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Abstract
OH and HO 2 , collectively referred to as HOx plays a key role in removing many pollutants
from the atmosphere. Attempts to model HOx have proven to be troublesome in forested, low
NOx environments as model predictions rarely match measured values. Some scientists feel that
this discrepancy comes from a poor understanding of forest oxidation chemistry. Other work
has presented the possibility that this discrepancy is due to an interference signal affecting HOx
measurements in the field. This paper examines HOx measurements from the Southern Oxidant
and Aerosol Study (SOAS) and how they compare to calculated model values. SOAS represents
a low NOx environment with many supporting measurements that can be used to constrain the
relevant chemistry. The results imply that we possess an adequate understanding of the isoprene
oxidation chemistry and that other instruments making measurements by a similar method may be
affected by an unknown interference signal.
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Chapter 1
Introduction
Atmospheric oxidation serves many important roles in our atmosphere that are important to
mankind. It affects the climate by having an influence on the concentrations of several species
that absorb infrared radiation like methane and ozone. It is also the driving factor in determining
air quality. Oxidation processes are responsible for converting many volatile pollutant chemical
species into other, more water-soluble species that can be scrubbed from the atmosphere by rain or
dry deposition onto surfaces.
The oxidation chemistry taking place in and around forested environments is particularly important in determining the global concentrations of many chemical species. Given that forested
environments cover such a large area of the Earth’s surface (Hansen et al. (2003)), their effects on
global chemistry are far reaching and having a proper understanding of these processes is vital to
modeling global chemistry correctly.
While oxidation drives atmospheric processes, many atmospheric species containing oxygen
have relatively low reactivity as oxygen often forms strong chemical bonds that are not easily
broken. However, one atmospheric constituent, the hydroxyl radical (OH), is extremely reactive.
Between its high reactivity and its ability to be produced quickly and in large numbers, the hydroxyl radical acts as the atmosphere’s main oxidizing agent. The hydroxyl radical and the closely
related hydroperoxyl radical (HO2 ) are collectively called HOx , which has important roles in the
production of ozone and small aerosol particles. Thus, knowing its characteristics and concentrations is key to understanding atmospheric chemistry in general (Seinfeld and Pandis, 2006).

1.1 HOx Chemistry
Globally, OH radicals are produced primarily through the photofragmentation of ozone by
ultraviolet sunlight into molecular oxygen and excited state oxygen atoms (reaction 1.1). Some of
these excited state oxygens collide with nitrogen and oxygen molecules to become ground state
oxygen, eventually reforming ozone. However, about ten percent of these atoms are able to react
with water vapor, forming two hydroxyl radicals (reaction 1.2).
O3 + hν
O2 + O(1D)
O(1D) + H2O
2 OH

{1.1}
{1.2}
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However, this reaction sequence is not the only source of OH in the troposphere. OH can also
be formed through the direct photolysis of other molecules like HONO, H2 O2 , and CH3 OOH. OH
is also a product in reactions of ozone with volatile organic compounds (VOCs) that contain double
bonds between carbon atoms. However, photolysis of ozone is still the primary global source.
OH reacts with many atmospheric trace gases but not with any of the main atmospheric constituents N2 , O2 , CO2 , and H2 O. OH will however, react with other volatile chemical species it
encounters in the atmosphere. When OH reacts with a volatile compound, it will either extract
a hydrogen from the molecule, or it may end up adding itself to the molecule. Either way, the
reaction with OH goes on to form a molecule with an odd number of electrons surrounding it,
also known as a radical. Radicals tend to be reactive themselves and quickly react with another
molecule or with other radicals.
HO2 radicals are formed through the photolysis of formaldehyde, the reaction of OH with
CO, and with VOCs in the presence of NO and NO2 (NOx ). OH oxidation of VOCs initiates
reactions that form organic peroxy radicals, RO2 , where R represents an organic group. These
peroxy radicals react with ambient NO to produce NO2 and recycle HOx . This recycling of OH
and HO2 is most efficient for intermediate NOx concentrations. The opposite is true in low NOx
environments where a lack of NOx limits the amount of HOx that can be recycled (Monks, 2005).
The reactions that produce and consume HOx are fairly well understood, but the complexity of the
organic chemistry and the competing reaction pathways between HOx and NOx make it difficult
to determine the net HOx production or loss in these oxidation sequences.

