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Key Points:

e OH observations with a chemical ionization mass spectrometer during the
GoAmazon2014/5 study were lower than some previous studies

e OH reactivity during GoAmazon2014/5 were substantially lower than some of the
previous studies
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e Box model simulations of OH with five different chemical mechanisms show that
observed and model-predicted OH concentrations agree to within measurement
uncertainty of 40 %

Abstract

We present OH observations made in Amazonas, Brazil during the Green Ocean Amazon
campaign (GoAmazon2014/5) from February to March of 2014. The average diurnal variation of
OH peaked with a midday (10:00 — 15:00) average of 1.0 x 10° (+ 0.6 x 10°) molecules cm™,
This was substantially lower than previously reported in other tropical forest photochemical
environments (2 - 5 x 10° molecules cm™) while the simulated OH reactivity was lower. The
observational dataset was used to constrain a box model to examine how well current
photochemical reaction mechanisms can simulate observed OH. We used one near-explicit
mechanism (MCM v3.3.1) and four condensed mechanisms (i.e., RACM2, MOZART-T1, CBO05,
CB6r2) to simulate OH. A total of 14 days of analysis shows that all five chemical mechanisms
were able to explain the measured OH within instrumental uncertainty of 40 % during the
campaign in the Amazonian rainforest environment. Future studies are required using more
reliable NOy and VOC measurements to further investigate discrepancies in our understanding of
the radical chemistry in the tropical rainforest.

1 Introduction

Since Levy (1971) postulated the importance of hydroxyl radicals (OH) in driving the
photochemistry of the troposphere, numerous modeling, laboratory, and field studies have
explored its roles in determining the chemical lifetimes of reactive trace gases and producing
photochemical products such as ozone (O3) and secondary aerosol precursors such as inorganic
acids (HNOj3 and H,SO,) and oxygenated volatile organic compounds (OVOCs). Tropospheric
OH is primarily produced through Os photolysis and the following reaction of O (*D) and water
vapor (H20). The OH level is sustained by recycling processes through nitric oxide (NO)
oxidation to nitrogen dioxide (NO) by organic peroxy (RO-) and hydroperoxy (HO) radicals,
generated from the oxidation of VOCs (R1 — R3). Cross (HO, + RO,) or self-reactions (HO, +
HO; or RO, + RO,) between peroxy radicals compete with R2 and R3 to produce more stable
compounds such as organic hydroxy peroxides. At low NOy and high VOC environments,
regeneration of OH is suppressed by these chain terminating reactions. Therefore early studies of
conventional chemistry speculated OH levels are depleted in remote tropical rain forests (Jacob
& Wofsy, 1988; Logan et al.,1981).

RH + OH + O, - RO, + H,O R1
RO, + NO + O, = HO, + RCHO + NO, R2
HO, + NO —- OH + NO, R3

However, numerous field observations in relatively clean forested regions have reported
higher than model simulated OH concentrations, contrary to the conventional understanding of
tropospheric photochemistry (Carslaw et al., 2001; Hofzumahaus et al., 2009; Lelieveld et al.,
2008; Pugh et al., 2010; Ren et al., 2008; Stone et al., 2010; D. Tan et al., 2001; Thornton et al.,
2002; Whalley et al., 2011). In an airborne study above the tropical forests in Suriname,
Lelieveld et al. (2008) measured up to ~ 10 times higher than expected OH in the boundary
layer. During the Photochemistry, Emissions, and Transport (PROPHET) campaign in a
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deciduous forest in Michigan, observed OH was ~ 3 times higher than model simulations while
HO, showed reasonable agreement (D. Tan et al., 2001). At an isoprene dominated rural region
in the Pearl River Delta, China, measured OH overestimated the conventional chemistry
prediction by ~ 5 times while HO, agreed within uncertainty (Hofzumahaus et al., 2009).

Novel OH recycling pathways were proposed to reconcile the observed OH levels
(Archibald et al., 2010; Butler et al., 2008; Hofzumahaus et al., 2009; Kubistin et al., 2010;
Taraborrelli et al., 2009). For example, Hofzumahaus et al. (2009) were able to reconcile the
measured OH levels by forcing a hypothetical compound ‘X’ that is equivalent to 0.85 ppb of
NO in their model simulations. Laboratory experiments (Jenkin et al., 2007, 2010) indicated that
reaction between RO, and HO,, which was previously thought to be a chain terminating reaction,
could also produce OH. By assuming isoprene-derived peroxy radical chemistry, with an
enhanced OH recycling efficiency, the model well predicted the observed OH level based on the
airborne dataset from the boundary layer of a remote pristine rain forest over Surinam (Lelieveld
et al., 2008). More recently, chemical reactions mechanisms, such as isoprene radical
iIsomerization processes leading to series of reactions reproducing OH (Asatryan et al., 2010;
Berndt et al., 2019; Crounse et al., 2011; Peeters & Miller, 2010; Peeters et al., 2014, 2009;
Teng et al., 2017; Wolfe et al., 2012) have been proposed.

