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Abstract

Hydroxyl (OH) and hydroperoxyl (HO2) radicals are key species driving the oxidation
of volatile organic compounds that can lead to the production of ozone and secondary
organic aerosols. Previous measurements of these radicals in forest environments with
high isoprene, low NOx conditions have shown serious discrepancies with modeled5

concentrations, bringing into question the current understanding of isoprene oxidation
chemistry in these environments.

During the summers of 2008 and 2009, OH and peroxy radical concentrations were
measured using a laser-induced fluorescence instrument as part of the PROPHET
(Program for Research on Oxidants: PHotochemistry, Emissions, and Transport) and10

CABINEX (Community Atmosphere-Biosphere INteractions EXperiment) campaigns
at a forested site in northern Michigan. Supporting measurements of photolysis rates,
volatile organic compounds, NOx (NO+NO2) and other inorganic species were used
to constrain a zero-dimensional box model based on the Regional Atmospheric Chem-
istry Mechanism, modified to include the Mainz Isoprene Mechanism (RACM-MIM).15

The CABINEX model OH predictions were in good agreement with the measured OH
concentrations, with an observed-to-modeled ratio near one (0.70±0.31) for isoprene
mixing ratios between 1–2 ppb on average. The measured peroxy radical concentra-
tions, reflecting the sum of HO2 and isoprene-based peroxy radicals, were generally
lower than predicted by the box model in both years.20

1 Introduction

The hydroxyl (OH) and hydroperoxy (HO2) radicals play important roles in tropospheric
photochemistry. OH reacts with volatile organic compounds (VOCs) leading to the for-
mation of both HO2 and organic peroxy radicals (RO2), which in the presence of nitric
oxide (NO) are converted back to OH. This fast cycling of radicals controls many as-25

pects of atmospheric chemistry such as the formation of ozone, the formation of sec-
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ondary organic aerosols, and the removal of methane and other long-lived greenhouse
gases that affect the radiative balance of the atmosphere. Because of the central role
of HOx (OH and HO2) radicals in atmospheric chemistry, it is important to understand
their major production and loss pathways to accurately address current issues of air
quality and climate change.5

Because of their short lifetime in the atmosphere, modeling the chemistry of HOx
radicals is often done with detailed chemical mechanisms embedded into zero-
dimensional box models (Heard and Pilling, 2003; Ren et al., 2008 for example) in
addition to chemistry-transport models (Pugh et al., 2010; Stavrakou et al., 2010).
While there is generally good agreement between measured and simulated HOx con-10

centrations in urban and remote areas (George et al., 1999; Konrad et al., 2003;
Emmerson et al., 2007; Dusanter et al., 2009b), recent efforts to model HOx con-
centrations in forested environments characterized by high mixing ratios of biogenic
volatile organic compounds such as isoprene and low mixing ratios of nitrogen oxides
(NOx =NO+NO2) have shown serious discrepancies with field observations (Tan et15

al., 2001; Carslaw et al., 2001; Lelieveld et al., 2008; Whalley et al., 2010; Pugh et al.,
2010; Kubistin et al., 2010; Martinez et al., 2010, Lu et al., 2012) (Table 1).

For example, observed-to-modeled ratios of OH during the AEROBIC97 campaign
in a remote forested area of Greece were 1.7–6.2 at midday, while the agreement
with HO2 concentrations was highly variable with observed-to-modeled ratios in the20

range 0.1–1.7 (Carslaw et al. 2001; Heard and Pilling, 2003). During the PROPHET98
campaign in a Northern Michigan forest, observed-to-modeled ratios of OH and HO2
concentrations during the daytime were 2.7 and 0.9 respectively (Tan et al., 2001).
From the North American based INTEX-A campaign, Ren et al. (2008) reported day-
time boundary layer observed-to-modeled OH ratios of 1.5 at isoprene mixing ratios of25

500 pptv that rapidly increased to ratios greater than 6 with increasing isoprene mix-
ing ratios. For the GABRIEL campaign, Lelieveld et al. (2008) reported observed-to-
modeled OH ratios of 5–10 in the boundary layer over the Amazon, while Kubistin
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et al. (2010) reported afternoon observed-to-modeled OH and HO2 ratios of approxi-
mately 12 and 4, respectively, in the boundary layer over a Suriname forest.

In contrast to these isoprene-rich environments, HOx concentrations measured in
forest environments with lower mixing ratios of isoprene were found to be in better
agreement with modeled values. For example, Ren et al. (2006) reported measured5

HOx concentrations for the PMTACS-NY campaign with observed-to-modeled ratios of
0.82 and 1.21 for OH and HO2 for daytime isoprene mixing ratios less than 1 ppbv.
Kanaya et al. (2007) also reported observed to modeled ratios of 1.4 and 1.9 for OH
and HO2 in an environment with low to moderate NOx levels (Median daytime [NO] =
74 pptv) at isoprene mixing ratios generally less than 500 pptv (Qi et al., 2007). This10

increase in the observed to modeled ratio for OH with increasing isoprene mixing ra-
tios in low NOx environments may suggest that the radical chemistry in the isoprene
oxidation mechanism is incomplete (Ren et al., 2008; Lu et al., 2012). Recent studies
have suggested that the observed discrepancy between the measured and modeled
concentrations of OH could be reconciled if 40–80 % of the OH radicals were effi-15

ciently recycled in the isoprene oxidation mechanism (Lelieveld et al., 2008; Butler et
al., 2008).

This study reports measurements and model simulations of HOx radical chemistry
for a forested site in Northern Michigan during the 2008 PROPHET (Program on Ox-
idants: Photochemistry, Emissions, and Transport) and 2009 CABINEX (Community20

Atmosphere Biosphere Interactions Experiment) field campaigns. This work compares
the HOx radical concentrations from these two field campaigns with previous studies,
and discusses the ability of a model incorporating the Regional Atmospheric Chemistry
Mechanism updated by the Mainz Isoprene Mechanism to reproduce the field obser-
vations.25
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2 Experimental methods

The mixed deciduous forest at the PROPHET site has been described elsewhere (Car-
roll et al., 2001; Ortega et al., 2007) and consists primarily of high isoprene emitting
species such as aspen and oak but also species that emit monoterpenes and sesquiter-
penes such as pine and birch. Daytime NO mixing ratios at the site were generally5

below 70 pptv, with an average morning peak around 150 pptv in 1998 (measured at
the same site during PROPHET 1998, Tan et al., 2001), 2008, and 2009, which is likely
the result of surface-layer transport and slow upward mixing from soil NOx emissions
(Alaghmand et al., 2011), followed by photolysis of NO2. These chemical character-
istics in combination with a historical record of previous campaigns including radical10

measurements at the site (Carroll et al., 2001; Tan et al., 2001, Mihele and Hastie,
2003), make the PROPHET site an ideal location for investigating HOx radical chem-
istry in an isoprene-rich, low-NOx environment.

The PROPHET 2008 campaign was focused on measurements above the forest
canopy while the CABINEX 2009 campaign included measurements both above and15

below the canopy. The work presented here focuses only on the above canopy mea-
surements from 2008 and 2009 which were performed at the top of the 31 m tower, ap-
proximately 8–10 m above the canopy. While both campaigns were well instrumented
(Table 2), a more extensive dataset of VOCs and photolysis rate constants were avail-
able for CABINEX.20

During PROPHET 2008, isoprene, methylvinyl ketone, methacrolein, and the sum
of monoterpenes (C10H16) were measured with a proton-transfer reaction linear ion
trap instrument (PTR-LIT) from Purdue University (Mielke et al., 2010). Formaldehyde
(HCHO) was measured using a laser-induced fluorescence instrument by the Univer-
sity of Wisconsin (Hottle et al., 2009), and NOx was measured using a custom-built25

chemiluminescence analyzer from Purdue University (Alaghmand et al., 2011). The
actinic flux in the range of 295–385 nm was measured by an Eppley radiometer (U. of
Michigan), and J(NO2) values were derived using a correlation of the measured actinic
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flux and a parameterization (Saunders et al., 2003) for J(NO2) on a clear day. Clear
sky values for the other 23 photolysis frequencies required to constrain the model were
estimated with either the same parameterization or the Tropospheric Ultraviolet-Visible
(TUV 4.4) model (Madronich and Weller, 1990), and then scaled to the calculated fit of
J(NO2)derived from the actinic flux measurements.5

