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Abstract

In this study, we investigate the atmospheric oxidation capacity in the marine boundary layer
during two measurement campaigns in spring and summer 2019 at the Tudor Hill Marine
Atmospheric Observatory, Bermuda. Measured species included non-methane hydrocarbons
(NMHCs), HONO, HNOs, particulate matter, particulate nitrates, NO, NO2, O3, in addition to the
meteorological parameters. Measured concentrations of all species were generally higher in spring
than in summer. During the spring and summer, OH initiation sources made 61% and 42% of the
total OH production rate (Pon) during the daytime, respectively. The higher levels of NMHCs and
OH production from ozone photolysis lead to a higher oxidation rate of NMHCs in the spring
compared to summer. However, the low NO in the spring and summer leads to inefficient recycling
of RO2 and HO2 to OH with HOz reaction with NO accounting for only 22% and 42% of Pon
during spring and summer. Sensitivity analysis suggests that OH reactivity in the MBL can be
potentially enhanced by an oceanic source rather than a secondary oxidation product. Including
halogen monoxides, BrO and IO were found to decrease HO2 by ~14 and 18% during spring and
summer, respectively, with marginal impact on OH due to the higher loss by aerosol uptake. The
results demonstrate the complex multiphase HOx-Halogen chemistry and call for a more
comprehensive multiphase investigation.
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1. Introduction

The atmospheric oxidizing capacity describes the rate of removal and abundance of air pollutants
(e.g., carbon monoxide (CO), methane, and non-methane hydrocarbons (NMHCs)) in the
atmosphere (e.g., Prinn, 2003; Elshorbany et al., 2009a). However, the oxidation mechanisms by
which these species are degraded in the atmosphere result in the formation of other harmful species
(e.g., ozone (O3) and peroxyl acyl nitrates (PAN)). Therefore, understanding the processes and
rates by which trace gases are oxidized in the atmosphere is paramount to our knowledge of the
atmospheric composition and climate. The term “oxidation capacity”, OC is the sum of the
respective oxidation rates of the molecules Yi (VOCs, CO, CH4) by the oxidant X (X=0OH, O3,
NO3) (Geyer et al., 2001), OC=Zkyi[ Yi][ X], where kyi is the bi-molecular rate constant for the
reaction of Yi with X. OH is the dominant oxidizing species, responsible for the degradation of
most trace gasses (e.g., Elshorbany et al., 2010b; Carpenter et al, 2010). The effectiveness of the
OH removal of species Y can be calculated from the OH reactivity, the inverse of OH lifetime.

The atmospheric marine boundary layer (MBL) is where the ocean and atmosphere exchange
heat, moisture, and energy (Fairall et al., 1996) but also chemical constituents (e.g., Van Den Berg
et al., 2000; Br ggemann et al., 2018). Recent studies showed that oceans can be a sink or a source
of several volatile organic compounds (VOCs) (e.g., Coburn et al., 2014; Zhou et al., 2014;
Miyazaki et al., 2016; Hackenberg et al., 2017; Mungall et al., 2017; Briiggemann et al., 2018),
which may affect the OH reactivity and oxidation capacity (Briiggemann, et al., 2018; Thames et
al., 2020). With oceans covering 70% of the Earths’ surface, MBL plays an important role in the
climate system, affecting particle and cloud formation (Zheng et al., 2021) and the global oxidizing
capacity. However, due to the high complexity associated with the logistics of field measurements
in the MBL environments, especially if carried out on ships and/or by aircraft (e.g, Mungall et al.,
2017; Thames et al., 2020), only limited MBL data are currently available. As a result, the
atmospheric chemistry of the MBL is still poorly understood (e.g., Carpenter et al., 2010;
Hosaynali Beygi, 2011; Thames et al., 2020)).

Few studies focused on the oxidation capacity and the radical budget in the MBL. While earlier
studies suggested that baseline photochemistry in the marine boundary layer can be accurately
calculated using simple approaches based on the oxidation of methane and CO (e.g., Penkett, et
al., 1997; Cox, 1999), later studies reported missing sources of O3 (Andrés Hernandez et al., 2001)
and HCHO (Burkert et al., 2001) indicating the importance of the oxidation of non-methane
hydrocarbons (NMHCs). In addition, recent studies show evidence of missing oxidants (e.g.,
Hosaynali Beygi, 2011) or OH reactivity species (e.g., Thames et al., 2020). Cox (1999) used a
simplified box model involving only CO and CH4 chemistry to simulate the HOx (OH+HO2)
chemistry during the summer season at two mid-latitude coastal sites in the northern and southern
hemispheres (Mace Head, Ireland, and Cape Grim, Tasmania) and concluded that their simplified
approach was adequate for defining oxidizing capacity in the unpolluted marine boundary layer.
Yang et al., (2004) studied the HOx chemistry during spring at a northern Atlantic coastal site
(Cape Norman, Newfoundland) using a more explicit approach and determined the relative
contributions of proxy radicals from several hydrocarbons to ozone formation and found that the
production of peroxyl radical is directly related to OH formation from O3 photolysis. They also
found that the variation of the correlation between peroxy radicals and O3 was significantly higher
during spring and suggested an additional ROz source (Yang et al., 2004). Carpenter et al. (2010)
investigated the seasonal characteristics of HOx at the Cape Verde Atmospheric Observatory and
found a high photochemical activity at the site as demonstrated by maximum measured spring and
summer concentrations of OH and HO: of 9x10° molecule cm™ and 6x10® molecule cm?,
respectively. They also observed higher OVOC:s in spring compared to summer, which highlights
their important role in regulating the seasonal cycle of the radical budget. Hosaynali Beygi et al.
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(2011) investigated the oxidant photochemistry in the Southern Atlantic boundary layer and
showed evidence of missing oxidants. Voughan et al., (2012) investigated seasonal observations
of HOx in the remote tropical MBL at the Cape Verde Atmospheric Observatory and showed that
HOx levels were higher in spring, and summer compared to winter, consistent with seasonal
variability in j(O'D) and water vapor concentration. They also noted that average measured OH
and HO:z in the clean remote MBL were lower than in more polluted environments. Recently,
Thames et al. (2020) investigated the OH reactivity in the MBL based on data from the NASA
Atmospheric Tomography (ATom) campaign, in which instruments on the NASA DC-8 aircraft
were deployed to measure OH reactivity. They concluded, from the difference between measured
and calculated OH reactivity, that an average missing OH reactivity of 0.5 s™! is due to unmeasured
volatile organic compounds (VOCs) or oxygenated VOCs (OVOCs) associated with oceanic
emissions. Therefore, the body of the literature in the recent years suggests an incomplete
understanding of the HOx chemistry in the marine boundary layer, which warrants further
investigation.