Alternative explanations for the higher than expected OH observations include positive
artifacts associated with internally generated OH. Previous studies of OH measurements in high
BVOC regions with the laser induced fluorescence (LIF) technique have shown that this artifact
can be as much as a factor of 3 (Feiner et al., 2016; Hens et al., 2014; Mao et al., 2012; Novelli et
al., 2014). Using an alternative background determining approach, the chemical removal method,
by adding propane (CsHsg) or hexafluoropropylene (CsFg) in the inlet to scrub OH, Mao et al.
(2012) reported up to four-fold lower observed OH concentrations than the conventional
background characterization method. By applying this chemical removal method, the authors
were able to account for the OH levels measured at the Blodgett Forest Research Station in the
California Sierra Nevada Mountains, using box model calculations embedded with the Regional
Atmospheric Chemistry Mechanism (RACM2) updated with additional isoprene hydroxyperoxy
radical isomerizations, suggested in previous studies (Crounse et al., 2011; Peeters et al., 2009).
Novelli et al. (2014) also implemented this chemical removing method in their LIF-FAGE
system in three different forested areas in Spain, Finland, and Germany. The authors found up to
30 — 80 % of OH overestimation from the recycling processes within the instrument. This study
also reported that an OH intercomparison between the modified LIF and the Chemical lonization
Mass Spectrometer (CIMS), which also uses propane as a scavenger, showed good agreement
between the different techniques. During the Southern Oxidant and Aerosol Study (SOAS),
Feiner et al. (2016) conducted HO, measurements with the Ground-based Tropospheric
Hydrogen Oxides Sensor (GTHOS) system using LIF, at a forested region near Brent, Alabama.
Compared to the method without the chemical removal, their LIF system using CsFs measured
~3 times less OH during the campaign. Comparison of measured OH between CIMS and LIF,
with the chemical removal background technique, during the SOAS campaign showed agreement
within instrument uncertainty of 40 % (Sanchez et al., 2018). However, the extent of the
instrumental interferences highly depends on the ambient conditions and details on the
instrumental configurations. For instance, recent chamber and flow reactor experiments (Fuchs
et al., 2016; Novelli et al., 2018; Rickly & Stevens, 2018) reported that ozonolysis of BVOCs
and photooxidation of MBO by OH, which were suspected to cause internal interference within
the LIF, likely generate negligible OH under atmospheric relevant conditions. Moreover, the
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interference has been shown to depend on the length of the inlet and the cell pressure of the
instrument (Fuchs et al., 2016; Rickly & Stevens, 2018).

Nonetheless, extensive improvements in isoprene oxidation mechanisms have been made
in the past decade (Bates & Jacob, 2019; Jenkin et al., 2015; Knote et al., 2014; Saunders, Jenkin
et al., 2003; Wennberg et al., 2018). Near-explicit chemical mechanisms such as the Master
Chemical Mechanism (MCM) (Jenkin et al., 2015; Saunders et al., 1997, 2003) and the recently
reported mechanism by Wennberg et al. (2018) include the most recent laboratory results of
detailed isoprene oxidation and the subsequent reaction of hydroxy peroxy radicals (i.e.,
ISOPOO) with other oxidants (NO, HO,, RO,) and its isomerization reactions. Crounse et al.
(2011) experimentally confirmed the generation of hydroperoxyenals (HPALDs) from isoprene
oxidation by OH in a chamber experiment. Laboratory experiments by Wolfe et al. (2012) have
confirmed that once produced, Cs-HPALDs can photolyze with a quantum yield of 1 (300-400
nm) to produce OH (yield =1). Additional OH production from this isoprene radical
isomerization reaction has been further supported by Fuchs et al. (2013) through an isoprene-
oxidation chamber experiment with experimental conditions similar to the field sites in the
Borneo rainforest and Pearl River Delta. The conventional chemistry in the MCM v 3.2 predicted
OH a factor of 2 lower than the measurements while the model embedded with the unimolecular
isoprene isomerization with rate constants based on the work, presented by Crounse et al. (2011),
matched well. Theses reactions have now been included in MCM v3.3.1 (Jenkin et al., 2015)
with adjusted rate coefficients (Crounse et al., 2014; Peeters et al., 2015). Feiner et al. (2016)
showed that box model simulations using the most recent MCM v3.3.1 were able to reproduce
OH observations measured with the LIF, with the chemical background method, in an Alabama
forest. However, even after considering the aforementioned observation interferences and
additional isoprene oxidation schemes, there still remains uncertainties as shown in recent
studies. In a chamber study by Novelli et al. (2020), model simulations with MCM v3.3.1 could
not reproduce measured OH, especially in low NOy conditions ( < 0.2 ppb). A field study in a
rural area near Wangdu, China, Z. Tan et al. (2017) reported higher observed OH as much as a
factor of two compared to OH simulated from the RACM 2 with additional isoprene chemistry
(Crounse et al., 2012; Peeters et al., 2014), when NO was below 0.9 ppb.

For practical purposes, chemical mechanisms need to be more condensed to be used in
global chemical transport models so that the host model framework can run efficiently (Goliff et
al., 2013). Simplifications require lumping organic compounds with comparable structure or
reactivity. It is important to find a reasonable compromise so that the simplified chemical
mechanism system can properly simulate ambient photochemical processes and the choice of the
type of condensed photochemical mechanisms in a model should be taken cautiously depending
on specific research goals (Chen et al., 2010; Dodge, 2000; Gross & Stockwell, 2003; Jimenez et
al., 2003; Knote et al., 2015; Kuhn et al., 1998). For instance, Knote et al. (2015) compared gas-
phase reactions of seven chemical mechanisms used in chemical transport models. The model
was constrained with the same emission and meteorology parameters, and the use of different
chemical mechanisms resulted in differences in simulated OH and HO, of up to 40 % and 25 %,
respectively. The authors concluded that the discrepancies were mainly coming from differences
in oxidation reactions of BVOC and nighttime chemistry.