During CABINEX2009, a proton-transfer reaction mass spectrometer (PTR-MS) from
Washington State University measured isoprene, the sum of methylvinyl ketone and
methacrolein (MVK+MACR), the sum of monoterpenes, formaldehyde, acetaldehyde,
methanol, methyl hydroperoxide, acetone, toluene, benzene, and the sum of C2-
alkylbenzenes (Jobson and McCoskey, 2010). Carbon monoxide was measured with10

a Thermo Environmental Instruments Inc. (48C) by the University of Michigan (Car-
roll et al., 2001). Photolysis frequencies for NO2, O3, HONO, H2O2, HCHO, and NO3,
were measured by the University of Houston using a Scanning Actinic Flux Spectrora-
diometer (SAFS) (Flynn et al., 2010) while the remaining photolysis frequencies were
estimated as stated above and then scaled to either measured J(NO2) or J(O1D) val-15

ues as done previously (Dusanter et al., 2009b).
During both campaigns, glyoxal was measured using a laser induced phosphores-

cence (LIP) instrument by the University of Wisconsin (Huisman et al., 2008), and
ozone was measured using a Thermo Environmental Instruments Inc. (49C) by the
University of Michigan. Nitrous acid was measured by the State University of New20

York-Albany using a wet chemical technique (Huang et al., 2002; Zhou et al., 2011). All
of the data are presented in eastern daylight time (local time).

2.1 Measurements of HOx concentrations

The Indiana University Fluorescence Assay by Gas Expansion (IU-FAGE) instrument
has been described in detail elsewhere (Dusanter et al., 2008, 2009a), thus only a brief25

description will be given here. Additional information, including recent improvements in
the instrument, is included in the Supplement. The FAGE technique detects OH by
laser-induced fluorescence after expansion of ambient air to low pressure, enhancing
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the OH fluorescence lifetime and allowing temporal filtering of the OH fluorescence
from laser scatter (Heard and Pilling, 2003).

The laser system consists of a Spectra Physics Navigator II YHP40-532Q diode-
pumped Nd:YAG laser that produces approximately 5.5 W of radiation at 532 nm at a
repetition rate of 5 kHz. This laser pumps a Lambda Physik Scanmate 1 dye laser5

(Rhodamine 640 in isopropanol) that produces tunable radiation at 616 nm which is
frequency doubled to 308 nm. OH radicals are excited using the Q1(3) transition near
308 nm. During PROPHET 2008, the laser system produced 5–10 mW at 308 nm, while
further modifications improved the laser power to 10–15 mW for CABINEX 2009. Af-
ter exiting the dye laser, the laser beam is focused onto a 50-m fiber optic cable to10

transmit the radiation to the sampling cell. The net OH fluorescence signal (signal mi-
nus background) was determined by successive modulation cycles during which the
laser wavelength is successively tuned on-resonance with the OH transition to mea-
sure the OH fluorescence, and off-resonance to measure the background signal. Neu-
roth et al. (1991) demonstrated that naphthalene had narrow band absorption lines15

near 308 nm that could interfere with OH measurements and Ren et al. (2004) found
that naphthalene had the potential to cause a background interference with the “of-
fline” spectral positions around the Q1(2) OH transition, resulting in a difference in the
magnitude of the background signal on either side of the Q1(2) transition. However,
measurements of the fluorescence spectrum of naphthalene by Martinez et al. (2004)20

did not reveal a significant transition for naphthalene near the Q1(3) OH transition. In
addition, no elevated signal was observed for either background “offline” position sur-
rounding the Q1(3) transition during cycling for HOx measurements in 2008 and 2009,
suggesting that spectral interferences were negligible for the measurements reported
here.25

The sampling cell was placed at the top of the 31-m tower, and ambient air was
expanded into the detection region through a 1-mm pinhole. The pressure in the cell
was maintained at approximately 4.1–7.4 Torr (∼5.5–9.9 hPa). using two scroll pumps
(Edwards, XDS35i) connected in parallel. A Teflon loop located directly below the inlet
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allows for the intermittent addition of NO, which converts ambient HO2 to OH through
the fast HO2 +NO → OH+NO2 reaction, allowing for indirect detection of HO2. The
air stream passes through the central region of the sampling cell where the UV laser
beam is reflected back and forth 24 times in a multipass cell (White configuration). The
OH fluorescence is collected at right angles to both the air stream and the laser beam5

and detected using a microchannel plate detector (Hamamatsu R5916U), and a gated
detection scheme.

2.2 Performance of the IU-FAGE instrument during the PROPHET 2008 and
CABINEX 2009 Campaigns

The 50-m long fiber used to bring the laser light to the sampling cell at the top of the10

PROPHET tower resulted in a significant loss of laser power (<10 % transmission) and
the generation of after-pulses that reduced the sensitivity of the instrument by a fac-
tor of approximately 5 compared to previous configurations using a 12-m long fiber.
During both campaigns, the laser power entering the IU-FAGE sampling cell was also
observed to decrease throughout the campaign, likely due to air temperature fluctua-15

tions that led to a shift of the optical fiber mount and a misalignment of the laser beam.
In addition, condensation often formed on the entrance window of the multipass cell,
degrading the transmission of the optics, likely due to residual impurities left after con-
densation. A heater was later added to the laser entrance window and fiber mount to
attempt to minimize these issues. These issues required the OH measurements during20

both campaigns to be averaged over 2 h to achieve limits of detection (LOD) of approx-
imately 1.5×106 and 1.0×106 molecules cm−3 (S/N=1) in 2008 and 2009 respectively.
Because peroxy radical concentrations are typically 100 times greater than the OH
concentrations, the instrument was able to measure their concentrations with a LOD of
2.2×107 cm−3 and 1.5×107 cm−3 in 2008 and 2009 (S/N=1, 30 second average).25

The IU-FAGE instrument was extensively tested in the laboratory to evaluate its sen-
sitivity towards the well known interference due to laser-photolysis of ozone in the sam-
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pling cell (R1) and the subsequent reaction of O(1D) with water (R2):

O3 +hν→ O(1D)+O2 (R1)

O(1D)+H2O → OH+OH (R2)

While this interference is reduced using the FAGE technique (Heard and Pilling, 2003),
there is still a measurable interference in the IU-FAGE instrument, likely due to the com-5

bination of high laser fluence, beam overlap through the use of the multipass cell, and
the large volume of air probed. Based on laboratory calibrations, this interference was
equivalent to 8500 (±800) molecule cm−3 of OH when normalized to 1 ppbv of O3, 1 %
of water, and 1 mW of laser power (see Supplement). However, for the above canopy
measurements of OH during the PROPHET 2008 and CABINEX 2009 field campaigns,10

this interference was negligible because of the low laser power reaching the sampling
cell at the top of the tower through the 50 m fiber (<1 mW). As a consequence, no
correction was applied to the OH measurements presented in this study.

Other potential interferences with OH measurements have been recently investi-
gated during a formal blind intercomparison involving 3 different OH measurement15

techniques (Schlosser et al., 2009), including LIF-FAGE, chemical-ionization mass
spectrometry (CIMS), and differential optical absorption spectroscopy (DOAS). Out-
door OH measurements made by several LIF-FAGE instruments agreed well with mea-
surements using the CIMS technique, and chamber measurements of OH by several
LIF-FAGE instruments were in good agreement with measurements using the DOAS20

technique. These results suggest that interferences with the OH measurements in
these environments were negligible, although one LIF instrument encountered an ar-
tifact during nighttime measurements (Schlosser et al., 2009). However, recent mea-
surements of OH using a different LIF-FAGE instrument in a forested environment us-
ing an external chemical modulation technique indicated the presence of an unknown25

interference with measurements of OH, possibly from the oxidation of biogenic VOCs
(Huisman et al., 2011; Mao et al., 2012).
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A few experiments were performed during CABINEX 2009 to test for interferences
with the IU-FAGE instrument located on the forest floor and using a 12-m fiber, resulting
in significantly higher laser power in the sampling cell. During separate experiments,
both perfluoropropylene (C3F6) and carbon monoxide were introduced into a long flow
tube that was interfaced to the instrument inlet to scrub ambient OH radicals. This5

flow tube ensured that there was enough reaction time for ambient OH molecules to
be scrubbed before sampling. Any interference was then quantified through measure-
ments of the remaining OH signal when C3F6 or CO was added to the flow tube. Results
from this limited number of tests suggest the possibility of an interference larger than
the calibrated O3 interference on a few nights. However, the IU-FAGE instrument was10

subsequently tested outdoors in Bloomington, Indiana and at the ground-level of the
PROPHET site using an automated external C3F6 addition to remove ambient OH dur-
ing the summer of 2010 (see the Supplement). In all cases, the measured interference
was consistent with that expected from the laser photolysis of ambient mixing ratios
of O3 and subsequent reaction with water vapor (Reactions R1 and R2), suggesting15

that other potential interferences were negligible. An upper limit of this interference at
the highest laser power using the 12-m fiber would have been 5×105 molecules cm−3

based on the measured mixing ratios of ozone and water vapor. Additional measure-
ments will be performed in forest environments to determine whether the IU-FAGE
instrument is prone to an unknown interference.20

