model
results indicated significant underestimation of OH and rea-
1 Introduction sonable prediction of HO The authors hypothesized that
unknown peroxy radical recycling processes from reactions
Since Levy (1971) first postulated tropospheric OH produc-of HO» with isoprene peroxy radicals may be the sources
tion, recycling, and loss mechanisms, one of the main refor the excess OH. During the Oxidant and Particle Photo-
search topics in tropospheric photochemistry has been ashemical Processes (OP-3) field campaign in a Borneo rain
sessing OH concentrations in the troposphere due to its sigforest (another high isoprene-low NO region), investigators
nificance in determining lifetimes of most trace gases in-reported higher than expected OH levels that cannot be ex-
cluding methane, an important greenhouse gas. Concentrglained by conventional OH production and recycling rates
tions of very reactive (short-lived) species like OH are usu-(Whalley et al., 2011). Similar findings were also reported in
ally reasonably well predicted by pseudo-steady state calcua region with high isoprene concentrations that however is
lations. However, early model results (Levy, 1972; Wofsy moderately polluted (a few hundreds pptv of NO), the Pearl
et al., 1972; Crutzen, 1974) indicated significant discrep-River Delta area Hofzumahaus et al., 2009; Lu et al., 2012).
ancies for global mean OH concentrations derived fromGenerally, it is proposed that unknown recycling processes
atmospheric CBICCl3 concentrations (Singh, 1977; Love- from HO; to OH cause unexplained high levels of OH. Due
lock, 1977). Therefore, early modeling studies highlightedto much higher concentrations of H@ the atmosphere, rel-
the need for development of a comprehensive understandatively small recycling rate changes can significantly impact
ing of ozone-CO-CHHNOy (NO+NQO,) chemistry to re- ambient OH levels. Additional primary radical sources (e.g.
solve these discrepancies (Logan et al., 1981). Althoughrom photolysis of oxidized VOC) have also been invoked to
Logan et al. (1981) acknowledged that reactive biogenicexplain the “missing OH” in some studies (Stavrakou et al.,
volatile organic compounds (BVOCSs) such as isoprene an@®010).
monoterpenes (MT) could significantly depress local con- Measured chemical loss rates of OH have also been em-
centrations of OH, Chameides and Cicerone (1978) arguegloyed as a metric to test our understanding of radical-driven
that non-methane hydrocarbons (NMHC) could not be aphotochemistry. Measurements of the chemical OH loss rate,
main player for controlling background photochemistry in otherwise known as OH reactivity (the reciprocal of life-
the troposphere and the stratosphere. time of OH, s1), have been conducted in many different
The very reactive nature of OH has hindered the devel-photochemical environments during the past decade. Lou
opment of reliable analytical techniques to quantify atmo-et al. (2010) summarized published OH reactivity measure-
spheric OH concentrations. In the late 80s and early 90sment datasets in major photochemical environments (urban,
three different analytical techniques for measuring OH —oceanic, and forest environments). The ratios of measured
long path-differential optical absorption spectrometry (LP- and calculated OH reactivity vary from 1-3. A ratio of one
DOAS), laser induced fluorescence (LIF), and chemical ion-indicates that reactive trace gas measurements account for
ization mass spectrometry (CIMS) — were developed andmost of the reactive species in the atmosphere. On the other
deployed on multiple platforms to test our understandinghand, higher ratios can be interpreted as the presence of un-
of tropospheric photochemistry (Heard and Pilling 2003). known or unmeasured reactive trace gas species in the atmo-
OH measurements by the LIF technique in high isoprenesphere. Ratios higher than one have mostly been reported in
regions have consistently showed significant discrepancieplaces where BVOCs play a major role in local photochem-
from model predicted OH (Tan et al., 2001; Lelieveld et al., istry. More recent studies in a Northern European boreal for-
2008; Hofzumahaus et al., 2009; and Whalley et al., 2011)est reported much higher ratios of measured and calculated
Tan et al. (2001) reported OH and H@easurements in a OH reactivity (up to~10; Sinha et al., 2010 and Noelscher
mixed northern hardwood forest (the PROPHET tower lab-et al., 2012). To explain the seemingly contradictory findings
oratory, Pellston, Ml USA). This site has a moderate levelof missing OH sinks and sources, it has been suggested that
of NO (100-200 pptv) and high isoprene concentrations (areactions between OH, ozone and BVOCs can produce OH
few ppbv) during the daytime. A highly constrained pho- with significant yields (e.g. Tan et al., 2001 and Lelieveld et
tochemical box model of OH significantly underestimated al., 2008)
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Table 1. A summary of the instrument suite for BEACHON-ROCS 2010.