1.2 Past HOx Measurements and Comparison with Models
Comparing measured and modeled HOx values is of great interest to the atmospheric chemistry
community. HOx radicals have an extremely short lifetime in the atmosphere, on the order of a
second for OH radicals and only about a minute for HO2 . As such, it exists in essentially a photochemical steady state with concentrations only being dictated by OH sources and sinks (Monks,
2005). Given that transport terms are typically longer than HOx lifetimes, predicting HOx levels
accurately can be done using a photochemical box model. However, while OH measurements have
been available since at least the mid 1980’s, modeling has been held back by an inability to properly measure the major constraining factors needed to model HOx (Rohrer et al., 2014). Over the
past two decades, several in situ HOx measurements have been made during field campaigns and
then compared to model calculations. These campaigns have covered many different environments
from the forests of the Amazon to the heavily polluted atmospheres of major cities like New York
and Mexico City.
Comparing these results with model predictions has yielded mixed results that seem to depend upon the environment in which the data were collected. For measurements taken in urban,
high NOx environments, OH measurements have fared well compared to models, but HO2 tends
to be under-predicted (Kanaya et al., 2007). Many of the discrepancies between modeled and
measured HOx tend to depend on the concentration of NO that was measured. As NO concentrations increase, models have tended to perform more poorly in describing HO2 . The results of
several campaigns have shown that HO2 is under-predicted with this discrepancy growing larger
as NO concentration does (Ren et al., 2003a). Comparing the modeled versus measured values for
HO2 /OH also found an increasing discrepancy as NO increased, as the modeled ratio decreased
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much faster than the measured did. However, measurements taken during MCMA-2013 in Mexico
City did see better modeled versus measured agreement for this ratio (Shirley et al., 2006). Attempts to characterize the overall HOx budget in these environments have had limited success. OH
production was under-predicted during SOS in Nashville but over-predicted in Mexico City and in
New York during PMTACS-NY2001 (Ren et al., 2003a; Shirley et al., 2006; Martinez et al., 2003).
In more rural environments, rich with biogenic volatile organic compounds (BVOCs) and low
in NOx , agreement between modeled and measured OH values has rarely been observed (Tan et al.,
2001; Faloona et al., 2000; Whalley et al., 2011). HO2 modeling has been more successful, though,
a recent paper by Fuchs et al. (2011) has uncovered a possible interference in HO2 measurements
due to alkene and aromatic organic peroxy radicals (RO2 s). Even when taking this interference
into account, HO2 has been more successfully modeled than OH in forests.
The struggle with properly modeling OH in these environments relates to two primary factors.
First, the levels of NOx have a notable influence on the overall agreement between models and
measurements. This agreement is especially apparent in urban campaigns, but even in more rural
efforts, the models generally perform well on days with high concentrations of NOx . Lu et al.
(2013) provides an excellent example of this behavior for a field study in a rural area just south of
Beijing. On days in which the prevailing winds came from the south, the site was exposed to air
masses lacking anthropogenic influences and low in NOx . On these days OH concentrations were
under-predicted by a factor of 2.4. However, on days in which the wind came out of the north,
NOx values increased and agreement between the measurements and models improved. The same
group, on a campaign in the Perl River Delta, saw strong agreement between measurements and
model outputs on days in which NO concentrations exceeded 1 ppb. However, their model underpredicted OH by a factor of 8 when the NO values dropped below 0.02 ppb (Lu et al., 2012). This
behavior was explored more closely in a recent paper from Rohrer et al. (2014) which shows how
over-prediction of OH decreases as a function of NOx . This better agreement for OH with high
NOx values is a feature of many other field studies as well (Ren et al., 2003b).
A second factor that seems to affect the modeled versus measured OH is the ambient concentration of isoprene and other biogenic volatile organic compounds (BVOCs). The largest source
of OH reactivity over many of the world’s forests comes from isoprene, and its presence tends to
be associated with poor measured/modeled OH agreement (Faloona et al., 2000; Tan et al., 2001;
Ren et al., 2008; Whalley et al., 2011). There are several examples of OH under-prediction in high
isoprene environments, but its effect was especially notable during the aircraft-based INTEX-A
campaign. During the campaign, the discrepancy between modeled and measured OH was usually
small, but the discrepancy increased as the aircraft passed over isoprene-rich forests (Ren et al.,
2008). All of the OH measurements that are substantially larger than modeled were made with
instruments that used laser induced fluorescence (LIF) detection of OH.
One notable exception to this behavior came during the BEARPEX campaign which took place
over a California forest (Mao et al., 2012). This campaign made use of a chemical removal technique for measuring OH that will be discussed later in this paper. Making use of this technique,
measurements of OH were taken which showed a good agreement with the models while the old
method still produced OH measurements that were 2.5 times modeled OH. (Mao et al., 2012)
Another similar result was produced above a boreal forest in southern Finland where OH measurements were successfully modeled as well (Hens et al., 2013). This forest had low NOx , but the
forest’s emissions were not isoprene but instead, more complex terpenes.
These results point to some sort of problem related to low NOx high BVOC environments,
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though the specific nature of the problem is still unclear. This discrepancy may indicate a poor
understanding of the underlying chemistry and suggests that more OH is being produced by this
chemistry than is currently contained in the models. This OH discrepancy has led to much greater
scrutiny of the isoprene chemistry and investigation into the possibility that an unknown mechanism exists to recycle OH back into the atmosphere (Goliff et al., 2013). An alternative is that LIF
measurements are susceptible to an as of yet unknown interference in low NOx environments and
that this interference is causing the discrepancy in measured and modeled OH (Mao et al., 2012;
Hens et al., 2013).
OH reactivity, the inverse of the lifetime of OH, provides an interesting diagnostic tool to
determine the completeness of the measurement suite from a given campaign. Another way to
view the OH reactivity is the product of the reaction rate for a gas with OH and the concentration
of the gas, summed over all gases that react with OH. A comparison of the OH reactivity calculated
from the measured OH reactants and reactivity measured directly shows if some of the important
OH reactants were not measured. In previous campaigns, it has often proven difficult to match the
measured OH reactivity with calculated OH reactivity (Di Carlo et al., 2004). This is especially
true in forested environments, likely due to their complex chemistry.

1.3 Motivation
Because environments with high levels of biogenic volatile organic compounds and low levels
of NOx are widespread and globally important, discovering the true source of the modeled versus
measured OH discrepancy is essential to accurately model the atmospheric chemistry in these environments and globally. The goal of this paper is to examine this question using field data collected
during the Southern Oxidant and Aerosol Study, conducted in summer 2013 in an isoprene-rich
forest in central Alabama. The measurements will be compared to the output of a widely used
photochemical box model. The effects and potential benefits of the recently discovered RO2 interference on HO2 measurements will also be explored with the hope that this measured interference
signal can be used as a proxy measurement for ambient RO2 . The large number of measured atmospheric species during SOAS and our improved measurement capabilities for OH, HO2 and RO2
provide powerful constraints on the isoprene chemistry.
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Chapter 2
Instrumentation and Data Collection
2.1 Penn State’s Ground Based Tropospheric Hydrogen Oxides Sensor and OH Reactivity Instrument
Penn State’s Ground Based Tropospheric Hydrogen Oxides Sensor (GTHOS) measures atmospheric HOx concentrations through the use of a Fluorescent Assay of Gas Expansion, or FAGE,
technique which has been described in several previous papers (Faloona et al., 2004; Mather et al.,
1997; Stevens et al., 1994). A schematic diagram in Figure 2.1 shows a cross section of the instrument. Sampled air is pulled into the instrument through a small pinhole inlet. As the air moves
through the instrument interior, it flows through the path of a laser beam that is tuned to an absorption line of OH. OH in the sample air absorbs energy from the laser and moves to an excited
state. The excited-state OH then fluoresces and this fluorescence is ultimately measured by the instrument and used to infer the ambient concentration of OH. Sample air then continues to the HO2
measurement axis where HO2 is converted by chemical reaction with NO to OH and measured in
the same manner as OH in the first axis.
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Figure 2.1: This schematic diagram shows a cross section of GTHOS setup as it was used to take
measurements during SOAS. C3 F6 was injected through six 0.25 mm needles which were pointed
towards the center of the inlet. Attached just above the inlet was a mercury lamp used for daily
testing of the C3 F6 injection system’s effectiveness.