The status quo motivates us to test out box model simulations of both near-explicit and
condensed mechanisms and examine whether they reproduce reasonable levels of OH, especially
in forested environments, where previous studies have shown significant discrepancies between
the measured and modeled OH. Here, we present OH observation using a CIMS at the T3 site ~
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60 km to the west of Manaus, Brazil as part of the Green Ocean Amazon (GoAmazon2014/5)
research initiative (Martin et al., 2017). This is the first OH dataset measured by a CIMS in a rain
forest environment. A multi-platform field campaign was conducted in 2014 in two Intensive
Operating Period (IOPs) — wet (1) and dry (I1) seasons. The wet season (Feb 1 — Mar 30)
represents a pristine condition while the dry season (Augl15 — Oct 15) is relatively polluted from
increased biomass burning. Further description of the different IOPs is described in Martin et al.
(2016, 2017). We only present here the data from the first IOP. The T3 ground observation site
served as a supersite to characterize trace gas and aerosol physical and chemical properties with
frequent overpasses of the DOE G-1 research aircraft. The location of the T3 site was carefully
selected to sample a wide spectrum of anthropogenic influences on the pristine background.
Manaus, the largest city in the state of Amazonas, is ~ 60 km away and air pollution plumes were
at times transported to the site during the field observation period. In order to quantitatively
assess our current understanding of tropospheric photochemistry, measured OH levels are
compared to observation-constrained box model simulations utilizing a suite of explicit and
condensed gas-phase mechanisms.

2 Materials and Methods

2.1 Chemical lonization Mass Spectrometer

A THS Instruments LLC Atmospheric Pressure Chemical lonization Mass Spectrometer
(AP-CIMS) was used to quantify ambient OH with an instrument configuration identical to that
deployed for the 2013 Southern Oxidant and Aerosol Study (SOAS) (Sanchez et al., 2018). The
mass spectrometer was housed inside an air-conditioned shed at the T3 site. The inlet sampled
outside ambient air at a height of 2 m above the ground. The analytical method was developed by
Tanner et al. (1997) and had mostly been used in low relative humidity environments such as the
free troposphere (Mauldin et al., 1998), polar (Liao et al., 2014, 2011, 2012; Mauldin et al.,
2010; Raso et al., 2017; Sjostedt et al., 2007), and non-urban regions (Kim et al., 2015; Sanchez
et al., 2018). During the past few years, the AP-CIMS has been deployed in high BVOC
environments and compared with ambient OH concentration reported by using LIF
instrumentation (Hens et al., 2014; Sanchez et al., 2018).

As thoroughly described in Tanner et al. (1997), the AP-CIMS technique for OH
quantification draws bulk air flow into the inlet (1/2”” OD metal tube) with a blower. From the
center of the inlet flow, a sample flow of 5 standard liters per minute (slpm) is introduced to an
injector system which consists of a pair of front and rear injectors. This allows injection of a
mixture of gases to convert the sampled OH into sulfuric acid (H,SO,4) (R4 — R6). Background is
characterized by adding excess pure C3Hg for chemical removal of OH. In an ion reaction
chamber, H,SOy is ionized by NO3™ reagent ion to produce HSO,4 (R7). NOgs' is generated by a
corona discharge ion source unit described in Kurten et al. (2011) as a zero air stream doped with
HNOj; passes over the ion source. The generated analyte ion (HSO,) is introduced to a collision
dissociation chamber (CDC), an octopole ion focus unit, and a quadrupole-channeltron ion
detection unit, a typical configuration for mass spectrometry applications in atmospheric
chemistry (Huey, 2007). A multi-point calibration was carried out as described in Sanchez et al.
(2018). Briefly, OH was generated from photolysis (184.9 nm) of water in a ~ 30 slpm N flow.
The humidity in the calibration system was known and controlled by adjusting the fraction of N,
flow being introduced to the water bubbler. The absolute water vapor concentration was
measured by a Vaisala dew point and temperature probe (DMP 8) calibrated by a dew point
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generator (LI-610). The generated photons from a UV lamp (Pen-Ray 90-004-01) was calibrated
by a Hamamatsu phototube (R5764) that was calibrated by the NIST calibration facility. The
calibration was conducted on a weekly basis and the precision of the calibration factor was
within 10 % (1c). The assessed limit of detection was 1 x 10° molecules cm™ and the uncertainty
was 40 % in 5 minutes for 2c.

30, +OH+M — H*S0;+M R4
H3S0; + 0, — **S03 + HO, R5
3303 + H,O0 + M — H,**S04 + M R6
H,**S0,4 + NO; — H**S0, + HNO; R7

2.2 Box Model Simulations

The Framework for 0-D Atmospheric Modeling (FOAM v3.2) chemical box model was
used to evaluate various chemical mechanisms for simulating OH levels during
GoAmazon2014/5. FOAM is a MATLAB (Mathworks®) based zero-dimensional model
framework (Wolfe et al., 2016), freely available at https://github.com/AirChem/FOAM. A more
recent version of the model (v. 4.0) has been released, which includes bug fixes, additional
model options, and chemical mechanisms, and the model results in this study are not expected to
change with the modifications made in the newer version. It has been utilized to explore the
oxidation chemistry in the troposphere with observational constraints from multiple community
campaigns (Feiner et al., 2016; Jeong et al., 2019; Kaiser et al., 2016; Kim et al., 2015, 2016;
Wolfe et al., 2014). The box model was constrained with a comprehensive set of trace gas and
meteorology measurements collected during GoAmazon2014/5. The analytical techniques and
references of the observational constraints used in this study are summarized in Table S1.
Alkanes and alkenes that could not be quantified by PTR-ToF-MS were adapted from
Zimmerman et al. (1988). Other parameters were measured during the campaign. A total of 14
days (Feb 12-14, 16-19, Mar 5, 9, 11, 13, 15, 16, 18) were chosen during the campaign based on
the availability of a complete dataset for the model simulations, excluding overcast and rainy
days. Each diurnal cycle was constrained by inorganics (i.e., O3, NO,, CO), organics (i.e., CHg,
biogenic and anthropogenic non-methane hydrocarbons), and meteorological parameters with a
time step of 5 minutes. Alkanes and alkenes from Zimmerman et al. (1988) were constrained in
the model with constant mixing ratios specified in Table S1.