2033

Measurement Items Measurement Techniques

Measurement References/Manufacturers
Uncertainty

INO, Filter Radiometer 6%

VOCs and OVOCs Proton Transfer Reaction-Time of Flightt5%
Mass Spectrometry and Proton Transfer
Reaction-Quadrupole-Mass Spectrometry

PAN and PPN
VOCs and OVOCs

Glyoxal and Formaldehyde Laser Induced Florescence/Laser Indu@&do

Chemical lonization Mass Spectrometry 20%
Total Organic Gas Analyzer (in situ GC) 15%

Metcon INC.
Junkermann et al. (1989) and
Volz-Thomas et al. (1996)
lonicon Analytik
de Gouw and Warneke (2007) and
Graus et al. (2010)
Slusher et al. (2004)
Apel et al. (2002)
di Gangi et al. (2011),

Phosphorescence Hottle et al. (2009)

and Huisman et al. (2008)

OH Reactivity Laser Induced Florescence 5% Sadanaga et al. (2004)

OH and SOy Chemical lonization Mass Spectrometry 35% Tanner et al. (1997) and
Mauldin et al. (2010)

HO, and RO Chemical lonization Mass Spectrometry 35% Edwards et al. (2003) and
Hornbrook et al. (2011)

*CO Spectroscopic (IR) 15% Thermo Scientific Model 48i

NO/NO, Spectroscopic (Flourescence) 15% Eco Physics CLD 88 p

O3 Spectroscopic (U.V.) 2% 2B Technology

* The background drift was checked with CO-scrubbed air in every 10 min.

This paper presents comprehensive measurements to cosidered relatively unimportant at this site (Archibald et al.,
strain HGQ to OH recycling rates during the BEACHON- 2010). The open pine woodland at the site has a Leaf Area In-
ROCS field campaign (August 2010). The main objective ofdex (LAI) of about 3 m—2 for tree covered surfaces and a
the BEACHON-ROCS field campaign was to obtain com- tree cover of about 60 % resulting in a landscape average LAl
prehensive atmospheric measurements to constrain the Obf about 1.9 Mm~2. The average tree canopy heighti48
sink, source and recycling terms in a ponderosa pine form. Major metropolitan areas near the MFO include Denver
est in the Colorado Rocky Mountains. The comprehensiveg(~85km) and Colorado Springs-@5 km) in the north east-
measurement suite was used to constrain steady-state calcern direction from the site, the origins of occasional pollu-
lations and box model calculations using the Master Chem+ion events at the research site. The dominant wind direction
ical Mechanism (Jenkin et al., 1997; Saunders et al., 2003)was either southwesterly-60 %) or northeasterly~<40 %)

We systematically compare the modeling results with obser{DiGangi et al., 2012). During the field observation, typical
vations to improve the current understanding of radical pho-daytime high temperature was observed between 20 to 25 de-
tochemistry driven by BVOC oxidation. gree C and 5 to 10 degree C was observed for daytime low
temperature. We did not include any data observed during the
precipitation events.

Most atmospheric chemistry measurements at the site
were conducted near the flux tower30 meter height).

An overview of the BEACHON-ROCS field campaign mea-
surements is summarized in Table 1. In this paper, we only
The Manitou Forest Observatory (MFO) in the U.S. Forestpresent the observational data under the canopy (1.6 m from
Service Manitou Experimental Forest near Woodland Parkthe ground). Most of instrumentation listed in Table 1 shared
Colorado U.S.A. (latitude 3%'0” longitude 1085'30” and a common inlet except, CO, OH, HORO,, and OH reactiv-
elevation 2286 m) is situated in a ponderosa pine wood-ty that were measured at about the same height withina 20 m
land in the Southern Colorado Rocky Mountain Front Range radius from the common inlet. Th&o, sensor was located
The MFO is dominated by ponderosa pine trees that primaren top of the OH inlet. More detailed experimental configu-
ily emit 2-methyl-3-butene-2-ol (MBO) and monoterpenes rations will be presented in the BEACHON-ROCS overview
(MT); isoprene and its oxidation products have been detecteghaper (Karl et al., 2013).

at relatively low concentrations since the inter-annual obser-

vations were initiated in 2009 (Kim et al., 2010). Therefore,

uncertainties in isoprene-OH reaction mechanisms are con-

2 Methods

2.1 Sampling site description

www.atmos-chem-phys.net/13/2031/2013/ Atmos. Chem. Phys., 13, 28144 2013
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2.2 OH, HO,, and RO, measurements by Chemical
lonization Mass Spectrometry