The Q1 (2) OH absorption line used in this measurement technique is at a wavelength of 308
nm. Because lasers at this wavelength and with the proper power output are not manufactured, a
standard frequency-doubled Nd:YAG laser is used and its wavelength is then converted to 308nm.
In the case of GTHOS, this system uses a tunable dye laser pumped by a 532nm Spectra Physics
laser to produce 616nm light. The dye laser frequency is then doubled to produce the 308nm
laser. The laser wavelength can be tuned using an etalon which is controlled by a stepper motor.
To ensure that the laser wavelength remains on the OH absorption line, a small percentage of the
total laser power is passed to a reference cell. Within the reference cell, a photo multiplier tube
measures the florescence signal from a large OH source, in this case the thermolysis of H2 O by a
hot filament wire.
Ambient air containing OH radicals is brought into the instrument through the pinhole (1 mm
diameter) and passed through the path of the laser. The resulting fluorescence is then measured
by a microchannel plate detector. In order to increase the absorption of the laser light by the
OH, the laser is bounced back and forth through the measurement axis between 32 and 36 times
with a White Cell (White, 1942). The actual OH signal is found by first tuning the dye laser to a
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wavelength off of the OH absorption line to measure any background signal that may be present.
Then the laser is tuned to the absorption line and the difference between the two signals is assumed
to be the signal of OH fluorescence. We refer to this method of OH detection as OHwave . OHwave
data can be collected at a time resolution of 20 seconds, though for SOAS it was collected at 30
second time intervals. A more detailed discussion of the standard OH measurement technique, as
well as the technique used to measure HO2 can be found in (Faloona et al., 2004)
When taking measurements, the inside of the detection system is pumped down to a near vacuum environment of between four and seven hPa. This low pressure is required for two main
reasons. First, the excited state OH molecules can either fluoresce or return to the ground state by
colliding into other atmospheric constituents like nitrogen, oxygen, and especially H2 O, a process
referred to as quenching. Given that OH radicals undergoing quenching instead of florescence do
not give off a photon which can be measured by the instrument, minimizing quenching is important
to maximizing signal strength. Therefore, the lower molecule density is key as OH radicals that
are excited are more likely to fluoresce to shed excess energy rather than be quenched. Second, the
low particle density also slows the rate of oxidation chemistry taking place within the instrument.
Slowing any active chemistry to a near stop allows the instrument to more accurately measure the
true OH concentration of the atmosphere.
A second method for measuring OH was also used during SOAS. This method of detection
involved injecting C3 F6 into the sample air to scavenge OH before the air enters the pinhole (Mao
et al., 2012). C3 F6 reacts quickly with OH and does not absorb light around 308 nm and so is
well suited for this purpose. By alternating times with C3 F6 on and off, the concentration of OH is
determined based on the difference in signal. C3 F6 was added to the sample air through an injection
system that was affixed to the top of the GTHOS inlet (Figure 2.1). While C3 F6 was injected
periodically, a constant N2 flow of 1000 sccm was added through the injectors to promote mixing.
The inlet add-on also contained a vacuum flow of 2000 sccm to improve the flow characteristics
of air going into the inlet and to improve the mixing of C3 F6 into the sampled air. To confirm
that C3 F6 was effectively removing OH, a UV lamp that produces copious OH was affixed to the
outside of the instrument, just above the inlet. At least three set times a day, the lamp was turned
on for a full cycle with C3 F6 going off and on. This method allowed for a rough approximation of
the conversion efficiency of the OH. We refer to this OH measurement method as OHchem . OHchem
measurements consistently report lower concentrations of OH than the OHwave measurements. For
the purposes of this paper, the OHchem measurement is assumed to be the true concentration of
OH because this method is able to remove all of the OH produced by the external mercury lamp.
OH interference (OHint ), the difference between OHwave and OHchem represents the interference
causing this discrepancy and will also be presented with the results.
After the campaign, a more detailed analysis of OHchem conversion efficiency was made in
the lab to determine the detection sensitivity for OH. These experiments performed in the lab, as
well as experiments performed in a subsequent chamber study, were used to determine conversion
efficiency outside of the instrument. In addition, these experiments helped to characterize the
internal conversion of any interference OH by C3 F6 being brought into the instrument. These
results were then used to develop the data processing software which produces the final OH dataset.
HO2 measurements are also taken through a second measurement axis downstream of the OH
measurement axis (Figure 2.1). Atmospheric HO2 is converted to OH through reaction with NO
injected into the sample air just above the HO2 measurement axis (Reaction 2.3).
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HO2 + NO

OH + NO2

{2.3}

This converted HO2 is then measured in the same manner as OH is measured in the first axis.
However, when making HO2 measurements through reactions with NO, RO2 radicals formed by
the oxidation of BVOCs can be a significant source of interference.
OH + RO
H2O + R ·
R · + O2
RO2

{2.4}
{2.5}

These organic peroxy radicals, formed by Reactions 2.4 and 2.5 can react with ambient NO to
form more HO2 in the atmosphere (Reactions 2.6 and 2.7). It is possible for this same reaction to
take place within GTHOS, before the sampled air reaches the measurement axis. However, this
reaction is undesirable within the instrument as the extra HO2 produced in the reaction will be
measured by the instrument as well, leading to a reported concentration higher than the ambient.
RO2 + NO
RO + NO2
RO + O2
R’CHO + HO2

{2.6}
{2.7}

Previous efforts have been made to determine if this interference source could be significantly
affecting the reported concentration of HO2 (Ren et al., 2004). However, in chemicals tested
previously, the reaction with O2 (reaction 2.5) happened slowly enough that no additional HO2 was
produced in time to be converted into OH and measured. However, for RO2 species formed from
alkenes, such as isoprene, and aromatics, reaction 2.5 takes place at a much faster rate, producing
HO2 in a few milliseconds. Thus, this RO2 interference is potentially problematic, especially in
high isoprene environments like that of SOAS.
In order to check for interference from this source during SOAS, the flow rate of NO was
ramped between several values. In the case of RO2 , the reaction rate with NO is different from
the reaction rate between NO and HO2 so by ramping NO, the interference signal can be identified
and separated out from the true signal. In addition, lab work was done after SOAS to quantify the
effects this interference had on measurements. This analysis will be discussed in greater detail in
the next chapter.