The marine boundary layer is especially influenced by halogen chemistry which affect HOx
budget via HO2 reactions with halogen monoxides (XO, X=Br, I) to form a Hypohalous acids
(HOX), which photolyze to form OH. HOX can be also lost via its uptake on aerosol particles, R3
(e.g., Carpenter, 2003; McFiggans et al., 2000).

XO+HO2 2 HOX + 02 R1
HOX+hv=> OH+ X R2
HOX + aerosol = R3

XO have been measured extensively over the last few decades with reported mean maximum
daytime values of 2.5+1.1 pptv and 1.4+0.8 pptv for BrO and 10O, respectively (e.g., Sommariva et
al., 2006; Read et al., 2008, and references therein). Mahajan et al., (2010) reported a year
continuous measurement of XO and reported mean daytime values of 2.8 and 1.5 pptv of BrO and
IO over the tropical Atlantic Ocean (Mahajan et al., 2010). Much higher values were reported in
the polar MBL, especially during ozone depletion events (e.g., Saiz-Lopez et al., 2007; Pohler et
al., 2010; Liao et al., 2012). No seasonal variability could be established for XO species (Read et
al., 2008).

In this study, we present an explicit analysis of the radical budget in the marine boundary layer
of Bermuda, during spring and summer, 2019, and investigate the potential impact of halogen
chemistry on HOx budget in the MBL in Bermuda.

2. Methodology

Two measurement campaigns were held in spring (April 17" - May 13") and summer (August
12t - September 12, 2019, to explicitly analyze the radical budget and HONO formation in the
marine boundary layer in Bermuda.

2.1. Measurement site

Measurements took place at the Tudor Hill Marine Atmospheric Observatory, operated by the
Bermuda Institute of Ocean Sciences (BIOS). The measurement site (see Figure 1) is located
on the west coast of Bermuda (32.2647°N, 64.8788°W). Sampling occurred in a tower at 23-
m above the ground and ~53 m above the sea surface. This facility is one of a few marine
atmospheric observatories worldwide and offers the ability to make year-round, complex
measurements of the atmosphere over the ocean without the use of a research ship or buoy
mooring. While the measurement site experiences air masses from different directions, only
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air masses of MBL origin (southerly to westerly winds) are investigated in this study. We filter
and define the air masses from the open ocean with wind direction >180° as marine air masses.
However, even the marine air masses (WD > 180°) were not necessarily pristine. Ship
emissions are an important source of pollution in the marine environment and our
measurements demonstrate this fact via few spikes in air pollutants during the day, higher in
frequency and magnitude in spring compared to summer. We didn’t filter these ship emissions’
spikes as we consider it part of the marine environment and that eliminating these spikes may
lead to a bias in our data evaluation since some data were collected over few hours’ time
intervals such as VOC and particulate nitrates, which we can’t filter for these spikes.

Figure 1: The Tudor Hill Marine
Atmospheric  Observatory site in
e Bermuda, indicated by the red star. The
North Atlantic Ocean geological location of Bermuda in
o haslDckias @) AN North Alantic Ocean is indicated by the
i square on the map. Adopted from
google maps.

2.2. Trace Gas Measurements

Trace gas measurements included, nitrous acid (HONO), nitric acid (HNO3), nitrogen oxide
(NO), nitrogen dioxide (NO2), ozone (O3), and particulate nitrates (pNO3), particulate matter
(PM2.5 and PM10) and non-methane hydrocarbons (NMHCs). HONO, NO2, HNO3, and pNOs3
were measured by long-path absorption photometry (LPAP, Zhu et al., 2022 and references
therein). Complementary meteorological data were obtained from the BIOS station. A brief list
of the measurement techniques used in this study is shown in Table 1. In addition, NOx
measurements at the Fort Prospect Air Quality (AQ) monitoring station, located close to the
center of Bermuda (32°18.1°N, 64°46.0’W), were also obtained for comparison purposes. More
details about the measurement techniques for all measured species, including their calibration
and uncertainty analysis can be found elsewhere (Zhu et al., 2021). C3-Cio NMHCs were
sampled at the Tudor Hill measurement site on adsorption tubes (Air toxics, Markes
International) using an automated sampling system equipped with a calibrated constant flow
pump, applying an airflow of 20 ml/min (Spring) and 40 ml/min (Summer) for 3 hours during
daytime and 6 hours during nighttime. After sampling, the adsorption tubes were placed in air-
sealed stainless-steel tubes, stored in a refrigerator, and returned at the end of each measurement
campaign to our laboratories at USF for thermal desorption (TD) GC-MS analysis following the
US EPA Compendium Method TO-17. The GC-MS system was calibrated using a multipoint
dynamic calibration using a standard NIST-certified 1PPM 65-component calibration mixture.
All the measurement data were averaged over 10 min time intervals. For VOCs, measured
concentrations during each sampling time period (e.g., 3 hours) were used for all 10 minutes time
intervals within this the sampling time period (see sec. 3.1).
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Table 1: List of measurement techniques used in this study

Parameter Instrument D.