2.3 HO2 interference

Based on previous laboratory investigations and field intercomparisons, it had been
generally believed that the conversion of RO2 to HO2 (reactions R3-R4) in FAGE sam-
pling cells was negligible due to the reduced concentration of oxygen and the short
reaction time before detection of OH (Stevens et al., 1994; Mather et al., 1997; Kanaya25

et al., 2001; Creasey et al., 2002; Heard and Pilling, 2003; Ren et al., 2004; Fuchs et
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al., 2010):

RO2 +NO → RO+NO2 (R3)

RO+O2 → R′O+HO2 (R4)

Previously, Holland et al. (2003) reported a minimal interference (<5 %) coming from
methyl peroxy radicals. However, recent studies have reported (Fuchs et al., 2011; Ren5

et al., 2011) that some hydroxyl alkyl peroxy radicals from the OH-initiated oxidation of
alkenes and aromatics can also be detectedby chemical conversion through the ad-
dition of NO. This is due to the rapid decomposition of the β-hydroxy alkoxy radicals
produced from the RO2 +NO reaction for alkene-based peroxy radicals compared to
alkane-based peroxy radicals. These rapid decomposition reactions lead to the forma-10

tion of a hydroxyalkyl radical, which then reacts quickly with O2 forming HO2. As a
result, addition of NO to the sampling cell can lead to the conversion of both HO2 and
hydroxyalkyl peroxy radicals to OH (Fuchs et al., 2011).

Calibrations of this interference in the IU-FAGE instrument indicates that approxi-
mately 90±4 % of isoprene-based hydroxyalkyl peroxy radicals are converted to OH15

in the sampling cell, while less than 5±2 % of propane-based alkyl peroxy radicals are
converted (see the Supplement). As a result, the IU-FAGE instrument measured the
sum of HO2 and a fraction of organic peroxy radicals (HO∗

2 =HO2 +α RO2, α ≤1) in
2008 and 2009. For the PROPHET environment, isoprene peroxy radicals dominate
the hydroxyalkyl peroxy radical population during the daytime (greater than 80 % of the20

model total RO2 concentration) and thus contribute to the majority of the HO2 interfer-
ence in this environment during the day. For the purposes of this paper, measurements
of HO∗

2 will be compared to the sum of hydroperoxy (HO2) and isoprene-based hydroxy
peroxy radicals (ISOP) calculated by the model. However at night, isoprene-based hy-
droxy peroxy radicals (ISOP) are no longer the dominant peroxy radical. As a result, the25

measured HO∗
2 concentration likely reflects the detection of other hydroxyalkyl peroxy

radicals in addition to isoprene-based peroxy radicals (see the Supplement).
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2.4 HOx modeling using the Regional Atmospheric Chemistry Mechanism
(RACM)

HOx concentrations were simulated using a zero-dimensional box model incorporating
the Regional Atmospheric Chemistry Mechanism (RACM) (Stockwell, et al., 1997) us-
ing the JPL recommended rate constants for the reaction of inorganic species with OH,5

O3, and NO3 (Sander et al., 2011) as described in Dusanter et al. (2009b). In addi-
tion, the chemical mechanism was updated with the Mainz Isoprene Mechanism (MIM)
(Poschl et al., 2000; Geiger et al., 2003), which includes a more detailed isoprene oxi-
dation chemistry that is important in low-NOx environments (Poschl et al., 2000). Note
that this modeling analysis did not incorporate recent additions to the mechanism of10

isoprene oxidation, such as the formation of epoxides and hydroxyperoxy aldehydes
(Paulot et al., 2009; Peeters et al., 2009; Crounse et al., 2011). A detailed analysis of
the impacts of these and other proposed additions to the isoprene oxidation mecha-
nism will be examined in a future publication (Griffith et al. in preparation).

Table S1 shows the measured and estimated long-lived species for the PROPHET15

2008 and CABINEX 2009 campaigns that were used to constrain the model. The mod-
eling of the median campaign data only included those periods when there were simul-
taneous measurements of both isoprene (ISO) and nitric oxide (NO), as a sensitivity
analysis of the model shows that the modeled HOx concentrations are most sensitive
to their concentrations (Table S3 and described below). For PROPHET 2008, the mea-20

surements of isoprene and NO were less frequent and often did not overlap, providing
just half of the amount of daytime points as in CABINEX 2009 (Table S2). Other impor-
tant constraints in the model were either measured (as noted above and in Table 2) or
estimated depending on their availability in 2008 and 2009 (see the Supplement and
Table S2).25

The differential equations generated from the chemical mechanism were integrated
using the FACSIMILE solver with an integration time of 30 h for each data point. This
approach insures that all the species affecting HOx chemistry have reached steady-
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state. A sensitivity test using a shorter integration time of only 1 h changes the mod-
eled OH, HO2, and ISOP concentrations by less than 2 %. During the integration, the
constrained parameters were reinitialized to their initial values every twenty seconds.
Sensitivity analyses were performed on the CABINEX model at the time points 2 a.m.,
10 a.m., and 3 p.m. on a number of days from the campaign. To test the sensitivity of5

the model to constraint concentrations and other key parameter values, the constraints
were multiplied by a factor of 2 independently of each other. Table S3 (Supplement)
shows the key constraints whose doubling of their concentration leads to more than a
5 % change in either OH or HO2 + ISOP concentrations in the model. The largest ef-
fect on OH and HO∗

2 radical concentrations during the sensitivity analysis comes from10

ozone, nitric oxide, and isoprene during the day while at night the largest impact is
from doubling ozone mixing ratios with a more limited impact from some alkene mixing
ratios. Large impacts during the day can also be seen from temperature, photolysis
frequencies, and water mixing ratios.

Uncertainties associated with the modeled HOx concentrations were calculated from15

Monte Carlo simulations using rate constants and constraint concentrations that were
randomly selected from their uncertainty distributions (Carslaw et al., 1999; 2001). All
of the individual model points at 10 a.m. ([NO] >50 pptv) and 3 p.m. ([NO] <50 pptv)
were simulated 600 times each with constraint and rate constant values from the uncer-
tainty distribution, resulting in an uncertainty (relative standard deviation) on average of20

42 % for OH and 31 % for HO2 + ISOP for the 2008 day-to-day modeling (2σ), but only
32 % and 20 % for OH and HO2 + ISOP for the CABINEX 2009 day-to-day modeling.
The more comprehensive dataset from CABINEX led to a smaller overall uncertainty
on the modeling constraints than in 2008. Simulations done at the 2am model points
during CABINEX reveal a greater uncertainty of 56 % and 46 % for OH and HO2+ISOP25

at night. The greater uncertainty at night is due to ozone+alkene reactions dominat-
ing new radical formation and the absence of comprehensive measurements of non-
biogenic alkene mixing ratios, whose mixing ratios are set equal to the median mixing
ratios from Tan et al. (2001). Carslaw et al. (2001) used a similar chemical mechanism
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to calculate OH and HO2 concentrations in a forest environment and found through
the same type of analysis that their day-to-day modeled OH and HO2 concentrations
had an uncertainty of 33 % and 20 % (2σ), similar to the results from the CABINEX
modeling.