OH was measured by chemical ionization mass spectrometry

(CIMS) during the BEACHON-ROCS field campaign. The

technique was developed by Eisele and Tanner (1991) anc
they have comprehensively discussed potential interference:

and limitations of their initial design. In response to these

S. Kim et al.: Evaluation of HO, sources

OH production from O, photolysis
05 +hv = 0,+0('D)
O('D)+M 2 O(3P)}+M

O(1D)+H,0 & 20H

OH

Permanent Loss of OH
(e.g. OH + NO,  HNO,)

L(OH)
(OH Reactivity)

Staying in the HOx Pool
HO,+RO,
R(OH)

limitations, Tanner et al. (1997) presented a modified instru-

ment configuration to measure OH and3®0, as well as a
calibration method, which is identical to the instrumentation
for this study. This CIMS method uses yQor the reagent
ion to selectively ionize sulfuric acid in an atmospheric pres-
sure reaction chamber;

NOgHN03(H20)n + HySOy —
HSGO, (HNO3)mH20p + HNO3 + (H20),

(R1)

wherem =0 or 1,n, p, andr are dependent upon water va-
por concentrations
Before the ions are introduced into a detection chambe

that consists of an octopole ion beam focus, quadrupole masd
filter, and channeltron units, the ion clusters are dissociate(f

in the collisional dissociation chamber (CDC) so that NO
and HSQ are the only ions to be quantified for monitoring
ambient concentrations ofJd30y.

For OH measurement, ambient OH is chemically con-
verted into H*S0O, before sample air is introduced into the
ionization flow tube;

Fig. 1. Steady-state calculation scheme used in this study.

certainty for the OH measurement is 35 % and the lower limit
of detection~4 x 10° molecules cm? for a 5-min average.

For HO, and RG observations, the same ion chemistry
as for OH quantification is applied. BGnd RQ are con-
verted into OH by applying excess amounts of NO (0.3% in
volume) in the upstream of the sample flow. Since another
research article on HOand RQ observation and modeling
results will be followed, in this paper we briefly introduce the
Iprinciples of the HQ and RQ measurement technique, de-
loyed for BEACHON campaign. Thorough descriptions on
otential interferences and analytical characteristics can be
ound in Edwards et al. (2003) and Hornbrook et al. (2011).
In addition, Mauldin et al. (2012) described potential inter-
ferences on background signals in OH quantifications using
CIMS but we conducted frequent background characteriza-
tion (every minute) to adequately subtract background sig-
nals.

2.3 Model calculations

OH+ %S0, + M — H3*S0O; + M (R2)
H3*S0; + O, — 34S0;3 4+ HO, (R3) 2.3.1 Steady-state model
34503 + H04+ M — H3%S0, + M (R4)

Highly constrained steady-state OH concentrations (g§aH]

By applying isotopically-labeled sulfur dioxide, we can sep- were estimated based on the radical reaction scheme shown

arate ambient sulfuric acid from sulfuric acid produced by in Fig. 1. We conducted comprehensive measurements to

reaction with OH. Injections ot*SQ, and propane, an OH constrain 1) OH production from ozone photolysis (ozone,

scrubber for the background signal check, are controlled byH20 concentrations and ozone photolysis ratg,} from

two sets of front and rear injectors controlled by a VALCO NO2 photolysis rate {no,) measurements) 2) OH chemical

(Houston, TX, USA) valve unit. The valve cycling period is 10ss (OH reactivity measurement), and 3) OH recycling from

typically set to 30 seconds. HO7 (HO2 and NO measurements) as summarized in Table 1.
Ambient OH and HSQ; sensitivity to the CIMS sys- The steady-state equation can be defined as follows;

tem was calibrated using the scheme presented in Petaja et

al. (2009). OH was generated by illuminating the sample air

stream with a Hg-pen ray lamp immediately before the cims?[OHI/di = P(OH) +R(OH) — L(OH[OHIss =0

sampling tube (1/2stainless steel tubing). The photons from where,

the lamp were filtered so that only 184.9 nm photons hit the

water vapor in the sample air stream. The amount of photons? (OH) = 2Jo,k7[H201[03]/ (ke[ M ])(molecules cm® s‘l)

1)

from the UV lamp intensity was measured using a photomul- )
tiplier (R 5764, Hamamatsu Photonics K. K.). With the mea-

sured number of photons, the water vapor number density-rom reactions

and the ab§orpti0n cross—section.at the given wavelength, Olé3 +hv— Oy +0('D), Jo, (R5)
concentrations from the photolysis were estimated. More de- 1 3

tailed descriptions on the calibration procedure can be found('D) +M — OCP) + M, ke (R6)
in Petaja et al. (2009) and Sjostedt (2006). The estimated unO(*D) + H,0 — 20H, k7 (R7)

Atmos. Chem. Phys., 13, 20312044 2013 www.atmos-chem-phys.net/13/2031/2013/
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Fig. 2. Averaged diurnal cycles ¢&) Jno,, (b) NO, (c) OH, (d) OH reactivity ande) MBO and MT (f) HO, during the BEACHON-ROCS
field campaign in August 2010.