NO chemiluminescence 32 pptv

NO2 LPAP 14 pptv

NO2 chemiluminescence 88 pptv

HONO LPAP 0.6 pptv

HNOs3 LPAP 1 pptv

PNO; LPAP 8.3 pptv

O3 UV absorption 1.7 pptv

NMHC’s TD/GC-MS 160 pptv (spring)
80 pptv (summer)

Solar radiation Eppley TUV 0.3 Wm?

2.3. Model simulations

A zero-dimensional photochemical box model based on the Master Chemical Mechanism,
MCMv3.3.1 (Jenkin et al., 2015; http://mcm.leeds.ac.uk/MCM) has been used to evaluate the
radical budgets during the spring and summer 2019 campaigns. The MCM photochemical box
model system of simultaneous stiff ordinary differential equations (ODEs) was integrated with a
variable order Gear’ s method using the FACSIMILE software (Curtis and Sweetenham, 1987)).
The model was constrained by 10 min average diurnal profiles of the following measured
parameters: relative humidity, pressure, temperature, NO, NO2, HONO, HNO3, O3, and
NMHCSs (see section 3.1). Constant methane levels of 1870 ppbv (NOAA-GMD) were used to
constrain the box model simulations. Monthly average CO mixing ratios of ~80 and ~75 ppbv
during spring and summer, respectively, were obtained from the MERRA-2 data (MERRA,
2021, see supplemental materials). Since we use only air masses of marine origin, CO values are
not expected to change significantly during the day. Since HCHO is not measured, simulated
HCHO levels in MCM are based on the photochemical oxidation of constrained measured
hydrocarbons. However, since we consider only air masses of MBL origin, emitted HCHO is not
expected to contribute significantly to MBL HCHO levels. Photolysis frequencies of O3, NOz,
HCHO, HONO, HOBr, and HOI were calculated based on measured UV (see Table 1), and the
TUV model (Madronich and Flocke, 1998) (see our accompanying paper by Zhu et al., 2022 for
more information) and constrained to the model. Other photolysis frequencies are parameterized
within the MCM model using a two-stream isotropic scattering model under clear sky conditions
(Hayman, 1997; Saunders et al., 2003). The parameterized photolysis rates are calculated as a
function of solar zenith angle and adjusted by a scaling factor, calculated from the ratio of
UV/TUV and model calculated j(NOz) values, which considers the effects of varying cloud cover
and aerosol scattering. The MCM photochemical model was run for a period of 5 days,
constrained with the same measured campaign parameters each day, to generate realistic
concentrations for the unmeasured intermediate species. Output from day 5 is used for data
evaluation. This model version is henceforth denoted as the base model. A series of rate of
production analyses (ROPA) were carried out in order to identify the most important
photochemical processes driving the formation and loss of OH and HOz. Several previous studies
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employed the MCM to study the HOx chemistry under high NOx (e.g., Elshorbany et al., 2009a;
2009b; 2010a) and low NOx environments (e.g., Elshorbany et al., 2012a), including in the
marine boundary layer (e.g., Carslaw et al., 1999a, 1999b, Carpenter et al., 2010) and showed
that MCM can reproduce the measured HOx levels within 20% (e.g., Carpenter et al., 2012). We
use a 1o model error of 25% based on the maximum calculated total uncertainty under typical
low-NOx conditions (Pilling et al., 2008; Kanaya et al., 2011; Feiner et al, 2016).

3. Results and discussions

3.1. Trace gas measurements

Figure 2 shows the 10 min diurnal profile of the measured species used in this study during the
spring and summer 2019 campaigns in the MBL in Bermuda. We note that the sampling site was
under the influence of local emissions on the island, and thus we filter and define the air masses
from the open ocean with wind direction >180° as marine air masses, see sec. 2.1 for more
details. We calculate an average day for each of the spring and summer campaigns where
simultaneous measurements of marine air masses for all species, including VOCs, are available.
During the spring campaign, the days of May 2" to 4™ were characterized by marine air masses
(WD > 180°). On May 2", only the second half of the day was used (from 1 PM on) since wind
speed was very low during the first half of the day (see Figure 2), which data could be impacted
by local emissions. During the summer campaign, the days August 25, 26, and 29, were
characterized with southern to westerly winds (WD>180°). These days, characterized by marine
air masses, were considered for the data analysis of the radical budget in the MBL.

500

spring summer
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time time

Figure 2: Diurnal profiles of trace gas measurements and wind speed (WS) and wind direction
(WD) during the spring and summer campaigns in Bermuda.