2.1.1 GTHOS Calibration
To calibrate GTHOS, OH and HO2 are created through the photolysis of water vapor in a system described in detail in Faloona et al. (2004). The calibration system makes use of ultra-zero
air that is flowed through a bubbler of high purity H2 O. Water vapor concentration is recorded and
the moistened air is passed by a mercury UV lamp emitting at 185 nm. Knowing the lamp flux,
the water concentration and the period of time that the water was exposed to the 185 nm light,
the OH and HO2 concentrations of the calibration air can be calculated and the GTHOS measurement sensitivity can be determined. Like other similar LIF-FAGE instruments, GTHOS sensitivity
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decreases slightly as ambient water concentration increases because water vapor is an effective
quencher of the OH excited state. As such, the calibration process also includes measurements at
several different water vapor amounts to ensure that the calibration is understood over the range of
water vapor encountered in the atmosphere.
For all calibrations, the lamp flux is determined by at least two different methods. The first
uses a NIST-calibrated photodiode to map the 185 nm flux at several positions within the calibration flow tube and then determine the average flux to which water vapor is exposed. The second
method measures the amount of ozone produced by the photolysis of O2 followed by the reaction
between O and O2 to produce ozone. The absolute O2 cross section, which depends on the lamp
characteristics, is determined by measuring the attenuation of 185 nm light in a small chamber of
known length containing a known amount of O2 . These two methods give the same lamp flux to
within 18%.
Calibrations were performed in the field during SOAS as well as after SOAS. However, the
calibrations performed in the field were of a low quality due to high winds mixing ambient air
and air from the calibration wand. As a result, the only calibrations applied to the final data were
the ones performed in the lab setting, with some prior to the campaign, but most afterwards. A
long history of calibrations and instrument changes shows that the calibrations are stable to within
(10-15)% in periods where the instrument remained in the same configuration.

2.1.2 OH Reactivity Instrument

Figure 2.2: This schematic diagram shows a cross section of The OH reactivity instrument setup
as it was used to take measurements during SOAS. Ambient air flows through the main tube while
a movable OH source adds copious OH to the flow. The resulting OH signal is measured at the
end of the tube and the difference in signal based on the location of the OH source can be used to
determine OH reactivity. Figure from Mao et al. (2009).

For most field work, GTHOS also runs in conjunction with an instrument taking measurements
of OH reactivity. The instrument, shown in Figure 2.2 and described in detail in Mao et al. (2009)
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and Kovacs and Brune (2001) uses the discharge flow kinetics measurement method. A large
volume of ambient air flows ( 160 LPM) through the central tube which has an inlet and OH measurement system nearly identical to the GTHOS system at the end of it. Prior to the measurement
inlet, a movable OH source creates a large OH signal while moving closer to and farther away
from the inlet to the HOx detection cell. By analyzing the change in signal as the OH changes its
distance from the inlet, the OH reactivity can be determined. For SOAS, measurements were taken
every 30 seconds.
Calibrations for the OH reactivity instrument were performed by running zero air through the
instrument to establish a zero. The zero was found to be 4.7 ± 2 s−1 . Next, gas mixtures with a
known quantity of a common BVOC such as isoprene were added to the flow. The calculated OH
reactivity was then compared to the measured OH reactivity in order to determine a calibration
factor. Based upon tests this calibration factor was determined to be 1.06± (2σ confidence).

2.2 The Southern Oxidant and Aerosol Study
The Southern Oxidant and Aerosol Study (SOAS) was a 2013 campaign that was a part of the
larger Southern Atmosphere Study (SAS) (Rugters). The primary mission of the campaign was to
study the interactions between the forest biosphere and the atmosphere above it. Specifically, the
campaign focused on the emissions of BVOCs, the oxidation chemistry they went through, and
their eventual formation into secondary organic aerosols (SOAs). A better understanding of these
processes has widespread applications, from improving the quality of regional pollution models to
better predicting climate change. Data were collected for SOAS at several locations and on several
platforms. The main SOAS site was in Brent, Alabama, but through cooperation with the SAS,
data was also collected at two supersites in Look Rock Tennessee and Research Triangle Park,
North Carolina. Several airborne platforms were also used, including the NSF/NCAR C-130, the
NOAA P3, Purdue’s Duchess aircraft, the Stony Brook Long-EZ and several sonde launches from
the three ground sites.

2.2.1 Centreville SOAS Site
The main SOAS site was located just outside of Brent, Alabama, within the Talladega National
Forest. The site was in a small clearing surrounded on all sides by a dense Southeastern mixed forest environment composed of both pine trees and broad leaf species such as oak. The canopy height
of the forest at the site was between nine and twelve meters. The final site was chosen for several
reasons. First, for the varied makeup of the forests which were similar in composition to many
forests around the southeastern United States. Second, it is relatively isolated from anthropogenic
influences but does experience anthropogenic influence, particularly from Birmingham 70 km to
the Northeast and Tuscaloosa, 50 km to the Northwest. The Brent site had measurements situated
in two main areas. The first area featured a grouping of trailers where most aerosol properties were
measured. About one hundred meters away and slightly downhill from the main area, two trailers
and an eighteen-meter scaffolding tower were erected. On top of the tower were the inlets for
several gas-phase instruments and meteorological instruments. In addition, three full instruments
were situated on top of the tower, namely: HOx measurements from GTHOS, OH measurements
from the University of California Irvine CIMS instrument, and VOC measurements from the Cal
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Tech CIMS instrument. From June to mid-July of 2013, data were recorded from the Brent site by
all of the participating groups.

2.2.2 GTHOS Setup During SOAS
In past field campaigns using GTHOS, the instrument has been split into three parts, with
the detection axes on top of the tower, the vacuum pumps at the base of the tower, and the laser
and electronics in a trailer near the tower. Long electrical cables connected the electronics to the
detection system and long fiber optic cables carried the laser light from the laser to the detection
axes. Most of the UV laser light was lost in these long cables so that the GTHOS detection
sensitivity was severely degraded.
During SOAS, the entire GTHOS instrument was housed in a single container on top of the
tower and only vacuum pumps were at the base of the tower. A large carrying case was constructed
for the campaign which allowed the measurement axis, laser, computer system and OH reactivity
instrument to sit together. Thus, the fiber optic cables could be quite short and the detection
sensitivity obtained in the laboratory could be obtained in the field without the degradation of the
long fiber optic cables. In addition, the constructed case also included an integrated climate control
system which allowed the entire instrument to remain at a constant temperature throughout the
course of the campaign. This constant climate control mitigated some of the subtle changes in the
instrument’s optics system that has caused the laser to drift out of optimum alignment in previous
campaigns in which the temperature and relative humidity varied in the trailer that housed the
laser. An inlet tube for the OH reactivity instrument was run from the inside of the container to the
outside and then fastened so that it hung over the edge of the tower, allowing it to sample air from
directly over the forest canopy while minimizing the influence of the tower itself.