L(OH) = OH reactivity (s'1). canopy cover. Chemical observations include OH,>HO

R(OH) = OH recycling rates (molecules cis ™). CO, 3, NO, NG, MBO, isoprene, monoterpenes-(

Jo, was estimated fron¥NO, measurements by apply- pinene, g-pinene, limonene, camphene and unspeciated
ing scaling factors from comparisons with theoretically cal- monoterpenes), butadiene, benzene, toluene, oxygenated
culated values using the scheme described by Saunders ¥OC (formaldehyde, glyoxal, acetone, methanol, acetalde-
al. (2003). As previously discussed, the underestimated rehyde, methyl vinyl ketone, methacrolein, propanal, butanal),
cycling rates of OH from H@and RQ have been proposed PAN and PPN. BEACHON included VOC observations from
to be the major reason for unexpected high OH levels in isofour different instruments measuring at varying heights with
prene rich regions. In this study, we consider only the con-different reporting intervals (Kaser et al., 2012). For the
ventional OH recycling pathway, which is the reaction of present study, we utilize observations made by the Innsbruck
HO, with NO. Therefore, by comparing [OK$ with mea- PTR-TOF and the NCAR TOGA instruments at 23 m. To ac-
sured OH concentrations ([Okiga), we can assess whether count for vertical gradients in emitted species, MBO and MT
additional recycling processes are needed to explain the meabservations are scaled from 23 m to 4 m using VOC gradient
sured levels of OH in a MBO and MT rich region. The uncer- measurements from the NCAR PTR-Quadrupole instrument.
tainty of [OH]ss assessed from the uncertainties of the inputData were averaged to a 60-min diurnal cycle for 17—20 Au-

parameters is estimatee45 %. gust, except for N@ and TOGA observations. Insufficient
coverage for these species required averaging over the entire
2.3.2 0-D box model dataset (1-31 August). Sensitivity tests were conducted to

ensure that data averaging procedures do not affect our con-
Observationally-constrained chemical box model calcula-clusions. CH and H concentrations were held constant at
tions were conducted using the University of Washington1770 and 550 ppbv, respectively.
Chemical Box Model (UWCM). UWCM incorporates the  Several reactions in MCM v3.2 were updated as described
Leeds Master Chemical Mechanism (MCM) v3.2 (Jenkin in Wolfe and Thornton (2011). For monoterpenes, the ex-
et al., 1997; Saunders et al., 2003) into a MATLAB- plicit MCM mechanisms were used far-pinene,-pinene
based source code (Wolfe and Thornton, 2011). The modehnd limonene and the reaction scheme of Wolfe and Thorn-
was constrained with 60-min averaged observations. Utiton (2011) was used for camphene. Unspeciated monoter-
lized meteorological observations include temperature, prespenes were treated similar to the unspeciated sesquiterpenes
sure and relative humidity. N photolysis frequencies described in Wolfe and Thornton (2011) but with rate con-
measured adjacent to the OH inlet were used to corstants taken from thg-pinene mechanism. Sensitivity tests
rect MCM-calculated photolysis frequencies for cloud and

www.atmos-chem-phys.net/13/2031/2013/ Atmos. Chem. Phys., 13, 28144 2013
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indicate that newly-proposed isoprene peroxy radical isomerforest, the observed nighttime OH levels were also substan-
ization chemistry (Crounse et al., 2011; Peeters aritidy] tially lower (~10% or less than daytime peak OH levels;
2010; Peeters et al., 2009; Wolfe et al., 2012) influences modWhalley et al., 2011) than in the study of Tan et al. (2001).
eled HG, concentrations by less than 10 % for the conditions The observed daytime OH concentrations during
of this study. Given the comprehensive suite of constraints BEACHON-ROCS are similar to previously reported levels
emission and deposition were not considered explicitly, butin rural forest environments<4 x 10° molecules cm?, Tan
an additional lifetime of 24 hours was given to all species toet al., 2001 and Carslaw et al., 2001). On the other hand, the
avoid the buildup of long-lived products. observed daytime H&evel during this study is significantly
The model was initialized at midnight and integrated for higher ¢twice) than the HQ level observed during these
two days. Constraints were updated with observations evergtudies. The variability of H® concentrations in various
60 min. The first day was treated as a “spin-up” day to allow environments has not been discussed as much as the vari-
secondary products to accumulate, and results are shown heability of OH. This may be because in most cases, measured
for the second day. This model setup was sufficient to reproHO, showed much better agreement with model estimates
duce observed daytime OH reactivity to within 20 %, though than does OH (e.g. Tan et al., 2001). Any variability of HO
we caution that a significant fraction of the modeled OH re-needs to be examined to assess the recycling source of OH
activity (~40 %) is ascribed to unmeasured oxidized VOC. from HO,. NO, an important reducing agent for HOvas
Results are shown for three scenarios: a base case where Gt¢tected at slightly higher than 100 pptv during the daytime,
and HQ were not constrained to observations, and two sce-which is higher than the nominal detection limite60 pptv.
narios where either OH or HOwvere constrained. NO concentrations are much higher than those observed in
the remote environments, where the higher than expected
OH levels were observed (Lelieveld et al., 2008; Whalley