Average diurnal profiles of trace gas measurements in the MBL during the spring and summer
campaigns in Bermuda are shown in Figure 3 while daytime average values are shown in Table 2.
Trace gas concentrations were generally higher in spring compared to summer. Photolysis rate
frequencies are comparable during both spring and summer. During spring, air masses were mostly
impacted by northwesterly flows that originated from the North American continent. Spring day
average O3, NOx, HONO, and HNOs (see Figure 3) were slightly increased during the afternoon
(12:00 to 15:00), which might be due to local ship emissions. During the summer, air masses
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originated from circulated air masses above the North Atlantic Ocean (Zhu et al., 2022). Daytime
average NO2 mixing ratios during spring and summer were 170+£92 and 84+35 pptv, respectively.
NO mixing ratios during spring and summer were ~30+13 and 45+20 pptv, respectively. In
comparison, NO2 and NO average mixing ratios at the Fort Prospect AQ monitoring station in the
center of the island were 26+5 and 5+4 ppbv (spring, April 17-May 17, 2019), and 6+3 and 10+4
ppbv (summer, August 15-September 4, 2019), respectively, which provide further evidence that
there is little to no local influence on the MBL measurements at Tudor Hill. HONO average
daytime mixing ratios during the spring and summer were ~3+1 pptv. These values are much
higher than their corresponding nighttime values (Figure 3). Spring ozone levels are about two
times that during the summer while j(O'D) and j(NO2) values are comparable during spring and
summer. Relative humidity (RH) and temperature were higher in summer compared to spring with
average daytime levels of 80% and 300 K, respectively during the summer, and 75% and 296 K,
respectively, during the spring.

Average total measured mixing ratios of VOCs were ~9000 and 5000 pptC during spring and
summer respectively, which corresponds to a diurnal average VOC/NOx (pptC/pptv) ratio of
~50+25 during both spring and summer (see Figure 3). However, while VOC and NO:2 were higher
during spring compared to summer, average NO levels were slightly higher in summer compared
to spring (see Figure 3). The VOC/NOx ratio informs about the relative availability of VOC and
NOx in the air mass but does not necessarily determine if the system is VOC limited or NOx limited,
which can only be inferred from radical budget (Elshorbany et al., 2012a) or ozone sensitivity
analyses (e.g., Elshorbany et al., 2009b). During the spring campaign, nighttime VOCs were
sampled every 6-8 hours (compared to 3 hours during summer) and therefore average nighttime
spring values looks almost stable (see Figure 3). However, since we focus our analysis on daytime
HOx chemistry, the lower variability in nighttime spring VOC levels should not affect our data
analysis. Measured total NMHCs concentration shown in Figure 3 does not include several species
that were below our method’s detection limits (see supplementary), and it does not include
oxygenated volatile organic compounds (OVOCs), and therefore these VOC/NOx ratios should be
considered as a lower limit. We perform a sensitivity simulation to evaluate the possible impact of
a higher NMHCs and OVOC (that may result from the oxidation of NMHCs) levels (see sec. 3.8).
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Figure 3: Ten minutes average diurnal profiles MBL (WD > 180°) of simultaneously measured
species during the spring and summer 2019 campaigns in Bermuda.

Measured NMHCs were higher in spring than in summer as shown in Table 2. Average daytime
concentrations of the measured NMHCs are quite comparable to those measured in other marine
environments (e.g., Greenberg and Zimmerman, 1984; Black et al., 1996; Singh et al., 2000, and
references therein). For example, VOC levels in Table 2 are within literature values for propene:
70 to 660 pptv (Greenberg and Zimmerman, 1984; Black et al., 1996), benzene: 40 to 1960 pptv
(e.g., Black et al., 1996), and toluene: 30-1490 pptv (Greenberg and Zimmerman, 1984).
Ethylbenzene and xylenes originate also from combustion- and petroleum-based emissions and
their average daytime mixing ratios are within the range of reported values of 10 to 240 pptv for
m- and p-xylenes and 80 to 1100 pptv for ethylbenzene (e.g., Greenberg and Zimmerman, 1984
and references therein). Since only air masses of marine origin are considered, it is unlikely that
any of the measured benzene and alkylbenzenes might have resulted from traffic emissions in
Bermuda. In addition, since the daytime average lifetime of benzene (1.7-2.2 days), toluene (0.4-
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0.5 day), and ethylbenzene (0.2-0.4 day) during the study period in spring and summer,
respectively, is shorter than the transport time from the continental US (Zhu et al., 2022), they
might have originated from marine-based traffic emissions (e.g., ship emissions) as was also
concluded in previous studies. Gschwend et al. (1980) and Greenberg and Zimmerman, (1984)
showed that measured alkylbenzenes and other hydrocarbons in surface water were sufficient to
be in theoretical equilibrium with atmospheric mixing ratios. They attributed the dissolved
aromatic hydrocarbons to direct surface water pollution from marine traffic and offshore petroleum
production and its subsequent dispersion, which highlights the importance of ship emissions on
the marine boundary layer.

Table 2: List of species constrained to the MCM box model and their average daytime values.
Refer to Table S1 for a completed list of measured NMHCs.

Average Mixing Ratios [pptv]

Compound Name

Spring SD Summer SD
Os 34063 340 13430 620
NO 30 13 45 20
NO2 170 92 84 35
HONO 3.3 1.2 3.2 1.2
HNOs 64 46 12 3
Propene 485 51 379 23
Benzene 649 50 296 109
Toluene 182 14 104 14
Ethylbenzene 123 10 79 29
m- & p-xylene 117 9 50 22

3.2. OH Primary Sources

Primary OH sources are responsible for the formation of new OH radicals and include net
HONO photolysis, Por(HONO) = j;JHONO] — kon+No[OH][NO], ozone photolysis, Pon(0O3), and
alkene ozonolysis, Pon(alkenes). Ozone photolysis is the main OH primary source with 0.55 and
0.27 ppb h'!, which accounts for 98% and 97% of the total initiation sources followed by net
HONO photolysis, which accounts for 2% and 3%, during the spring and summer, respectively,
while alkene ozonolysis accounts for only <1% (Figure 4). The low HONO contribution is due to
the very low measured HONO levels of ~3+1 pptv in the MBL in Bermuda, which are lower
than that of 11.3 £1.6 pptv measured over the North Atlantic Ocean near Bermuda (Ye et al.,
2016). HONO contribution of up to 80% of OH total initiation sources have been reported in
urban high NOx environments (e.g., Dusanter et al., 2009; Elshorbany et al., 2010a; Zhang et al.,
2022) related to the much higher measured HONO levels of several ppbv in these environments.
Similarly, the contribution of alkene ozonolysis is negligible in the MBL in Bermuda while
significantly higher in polluted environments. These results demonstrate the difference between
polluted high NOx and MBL environments.
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Figure 4: (a) Primary OH production rates from different initiation sources (logarithmic scale) and
(b) their relative contribution. Pou(HONO) represents the net HONO photolysis rate defined as
Pon(HONO) = j(HONO)-[HONOY] - kon+o-[NO]-[OH].