NOx was not measured during the campaign due to technical difficulties along with NOy levels
often being below detection limit (LOD : 50 ppt). Therefore, NO, was constrained in the model
by assuming to be 6 % of the observed NOy. Liu et al. (2016) extensively discussed the
methodology to deduce NO from NOy using a box model and ground and airborne NOy dataset.
They concluded that NO can be reasonably estimated for their purpose of interpreting ambient
isoprene oxidation product distributions at the T3 site during the GoAmazon2014/5 campaign,
where the OH observation was also conducted. Isoprene reacts with OH to produce ISOPOO,
which can either react with HO, to produce hydroxyhydroperoxides (ISOPOOH) or with NO to
produce methyl vinyl ketone (MVK) and methacrolein (MACR). The relative branching depends
on the level of NO. The ratio (&) of ISOPOOH to the sum of MVK and MACR, both measured
during the campaign, was used to deduce the ratio of the corresponding production rates of each
(x). Based on the analysis by Liu et al. (2016), & was proportional to i and during background
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conditions (NOy < 1 ppb), & was 0.4 — 0.6 which corresponded to 0.6 — 0.9 of y. The
dependence of y on NO was then simulated using box models embedded with MCM v3.3.1 and
during background conditions, with y ranging 0.6 — 0.9, NO was deduced to be ~ 3 % of NOy.
The model simulated NO levels deduced by Liu et al. (2016) were well within previous NO
measurements in the Amazon basin (Liu et al. (2016) and references therein). Airborne
measurements during the campaign (DOI: https://doi.org/10.5439/1346559), when flying below
500 m, show a ratio of NO, to NO as 2.3 + 1 (for 1c). Therefore, in our study, NO, was
constrained in the box model as 6 % of measured NOy and NO was determined in the model
based on the photostationary state relationship.

For each day, we run the box model for two consecutive diurnal cycles, using the same
constraints for each cycle. The first diurnal cycle is treated as a “spin-up”. Sensitivity tests show
that the modeled OH from the second and tenth diurnal cycles show similar results with both the
slope and R? being 0.99 (Figure S1). Therefore, we report the second day of the diurnal cycle in
this study. The hybrid method in the FOAM model was employed for photolysis rate constant
calculations (J). This method calculates J values based upon assessed solar spectra from the
Tropospheric Ultraviolet Visible radiation model (TUV v5.2) (Madronich & Flocke, 1998) along
with cross sections and quantum yields from literature (Wolfe et al., 2016). Since the calculation
was conducted with a clear sky condition, the J values were scaled to total diffuse and direct
radiation between 0.4 to 4 um, measured at the T3 site during the campaign. The clear sky solar
radiation, that was used for this scaling, was derived by getting the profile of the clear sky solar
radiation from the TUV model and scaling it to the maximum midday values observed during the
campaign. No heterogeneous reactions were considered in the model. An additional first-order
loss rate was applied to all species, with a lifetime of 6 hours following Kaiser et al. (2016). This
loss term accounts for physical processes not present in the model (advection, entrainment, and
deposition) and is necessary to prevent build-up of long-lived oxidation products. The sensitivity
tests illustrate that the choice of the lifetime between 6 and 24 hours would not affect the OH
concentration simulations (Figure S1).

Five separate mechanisms, which were readily available in the box model framework
used in this study, were used for simulating OH: Master Chemical Mechanism (MCM v3.3.1),
Model for Ozone and Related Chemical Tracers (MOZART-T1), Carbon Bond Mechanism
(CB05), Regional Atmospheric Chemistry Mechanism (RACM2), and Carbon Bond 6
Mechanism (CB6r2). The total number of species and reactions of each mechanism and their
implementation in 3-D model frameworks are summarized in Table 1. Specifics of lumping for
each mechanism are presented in Table S2. All the presented box model runs were constrained
with the identical set of chemical and meteorological parameters. The Box Model Extensions to
Kinetic PreProcessor (BOXMOX) was used to run the MOZART-T1 mechanism since this
mechanism was not included in FOAM. BOXMOX is an extension to the Kinetic PreProcessor
(Knote et al., 2015) that uses a Rosenbrock solver. Comparisons between the two box models
embedded with the identical MCM v3.3.1 mechanisms and observational constraints showed
good agreement (Figure S2), which justify the comparisons of the model results between the two
different model frameworks.
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3 Results

3.1 Observation Results during GoAmazon2014/5

Figure 1 shows the 14 days of OH dataset used in this study. Bakwin et al. (1990)
reported background conditions of NOy in the Amazon rainforest during the wet season to be
below 1 ppb based on the probability distribution of data collected from the whole observation
period (April to May of 1987). As shown in the variation of NOvy in Figure 1, enhanced levels of
NOvy were frequently observed, most likely from pollution plumes from Manaus. Diurnal
averages and standard deviations of the 14 days of measured isoprene, total MVK and MACR,
monoterpene, toluene, benzene, and CO are shown in Figure 2. Based on the observations of
VOCs, isoprene is the most dominant OH sink in this environment consisting about 56 % of
midday OH reactivity (Figure S5).

The observed midday averaged OH level is significantly lower than those from the
previous field campaigns in similar photochemical environments as shown in Table 2. Among
the examples, GABRIEL, PROPHET, OP3, and Wangdu reported substantially higher OH than
the CABINEX, BEARPEXQ09, SOAS, and GoAmazon2014/5. BEARPEX09 and SOAS used
chemical removal method in their LIF system to determine background OH. During CABINEX
and the study in Wangdu, chemical removal method was tested out and the interferences were
concluded to be within the instrumental uncertainty. The campaigns presented in Table 2,
regardless of geographical differences, have two similarities. First, biogenics are the dominant
OH sink among the quantified trace gases. Second, NO is below 100 ppt and close to 50 ppt and
so can be categorized as a low-to-moderate NO regime based on the expected fate of peroxy
radicals. In the case of the Wangdu study, it was at a rural site near (< 200 km) some large cities
and therefore had a higher NOy level. For the BEARPEX 09 site, the local emissions were
mostly 2-methyl-3-buten-2-ol (MBO) and monoterpenes but isoprene was transported to the site
from a nearby oak woodland area in the afternoon (Mao et al., 2012). OH reactivity, which is the
inverse of OH lifetime, was relatively lower in PROPHET, CABINEX, Wangdu, and GoAmazon
than other campaigns in Table 2.