3 Results and discussion et al., 2011). However, even at such moderate NO levels,
models have been shown to under-predict observed OH
3.1 Observed parameters concentrations by factors of 2—4 in high-isoprene conditions

(Pearl River Delta, China and Pellston, Michigan; Lu et al.,

The diurnal cycles of OH, HE NO, Jno,, BVOC con-  2012).
centrations (MBO and MT) and OH reactivity during the  The average measured OH reactivity (Fig. 2)-8 sec'’
BEACHON-ROCS field campaign are shown in Fig. 2. The during the day and-10 sec? at night. Reactive gas mea-
OH and HGQ CIMS inlets (about 3 m above the ground) were surements indicate that BVOCs, mostly M¥ (0.5 ppbv
located under the tree canoply, was calculated frordno,, during daytime and-1.2 ppbv during nighttime) and MBO
for which the sensor was located right above thetitets, (~1.6 ppbv during daytime and-0.6 ppbv an average for
and Fig. 2 shows that sporadic shade resulted in intermittentOa.m. to 2 p.m. and 9 p.m. to midnight, respectively), are
low, local primary production rates of OH. These low pri- the dominant OH sinks inside the forest canopy. The most
mary OH production rates are not reflected in the observediominant MT species, observed during the field campaign
OH and HQ diurnal cycles, which show a regular diurnal was B-pinene (35.2 %) followed by 3-carene (23.0 %},
cycle with daytime highs around 12:00 to 14:00. The obser-pinene (20.9 %) and limonene (17.5%). More thorough dis-
vations remind us that radical concentrations are not solelycussion on VOC observations during the BEACHON-ROCS
governed by solar radiation at the exact location of the meacampaign will be submitted in the same ACP special issue
surement instrumentation. (Kaiser et al., 2013). Contributions of isoprene to OH reactiv-

However, the importance of solar radiation for initiating ity were minor. Isoprene concentrations at the site were rela-
radical chemistry is demonstrated by observations that OHively low during the BEACHON-ROCS campaign as previ-
was below the detection limit (& 10° molecules cm?®) in ously reported (e.g. 0.3 ppbv maximum, 0.1 ppbv on average;
the nighttime. The very low nighttime OH concentrations are Kim et al., 2010). The observed OH reactivity is comparable
contrary to previous reports of high nighttime OH levels at ato previous measurements in the rural US but significantly
mixed northern hardwood forest (University of Michigan Bi- lower than values observed in megacities and tropical rain
ological Station, Pellston, MI, USA) by Tan et al. (2001). The forests (Lou et al., 2010). The observed daytime OH reac-
study reported that nighttime OH levels wer&0 % of day- tivity level during the BEACHON-ROCS campaign was the
time maximum OH levels and speculated that Criegee radisimilar level to that observed in a Northern European boreal
cals from the ozonolysis of MT could generate nighttime OH. environment without any significant environmental perturba-
Considering fairly high concentrations of M~{.2 ppbv) tion where MT is the most dominant OH sink (Sinha et al.,
at MFO during the night, the nighttime observations during 2010; Noelscher et al., 2012). A more detailed analysis of
BEACHON-ROCS appear to contradict these previous find-OH reactivity and comparison with observed BVOCs at this
ings, though it is possible that the mechanism for nocturnalsite will be described in a separate publication (Nakashima
OH generation is highly dependent on the VOC mixture at aet al., 2013).
particular location. However, in a South Eastern Asian rain

Atmos. Chem. Phys., 13, 20312044 2013 www.atmos-chem-phys.net/13/2031/2013/
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Fig. 3. Averaged diurnal cycles of observed OH ([QiHa), steady-state model calculated ([Qd], UWCM model calculated OH
([OH]uwcm), and HG constrained UWCM model calculated OH ([Qb}cm_HO,_Constrained for 16 to 19 August 2010.