3.3. Oxidation Capacity

The 24 hours average oxidizing capacity (OC) of OH, O3, and NOs is given by their total loss rate
due to reactions with VOC and CO, (c.f., Geyer et al., 2001; Elshorbany et al., 2009a) during spring
and summer are 3.2x10° and 2.4x10° molecules cm™ s™! (OH), 7.8x10° and 3.2x10° molecules cm
351 (03), and 1.5 x10* and 2.5x10° molecules cm™ s (NO3), respectively. OH is the dominant
oxidant accounting for 80% and 87% of the total oxidation capacity followed by O3 (19% and
12%) during spring and summer, respectively, while nitrate radical accounted for ~1% (see Figure
S1). The higher oxidation capacity for all species during spring is due to the higher O3 (main OH
source), VOC, and CO levels compared to summer. The higher relative contribution of O3 during
spring is due to its higher mixing ratios compared to summer. The low contribution of NOs3 radical
is due to its fast photolysis during daytime as well as its reaction with NO (see Figure S2). Both
spring and summer OC values are about one order of magnitude lower than that reported in urban
polluted environments (e.g., Elshorbany et al., 2010a; Mao et al., 2010), which is due to the much
lower concentrations of oxidants, NMHCs, and CO in the MBL (see Figure S2).

3.4. Radical budgets

Total production and destruction rates of OH and HO: are shown in Figure 5. Total production
and destruction ratios of OH (Pon/Lon) and HO2 (Pro2/Luoz) during spring and summer are around
the unity demonstrating the short lifetime and the photo-stationary state of these species. The
values of the production and destruction rates of OH and HO:2 are much lower than their
corresponding values in more polluted environments which is due to the lower VOC and CO levels
in the MBL (see sec. 3.3). During spring, Pruo2 and Luoz are ~15% lower than Pon and Lon during
the morning hours (9 — 13h), which is due to the very low NO levels, under which HO2 production
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from (RO2+NO->HO2) and loss (HO2+NO->OH) is very inefficient. OH and HO2 production and
destruction rates become equal again during the afternoon hours (13 - 18 h) when NO levels almost
double. Pon(HO2+NO) comprised only 14% during the morning hours (9 - 13 h), and 26% during
the afternoon hours due to the improved HO:2 production and recycling to OH. In the summer, due
to the lower VOC and higher NO levels (compared to spring), the productions and destruction
rates of OH and HO: are similar.
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Figure 5: Total production and destruction rates of OH and HO2 as well as simulated (OH) by the
MCMv3.3 for the base scenario, two times NO levels (2xNO) and two times VOC levels
(2xVOC) during the spring Bermuda campaign. Error bars on the OH profiles represent 1G
model error.

Simulated daytime (9-18 h) average OH levels are 4.8x10° (£2.0x10°) and 4.5x10° (£1.6x10°)
molecule/cm® during spring and summer respectively. Spring and summer OH levels reach a
maximum of 8.0x10° (£2.0x10%) and 7.3x10° (£1.8x10%) molecule/cm?, respectively, coinciding
with the maximum photolysis frequency of O3, j(O'D). The spring maximum OH is shifted by one
hour compared to j(O'D) due to the O3 maximum in the afternoon (see Figure 3). These values are
comparable to measured OH levels over the North Atlantic Ocean near Bermuda (Ye et al., 2016)
and other MBL studies (e.g., Carpenter et al, 2010; Vaughan et al., 2012). The slightly higher OH
in the spring is due to the higher O3 levels compared to summer.

To investigate the system photochemical sensitivity, we vary the levels of NO and VOCs in
the model. During the spring, increasing NO levels by two times (2xNO scenario) resulted in
higher OH and HO: production and destruction rates, with that of HO2 becoming closer to that of
OH (Figure 5). In addition, maximum OH levels have increased by ~50 as a result of the NO
increase, which is due to the increase in RO2/HOz recycling to OH. The increase of HO2 and OH
rates as a result of increasing NO demonstrates the NO limited conditions. Increasing VOC levels
by two times (2xVOC) has resulted in a decrease in OH levels due to increased loss of OH due to
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oxidation of the additional VOCs, forming RO, which are not efficiently recycled back to HO:
and OH. During the summer, increasing NO levels by two times in the 2xNO scenario enhances
maximum OH by ~40% while increasing VOC levels decreases maximum OH by ~20%. These
results demonstrate NO limited conditions in spring and summer.
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Figure 6: Total production and destruction rates of OH and HO2 as well as simulated (OH) and
calculated OHpss (Pon/OH reactivity) for the base scenario and using 2xNO during the summer
Bermuda campaign. Error bars on the OH profiles represent 1s model error.