3.2 Comparison between Observed and Modeled OH

With the observational dataset collected during GoAmazon2014/5, box model
simulations were run for five different chemical mechanisms. Figure 3 shows the model
simulation results along with the OH observations on the corresponding day. In most of the days,
all five chemical mechanisms (i.e., MCM v3.3.1, RACM2, CB05, CB6r2, and MOZART-T1)
generally agreed well with the OH measurements within the instrumental uncertainty. Among
the 14 days presented in this study, 12 days (February 12", 13", 14™ 16™ 17" 18" 19" March
5™ o™ 11™ 13" and 16™) showed model estimates were within uncertainty of the OH
observations for most of the day except March 18" and March 15™. For March 18", the five
model simulations underestimated the observations up to 5-fold. For March 15", all mechanisms
overestimated the measurements up to 3-fold. The agreement between the model simulations and
the observations were the highest at midday with more discrepancies earlier or later in the day,
which is consistent with the findings reported by Sanchez et al. (2018) for the SOAS dataset.
Figure 4 shows correlation between OH observations and model results from 5 different
chemical mechanisms. The red lines are linear trend lines of the correlations between modeled
and observed OH. The results illustrate that the agreement is in general within the 40 %
uncertainty of the measurement throughout the OH range for the model runs with MCM v3.3.1,
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CBO05, CB6r2, RACM2, and MOZART-T1 mechanisms. This finding is consistent with Mao et
al. (2012) and Feiner et al. (2016) where they reconciled the observed OH with model
simulations. During BEARPEX09, Mao et al. (2012) measured OH with the LIF using the
chemical removal method at a ponderosa pine forest in Sierra Nevada. In their study, the authors
were able to reconcile the observed levels of OH through box model simulations embedded with
the RACM 2 mechanism with additional isoprene chemistry. An identical conclusion was
presented by Feiner et al. (2016) with the SOAS dataset where they compared observations with
box model runs with MCM v3.3.1. Indeed, the OH reactivity during GoAmazon2014/5 was
relatively low, which could lead to a less pronounced production of unexplained OH if there
were any. Rohrer et al. (2014) summarized previous field campaigns with high OH reactivity (>
10 s™) and showed that unexplained OH production persisted in low NO, environments
compared to studies in pristine environments with low OH reactivity (e.g., Holland et al. (2003)).
In addition, according to Mao et al. (2012) and Novelli et al. (2017), the interference from the
wave modulation method in LIF was more pronounced with increasing OH reactivity and
temperature, which is indicative of higher terpene emissions. SOAS and BEARPEX were carried
out in a high OH reactivity environment (Table 2) and observed up to a factor of three of
interference from the wave modulation method compared to the chemical removal method. In
comparison, CABINEX and Wangdu had lower OH reactivities, more similar to
GoAmazon2014/5, and reported interferences within instrumental uncertainty and the model
simulations still matched the observations generally well. On the other hand, it is also possible
that the total OH reactivity during GoAmazon2014/5 was higher than the model simulations in
this study. The model simulations only account for the constrained compounds and its oxidation
products within the chemical schemes of each reaction mechanism. Any unidentified or
unobserved compounds are therefore not considered in the modeled OH reactivity. However, our
midday averaged total OH reactivity (~8 s™), simulated by an observationally constrained box
model, corresponds to what Nolscher et al. (2015) measured near the ground (~ 7 s™) of the
Amazon rainforest and inside the canopy (~10 s™) during the wet season. In our study, isoprene
was the dominant sink for OH, accounting for ~ 56 % of simulated total OH reactivity in the
midday (Figure S5). This is consistent to Nolscher et al. (2015) where they reported that 60 % of
the total measured OH reactivity was explained by isoprene during the wet season at midday.
Moreover, their study reported that missing OH reactivity at midday during the wet season was
on average 5-15%, within the uncertainty (16 %) of the measurement. Therefore, we don’t think
the discrepancy between the modeled and measured OH reactivity would be significant in our
study since the observations were carried out during the wet season. During GoAmazon2014/5
we did not see a clear trend in the extent of discrepancy between modeled and observed OH with
respect to the level of isoprene (Figure S10). A follow up study in a similar environment with
higher isoprene levels is required to directly measure total OH reactivity and compare them to
previous studies with higher OH reactivity.