2.3 Data Filtering and Corrections
The raw data collected were carefully examined in order to ensure that the final dataset was
of the highest possible quality. To facilitate this goal, a filter was applied to the data to remove
calibrations, tests of the C3 F6 injection system and times that the instrument was malfunctioning.
Many technical difficulties arose over the course of the campaign that needed to be filtered out
of the final dataset as well. Data from some nights were removed due to insects getting caught in
the GTHOS inlet. Heavy rainfall also resulted in the removal some data. In these cases, rainwater
entering the instrument inlet created smaller drops that greatly increased the scattered light and
background signals. Power fluctuations leading to unreliable data returns were also removed.
In the case of HO2 all data prior to the twenty fourth of June was removed from the dataset.
Prior to this time, the instrument’s NO injection ring sat further away from the measurement axis
then it did for the rest of the campaign. While this allowed more time for NO to mix into the
sampled airflow and convert HO2 to OH, it also increased the magnitude of the RO2 interference
in the instrument. Even at the lowest flow of NO, the interference in this configuration was still
significant and so these data were removed.
Another correction was applied to the data to account for a malfunctioning zero air generator
within the GTHOS platform. The air is used to purge the arms containing the White cell optics and
to be a sheath flow that acts to isolate the sampled flow from the detection cell walls. However,
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it used a filter that became ineffective much sooner than predicted, causing a steadily increasing
interference signal to appear in the GTHOS data. The interference signal was laser-generated and
so by varying the laser power this signal could be quantified and removed from the OH data.

2.4 The Regional Atmospheric Chemical Mechanism, Version
2
Over the past two decades, several models have been developed that attempt to describe atmospheric chemistry. Some of these claim to explicitly describe the relevant chemistry like the Master
Chemical Mechanism (MCM). However, even in the MCM, many rate coefficients for similar reactions with different VOCs are exactly the same. Because of this, and to cut down on computational
expense, some models take a less explicit approach to describing the chemistry. One of these
”lumped parameter” models, the Regional Atmospheric Chemical Mechanism Version 2 (RACM
2), was used for the model analysis in this paper.
RACM 2, is an updated version of the original RACM, which itself came from the RADM
model and its successor RADM2 (Goliff et al., 2013). The model aggregates organic species into
several categories based on how they react with other constituents in the atmosphere. Species
that react similarly are placed into the same category and are treated as one chemical type. The
model reaction scheme thus uses these chemical types and their reaction products. Given the
high isoprene levels expected in the campaign and the need and ability to examine the isoprene
mechanism in detail, isoprene chemistry is taken out of the RACM 2 lumped mechanism and is
included as explicit reactions in the model. The explicit isoprene mechanism is taken from Paulot
et al. (2009).
In order to calculate OH and HO2 , values of other chemical species were set to the measured
values when possible in the model thus constraining the model to the other measurements. The
specific measurements included in the model run were selected both due to their presence in the
RACM chemistry but also for their quality and consistency over the course of the SOAS campaign.
Any data which were missing or otherwise unsuitable for integration into the model were removed
and an interpolation was used to fill in these missing data. All of the data were then interpolated
onto the same time-step of ten minute intervals and organized into the text input files used to run
RACM 2.
Because photolysis frequencies (J values) were not measured during SOAS, J values input
into RACM 2 were calculated using the NCAR Tropospheric Ultraviolet and Visible Radiation
Model (TUV) (Madronich and Weller, 1990). TUV can return calculated J values for 86 different
photolysis reactions based on date, time and location. In addition to TUV, other J values needed to
run RACM 2 were calculated from the equations used in the MCM.
Both of these methods used to calculate J values assumed clear overhead skies. In order to
properly account for the affects of overhead cloud cover, a method of determining JNO2 based
on measurements of solar irradiance was used. This method, described in Trebs et al. (2009) was
shown to produce accurate values for JNO2 . By comparing these ”measured” values of JNO2 to
the calculated values produced by TUV, a correction factor that varied between 30 and 80 percent
of the clear sky J values could be created which was then applied to the other calculated photolysis
rates from TUV.
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Chapter 3
Laboratory Diagnostics of RO2 Interference
Several diagnostic tests were conducted prior to the comparison of the SOAS measurements
to the model. These tests were performed to better characterize the RO2 interference signal in the
HO2 measurements. By performing these tests, the data processing programs used for the SOAS
data could be adjusted to match the performance of the instrument during SOAS and ensure that
the reported numbers were as accurate as possible.

3.1 HO2 Conversion and RO2 Interference
As discussed in Chapter 2, Fuchs et al. (2011) found that HO2 measurements made by converting HO2 to OH were prone to interference due to conversion of RO2 as well(reactions 2.4 2.5
2.6).
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Figure 3.1: Seen here is the setup used to determine the relative signal strength of several common
RO2 s seen in SOAS. Humidified air flow is modified by the addition of controlled flow of either
a CO mixture or an RO2 mixture. The combined airflow is passed by a mercury lamp to create a
large OH signal which reacts with the other present gas species as they enter the instrument.

To characterize the interference, we determined the efficiency with which GTHOS converts
several RO2 s relative to HO2 . To perform the experiment, a flow tube system was added just
above the GTHOS inlet (figure 3.1). Pure zero air was flowed through a bubbler and then the
moistened air passed by a 185 nm mercury lamp producing OH and HO2 through the photolysis of
water. About a meter before the lamp, gases could be added to the flow via a manifold. First, the
conversion efficiency of pure HO2 was determined for several different NO flows that were used
during SOAS (figure 2.3). For this test, carbon monoxide was added to the flow to convert OH
over to HO2 . CO was used for this test for its reaction which directly converts OH to HO2 instead
of going through an intermediate step. Based on previous experiments, a ten sccm flow of NO
produced the best conversion efficiency for HO2 . The conversion efficiencies of the other flows
were then determined based on their relative signal strength to that produced with a 10 sccm NO
flow.
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Figure 3.2: Results of the HO2 conversion tests performed after SOAS. The conversion efficiency
for NO flows relative to 10 sccm flow is shown. GTHOS HO2 calibrations are performed with a
10 sccm NO flow. Thus, 10 sccm is used as a reference value to determine measured HO2 at lower
NO flows.