3 Results5

Figures 1 and 2 display the measured values and model results together with key me-
teorological and chemical measurements from PROPHET 2008 and CABINEX 2009.
The meteorological conditions during the PROPHET 2008 campaign were similar to
those observed during previous years (Carroll et al., 2001; Carroll et al., 2008), while
the CABINEX 2009 campaign conditions could be considered atypical. Temperatures10

during July 2009 were unseasonably cold (Bryan et al., 2012), resulting in temperatures
approximately 1-2 degrees Celsius lower than in 2008 while the average photolysis rate
constants were similar (Fig. 3). The low temperatures observed during CABINEX 2009
are likely a key factor in the difference between the observed isoprene mixing ratios
for the two campaigns (Fig. 3), as temperature has been shown to have both instan-15

taneous and cumulative effects as a driving factor in biogenic VOC (BVOC) emissions
(Monson et al., 1994; Petron et al., 2001; Sharkey et al., 2001; Blanch et al., 2011).
The sum of the mixing ratios of methacrolein and methyl vinyl ketone, as well as the
formaldehyde mixing ratios were greater during PROPHET 2008 (Fig. 3), which may
be due to higher precursor isoprene mixing ratios due to higher emissions (Millet et al.,20

2008).

3.1 OH and HO∗
2 measurements during PROPHET 2008

Because of the low laser power at the top of the tower, the day-to-day measured OH
concentrations suffered from poor precision during PROPHET 2008 even after averag-
ing over 2 h and unfortunately do not allow a meaningful comparison with the model.25
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However, because of the higher concentration of peroxy radicals, the day-to-day mea-
sured HO∗

2 concentrations for PROPHET 2008 have sufficient precision to compare
with the model, and the measured and modeled concentrations are shown in Fig. 1.
The measured HO∗

2 concentrations for PROPHET 2008 generally agree with the mod-
eled HO2 + ISOP concentration to within the 2σ model uncertainty (Fig. 4a) for 70 % of5

the points and reasonably reproduces the day-to-day variations (Fig. 1), although the
model tends to overestimate the measured concentrations. A linear regression of the
points (Fig. 4a) has a slope of 0.69±0.05 and an R2 value of only 0.31, reflecting the
substantial scatter in the data points.

A 2-h diurnal median of all the OH measurements made during PROPHET 200810

does allow a more meaningful comparison to the model, as shown in Fig. 5 along with
the measured and modeled median campaign concentrations of HO∗

2. As seen in this
Figure, the model tends to underpredict the 2 h measured median OH in the afternoon,
but the data is highly variable and the precision on each point is still relatively poor
(LOD of 1×106 cm−3 on average), with the model only significantly underpredicting15

the median measured OH value at mid-afternoon. In contrast, the PROPHET 2008
modeled HO2 + ISOP tends to overpredict the measured campaign median HO∗

2 con-
centrations, although the difference is generally within the estimated uncertainty of the
model (Fig. 5).

3.2 OH and HO∗
2 measurements during CABINEX 200920

The day-to-day modeled OH and HO∗
2 concentrations for CABINEX 2009 are shown

in Fig. 2. The higher laser power used during CABINEX 2009 (LOD of 1.0×106 cm−3

on average) resulted in better precision of the daily 2 h average measured OH con-
centrations compared to the day-to-day measurements of OH during PROPHET 2008
(LOD of 1.5×106 cm−3 on average). Figure 6 displays a correlation plot between the25

measured and modeled OH concentrations for the CABINEX 2009 campaign. Even
though the correlation is poor only 11 % of the points are outside the 2σ uncertainty
range of the measurements and do not display any systematic trend. The modeled
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HO∗
2 (HO2 + ISOP) concentrations are higher than the measurements on several days

(Fig. 2), and the correlation plot shown in Fig. 4b illustrates that the model gener-
ally overpredicts the measured concentrations, with approximately 50 % of the daytime
HO∗

2 measurements outside of the 2σ uncertainty of the measurements and the model.
The measured nighttime HO∗

2 concentrations are well reproduced by the modeled HO25

ISOP during several nights, while overpredicting the measured concentration on a few
nights. A linear regression of the combined daytime and nighttime 2009 data results in
a slope of 0.64±0.01 and an R2 value of 0.86.

The CABINEX 2009 modeled OH concentrations are in good agreement with the
2 h median campaign measured concentrations of OH (precision of 5.5×105 cm−3 on10

average) (Fig. 7). However, similar to the PROPHET 2008 results, the CABINEX 2009
modeled concentrations of HO2 +ISOP are higher than the campaign median mea-
surements of HO∗

2 by a factor of 1.3–2.5 throughout the day (Fig. 7), with the daytime
measured HO∗

2 values just outside of the lower bound of the model uncertainty (2σ),
similar to the 2 h day-to-day HO∗

2 comparison (Fig. 4b).15

Total OH Reactivity was also measured during CABINEX 2009 (Hansen et al., 2012)
and can be compared with the total OH reactivity predicted by the model to test the
accuracy of the model’s OH loss mechanisms. Figure 8 shows the comparison between
the median measured and modeled OH reactivity between 26 July and 8 August. As
seen in this Figure, the model tends to underpredict the measured total OH reactivity20

by a factor of 1.5–2.0 in the afternoon and generally overpredicts it at night, although
at night the model is generally within the 2σ uncertainty of the measurements and the
model.
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4 Discussion

4.1 OH measurement – model comparison

As summarized in Table 1, previous measurements of OH radical concentrations in for-
est environments with low mixing ratios of NOx and high mixing ratios of isoprene are
generally significantly greater than model predictions (Tan et al., 2001; Carslaw et al.,5

2001; Lelieveld et al., 2008; Pugh et al., 2010; Stavrakou et al., 2010; Lu et al., 2012).
In contrast to these previous studies, the campaign median measurements of OH from
CABINEX 2009 are in good agreement with the model predictions where median peak
isoprene mixing ratios were between 1–2 ppbv (Figs. 6 and 7). However, recent mea-
surements by Mao et al. (2012) during BEARPEX 09 using the chemical modulation10

technique to detect OH radicals were significantly lower than measurements using the
spectral modulation technique and were in good agreement with model predictions with
isoprene mixing ratios between 1–2 ppb on average.

Several previous studies have shown a dependence of the observed/model OH ra-
tios on the mixing ratio of isoprene (Ren et al., 2008; Kubistin et al., 2010) and NO15

(Tan et al., 2001; Lu et al., 2012). Figure 9 shows the daily 2 h median observed-to-
modeled OH ratios for CABINEX 2009 plotted versus the measured mixing ratios of
NO and isoprene. As illustrated in this Figure, there does not appear to be a significant
dependence of these ratios on the mixing ratio of isoprene or NO. The large variability
in the observed-to-modeled OH ratio data for low mixing ratios of NO (<20 pptv) and20

isoprene reflect the uncertainty associated with the values of OH near the limit of detec-
tion of the instrument, however a regression analysis does not reveal a significant trend
in either of these plots (Fig. 9). These results are in contrast to the analysis by Lu et
al. (2012), where the observed-to-modeled OH ratios of five different OH instruments
during different campaigns generally increased as isoprene mixing ratios increased25

above 400 pptv. Lu et al. (2012) also observed an increase in the observed-to-modeled
OH ratio at NO mixing ratios of approximately 0.5 ppbv and below. Although all of the
data in the present analysis are below 0.5 ppbv of NO, Fig. 9 suggests that the ob-
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served to modeled ratio of OH is independent of NO for NO mixing ratios as low as
50–100 pptv.