One uncertainty in the model runs originates from how NOy is treated in the simulations.
As described in the methods, NO, was assumed to be a fixed 6 % of observed NOv. However,
these assumptions are based on background conditions and the ratio of NO to NOv could vary,
which could result in substantial changes in simulated OH level if the model is sensitive to
constrained NO,. Among the OH measurement used in this study, 35 % of data points were
during the background conditions of NOy ( < 1 ppb). The diurnal variations of measured NOy
and estimated NOx for each case day are summarized in Figure S4. Moreover, since NO was
assumed to be in photostationary state with NO,, if there were any significant source of fresh NO
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emissions near the observation site, for example from soils (Alaghmand et al., 2011), this could
lead to uncertainties in modeled OH. NO emission from Manaus, however, is expected to reach
photostationary state by the time it reaches the observation site, which is several hours
downwind (Liu et al., 2016). In order to examine the potential uncertainties in the model caused
by the NO estimation method applied in this study, sensitivity tests were carried out by
constraining different NO, levels in the model embedded with MCM v 3.3.1. As in Figure 5 (a),
doubling the constrained NO; resulted in ~40% higher OH at midday. Although this is within the
instrumental uncertainty, it illustrates that the simulated OH is sensitive to how NO; is
constrained in the model runs. Quadrupling the constrained NO, resulted in a factor of ~2.5 of
midday OH. For example, on March 14™, which was not included in the 14 selected days,
midday NOvy ranged between 1 — 3 ppb. OH model simulations constrained with observation
from Mach 14™, resulted in an overestimation of ~3-5 fold compared to observations. This is
above the background NOy levels and the airmasses were likely affected by pollution from
Manaus, as shown in the back trajectories in Liu et al. (2016). Therefore, deriving NO as 3 % of
measured NOy might not be applicable in some observation periods selected for the model
simulations in Figure 3. However, we were not able to identify a clear dependence of the
discrepancy between measured and modeled OH with varying NOy levels as presented in later
parts of the discussion (Figure 7b). We acknowledge that the lack of NO and NO, observations
during GoAmazon2014/5 is a critical limitation in carrying out a more detailed analysis and
future studies with reliable NOy observations are imperative. It should also be noted that the
small alkane and alkene concentrations taken from Zimmerman et al. (1988) could be a source of
uncertainty. However, sensitivity runs in Figure 5 (b), by doubling or halving the alkanes and
alkene input concentrations rarely make a difference in the simulated OH, as isoprene is the most
significant chemical sink of OH (Figure S5). Another feature shown in about half of the
simulated days (i.e., February 12", 13" 16™ 19" March 9", and 15™) is the early morning peak
of OH in the model results that occurred around 8:00 — 9:00 local standard time (Figure 6). These
corresponded to a sudden peak in observed NOy levels, which could be from entrainment of the
residual layer or influence of plume originating from Manaus. The NOy estimation method used
in our model runs, which assumes a background condition of NOy, could be invalid at these
times.

Figure 7 illustrates the relationship between modeled and observed OH for the selected
14 days as a function of other parameters such as JO'D, NO,, isoprene, and Os. Each line with
markers is the binned median values of OH from observations (dashed line) and model runs
(solid line) of 5 different chemical mechanisms with respect to each parameter. In order to avoid
bias near the detection limit, OH observations below the instrumental detection limit were
included in the analysis when deriving binned median values in Figure 7. The 5 min averaged
observation data is also presented for comparison. The results show that the binned median of
modeled OH from all 5 chemical mechanisms show reasonable agreement within the observation
uncertainties throughout the whole range of photolysis (Figure 7a), which is consistent to what
Feiner et al. (2016) reported during the SOAS campaign. According to Liu et al. (2018),
noontime OH concentrations during GoAmazon2014/5 showed a positive correlation to
noontime NOy for IOP | (wet season) and Il (dry season) periods. In our study, modeled and
observed OH levels, measured throughout the 14 days, increased up until 0.2 ppb of model input
NO,, which is equivalent to ~ 3 ppb of measured NOv (Figure S6). Since solar radiation has a
strong effect on OH (Figure 7a), correlation between input NO, and OH was color coded with
JO'D (Figure 7b). Midday JO'D, calculated with the FOAM model, ranged between 1 — 5 x10° s
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! (Figure S9). In background conditions (NOy < 1 ppb), about 35 % of the observed OH (189
points among 539 points of 5 min averaged data) was when JO'D was above 2 x107 s™.
Therefore, the lower levels of OH in background conditions were not just driven by weaker solar
radiation. For other parameters, the median of the model results showed agreement within
uncertainty below 5 ppb of isoprene (Figure 7d) and 35 ppb of O3 (Figure 7¢), where they started
to diverge. Because median values from when the divergence occurred are based on fewer data
points than other bins, which showed good agreement, the bias may not be statistically relevant.
However, one should note that as shown in the sensitivity tests illustrated in Figure 5, the model
is sensitive to levels of NOy and the NOy levels estimated from relatively polluted air masses
with high levels of NOy are more uncertain compared to that from background air masses with
low levels of NOy. According to the chamber study by Novelli et al. (2020), modeled OH with
MCM v3.3.1 still underestimated the measured OH in NO conditions below 0.2 ppb. During
GoAmazon2014/5 both MCM v3.3.1 and condensed mechanisms were able to simulate OH
within the instrumental uncertainties of measured OH in background conditions (i.e., NO, < 60
ppt) as shown in Figure 7b. As model constrained NO, was derived from measured NOy,
assuming background conditions, the 35 % of the OH data points which were collected during
background would have less uncertainty in the model simulations than above background
conditions.