12x106 i I I
[OHlss = 0.7 [OH]yga + 2.8 X 10°
A four-day period during the study provided a comprehen- R’ =0.37

sive dataset including all required measurements for the 10
steady-state calculation (16 to 19 August). Similar diurnal
cycles in all input parameters were observed over the four- «
day period. The averaged daily variations of [@dA and
[OH]ss for those four days are shown in Fig. 3. The error
bars indicate one standard deviation for the averaged val-
ues. The [OH3s shown in Fig. 3 captures both the mag-
nitude and daily variation of [Ohjea very well. The dis-
agreement for the early morning is likely due to photolysis
of HONO, which was not constrained in the steady-state cal-
culation. High NO concentrations in the early morning have 5
been observed for previous field studies in forested environ-
ments and may be explained by soil N&missions and the

3.2 Steady-state model calculations

8

m )

SS OH (molecules ¢

boundary layer evolution, although local pollution sources 0
are also a possibility (e.g. Alaghmand et al., 2011). The 1:1 0 8 10 4oq0°
plot between [OH}ea and [OHEs for the four comparison Measured OH (molecules cm )

days (10 min average data) is presented in Fig. 4. Although

the linear regression analysis has a slope that agrees with tHgg. 4. A correlation plot with [OH}jyea and [OHEs (red circles)

1:1 line within the uncertainties of measurement and calcula2nd a 1:1 line (dashed line). The error bars on the regression line

tions, a high degree of scatter is noticeable which may be ex{réd) represent uncertainties of [Qiia and [OHks

plained by significant uncertainties from measurements used

for [OH]ss (~50 %) as indicated by error bars obtained from

the regression. the BEACHON-ROCS campaign are about 30 % of the pro-
The excellent agreement of [Of#}a and [OHEks dur- duction rates observed during the PROPHET-1998 campaign

ing this study is contrary to the previous studies in isopreng(Tan et al., 2001), where the OH sensor was located above the

rich environments. These studies have consistently reportetbrest canopy without shading from branches. Considering

high unexplained levels of OH. To explore this issue fur- the attenuatedo, due to shade and cloud events during this

ther, the averaged daily variations of OH production ratesstudy (Fig. 2), this difference is not surprising. As previously

from ozone photolysis and OH recycling from the p- discussed, higher HOevels (~4 times) in this study resulted

action with NO are presented in Fig. 5. In addition, the di- in significantly higher OH production rates from recycling

urnal cycle in the ratio of OH production rate from H@e- (~4 times) than those observed at PROPHET-1999 under

cycling to the OH production rate from ozone photolysis is similar NO; conditions 5 x 10° moleculescm®s~! vs.

also shown. The photolysis production rates observed during-2 x 10’ molecules cm®s-1). Therefore, we can neglect
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Fig. 5. Averaged diurnal cycles of OH photolysis production rates (blue), OH recycling rates{NO, red) and their ratios (black) during
the BEACHON-ROCS field campaign.

the photolytic production term in the steady state equatiornthe steady-state calculations without OH reactivity measure-

which gives; ments would cause overestimation of OH by a factor of two.
R(OH) = L(OH)[OH] (3) 3.3 UWCM model calculations
[OH] = R(OH)/L (OH) 4)

The predicted diurnal cycle in OH and HQusing the
UWCM model scheme ([OHjwcwm) is presented in Figs. 3
and 6. In the base scenario (both OH and JHa@hcon-
strained), The UWCM significantly underestimates both
OH and HQ (by as much as a factor of 8) during the
BEACHON-ROCS field campaign. Since the steady state

where, L(OH) = OH reactivity (s!), R(OH) = OH recycling
rate = kjo,+no [HO2][NO] (molecules crm3s1)

This simplified equation provides the important insight
that uncertainties in OH reactivity and OH recycling rates

directly affect the accuracy of estimates of OH concentra- vsis indicates that lina is th . f
tion. Measured OH reactivity values in forest environments 2NaYsIS Indicates tha HQecycling is the main source for

are significantly higher than expected from measured tracé) H radicals, it is reasonable o hypothesize that the under-

ases. The ratios of measured to calculated OH reactivit rediction in OH s F’_”T"a“'y due to th_e under-predicted
9 >Pli|02. Indeed, constraining the model with measuredoHO