The campaign median measured concentrations of OH at night during 2009 were
less than 5×105 cm−3 (2.7×105 cm−3 on average between 10 p.m. and 6 a.m.), near
or below the detection limit of the instrument and approximately four times lower than5

previously observed at this site (Faloona et al., 2001). The 2 h median night-to-night
OH concentrations measured in 2009 are in reasonable agreement with the modeled
results (median observed to model ratio=0.8), although there is significant scatter in
the data as the nighttime measurements were generally near the detection limit of the
instrument. One possible explanation for the high nighttime concentrations of OH mea-10

sured previously at this site may be the presence of an unknown interference related to
the oxidation of biogenic VOCs. As previously mentioned, recent measurements by the
Penn State ground-based HOx LIF instrument in a ponderosa pine forest found that OH
measurements using an external scrubbing technique similar to that described above
were 40–50 % lower than measurements using the traditional spectroscopic method,15

and that the discrepancy was temperature dependent (Mao et al., 2012). As discussed
above (Sect. 2.2), it is not clear whether the instrument was sensitive to a similar in-
terference, although the measurements described above at this site using the external
scrubbing technique did not reveal a significant interference. However nighttime ozone
levels were generally 4–8 ppbv higher on average over the 7 week PROPHET 199820

campaign compared to the 3 weeks of above canopy measurements during CABINEX
2009. In addition, the average temperature was 3–5 ◦C warmer on average in 1998
compared to 2009. These differences could impact both nighttime radical production
as well as potential instrument interferences. Unfortunately, laser problems prevented
extended measurements of OH at night during 2008, when the observed average night-25

time temperatures and ozone levels were between those measured in 1998 and 2009.
The model underprediction of the measured OH reactivity in the afternoon suggests

that the model may be missing an additional daytime OH sink. Depending on the nature
of the missing reactivity, the modeled OH concentrations may be lower if the model was
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constrained to the measured OH reactivity. However, increasing the modeled reactivity
by systematically increasing the constrained VOC mixing ratios to fit the afternoon mea-
sured reactivity only decreases the modeled OH concentrations by 30 % on average,
still in good agreement with the measurements during CABINEX 2009 (see discussion
below and in the Supplement).5

4.2 HO∗
2 measurement – model comparison

Previous measurements of HO2 concentrations in forested environments were found
to be in good agreement with model predictions in some studies (Tan et al., 2001),
while significantly undepredicted in others (Lelieveld et al., 2008; Pugh et al., 2008;
Stavrakou et al., 2010). However, it is not clear whether these previous HO2 mea-10

surements are free from measurement interferences from β-hydroxyperoxy radicals
as discussed above (Fuchs et al., 2011). Figure 10 illustrates the dependence of the
observed HO∗

2 to modeled HO2 ratio on mixing ratios of NO and isoprene for the mea-
surements during CABINEX 2009. However, when the ratio of the observed HO∗

2 to the
modeled sum of HO2 + ISOP is plotted versus NO and isoprene, the dependences ap-15

pear to be significantly reduced (Fig. 10). This is consistent with the IU-FAGE measure-
ments of HO∗

2 reflecting the concentration of both HO2 and isoprene peroxy radicals.
In addition, the modeled HO2 + ISOP concentrations better reflects the shape of the
median diurnal trends in the measured HO∗

2 concentrations compared to the modeled
HO2 concentrations (Figs. 5 and 7). The measured HO∗

2 concentrations during 200820

and 2009 were generally between 2–14×108 cm−3 (Figs. 1 and 2), similar to previous
measurements of total ROx (HOx +RO2) concentrations at this site in 1997 (Mihele and
Hastie, 2003), further suggesting that the measured HO∗

2 concentrations reflect the
sum of HO2 and isoprene peroxy radical concentrations. The modeled RO2/HO2 ratios
were between 1.5–2.5 on average, similar to that calculated previously for PROPHET25

1998 (Tan et al., 2001).
As illustrated in Figs. 4, 5 and 7, the modeled sum of HO2 + ISOP tends to over-

estimate the measured HO∗
2 concentrations during both 2008 and 2009, although the
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agreement is better during the warmer PROPHET 2008 campaign than the cooler CAB-
INEX 2009 campaign. The lifetime of HOx radical reservoir species such as HO2NO2
and PAN is greater under the cooler conditions in 2009, and it is possible that the
greater observed model-measurement discrepancy of HO∗

2 during CABINEX is due to
the transport of these important radical reservoirs out of the modeling environment, as5

such loss mechanisms are not accounted for in the zero-dimensional box model. How-
ever, adding an additional first-order loss rate of 0.01 s−1 for both HO2NO2 and PAN
to the model (decreasing the lifetime of PAN from approximately 1 h to less than 2 min
and the HO2NO2 lifetime from approximately 20 s to 16 seconds) does not have a large
impact on the modeled concentrations of HO∗

2 during CABINEX 2009.10

The systematic model overprediction of the observed HO∗
2 concentrations suggests

the possibility of a missing peroxy radical loss mechanism or an overestimation of the
peroxy radical production. A recently proposed radical recycling mechanism (Peeters
et al., 2009; Peeters and Muller, 2010; Crounse et al., 2011) can lead to a decrease in
the concentration of isoprene peroxy radicals through isomerization reactions. Although15

the radical isomerization decreases the modeled ISOP concentration, the products can
lead to a net production of both OH and HO2 leading to a net increase in the modeled
HO2 + ISOP radical concentrations and thus may not explain the discrepancy between
the measured and modeled HO∗

2 concentrations observed here. A detailed discussion
of the impact of this and other radical recycling mechanisms (Lelieveld et al., 2008;20

Hofzumahaus et al., 2009) and a comprehensive analysis of radical production routes
and potential missing loss processes for HO∗

2 are beyond the scope of this study and
will be examined in a subsequent paper (Griffith et al., in preparation).

Nighttime HO∗
2 concentrations (11 p.m. to 5 a.m.) are in reasonable agreement with

the modeled HO2 + ISOP concentration, although the model tends to overpredict the25

observed campaign median by approximately 35 %. However, as discussed above,
isoprene peroxy radicals may not be the dominant hydroxyalkyl peroxy radical at night.
As a result, this agreement may be fortuitous as it is likely that other peroxy radicals
contribute to the measured nighttime concentration of HO∗

2 (see the Supplement). In
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addition, the treatment of RO2 chemistry in RACM is limited and can lead to the accu-
mulation of the concentration of several peroxy radicals under the modeled conditions
of this study (Fig. S5). This is in part because of the lack of a complete set of ROx +ROx
radical reactions which would help regulate the nighttime RO2 concentrations, but are
not important during the day when higher mixing ratios of NO and HO2 control the RO25

concentrations.
As noted above, the measured OH reactivity is underpredicted by a factor of 1.5-2.0

in the model from 11 a.m. to 5 p.m. It has been previously proposed that the observed
missing OH reactivity may be due to the presence of unmeasured reactive biogenic
VOCs (DiCarlo et al., 2004). However, these reactions would likely lead to the produc-10

tion of hydroxyalkyl peroxy radicals which would likely contribute to the concentration
of HO∗

2 and potentially increasing the model measurement disagreement. Constrain-
ing the model to the higher measured OH reactivity could improve the observed-to-
modeled HO∗

2 discrepancy if the increased reactivity routes do not produce detectable
peroxy radicals (for example OH+ saturated alkanes generate RO2 that are not effi-15

ciently detected during the HO2 measurement); although more than 100 ppb of addi-
tional small saturated alkane would be required to close the reactivity budget. Introduc-
ing an additional OH loss route as a first order reaction from 11 a.m. to 5 p.m. that does
not regenerate another ROx radical decreases the modeled OH and HO2 + ISOP con-
centrations by 30–60 % and 15-35 %, respectively, while adding an OH loss route that20

proceeds to an alkane RO2 radical (such as ethane peroxy radical, ETHP), decreases
the modeled OH and HO2 + ISOP by 20–50 % and 10–25 %. The lower modeled OH
concentration from the additional OH loss routes during the midday is still within the
uncertainty associated with the measured OH, however the reduction in the modeled
HO2+ISOP concentration is small compared to the 50–70 % reduction needed to bring25

the model into agreement with the measurements at midday, suggesting that the model
is underestimating the loss of HO2 + ISOP or overpredicting a peroxy radical source.
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4.3 Radical budgets

A rate of production analysis provides information about the key processes driving
radical production and loss routes, which can be divided into initiation, termination and
propagation categories to more specifically describe the sources and sinks of OH,
HO2, RO2, HOx, and ROx (HOx +RO2, the total sum of radicals). In this study, ROx5

radical initiation routes are defined as those leading to new ROx radical formation, with
primary contributions from photolysis routes and ozonolysis of alkenes. ROx radical
termination routes are those that remove ROx radicals from the system with either ROx
radical+ radical or ROx radical+NOx reactions dominating termination depending on
the mixing ratio of NOx. Finally, propagation routes convert one ROx radical into another10

(e.g. HO2 +NO → OH+NO2).
Figure 11 illustrates the campaign daytime radical budget for 2008 and 2009 with

arrows and rates indicating the direction and magnitude of the ROx radical initiation,
termination, and propagation routes. The rates are 12-h medians from 7:30 a.m.–
7:30 p.m. In this figure, arrows pointing towards a radical are considered a component15

of production (initiation and propagation) and those pointing away are a component of
loss (termination and propagation). Figure 11 indicates that the primary radical initia-
tion route at the PROPHET site is the formation of new OH radicals, while the primary
radical termination route is through peroxy radical (RO2 and HO2) reactions. However,
ROx radical propagation routes are still important compared to initiation and termina-20

tion routes even in this moderately low NOx environment, although the average chain
length for OH radical propagation is less than one.