3.3 Comparison of Chemical Mechanisms

Figure 8 (a) shows comparison of steady state model simulation of midday (11:00 —
13:00) OH from MCM v3.3.1 and other mechanism (CB05, CB6r2, RACM2). Based on the
linear correlation, modeled OH from the three condensed mechanisms were 6 — 15 % lower than
MCM v3.3.1. Since the OH reactivity, which is inverse of the lifetime of OH, is similar between
mechanisms (Figure 8b), the discrepancies in the steady state modeled OH should result from
differences in OH production rate. Model simulations of midday HO, levels are compared
between MCM v3.3.1 and other mechanisms in Figure 8 (c). RACM2 resulted in about 25 %
less HO, than other mechanisms. This is consistent with what Wolfe et al. (2016) presented and
is due to lower HO, production rates. RACM2 has a factor of two lower reaction coefficient for
ISOPOO + HO;, than MCM v3.3.1 (Wolfe et al., 2016) but this did not compensate the
difference. Other mechanisms simulated HO; levels similar to MCM v3.3.1 and show that the
radical chemistry is comparable between these mechanisms embedded with the observations
during the GoAmazon2014/5. Modeled NO from RACMZ2 was slightly higher (< 7 %, Figure
S7a) than MCM v3.3.1, which could be due to slower loss rates from NO + HO,. This resulted in
~25 % less OH production rate from NO + HO, in RACM2 compared to other mechanisms
(Figure 8d). OH production rate from O3 photolysis was 20 % higher in RACM2 and 11 %
higher in CB05 compared to MCM v3.3.1 and CB6r2. Since O3 concentrations and photolysis
rate constants (Joip) were constrained identical in all the chemical mechanisms, production rate
of O'D was the same in all four mechanisms (Figure S7b). However, O'D loss rates from
quenching reaction to O°P were not identical due to differences in reaction coefficients, which
were up to 11 % (Figure S7b). Moreover, the reaction constant of O'D reaction with H,O to
produce two OH was 3 % higher in RACM2 than in MCM v3.3.1. Overall, these discrepancies in
the reaction constants contributed up to 20 % higher OH production rate from RACM2 from
O'D + H,0 compared to MCM v3.3.1 and CB6r2. Nonetheless, OH production rate in the
‘others’ category in MCM v3.3.1 was up to a factor of five higher than other mechanisms (Figure
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8d), which compensated for the slower rates in the inorganic reactions and resulted in the highest
total OH production rate. This is most possibly due to the additional isoprene reactions in the
MCM v3.3.1. (Jenkin et al., 2015) which has been updated with the recent theoretical and
laboratory studies (Berndt et al., 2019; Crounse et al., 2011; Peeters et al., 2014; Teng et al.,
2017). This isoprene scheme has not been updated in the condensed chemical mechanisms used
in our study. For comparison, OH simulations were carried out with the MCM v3.2 with model
constraints identical to the MCM v3.3.1. simulations. The MCM v3.2 does not include the recent
isoprene isomerization reactions and showed ~20 % less midday (11:00 — 13:00) OH than MCM
v3.3.1. (Figure S8). In conclusion, the five different chemical mechanisms mostly accounted for
observed OH levels during the first IOP of the GoAmazon2014/5 campaign. However, there
were systematic differences between the chemical mechanisms in treating fundamental radical
photochemistry in addition to differences in the isoprene isomerization reactions confirmed in
recent laboratory and chamber studies, which is worth noting on evaluating regional and global
photochemistry.

4 Conclusions

In this study, we reported OH observations measured with a CIMS in a rainforest during
the GoAmazon2014/5. The OH levels observed were similar to previous field observations that
used the LIF technique with the chemical removal method. Agreement within the instrumental
uncertainty was found between measured OH and box model simulations embedded with near-
explicit and 4 other condensed mechanisms used in chemical transport models. This contrasts
with previous studies that reported higher than expected OH levels in forested regions, but
consistent with recent results by Mao et al. (2012) and Feiner et al. (2016), where they measured
OH with the modified LIF technique during BEARPEXQ09 and SOAS campaigns. However, the
OH reactivity during GoAmazon2014/5 were substantially lower than some of the previous
studies that reported significant discrepancy between modeled and measured OH. It is possible
that additional unknown OH from understudied isoprene mechanisms could lead to a higher
discrepancy in higher OH reactivity conditions. Moreover, BVOCs that are not measured or not
identified could contribute to higher OH reactivity. Future studies at the site that encompasses a
wider range of BVOC emissions and measurements of total OH reactivity would help further
investigation.

Additionally, uncertainties in model simulations remain for example in model constraints
and rate coefficients. NOy observation data set during the campaign was not available due to
logistical difficulties and detection limit of the instrument. Therefore, it was estimated from
measured NOy in the model assuming background conditions. Modeled OH was sensitive to
constrained NOy levels, which highlights the importance of development of NO, measurement
techniques that can be implemented in low NOy environments to more accurately simulate OH.
The model simulations presented in our study showed agreement within instrumental uncertainty
of measured OH in the environmental conditions observed during the campaign, which
encompasses both background (35 %) and polluted NOy conditions. However, we acknowledge
that the lack of NOx measurements is a critical limitation of our analysis. Different chemical
mechanisms showed distinct OH production rates from OH recycling (HO, + NO) and primary
production (H20 + O (*D)), which could also be a source of uncertainty. MCM v3.3.1 showed
higher levels of modeled OH compared to condensed mechanisms that do not include recent
laboratory findings of isoprene isomerization reactions. Overall, while uncertainty remains, the
observation and model results show good agreement within the instrumental uncertainty of 40 %
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in the photochemical environment during the GoAmazon2014/5 study. Future field studies in a
wider range of OH reactivity conditions, for example during different seasons, with reliable NOy
measurements will further enhance our understandings and better clarify the uncertainties
presented in our study.
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Figures and Tables

Figure 1. Temporal variation of OH, isoprene, NOy, Os, and solar radiation during
GoAmazon2014/5. The frequency of the data is 5 min for OH, isoprene, and Oz and 30 min for
NOy and solar radiation. Only the 14 days chosen for this study are presented for OH.

Figure 2. Diurnal variation of measured and estimated trace gases averaged over the 14 days
used in this study. Shaded areas are standard deviations of the averages. NO, was estimated from
measured NOy and NO was simulated from box model simulations with MCM v3.3.1.

Figure 3. Comparison of measured and modeled OH during the GoAmazon2014/5 campaign.
The box model simulations of OH were embedded with 5 different chemical mechanisms. The
black line is the 5 minute averaged OH observation results and grey shades are 40 %
instrumental uncertainty of the CIMS measurement. The frequency of the model simulations
(markers) is 5 minutes.