have been reported to range from 1 up to 10 (Lou et al., 2010, . y
Sinha et al., 2010; Noelscher et al., 2012). Therefore, if the!MProOves model-measurement agreement Iin thg OH diurnal
steady-state equation was constrained by trace gas measuré 1ations ([OHbwem_Ho, Constrainedin Fig. 3 by increas-
ments, instead of directly by OH reactivity measurements,Ing OH concen_tratlons dur|r_19 the daytlme up to a factor of
then [OHks would have been overestimated by a factor of 6. (éo?v;ersely, if the tm(:_del IS clon_stralned E’O mfeastu:g OH,
1 to 10. In addition, any uncertainty in the OH recycling mﬁoee @ concen r'a |9n|s:pn%/|n:reahse ya ;C 07 th
rates linearly propagates to estimated [@[These two in- ( dzauwaIOHf%O’gtﬁ'”edn Fig. 6). hs S d,?fwn inFg. 7, the
dependent sources of potential uncertainty can either caugd00€! caicu ate re_actlvny In the difierence qonstraln-
an over- or underestimation of [OkH or result in reason- INg scenarios agrees W'th th'e observed' values within .20 %.
able predictions of ambient OH levels for the wrong reason.Therefore’ the chemical I'fet'me of O.H IS wel! cqr_lstralned_
Only a comprehensive measurement suite can enable precié@ each applied model scenario considering significant vari-

and accurate estimation of ambient OH concentrations. Fof'o"S |rf1 O;'] ar;]q :;'@ Ieveclj_s ;n degc: modt(? I.tsc?nar;o. Tne
example, a preliminary data analysis indicates th&0 % reason for the higher predicte reactivity levels, when

of measured OH reacfivity cannot be explained by the suite 102 1s constrained, probably results in excess formation of

of VOC measurements (Nakashima et al., 2011). Therefore(,)vOCS due to the higher predicted OH levels (Fig. 3).
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Fig. 6. The averaged diurnal cycles of [Hea, [HO2luwem. and [HOluwceM_oH_Constrainedin the bottom panel and [RDvEea,
[RO2]uwem, and [RO]uwceMm_OH_Constrainedduring the BEACHON-ROCS field campaign.
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Fig. 7. The daytime variations of observed OH reactivity and UWCM calculated OH reactivity from the various model scenarios, described
in the text.

Together, these results imply a source of HBat is not  figure shows specific HOchemical sources and sinks in the
currently represented in the model. Our model results suggedtO, constrained UWCM calculations. The black solid line
amissing HQ production rate of 1-7 ppbv#, whichis 2-3  (L-P) in Fig. 8 indicates the required H@roduction rates
times larger than total HOproduction from the known tro-  to reconcile observed HOconcentrations, which cannot be
pospheric photochemical processes as shown in Fig. 8. Thexplained by the currently known sources of H®otential
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3 istry. Indeed, modeled total peroxy radical concentrations

=§3§$ fg\, (ROy) agree moderately well with observations in the model
1ol M ovoc+oH | run with OH constrained as shown in Fig. 6, suggesting is-
—L-pP sues in the partitioning of peroxy radicals. Implementing a

scheme to convert ROto HO, and HGQ to OH with an
artificial reducing agent, as suggested by Hofzumahaus et
al. (2009), effectively increases OH concentrations without
affecting HQ. At present, however, we cannot account for
the missing source of HO We are preparing a follow-up
publication to specifically examine partitioning between,RO
and HGQ in a MBO dominant photochemical environment. It
should be also noted that potential interferences in LIF tech-

Rates (ppbv/min)
o o

&
T

A0t EEHO2+NO || nigues in OH quantifications from background quantification
=:g§:gg§ processes (Mao et al., 2012) and FHquantifications from
[Jother RO, radical (Fuchs et al., 2011). However, these reports on
e 5 10 15 20 . potential interferences have not been consistent from multi-
Hour of Day ple studies. For example, a few recent studies about inter-

comparison between LIF techniques with DOAS and CIMS

Fig. 8. UWCM model calculated H®loss and production rates in techni ted llent ts bet the tech
different photochemical pathways (indicated as the colored bars).(:fC NIQUES reporte exce.en agreements between the tech-
The black solid line (overall loss rate — overall production rates; niques (Fuchs et al., 2012; Ren et al., 2011). One should also