3.5. OH Reactivity

The OH reactivity, defined as the reciprocal of the OH radical lifetime, has been calculated as:
OH reactivity [s'] = L/[OH] E1

The calculated mean daytime average OH reactivity is ~1.7+0.06 s ' and ~1.4+0.02 s ' during
spring and summer, respectively, in Bermuda. These OH reactivities are very low as compared to
urban and suburban regions (Elshorbany et al., 2009a, 2012a) but are comparable to previous MBL
measurements and modeling studies (e.g., Thames et al., 2020). Thames et al. (2020) found that
the measured OH reactivity slightly exceeds calculated OH reactivity in the MBL, which they
relate to missing unmeasured VOCs or secondary OVOCs associated with ocean emissions.

Calculated OH reactivity under the 2xVOC scenario shows that an increase in NMHCs
increases the OH reactivity by about 30% and 20% during spring and summer, respectively. The
increase of the OH reactivity in the 2xVOC scenario is due to the increase in the Lon and the lower
simulated OH under this scenario (see sec. 3.4 and E1). Calculated OH reactivity was not
significantly affected under the 2xNO scenario since the increase in ROz recycling and OH loss is
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compensated by the increase in OH (E1) under the prevailing NO limited conditions (see sec. 3.4
and Eq. 1). The increase in the OH reactivity in the 2xVOC scenarios was much higher in the
spring due to higher VOC levels. Therefore, the specific impact of VOCs on the OH reactivity
depends on the seasonal variability of photochemical regimes. These results suggest that an
increase in OVOC:s that are formed from NO independent formation pathways, e.g., heterogeneous
oxidation on ocean surfaces and ocean emissions (Thames et al., 2020; Wu et al., 2021) would
have a larger impact on OH reactivity compared to OVOC:s that results from NO-dependent RO:
recycling, which their formation is reduced by the inefficient recycling of ROx.
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Figure 7: Simulated OH reactivity and HCHO levels during the spring and summer Bermuda
campaigns from the base, 2xNO, and 2xVOC scenarios.

To further demonstrate the impact of OVOCs, we investigate the photochemical formation of
HCHO under the three scenarios, base, 2xNO, and 2xVOCs. HCHO, mainly a photochemical
oxidation product, has background values (mainly based on methane oxidation) of 0.3 — 1 ppbv in
the MBL (Jones et al. 2009; Mahajan et al., 2010). Background HCHO levels are relatively stable
due to the long lifetime of methane (e.g., Elshorbany et al., 2014) and the low variability of HCHO
sinks (Mahajan et al., 2010). Simulated HCHO diurnal profiles show a minimum around the noon
hours due to HCHO loss from its photolysis as well as its oxidation with OH, consistent with
previous observations of HCHO profiles in the MBL (e.g., Mahajan et al., 2010). Simulated HCHO
levels in the Bermuda MBL of 977 pptv (£61 pptv) during spring and summer, respectively, are
comparable to that measured in the tropical Atlantic MBL (Mahajan et al., 2010). Increasing VOC
levels (2xVOC scenario) lead to only a small increase of 9% in HCHO levels, due to the inefficient
oxidation of RO2. In addition, the increase in HCHO didn’t enhance OH levels (via HCHO +hv—>
HO2+NO-> OH) due to the low NOx conditions. These results further suggest that a missing OH
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reactivity in the MBL would be significantly enhanced by an oceanic source rather than a
secondary oxidation product, consistent with earlier results (Thomas et al. 2020).

3.6. Radical Propagation

In this section, we investigate the radical propagation, and secondary radical balance during the
spring and summer campaigns. Oxidation of hydrocarbons with OH results in the formation of
alkyl peroxy radicals (RO2). Efficient recycling of ROz to HOz and HO2 to OH requires a
sufficient amount of NO. In addition, OH oxidation of CO and hydrocarbons results in the direct
formation of HO2 (Pno2(OH->HO2). Average daytime simulated RO2/HO: ratios of 1.6 (£0.29)
in the spring and 1 (£0.25) in the summer (Figure 8) indicate a higher oxidation rate in the
summer (OH+RH->ROz), which is due to the higher NO and lower VOC levels in the latter
(Figure 8). In addition, the maximum total peroxy radical (RO2+HOz2) concentrations of 75 and
62 pptv during spring and summer, respectively (see Figure 8)) are very high in comparison to
high NOx environments (Mihelcic et al., 2003; Hofzumahaus et al., 2009; Elshorbany et al.,
2009a) but similar to that of low NO condition (e.g, Elshorbany et al., 2012a), and in agreement
with previously reported RO2+HO2 measurements over the North Atlantic Ocean off North
Carolina coast (Ye et al., 2016) as well as in other remote marine environments (e.g., Kanaya et
al., 2001; Lee et al., 2010; Carpenter et al., 2010; Vaughan et al., 2012, and references therein).

The HO2/OH ratio is a measure of the recycling efficiency related to HO2 reaction with NO
which regenerates OH (e.g. Fleming et al., 2006; Emmerson et al., 2007; Dusanter et al., 2009;
Elshorbany et al., 2010a). Daytime average HO2/OH of 85(£22) and 100(£41) during spring and
summer, respectively, are high and are typical of low NOx marine environments (Kanaya et al.,
2001; Fleming et al., 2006; Carpenter et al., 2010; Vaughan et al., 2012, and references therein)
compared to high NOx urban conditions (e.g., Elshorbany et al., 2009a, and b; Zhang et al.,
2022). Simulated diurnal HO2/OH profiles during spring show a fast-declining ratio from ~120 at
9:00 to ~50 at 15:00, coinciding with increased RO2/HOz ratio due to increased OH oxidation
under limited NO levels. HO2/OH ratios show the expected inverse correlation with NO (Figure
8) since HOz reaction with NO is the main HO: sink (e.g., Fleming et al., 2006). However, the
correlation is less robust compared to high NOx environments (e.g., Elshorbany et al., 2009a, and
b; Zhang et al., 2022), which is due to the much lower contribution of HO: recycling
(HO2+NO—->OH) to OH (see secs. 3.4 and 3.7). These results are consistent with HOx
observations in other marine environments (e.g., Vaughan et al., 2012).
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Figure 8: Diurnal profiles of simulated ROz and HO2, RO2/HO2, and the correlation between
HO2/OH and NO for the Bermuda spring and summer measurement campaigns. Error bars
represent 16 model error and are shown every hour for clarity.