To find the relative conversion efficiency of the RO2 species, CO was replaced with several
different VOCs, including some believed to be present during SOAS, notably isoprene. The flows
of these gases was calculated such that the OH reactivity of the total flow was the same as CO for all
trials. The experimental procedure was also the same for all trials. RO2 conversion efficiency was
measured relative to the conversion efficiency of HO2 for the same NO flow range. The conversion
efficiency for each NO flow was then compared to its counterpart in the CO trial. By dividing the
two signals, the conversion efficiency of the various RO2 s relative to the conversion efficiency of
HO2 was determined for each flow of NO (figure 3.3).
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Figure 3.3: Results of the RO2 interference testing. While the shape of the conversion curves
were similar for all of the gases tested, Isoprene conversion had the largest relative magnitude of
the potential RO2 sources. Given its large contribution to SOAS RO2 , the isoprene conversion
efficiencies shown here were used to estimate the HO2 RO2 interference seen during SOAS.
Ultimately, the relative conversion efficiency of RO2 was dependent on the NO flow into the
instrument. For flows of NO less than one sccm, the relative conversion efficiency for all tested
VOCs was below 10%. For higher flows like seven sccm, some VOCs only reached around 30%
while other VOCs like isoprene and propene reached relative conversion efficiencies as high as
70%. Given the high concentration of isoprene at the SOAS site, this large conversion efficiency
was of particular interest as it implied that HO2 measured at SOAS was likely significantly affected
by RO2 conversion.
These results are similar to the findings of Fuchs et al. (2011). The paper describes experiments
performed to quantify RO2 interference in a different instrument that also uses NO conversion to
OH to make measurements of HO2 . For internal NO concentrations of 1.3 x 1014 cm−3 isoprene
had a relative conversion efficiency of 79%. The authors of the paper came to the same conclusion
that isoprene could create a large interference signal in HO2 measurements made by this method.
As seen in Figure 3.3 the relative conversion of RO2 s at a 0.5 sccm NO flow is less than 10% for
all tested RO2 sources. Therefore, reported HO2 concentrations for SOAS are derived only from
times where the flow rate was set to 0.5 sccm. HO2 data collected for other flows is excluded from
reported HO2 .
An interesting result from this experiment is the possibility that the HO2 measurement axis
could be used as a rough measure of ambient RO2 values in the atmosphere. The NO ramp used
during SOAS was on a cycle that averaged at two and a half minutes. By assuming that the HO2
concentration changes little between 0.5 sccm datapoints, we can find the difference between real
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HO2 and the signal from RO2 . Knowing the conversion efficiency of the different RO2 s by NO, it
is possible to approximate the amount of RO2 . To test the plausibility of this theory, we tested this
for a case under an assumption that all RO2 came as a result of isoprene. Given that isoprene was
a dominant BVOC during SOAS this is a fairly reasonable assumption to make.
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Chapter 4
Results
4.1 Measured OH at SOAS
The measure of OHchem and OHint can be compared to the OH calculated by the model. While
the comparison varies day-to-day, the comparison of the median diurnal variation is illustrative
(Figure 4.1). As seen in the figure, both measurements seem to follow the same diurnal patterns,
but OHwave is consistently higher than OHchem . This result is similar to that of Mao et al. (2012).
The removal of OH generated by the external Hg lamp with the chemical method proves that
OHchem is the real OH concentration.
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Figure 4.1: Pictured is a comparison of the average diurnal values of OHchem , OHwave , OHint and
modeled OH. OHchem has a 2 σ confidence interval of plus or minus 40%. Modeled OH has a
confidence interval of ±30%. While both OH measurement methods seem to show the similar
diurnal trends, OHchem is consistently lower than OHwave and has a much stronger agreement with
modeled values. Comparing OHint and OHwave seems to show that OHint has a strong effect on
the behavior of OHwave . A 1 σ confidence interval is represented on this graph.

OHint , the difference between OHchem and OHwave is also plotted in this figure. OHint behaves
differently from OHchem , peaking later in the day and persisting longer into the evening hours than
OHchem does. OHint also appears to drive the shape and behavior of OHwave more than OHchem
does. This difference in diurnal behavior may help to determine the source of this interference in
later work.
Model-predicted OH matches well with the measured values of OHchem . The median midday concentration of OH predicted by RACM 2 is 9.0(±2.7)x105 molecules cm−3 while measured OHchem concentration is 9.3(±3.6)x105 molecules cm−3 . The modeled to measured ratio is
1.03±0.3 for OH. The temporal behavior of OH does differ between the modeled and measured
values. Modeled OH concentration continuously increases until reaching a daily maximum and
then begins decreasing until nighttime. Measured OH plateaus in the late morning and then remains fairly constant through the early afternoon. However, it is likely that these differences are
not statistically significant. Midday OHint concentrations are much higher than true OH at 2.7x106
molecules cm−3 .
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4.2 HO2 Measurements and RO2 Interference
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Figure 4.2: HO2 measurements were greater in concentration than modeled predictions by about a
factor of two consistently throughout the campaign. In addition, modeled HO2 peaks earlier in the
day than the measured concentrations. That behavior is easily seen here in this comparison between
median diurnal values of the two values. The 2σ confidence intervals for both measurements is
±30%.
HO2 measurements, pictured in Figure 4.2 followed a diurnal trend as would be expected from
past measurements. However, when comparing values of HO2 to model results, there is a considerable discrepancy. Throughout the campaign, measured HO2 , which has a midday average of
46(±14) ppt, are over twice the values predicted by the model output which have a midday average of 20(±6) ppt. Nighttime concentrations for HO2 saw a lower discrepancy with a measured
concentration of 7.4 ppt compared to 2.8 ppt for nighttime averages. However, the ratio between
the measured and modeled values remains nearly the same as during the daytime.
This result is similar to the results described in Hens et al. (2013) which also reported a ratio of
measured versus modeled HO2 of almost two. This study also reported good agreement between
measured and modeled OH so it is possible that the cause of the discrepancy in modeled HO2
is related for these two studies. Conversely, Mao et al. (2012) found HO2 to be over-predicted
by the model. Mao et al. (2012) took place over a forest environment where the chemistry was
dominated by MBO and pinenes as opposed to the SOAS environment which was dominated by
isoprene chemistry. This difference in chemical composition may help to explain why HO2 was
more accurately modeled in that instance.
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4.2.1 RO2 Interference Signal
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Figure 4.3: Seen here, RO2 interference as a function of NO flow from SOAS is comparable in
shape and magnitude to RO2 interference due to pure isoprene measured in the lab after SOAS.
This result suggests that RO2 measured at SOAS was primarily due to isoprene based RO2 s.