L-P) shows required production rates to resolve the observed unex20te that Hornbrook et al. (2011) indicated potential interfer-
plained higher HG level. ences in HQ@ quantifications from R@from chemical con-
version processes in the CIMS application for H&hd RQ
guantifications.
explanations for this missing source include (1) Transport of These results suggest a need to rethink the oxidation ca-
HO, from more highly irradiated regions within or above the pacity in the troposphere, especially in BVOC-dominated re-
canopy, (2) photolysis of oxidized VOC or other species thatgions. As soon as an extremely short-lived species such as
are not included in the model, or (3) additional reactions of OH reacts with reactive BVOCs, it produces one or mul-
RO, with unidentified reducing agents (e.g. Hofzumahaustiple HOx (OH, HO,, or RQGy). Therefore, the capacity of
et al., 2009). First, it is possible that the photolysis rates,the oxidant pool (HQ) is maintained or even magnified
scaled by the measuretlo, (Fig. 2), are not an accurate through BVOC oxidation reactions. The oxidant pool, in-
representation of the “average” canopy environment. This iscluding OH, HQ and RQ, has a long enough lifetime
a reasonable hypothesis, since the chemical lifetime of HO (~100s) to be transported at the canopy scale (potentially
(~100 secs) is on the order of the timescale for canopy mix-even larger scales). The ratios of OH to yH&e determined
ing/venting, so HQ can be transported from sunny to shady by the surrounding photochemical environment such as con-
areas under the forest canopy. Running the model under aentrations of NO or other potential reducing agents as hy-
full sun scenario (i.e. no photolysis attenuation) increasegothesized in recent publications (e.g. Hofzumahaus et al.,
modeled HQ concentrations by a factor of 2 — not enough 2009). This perspective is summarized in Fig. 9. The inabil-
to explain observed H®concentrations. If the entirety of ity of an up-to-date near explicit chemical scheme to cor-
the missing HQ source is due to photolysis of unknown rectly reproduce the observed size of the oxidant pool prop-
BVOCs, the HQ production rate would need to be 100  agates directly into estimates of oxidizing capacity inside of
times that from HCHO photolysis. Given that the modeled the canopy, which is mostly determined by OH concentra-
OH reactivity is within 30 % of observations (Nakashima et tions. On the other hand, the present measurement dataset
al., 2012), this seems unlikely. Still, it is possible that yet- from MFO shows that constraining both the main component
unidentified VOC degradation chemistry produces oxidizedof the oxidant pool (mostly H&) and oxidant-trace gas inter-
VOC that, by virtue of a short lifetime with respect to photol- action (OH reactivity) is sufficient to predict OH concentra-
ysis, do not build up to appreciable concentrations and thusions in this environment. Moreover, at MFO NO radical is
do not contribute significantly to OH reactivity. Such com- sufficient to explain observed recycling rates. This finding
pounds could also be directly emitted from the biosphere.strongly suggests that BVOCs other than isoprene, such as
This hypothesis would also be consistent with observationdVIBO and monoterpenes, do not cause an amplification of the
of anomalously high HCHO fluxes during the same cam-oxidation capacity that have been reported in environments
paign (DiGangi et al., 2011). Finally, modeled h@roduc-  with high isoprene and comparable NO levels (Tan et al.,
tion stems primarily from reaction of NO with RQunder ~ 2001; Hofzumahaus et al., 2009; Lu et al., 2012). However,
the conditions of the current study, thus it might be possi-one should note that unknown H@ources are appeared to
ble to generate additional HOby augmenting this chem- amplify oxidation capacity in this environment.
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The transition line
responds to surrounding
photochemical

Reactions with NOx and HOx VOGCs

mostly removes NOx and
HOx from the photochemical environments (NO and
system or produces reservoir other potential reducing
species suchas HONOor /oo v v v v -3 fommmne o agents)

HO,NO,

NOy

Fig. 9. Tropospheric interactions of oxidant pool NMOy-VOCs (NG, reactive oxidized nitrogen). VOC oxidation by OH redistributes
within the oxidant pool but does not change the size of the pool.

4 Summary tance of accurate measured constraints on the relatively long-
lived oxidant pool (HQ and RQ) and recycling processes
During the BEACHON-ROCS field campaign, a compre- such as reaction of HOwith reducing agents (e.g. NO) and
hensive measurement suite was deployed to constrain pha40,-RO, reaction mechanisms. Finally, as Atkinson (2000)
tolytic production, chemical loss and recycling of OH. The claimed, more careful laboratory characterization of reaction
results were used to evaluate our current understanding dfinetics of RQ + NO is required considering kinetic infor-

HOx radical-BVOC (mostly, MBO and MT) interactions mation about R@+ NO has been deduced from experiments
by comparing measured OH and model calculated OH uswith alkane originated proxy radicals.

ing highly constrained steady-state ([QJJ] and explicit

box model ([OHpwcwm) calculations. [OHds shows an ex-

cellent agreement with [Oljfa. Further analysis of pho- AcknowledgementsThe National Center for Atmospheric Re-
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[OH]uwcm shows very poor agreement with [Ol}a. Once
HO, in the UWCM model calculations is constrained by
[HO2]meA, [OH]uweM_HO, -ConstrainedS in better agreement
with [OH]vea. Further model analysis suggests an unidenti-
fied source of H@ that may be due to photolysis of oxidized
VOC or reactions of R@ Therefore, a simple box-model
scheme may not accurately describegtistributions inside

of forest canopies and this uncertainty propagates directly
into OH estimations. This discussion highlights the impor-
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