3.7. Radical Fluxes

Average daytime fluxes of key OH radical sources and sinks during the spring and summer
Bermuda campaign calculated by the MCMv3.3 are shown in Figure 9. We define below some
parameters to further explore the radical budget analysis.

o Total production of OH, Pon = Pr + Pon(sec), where:
Pr = j(HONO)[HONO] + j(O'D)[O3]®oH + Zkos+aikenc[alkene][O3]Pon
Pon(sec) = Pon(HO2>OH) + Pon(others)

where Pou(HO2—>OH): production of OH by HO2+NO and HO2+Os reaction, Pon(others):
production of OH from other minor secondary sources (photolysis of H2O2, ROOH, and RO
decomposition as well as RCO3 reaction with HOx.
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o Total loss of OH, Lon = Lr + Lon(sec), where Lr = kno,+on[NO2][OH] + kon+No[NO][OH]

Lon(sec), loss of OH due to oxidation of CO and hydrocarbons:
Lon(sec) = Lon— [Lon(NO) + Lon(NO2)], or alternatively
Lon(sec) = Lon(OH — HOz2) + Lon(OH — RO2)

460 o Total production of HO2, PHo2=Puo2(OH->HO2)+Pnoz(sec), where Pro2(OH->HO2) is HO2
production rate from OH reactions with HCHO, CO, Hz, O3, and VOCs. Puoz(sec) is HO2
production rate from other sources, e.g., photolysis of OVOCs, and alkene ozonolysis.

o Total loss of HO2, Luo2=Lno2(NO)+Lno2(0O3)+Luoz(sec), where Luo2(NO) and Luoz2(O3) are
465 the HOz loss rates due to its reaction with NO and O3, respectively. Luo2(sec) is the HO2 loss

rate due to its self- and cross-reactions with HO2 and ROz as well as its reaction with OH and
NO:a.

The oxidation of hydrocarbons with OH leads to the formation of ROz and HO2. During
the spring, ROz production rate is much higher during spring compared to summer due to the
470  higher VOC levels in the spring. However, due to the lower NO levels in the spring, RO2 radicals
are not efficiently recycled to HOz resulting in the high RO2/HO2 and HO2/OH ratios (see Figure
8). In the summer, RO2/HO:z ratios are smaller due to the lower VOC levels but HO2/OH ratio is
still relatively high due to the prevailing NO limited conditions.
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Figure 9: Average fluxes (09:00— 18:00) of the key radical sources and sinks during the Bermuda
spring and summer (bold) campaigns calculated by the MCMv3.3. Units are in ppb h™!. The box
with blue dashed lines contains minor secondary OH sources, Pon(others), together with
Pon(HO2+NO) and Pon(HO2+0s3) (dashed blue arrows), they make the Pon(sec). The box with

480  red dashed lines is a minor OH secondary loss, together with Lon(OH->HO2)+Lon(OH->ROz)
(dashed red arrows) they make the secondary OH loss, Lou(sec).

OH initiation sources (Pr) made 61% and 42% of the total OH production rate during the
daytime (9 - 18 h) in spring and summer, respectively. OH oxidation of hydrocarbons forming
485  RO2 ((Lon(OH — RO2), 49%, 37%) and HO2 ((Lon(OH->HO2), 46%, 60%) are the main OH

16



490

495

500

505

510

515

520

525

530

loss rates followed by its reaction with NOx (2%, 1%), during spring and summer, respectively.
Thus, the secondary loss of OH, Lon(sec) represents the vast majority of OH loss of ~98%
during spring and summer. Recycling these oxidized radical species to OH requires a sufficient
amount of NO. However, the HO2 reaction with NO (Pon(HO2+NO), accounts for only 22% and
42% of the total OH production (Pon) during spring and summer, respectively. These rates are
much lower than those reported for urban (Elshorbany et al., 2009a; Zhang et al., 2022) and
suburban (Elshorbany et al., 2012a; Kanaya et al., 2012) conditions in which Pon(HO2+NO)
accounts for up to 80% of the total OH radical budget. The lower Pon(HO2+NO) fraction during
the spring is due to the very low NO levels. HOz reaction with O3 is an important source of OH
in low-NOx environments, contributing about 6% during spring compared to only 3% in summer,
due to the higher O3 levels in the earlier. Another important secondary OH production term,
include H20:2 photolysis, which accounts for 9% and 11% during spring and summer,
respectively.