Figures 12 and 13 compare the diurnal trends of the median campaign OH and
total radical budgets for PROPHET 2008 and CABINEX 2009. Distinct differences in
the magnitudes of important ROx radical initiation routes (Figs. 12b and 13b) and dis-25

tinct trends during the morning and afternoon time periods of the OH radical budget
(Figs. 12a and 13a) can be seen for the two years. The total ROx radical budget for
both years (Figs. 12b and 13b) reveals that ROx radical initiation routes are dominated
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by photolysis pathways (greater than 70 % of total initiation) throughout the day, with a
smaller contribution of approximately 20-30 % from O3 +alkene reactions. Photolysis
of ozone, nitrous acid, formaldehyde, aldehydes, and dicarbonyls all contribute signifi-
cantly to the total ROx radical budget in both years, with ozone photolysis contributing
19–34 % to ROx radical initiation and nitrous acid photolysis contributing another 14–5

20 %. The magnitude of the O3 +alkene routes for both years should be interpreted
with caution due to the uncertainty associated with the estimations used for many of the
unmeasured alkene mixing ratios. The main difference in radical initiation between the
PROPHET 2008 and CABINEX 2009 campaigns is the greater contribution of HCHO
photolysis to the formation of HO2 radicals (23 % contribution to ROx radical initiation10

in 2008 vs. 5 % in 2009) due to the higher mixing ratios of HCHO observed in 2008. As
mentioned above, the higher HCHO mixing ratios may be a result of the higher mixing
ratios of isoprene leading to a greater production of HCHO during the warmer summer
of 2008, or the result of greater photochemical activity in 2008 compared to 2009.

ROx radical termination reactions (Figs. 12b and 13b) are dominated by ROx + ROx15

radical reactions throughout the day and night (greater than 90 % contribution to total
radical termination), due to the relatively low NOx mixing ratios typically observed at
the PROPHET site reducing the importance of the OH+NO2 termination reaction.
Of the ROx +ROx termination reactions, HO2 + RO2 reactions dominate at all times
due to their larger rate constants (2–3 times greater) compared to the RO2 +RO2 and20

HO2 +HO2 reactions. In addition, only a fraction of the RO2 +RO2 reaction channels
terminate the radicals, although the chemistry for RO2 +RO2 reactions is simplified in
RACM.

During CABINEX 2009, rates of ROx radical propagation were highest in the morn-
ing, with the HO2 +NO→OH+NO2 reaction contributing to approximately 53 % of to-25

tal OH production (Fig. 13a), correlating with the morning NO peak seen in Fig. 3. By
afternoon, radical propagation rates generally decreased due to the decrease in NO
even though the rate of radical initiation in the afternoon was similar to the morning. Al-
though the median measured mixing ratios of NO were similar during PROPHET 2008
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and CABINEX 2009 (Fig. 3), the mixing ratio of NO during periods based on availability
and overlap of key constraints results in lower morning mixing ratios of NO constrain-
ing the model in 2008 compared to 2009 (Fig. S4). As a result, modeled rates of ROx
radical propagation are lower during the morning in 2008 due to the lower mixing ra-
tios of NO constraining the model (Fig. S4), with the HO2 +NO reaction contributing to5

approximately 30–40 % of the total OH production (Fig. 12a). The propagation of OH
to RO2 radicals is similar in each year except in the morning where this propagation
route is 2–6 times higher for CABINEX due to the high NO mixing ratio constraining the
model during the days used in this analysis (see Supplement).

The campaign median OH radical budget for CABINEX (Figure13a) also illustrates10

an imbalance between the steady-state HONO production and loss as predicted by the
model. The gas-phase HONO source (OH+NO+M→HONO) contributes less than
6 % from 7:30 a.m.–7:30 p.m. and less than 1 % at noon to the total rate of HONO for-
mation based on the total loss of HONO by photolysis. This imbalance translates to a
missing source during CABINEX of approximately 150 pptv h−1 on average throughout15

the day and 250 pptv h−1 at noontime. The magnitude of this missing source correlates
well (R2 =0.80) with the measured value of J(HONO) (Fig. S6) suggesting that the
missing source is photolytic. These results are consistent with the results of Zhou et
al. (2011) who measured an upward flux of HONO at the PROPHET site that corre-
lated with leaf surface nitrate loading and the rate constant of nitrate photolysis. These20

authors found that this canopy surface source of HONO corresponded to a production
rate of approximately 200 pptv/hr at noontime, contributing to approximately 57 % of
the measured total noontime source of HONO in that study (Zhou et al., 2011).

The base-case radical budget from the PROPHET site in 1998 has similarities to
both the 2008 and 2009 radical budgets presented here (Tan et al., 2001). The isoprene25

and HCHO mixing ratios observed in 1998 were similar to the PROPHET 2008 obser-
vations, while the NO mixing ratios observed in 1998 were similar to that observed
during CABINEX 2009 and PROPHET 2008 (Fig. 3). As a result, the calculated rates
of radical propagation during 1998 were similar to that calculated for 2009, while the
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rate of HO2 production from HCHO photolysis was similar to that calculated for 2008.
Overall the maximum noontime median campaign modeled OH concentration in 1998
was approximately 1–2×106 cm−3 (Tan et al., 2001), similar to the measured noon-
time concentrations in 2008 and 2009 (Figs. 5 and 7). Similarly, the maximum noon-
time campaign median modeled HO2 concentration of approximately 4×108 cm−3 in5

1998 is similar to the predicted HO2 concentrations presented here for 2008 and 2009
(Figs. 5 and 7). Peak isoprene peroxy radical concentrations were predicted to be ap-
proximately 5×108 cm−3 in 1998 (Tan et al., 2001), resulting in predicted HO2 + ISOP
concentrations similar to that predicted in 2008 and 2009, but higher than HO∗

2 mea-
surements reported here. However, additional measurements of HOx concentrations10

are still needed to confirm that the measurements are free from unknown interferences.

5 Summary

Measurements of OH radical concentrations during the PROPHET 2008 and CAB-
INEX 2009 campaigns were generally in good agreement with model predictions us-
ing the Regional Atmospheric Chemistry Mechanism updated with the Mainz Iso-15

prene Mechanism. The measurement/model agreement for OH was good (correla-
tion slope=0.90±0.35) during the CABINEX campaign, when colder temperatures
led to lower observed mixing ratios of isoprene, methacrolein, methylvinyl ketone, and
formaldehyde. This result is in contrast to many previous measurements of OH con-
centrations in forest environments characterized by low NOx and high isoprene mixing20

ratios (Tan et al., 2001; Carslaw et al., 2001; Lelieveld et al., 2008; Pugh et al., 2010;
Kubistin et al., 2010; Martinez et al., 2010; Whalley et al., 2011) that have generally
been greater than predicted using zero dimensional box models and chemical-transport
models, including previous measurements at this site (Tan et al., 2001). Similar to the
results of Mao et al. (2012) who also found good agreement between their OH mea-25

surements and model, the agreement between the measured and modeled OH con-
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centrations suggest that our understanding of the OH radical chemistry of this forested
environment may be better than previously believed.