As discussed in Chapter 3, lab testing was done to characterize the potential RO2 interference
source outlined in Fuchs et al. (2011). This testing determined that measurements taken with
the lowest flow of NO into the instrument would be the only ones without the risk of significant
interference in reported HO2 . As a result, only these measurements were used to report HO2
concentration. One advantage of this setup though is that it allows us to characterize the effects
that RO2 s are having on the measured values of HO2 . By examining the difference in reported HO2
signal between measurements at different HO2 values we can create a chart very similar in shape
and form to the one created from the laboratory experiments performed after SOAS.
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Figure 4.4: HO2 measurements were greatly affected by RO2 interference for high NO flows. This
is illustrated well in data from July 1. Notice that HO2 reported by GTHOS is much higher when
NO flow into the instrument is 10 sccm.

As seen in figure 4.3 the relative conversion rate of RO2 is fairly small when flows of NO are
small. However, the relative conversion increases notably as the flow of NO is increased, much
like the lab results predicted they would. By the time 10 sccm of NO flow is reached, reported
HO2 signals are over 40% greater than the actual ambient HO2 . As shown in 4.4, this discrepancy
has an absolute value of only a few ppt during the night time hours when overall HO2 is low.
However, during the daytime hours, this discrepancy can reach as high as 20 ppt for 10 sccm flow
of NO. An examination of modeled RO2 concentrations found that the majority of RO2 during
SOAS came from isoprene based peroxyradicals. Even when combined, the contribution of all
other RO2 sources is low when compared to the isoprene contribution. This result also gives us
confidence that subtracting RO2 from the HO2 signal based on the isoprene lab results, while a
slight over-prediction, was a reasonable decision.
This correction to HO2 measurements will need to be applied during future field work. However, it could prove to have a few benefits in future work. It is possible that the shape and magnitude
of the RO2 conversion cure could be used to infer the composition of ambient RO2 present in the
local atmosphere and its concentration. However, further work will be required to determine the
feasibility and utility of such approximations. In the interim, care should be taken to ensure that
this interference does not affect the quality of HO2 measurements. Pure NO flows of 0.5 sccm or
less are the least susceptible, but these low flows could result in uneven NO mixing in the sample.
This problem could potentially be avoided in the future if an NO mixture was used. In this configuration, a flow rate could be used that ensures good mixing, without introducing too much RO2
interference.

23

4.3 OH Reactivity
OH reactivity calculated from a combination of measured and modeled species failed to match
the measured OH reactivity in the field. As seen in figure 4.5, a consistent factor of two difference
between the modeled and measured OHR was present throughout much of the campaign. Results
like this are not uncommon for forested environments and were recently seen in Hens et al. (2013).
However, some campaigns, such as Mao et al. (2012) have had success in accounting for most of
the observed reactivity but only after adding OH reactivity from modeled species that were not
measured to the calculated OH reactivity using only the measured species.
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Figure 4.5: Calculated OH reactivity ended up falling well short of the OH reactivity measured
during SOAS. This missing reactivity may be due to lacking measurements of RO2 and may also
be related to missing HO2 in the model.

One possible explanation for this missing reactivity is related to hydrocarbons and isoprenebased RO2 species that go unmeasured and unaccounted for in the model. This possibility, discussed further, in Hens et al. (2013) may also help to explain the under-prediction of HO2 by the
model. Unrealized species would be highly reactive with ambient OH, helping to fill in the missing reactivity. In addition, these unrealized species would also be able to form more RO2 s which
would go on to produce HO2 by reaction with ambient NO (Equation 2.7), helping to increase
HO2 in the model. Model analysis showed that a large majority of the active RO2 species during
SOAS were products of reactions with isoprene. Thus, it is likely that missing RO species would
be isoprene-based as well.
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Figure 4.6: OH reactivity measurements were taken at a 30 second resolution throughout SOAS.
Measurements from July 12 provide a fine example of OH reactivity variability increasing during the daytime hours, a feature not seen in the time averaged OH reactivity plots used for most
analysis.

As seen in Figure 4.6, OH reactivity showed a strong diurnal trend much like OH and HO2
throughout the course of the campaign. One interesting feature to note however, is the fairly large
increase in variability that OH reactivity acquire during the daytime hours. One possible explanation for this behavior is that daytime convective eddies were sometimes lifting highly reactive
BVOCs up from the forest canopy, while at other times, sinking air brought relatively clean air
from higher up in the atmosphere. However, comparisons between OH reactivity and measurements of other BVOCs like isoprene will need to be made before we can know if this is the cause
of the variability for sure.

4.4 HOx Budget Calculations
To investigate the modeled versus measured HO2 and OH reactivity discrepancies further, calculations of the HOx budget for the SOAS campaign were performed. Calculations for both the
production and loss of OH and HO2 were made using reaction equations from RACM 2. Measured
values were used in the calculations when available, though model calculated values were used to
fill in any chemical species that were not measured during SOAS.
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Figure 4.7: Seen here are calculated diurnal averages of OH production and OH loss. The plot
shows good agreement between OH production and loss for most times of the day.

The strong agreement between measured values of OH and model calculations is explored in
calculations of the HOx budget for SOAS. As seen in figure 4.7 there is very good agreement
between the calculated terms for the production and loss of OH for all times excluding the late
morning. However, in the morning, there is a factor of 1.5 discrepancy between production and
loss of OH.
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Figure 4.8: Calculations of the daily HO2 budget, seen here, show that the calculated loss of HO2
was much larger than its production. This discrepancy could shed light on the under-prediction of
HO2 by RACM 2.