Figure 4. Scatterplot of observed and simulated OH of 5 different chemical mechanisms. The

blue dashed line isa 1 : 1 line with a 40 % instrumental uncertainty in shades. Each grey marker
is a 5 minute data point and the red lines are the orthogonal distance regression fit between

This article is protected by copyright. All rights reserved.


http://www.arm.gov/campaigns/amf2014goamazon

575
576
577
578
579
580
581
582
583
584
585
586
587
588
589
590
591
592
593
594
595
596
597
598
599
600
601
602

603

604

605

606

607

608

609

610

611

612
613

manuscript submitted to Journal of Geophysical Research: Atmospheres

observed and modeled OH. 5 minute averaged observation results below detection limit were
included in the analysis.

Figure 5. Sensitivity of modeled OH to varying levels of (a) NO; and (b) VOC (i.e., alkanes and
alkenes), simulated with FOAM v3.2 box model embedded with MCM v3.3.1 mechanism. 5
minute averaged OH observation data (grey marker in (a)) below detection limit is included.
Only the data above detection limit is used for the averaged diurnal variation of measured and
modeled OH.

Figure 6. Comparison of observed and modeled OH from MCM v3.3.1 box model, shown with
measured NOy and modeled NO. The figure shows diurnal variations averaged over the selected
days (i.e., February 12", 13" 16" 19" March 9™ and 15™), which showed enhanced modeled
OH peak in the early morning. The grey shade is the standard deviation of the 6 days of OH
measurements.

Figure 7. Observed and modeled OH with respect to (a) O photolysis rate constant (JO'D), (b)
model input NO, (c) Os, and (d) isoprene. Lines with markers are binned medians of observed
and modeled OH. Grey square markers are 5 min averaged OH observation data above the
detection limit for (a), (c), and (d). Figure 7b shows results of correlation between OH
observations and input NO, below 100 ppt. Grey square markers in (b) includes data below LOD
and color coded with calculated JO'D. (Results above 100 ppt of input NO, are shown in Figure
S6)

Figure 8. Correlation plots between MCM v3.3.1 and other mechanisms of midday (11:00 —
13:00) (a) modeled OH, (b) modeled total OH reactivity, and (c) modeled HO,. (d) OH
production and loss rates from model runs embedded with different mechanisms. The rates are
averaged over midday and standard deviation of the midday averaged rates of the 14 selected
days are shown.
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Table 1. Chemical mechanisms used in box model simulation of OH.

- 617
Mechanism Number of_SpeC|es 3D model Reference 618
/ Reactions 619
a . 620
MCM v3.3.1 5832/ 17224 Jenkin et al. (2015) ¢»q
®CAM-Chem o
- ) ’ c 623
MOZART-T1 159 /328 WRE-Chem Knote et al. (2015) oy
e.g, “CMAQ, . 625
RACM?2 124/ 363 \WRE-Chem Goliff et al. (2013) g;g
e.g, CMAQ, 28
CB05 53 /156 WRE-Chem Yarwood et al. (2005229
630
CB6r2 771363 ICAMX Ruiz and Yarwood (2053}
632

# Full mechanism. For the subset used in this study, 5254 reactions and 1694 species

® Community Atmosphere Model with Chemistry (CAM-chem), which is part of the NCAR
Community Earth System Model (CESM)

° A preliminary version of the MOZART-T1 as published in Knote et al. (2014)

® Community Multiscale Air Quality system (CMAQ)

"Weather Research and Forecasting Model with Chemistry (WRF-Chem)

9 Comprehensive Air quality Model with extensions (CAMX)
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Table 2. Summary of OH and other trace gas measurements from various field campaigns conducted in high isoprene and low-
moderate NO environments. The averaged dataset (or median if applicable) from GABRIEL, PROPHET, OP3, and BEARPEXOQ9 are
taken from Rohrer et al. (2014) . Values from the CABINEX campaign and the study at Wangdu were estimated from Griffith et al.
(2013) and Z. Tan et al. (2017), respectively.

GABRIEL °PROPHET ‘OP3 dCABINEX *Wangdu 'BEARPEX09 ISOAS GoAmazon
(Oct. 2005) (Aug. 1998)  (Apr-May 2008)  (Jul-Aug 2009)  (Jun—Jul 2014)  (Jun-Jul 2009) (Jun-Jul 2013) (Feb-Mar 2014)

Analytical Technique LIF LIF LIF LIF LIF LIF LIF CIMS
A"eré"fng)T ime 14:00-17:00 10:00-11:00  11:00 -12:00 11:00 - 14:00  12:00-16:00  09:00-15:00  10:00-15:00  10:00 - 15:00
CO (ppb) 122 260 111 260 540 130 134 121
OH (molec cm) 4.4 x 10° 3.6 x 10° 2.2x10° 1.3x10° 6.9 x 10° 1.3 x 10° 1.2 x 10° il'()%xxlfge
Isoprene (ppb) 4.3 1.86 2 1 0.84 1.7 5.14 2.25
MVK+MACR (ppb) 16 0.34 0.21 05 0.71 0.79 1.41 1.34
NO (ppt) 13 80 40 50 250 74 42 27 + 25
NO, (ppt) 456 130 220 3300 200 293 '85 + 50
0 (ppb) 17 41 125 30 93 54 37 21
OH reactivity 19 11 19.8 12 11 185 211 85+ 1.4

s

% Tropical forest in Suriname, Guyana and Guyane (Lelieveld et al., 2008)

® Deciduous forest in northern Michigan (D. Tan et al., 2001)

¢ Danum Valley in the Sabah region of a Borneo forest (Whalley et al., 2011)

9 Deciduous forest in northern Michigan (Griffith et al., 2013)

¢ Botanical garden in a rural site in Wangdu, North China Plain (Z. Tan et al., 2017)

"Ponderosa pine plantation in the California Sierra Nevada Mountains (Mao et al., 2012)

9 Talladega National Forest in Brent, Alabama (Feiner et al., 2016)

" Chemical removal method for determining background OH conducted during the observation period or tested out after the campaign.
"NO, was estimated as 6 % of observed NOy and NO is averaged from box model simulations with the MCM v3.3.1
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