Similar to measurements reported previously (Fuchs et al., 2011) the IU-FAGE in-
strument used during the PROPHET 2008 and CABINEX 2009 campaigns was sen-
sitive to the detection of alkene-based peroxy radicals in addition to HO2. As a result,5

the measured peroxy radical concentrations (HO∗
2) reflect the sum of both HO2 and

isoprene-based β-hydroxyalkyl peroxy radicals (HO2 + ISOP) for this study. During
both campaigns, the measured HO∗

2 concentrations were generally lower than the mod-
eled sum of HO2 + ISOP, although the agreement is better in 2008 compared to 2009,
indicating the possibility of an incomplete characterization of peroxy radical losses in10

the model. This result is in contrast to previous studies that found measured HO2 con-
centrations greater than predicted (Kanaya et al., 2007; Kubistin et al., 2010). However,
it is unclear whether the HO2 measurements in these studies were also subject to in-
terferences from the detection of alkene-based peroxy radicals.

Although the campaign median OH concentrations measured during PROPHET15

2008 and CABINEX 2009 are in good agreement with the model in this analysis, the
model does underestimate the OH concentrations measured in the afternoon during
2008. This suggests that there could be a missing source of OH radicals during the
warmer summer of 2008 when isoprene mixing ratios were higher, and does not rule
out the possibility of the existence of radical cycling reactions under low NOx condi-20

tions contributing to the observed OH concentrations under higher isoprene conditions
(Lelieveld et al., 2008; Hofzumahaus et al., 2009; Peeters and Muller, 2010). However,
it has been recently suggested that OH measurements using laser-induced fluores-
cence may suffer from an interference related to the oxidation of biogenic VOCs (Mao
et al., 2012). The higher temperatures observed in 1998 and 2008 compared to 200925

resulted in higher biogenic VOC emissions which may have impacted the measured
OH concentration during those years, and could account for the discrepancy between
the observed and modeled OH concentrations. Measurements of OH concentrations
on the ground at the PROPHET site in 2010 did not reveal an unknown interference in
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the IU-FAGE system, resulting in a measured upper limit for unknown interferences of
approximately 5×105 molecules cm−3 based on the uncertainty associated with these
tests (see the Supplement). However, more measurements in forest environments with
higher mixing ratios of biogenic VOCs are still needed to fully describe the potential
level of interferences with the LIF-FAGE technique, which may be more prevalent un-5

der warmer conditions and higher mixing ratios of biogenic VOCs.
Although the results from this study indicate that the campaign median nighttime OH

concentrations measured during CABINEX 2009 were at or below the detection limit of
the instrument, additional nighttime measurements are needed to determine if elevated
nighttime OH concentrations are possible in this environment or whether they are a re-10

sult of an instrument artifact. In addition, measurements of HO2 radicals without the
peroxy radical interference are needed to determine whether the model can reproduce
the observed HO2 concentration both during the day and at night, and whether the ob-
served overprediction of the observed HO∗

2 concentration is due to an overprediction of
the concentration of HO2, isoprene peroxy radicals, or both. The discrepancy between15

the HO∗
2 concentrations observed in 2008 and 2009 with the modeled HO2 + ISOP

concentration, and the impact of proposed radical cycling reactions in the isoprene ox-
idation mechanism will be further examined in a subsequent paper (Griffith et al., in
preparation).

Supplementary material related to this article is available online at:20

http://www.atmos-chem-phys-discuss.net/12/33165/2012/
acpd-12-33165-2012-supplement.pdf.
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Table 1. Published field campaigns incorporating HOx measurements in or above forest envi-
ronments.

CAMPAIGN PLATFORM [C5H8]
(ppbv)

[NO]
(pptv)

OBS/MODEL
OH

OBS/MODEL
HOa

2

MODEL
MECHANISM

REFERENCES

AEROBIC
1997b

Ground ≤2.0 60–100c 1.7–6.4 0.1–1.7 MCMd Carslaw et al. (2001)

PROPHET
1998

Ground 1.0–2.5 30–150 2.66e 0.85e RACMf Tan et al. (2001)

PMTACS-NY
2002

Ground <1.0 40–150g 0.82 1.21 RACMh Ren et al. 2006

Rishiri Is. 2003
(i)

Ground <0.5j 10–1000k 0.74l 0.53l RACMm Kanaya et al. (2007)

INTEX-A
2004

Aircraft ∼0.1–2.5n <20–2000n 0.95o 1.28o LaRCp Ren et al. (2008)

GABRIEL
2005

Aircraft 2.0q 20q ∼6-56r –s MESSy w/ MIM Lelieveld et al. (2008)

Pearl River
Delta 2006

Ground 1–6t 140–40 Kt 1.0–8.0 –u RACM-MIM-GK
(v)

Lu et al. (2012)

OP3-Danum
2008

Ground 0.4–1.7 (w) 20–80 (x) 2–3 (y) ∼1.5(y)(z) CiTTyCAT(aa) w/
MIM2(ab)

Pugh et al. 2010

BEARPEX
2009

Ground 1.7 (ac) 74 (ac) – (ad) – (ad) RACM2(ae) Mao et al. (2012)

Data reported in this table is for daytime measurements only; a HO2 measurements from these earlier campaigns
may be upper limits due to a potential RO2 interference; b Reported for 1100-1500 of 4 measurement days; c Heard
and Pilling (2003); d Jenkin et al., 1997 with updated isoprene and α-pinene degradation schemes, Carslaw et
al. (2001); Jenkin et al. (2000); e Tan et al. (2001); f Stockwell et al., 1997 with more detailed isoprene and terpene
chemistry, Tan et al. (2001); g Estimated from Ren et al. (2006); h Stockwell et al., 1997 and updated with Sander et
al., 2003; i 9 a.m.–5 p.m. values; j Qi et al. (2007); k Estimated from Kanaya et al., 2007; l Kanaya et al. (2007);
m Stockwell et al. (1997) and updated with monoterpene chemistry from Kanaya et al. (2002a); n Estimated from Ren
et al., 2008 and given as the range throughout the planetary boundary layer; o Ren et al. (2008) given as the median
throughout the planetary boundary layer; p Langley Research Center model as described in Crawford et al. (1999);
Olson et al. (2004); q Given as the daytime mean boundary layer value over the tropical forest (Lelieveld et al., 2008);
r Estimated from Lelieveld et al., 2008; s Lelieveld et al. (2008) gives the measured mean boundary layer HO2

concentration but not the modeling results; t Estimated from Lu et al., 2012; u Lu et al. (2012) did not report the
Obs/Model HO∗

2 ratios due to the uncertainty in the interference; v Based on Stockwell et al. (1997) and updated with
Geiger et al. (2003) and Karl et al. (2006); w 75 m height; x 5 m height; y Compared to base model when
unconstrained to observed NO; z Comparing HO2 +RO2 observed with model; aa Emissions driven model, not
constrained by observed concentrations, Wild et al. (1996); Evans et al. (2000); ab Taraborelli et al. (2009); ac 9a-3p
campaign average, Mao et al. (2012); ad Mao et al. (2012) did not report the Obs/model OH and HO2 ratios, but
campaign average comparisons show all daytime model OH points within the 2σ uncertainty of the measurements
when using a chemical modulation technique to measure OH. HO2 is overpredicted but appears to be within the 2σ
uncertainty of the measurements; ae Stockwell et al. (2008).
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Table 2. Instrumentation used to measure above canopy concentrations.

PROPHET 2008 CABINEX 2009

Species Instrumentation
(Institution)

Time resolution (min)/
Uncertainty (%), 1σa/
LOD (ppbv)

Instrumentation
(Institution)

Time resolution (min)/
Uncertainty (%), 1σa/
LOD (ppbv)

Hydroxyl radical IU-FAGE
(Indiana U.)

120/20/6×10−5b IU-FAGE
(Indiana U.)

120/20/4×10−5c

Hyrdroperoxy radical IU-FAGE
(Indiana U.)

0.5/20/6×10−4d IU-FAGE
(Indiana U.)

0.5/20/6×10−4e

Ozone UV Absorption
(U. of Michigan)

1/2/1 UV Absorption
(U. of Michigan)

1/2/1

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-Albany)
30/7.5/0.001 Scrub-AzoDye

(SUNY-Albany)
30/7.5/0.001

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

(Purdue U.)
10/15/0.1 PTR-MS

(Wash. St. U.)
1/10/0.05

Methacrolein+Methyl
Vinyl Ketone

PTR-LIT
(Purdue U.)

10/15/0.15 PTR-MS
(Wash. St. U.)

1/10/0.07

Total Monoterpenes PTR-LIT
(Purdue U.)