The HO2 budget showed a much lower level of agreement than OH did. The sink term for HO2
was consistently about 7 times lower than the production term for the campaign. The fact that the
sink term for HO2 was so much greater than the calculated production term could help to explain
why modeled HO2 was under-predicted relative to the measured values. The presence of additional
RO2 , which would lead to additional HO2 , would increase the HO2 production rate and thus could
bring the HO2 production into closer balance.

4.5 OH Levels Relative to NOx concentration
Recently Rohrer et al. (2014) suggested that there is a possibility that ambient BVOCs do not
suppress OH concentrations as much as previously thought. To support this hypothesis, a plot
of normalized OH vs normalized NO2 was shown with average OH vs NO2 values from several
previous field campaigns plotted in addition to a theoretical curve of how OH concentration should
vary with respect to NO2 based on the current understanding of the chemistry. The OH and NO2
value at which OH peaks depends strongly on the environment, so to put all the results from
different field studies on one curve, the OH value is normalized by dividing by the peak OH
value from the theoretical curve and the NO2 is normalized by the NO2 value for which OH was
maximized in that environment. Thus, the model was run for many different NO2 values for each
environment so the normalized values could all be plotted on one graph
Figure 4.9, a recreation of the original plot shown in Rohrer et al. (2014), shows that measured
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OH values tend to agree with model predictions in high NOx environments like cities, but that most
previous studies have found a large discrepancy between modeled and measured OH for low NOx
environments.
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Figure 4.9: This figure, similar to the one seen in Rohrer et al. (2014), shows normalized OH values, compared to increasing NO2 .The plotted line is a theoretical curve of how OH should respond
to increasing NO2 generated from current models. Plotted points are derived from reported data.
Circular points represent measurements taken by OHwave like methods while diamonds represent
measurements taken by OHchem . Letters denote different field campaigns :A, SOAS; B,Amazon
midday and afternoon measurements; C, Borneo; D US deciduous forest; E, Perl River Delta morning and afternoon averages; F, Beijing morning and afternoon averages; G, Mexico City in 2003;
H, Mexico City in 2006; I, BEARPEX; J, New York; K, Tokyo. Non SOAS measurements drawn
from Rohrer et al. (2014) and references therein
In order to add SOAS data to this figure, a one day dataset was created from the median diurnal
values of all of the measurements used to constrain RACM 2 runs. NOx values being input into
the model were then modified to create datasets with NOx values from 1% to 1000% of the actual
measured concentrations from SOAS. The model was then rerun for these scenarios, and a fit was
applied to the results to create the smooth curve. Individual points determined from measured
results were then added for the SOAS data as well as previous campaigns.
As seen in Figure 4.9, measured values of OHchem are nearly identical to model predicted
values of OH. This level of agreement with modeled values is only matched by measurements
described in Mao et al. (2012) in the low NOx regime. Interestingly, these two measurements are
the only ones plotted where OH measurements were taken via a chemical removal of OH system.
OHwave measurements are also included on this plot for both the SOAS and BEARPEX campaigns.
The OHwave results would seem to agree with the other low NOx results shown in Rohrer et al.
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(2014) and would support the conclusions drawn in the paper that unaccounted for recycling of
OH is taking place in low NOx environments. However, the strong agreement between measured
OHchem and modeled OH for both the SOAS and BEARPEX campaigns supports the hypothesis
that LIF-FAGE instruments have been reporting an interference OH signal in addition to the true
OH concentration in low NOx environments. Such a hypothesis would also imply that OH behavior
in forests is fairly well understood, even if there is still a problem.
Given the differences that exist between different instruments used to measure OH by FAGELIF methods, it is important to point out that potential interferences in the GTHOS system may not
apply to other instruments. However, it is possible that an interference source may be responsible
for the large discrepancy that exists between measurements and model calculations of OH in low
NOx environments.
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Chapter 5
Summary and Conclusions
Given the prevalence of forested environments around the world, having an excellent understanding of how the local chemistry around them works is vital to developing accurate global chemical models. Past field campaigns in forested environments have reported discrepancies that have
led to concerns that forest oxidation chemistry is poorly understood and characterized in models.
This has proven especially true in isoprene rich forests where OH measurements have often been
well above model predictions. However, these results present the possibility that this chemistry
is better understood than previously thought. The addition of the OHchem measurement system
to the existing GTHOS instrument has presented evidence that other LIF-FAGE instruments may
be subject to a previously unknown interference signal. As was the case with Mao et al. (2012),
measurements made by OH chem, show a strong agreement with model predicted OH.
Some have suggested that these processes are being poorly characterized by models and that
more effort must be made to improve the isoprene schemes used by them. Rohrer et al. (2014)
even suggested that the recycling of OH in forested environments was much greater than previously thought. However, based on the results presented here, chemistry models making use of the
mechanisms outlined in Paulot et al. (2009) appear to simulate the observed oxidant levels, at least
for OH. Thus, it stands to reason that any global chemical models making use of this chemistry will
be able to properly describe the important OH chemistry taking place above the planet’s forests.
That said, the chemical model used in this study did struggle to accurately reproduce the HO2
levels measured in the field. In addition, half of the OH reactivity is missing. As discussed earlier,
this may be due to BVOCs and their reaction products. More work will be required to properly
resolve the details of these complex reactions.
To confirm the OH findings, it would be ideal if other LIF-FAGE instruments were to install
similar chemical method OH measurement systems for their field campaigns. It is also essential
that the different instruments be brought together in the same forest for comparison studies. These
activities may also shed light on the source of the interference signal potentially seen by other
LIF-FAGE instruments. The measurements taken in Hens et al. (2013) made use of such a system
and saw similar strong agreement between measured and modeled OH over a forest environment.
In addition, great care must be taken to ensure that RO2 species do not artificially enhance the
reported signal of HO2 , especially in forest environments, where concentrations of RO2 can approach that of ambient HO2 . This interference can be mitigated by lowering the concentration of
NO being used in HO2 conversion to OH and by limiting the amount of time allowed for mixing
of NO and subsequent conversion of RO2 species. Comparing forest measurements from instru-
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ments that use different methods for separating HO2 from RO2 is vital to fully understanding this
interference.
In the future, different models and specific chemistry schemes should be tested to see how they
differ in resolving the aspects of oxidation chemistry. Exploring the strengths and weaknesses
of different models and schemes could be helpful in the development of newer more accurate
models that would be capable of properly modeling OH, HO2 and OH reactivity regardless of the
environment being modeled.
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