10/15/ 0.11 PTR-MS
(Wash. St. U.)

1/10/0.07

Glyoxal LIP
(U. of Wisconsin)

1/20/0.003 LIP
(U. of Wisconsin)

1/20/0.004

Formaldehyde LIF
(U. of Wisconsin)

12/40/0.120 PTR-MS
(Wash. St. U.)

1/20/0.14

Acetaldehyde N/A N/A PTR-MS
(Wash. St. U.)

1/10/0.09

Acetone+2-
Butanone

N/A N/A PTR-MS
(Wash. St. U.)

1/10/0.12

Toluene, Benzene,
ethyl-benzenes

N/A N/A PTR-MS
(Wash. St. U.)

1/10/0.04

Methyl Peroxide N/A N/A PTR-MS
(Wash. St. U.)

1/10/0.05

j (NO2) Eppley rad.
(U. of Michigan)

1/50/– SAFS
(U. of Houston)

1/30/–

j (O1D), j (H2O2),
j (HCHO), j (NO3)

N/A N/A SAFS
(U. of Houston)

1/30/–

a OH and HO∗
2 measurement uncertainty is the calibration uncertainty (1σ). Precision uncertainties on OH and HO∗

2
measurements are given throughout the text. Other measurement uncertainties in this table may reflect a combined
uncertainty from precision and accuracy b 1.5×106 cm−3; c 1.0×106 cm−3; d 1.5×107 cm−3, 30 s measurements
are only sampled approximately every 30 min; e 1.5×107 cm−3, 30 s measurements are only sampled approximately
every 30 min.
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Fig. 1a. PROPHET 2008 data showing key model constraints and modeled and measured HO∗
2

concentrations. Measured HO∗
2 precision (not shown) is approximately 1.5×107 cm−3.
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Fig. 1b. Continued.
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Fig. 2a. CABINEX 2009 data showing key constraints and modeled and measured OH and
HO∗

2 concentrations. Error bars on the OH measurements are the 1-sigma precision values of
each measurement. Measured HO∗

2 precision (not shown) is approximately 1.5×107 cm−3. The
red line in the OH plot indicates the LOD on the 2 h median measurements (1.0×106 cm−3).
Only positive daytime OH measurements are shown for simplicity.
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Fig. 2b. Continued.
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Figure 3: Median values of several species measured from above canopy during PROPHET 2008 and 

CABINEX 2009.  Constrained model inputs based on overlap of measurements are shown in the Supple-

mentary Material. 

 

 

 

 

 

 

Fig. 3. Median values of several species measured from above canopy during PROPHET 2008
and CABINEX 2009. Constrained model inputs based on overlap of measurements are shown
in the Supplement.
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Fig. 4. HO∗
2 correlation plots for PROPHET 2008 (top) and CABINEX 2009 (bottom, open dia-

monds=daytime, filled circles = nighttime) showing 30 s measurement values (sampled every
30 min) from each year. The blue lines are the 1:1 correlation (solid) and the model HO2 + ISOP
uncertainty (2σ) is shown by the dashed blue lines. The solid red line is a linear regression of
the data with 95 % confidence limits shown as dashed red lines. Measurement precision for
both years is approximately 1.5×107 cm−3.
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Fig. 5. PROPHET 2008 OH and HO∗
2 median measurements with the RACM/MIM model re-

sults. Measured points are shown as 2 h medians (OH, triangles) and 30 min medians (HO∗
2,

diamonds) for the daytime measurements (6 a.m.–9 p.m.). Error bars are the 2-sigma measure-
ment precision for OH, while the HO∗

2 measurement precision (not shown) is approximately
±2.0×107 cm−3. Gray circles in the bottom plot represent all of the HO∗

2 measurements during
PROPHET 2008 while the gray diamonds are the 30 min median for the times of this analysis
where HO∗

2 measurements are available. The red lines represent the base RACM/MIM daytime
model results for OH (2σ relative uncertainty ±50 % shaded) or HO2. The blue lines represent
the daytime modeled HO2 + ISOP (2σ relative uncertainty ±33 % shaded).

33210

http://www.atmos-chem-phys-discuss.net
http://www.atmos-chem-phys-discuss.net/12/33165/2012/acpd-12-33165-2012-print.pdf
http://www.atmos-chem-phys-discuss.net/12/33165/2012/acpd-12-33165-2012-discussion.html
http://creativecommons.org/licenses/by/3.0/


ACPD
12, 33165–33218, 2012

Measurements of OH
and HO2 during

CABINEX

S. M. Griffith et al.

Title Page

Abstract Introduction

Conclusions References

Tables Figures

J I

J I

Back Close

Full Screen / Esc

Printer-friendly Version

Interactive Discussion

D
iscussion

P
aper

|
D

iscussion
P

aper
|

D
iscussion

P
aper

|
D

iscussion
P

aper
|

Fig. 6. OH correlation plots for CABINEX 2009 (filled circles=nighttime, open dia-
monds=daytime) showing 2 h median values. Vertical error bars are 2σ precision values on
the measurements. The CABINEX 2σ model uncertainty (40 %) is excluded. Green points are
significantly (2σ) outside of the error bar range. Nighttime points within the 2σ uncertainty do
not have their precision values shown. The blue line is a 1:1 correlation line and the solid
red line shows a linear regression of the data weighted by the precision in the measurements
(slope=0.90±0.35), with dashed red lines representing the 95 % confidence limits of the slope.
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Fig. 7. CABINEX 2009 OH and HO∗
2 median measurements with the RACM/MIM model re-

sults. Measured points are shown as 2 hr medians (OH, triangles) and 30 min medians (HO∗
2,

diamonds). Error bars are the 2-sigma measurement precision for OH, while the HO∗
2 mea-

surement precision (not shown) is ±1.5×107 cm−3. Gray points in the bottom plot represent
the entire above canopy HO∗

2 measurements during CABINEX 2009. The red lines represent
the base RACM/MIM model results for OH (2σ relative uncertainty ±32 % shaded) or HO2.
The blue lines represent the modeled HO2 + ISOP (2σ relative uncertainty ±30 % and ±41 %
shaded for day and night).
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Fig. 8. Measured and modeled median total OH reactivity for the period analyzed for CAB-
INEX 2009 (26/07–08/08). Error bars on the measured points are the 2σ uncertainty values
(±3 %+0.14 s−1, 50 point median). Pink outline is the 2σ uncertainty (±40 %) of the modeled
OH reactivity.
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Fig. 9. CABINEX observed (2 h median) to model ratios of OH vs. NO and isoprene. Error bars
reflect the propagation of the uncertainty on the measured and modeled OH values. The solid
red line is a weighted regression of the data based on the uncertainty and the dashed red lines
are the 95 % confidence limits of the regression. The red squares are median ratios within 30
point bins of NO and isoprene.
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Fig. 10. Daytime (6 a.m.–9 p.m.) measured HO∗
2/ modeled HO2 (top) and measured

HO∗
2/modeled HO2+ISOP (bottom), plotted versus NO (left) and isoprene (right) during CAB-

INEX 2009. Unweighted linear correlations are shown in red and green.
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54 

 

Figure 11:  PROPHET 2008 (blue) and CABINEX 2009 (red) radical budget rates for the time period of 

7:30 am -7:30 pm.  Primary reactions contributing to the initiation, termination, and propagation routes 

are shown in the boxes.  

 

 

 

 

 

 

Fig. 11. PROPHET 2008 (blue) and CABINEX 2009 (red) radical budget rates for the time
period of 7:30 a.m.–7:30 p.m. Primary reactions contributing to the initiation, termination, and
propagation routes are shown in the boxes.
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Fig. 12. PROPHET 2008 radical budget diagrams showing the campaign median OH radical
budget (A) that compares all the production and loss terms (i.e. initiation, termination, and prop-
agation routes) for OH and the total radical budget (B) that groups and compares all initiation
and termination reaction rates for OH, HO2, and RO2 radicals.
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Fig. 13. CABINEX 2009 radical budget diagrams showing the campaign median OH radical
budget (A) that compares all the production and loss terms (i.e. initiation, termination, and
propagation routes) for OH and the total radical budget (B) that groups and compares all initia-
tion and termination reaction rates for OH, HO2, and RO2 radicals.
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