During spring and summer, HO2 main source is the OH reaction with CO, HCHO, Hz, O3, and
VOCs (Pro2(OH>HO:2), 52%, 58%) followed by HCHO photolysis, 12%, 14%, HO2NO2
thermal decomposition, 11%, 6% (reversible reaction), and alkene ozonolysis (4% and 3%)) and
the rest come from RO decomposition and reactions with O2. HO2 destruction due to its reaction
with NO, Luo2(NO), account for only 24% and 41% while HO2 self-reaction to form H202 and
cross-reaction with ROz to form ROOH, together make about 56% and 48% during spring and
summer, respectively. The HO2 loss due to reaction with O3 (Lno2(03) is 6% in spring compared
to 3% in summer. We note that HO2 loss due to NO is higher in summer compared to spring
while HOz loss due to self-and cross-reactions with other radicals is higher in spring compared to
summer, which demonstrates the more NO limited regime leading to inefficient recycling in
spring compared to summer. The higher HO2 production from HOz self and cross-reactions in
both seasons demonstrate the NO limited regime in the tropical North Atlantic Ocean.
Furthermore, the balance ratio, (BR = Pon(sec)/Lon(sec), Elshorbany, et al., 2010a), which is a
measure of the secondary recycling of OH radical has a value of 0.4 during spring indicating
limited NO conditions increasing to 0.6 during summer indicating a better recycling but is still
not efficient enough to reach efficient recycling at a BR ratio of 1 (Elshorbany et al., 2010a).
These results above shed light on the NO-limited conditions in the tropical north Atlantic MBL
and their recycling mechanism towards a better understanding of the HOx chemistry in this
important but remote environment.

3.8. Impacts of Halogen on HOx budget.

Halogen chemistry can affect the HOx budget, potentially decreasing HO2 and increasing OH,
via reactions R1 to R3 (e.g., Sommariva et al., 2006; Read et al., 2008; Mahajan et al., 2010;
Whalley et al., 2010; Liao et al, 2012). The reduction of HO2 and formation of HOX depend on
the abundance of XO and HOz. Measured XO mean daytime values in the tropical Atlantic Ocean
are within 2.5+1.1 pptv and 1.440.8 pptv for BrO and IO, respectively (e.g., Sommariva et al.,
2006; Read et al., 2008, and references therein) with no established seasonality. HOX can be also
lost via its uptake on aerosol particles (e.g., Carpenter, 2003; McFiggans et al., 2000). Since BrO
and IO levels were not measured in Bermuda, we use the mean values of 2.5 pptv and 1.4 pptv
(Read et al., 2008), respectively, as constant mixing ratios in our sensitivity analysis to investigate
their possible impacts on HOx. HOX loss to aerosol particles depends on their uptake coefficient
in addition to the aerosol surface area. We calculate aerosol uptake in our model based on the

. . Ayv .
following free molecular expression: Kne= %, where Khret is the heterogeneous rate constant (s

1, A is the aerosol surface area, 7 is the uptake coefficient, v is HOX mean molecular speed. A =
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4TTr°N, where r is the average radius of aerosol particles and N is aerosol number concentration,
the number of particles per unit volume. We used representative values for =150 nm and N =
1000 cm™ in Bermuda based on global model simulations and measurements of aerosol properties
(Spracklen et al., 2010; Lee et al., 2010; Elshorbany et al., 2014; Ranjithkumar et al., 2021;
Dadashazar et al., 2021). This results in an A value of 2.83x10° cm? cm™, which is within the
literature values of 1 x10% cm? cm™ (Mahajan et al., 2010) and 0.51x10% cm? cm™ (Liao et al.,
2012), and 1 x107 cm? cm™ (Read et al., 2008). The molecular speed, v, is calculated as 8RT/aM,
where R is the general gas constant, T, temperature, and M is the HOX molecular weight.
Calculated average HOX molecular speeds are 257 and 210 m s™! for HOBr and HOI, respectively.
Steady State concentrations of HOX, [HOX]ss, can be calculated using the following equation
(Liao et al., 2012):

Prox = Luox

Prox = kxo1H02[XO0][HO,]

Luox =j(HOX)[HOX] + knet [HOX), where knet is the heterogeneous rate constant of HOX on
aerosol particles, j(HOX) is the photolysis rate of HOX.

[HOX]ss = kxo+H02[X0][HO2]

j(HOX)+khet j 1

During spring and summer, including halogen chemistry decreased HO2 by 14~% and ~18 %,
respectively while OH changed by only 3% and -1%, respectively, see supplementary materials
and Figure 10. The reduction of HOz leads to a corresponding reduction in HO2 recycling (see sec.
3.7). Therefore, the low impact of HOX photolysis on OH is due to the competition of R1 and R2
with Pon(sec), and the loss of HOX by aerosol uptake. In addition, the increase in OH from HOX
photolysis in spring is due to the lower contribution of Pon(sec) to Pon compared to summer.
During the summer, the production of OH from the photolysis of HOX was not sufficient to
compensate the HO2 loss due to reaction with OX. Therefore, the photolysis of HOX was more
important during spring due to the lower NO conditions as the reaction of HO2+NO becomes less
important and the loss of HO2 via reaction with XO becomes an alternative recycling pathway to
OH.

10 BrO
HOI B —_—
0.080, 0.073 0.035, 0.031

0.037, 0.035
0.028, 0.026

OH
Uptake on
Aerosol

Figure 10: Average fluxes (09:00— 18:00) of HOBr and HOI sources and sinks during the
Bermuda spring and summer (bold) campaigns calculated by the MCMv3.3. Units are in ppb h™..

Uptake on
Aerosol

The daytime average loss of HO2 due to reaction with 10 (Luo2(10)) is 0.080 and 0.073 ppb/h
compared to only 0.035 and 0.031 ppb/h for BrO (Luo2(BrO)), during spring and summer,
respectively, which is due to the higher reaction rate of for 10, kro2+o (1.4x107!1e>*%T), compared
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to that of BrO of 3.4x1072¢*T (e.g., Liao et al., 2012). HOBr is mainly lost via acrosol uptake,
which accounts for ~80% of the HOBr loss term while photolysis accounts for only ~20%.
However, HOI photolysis accounts for almost 50% of its total loss rate, due to its much higher
photolysis rate compared to HOBr. Therefore, OH production from HOI is ~6 times higher than
that of HOBr. The competition between aerosol uptake and photolysis as the two main loss
processes for HOX highlights the importance of aerosol uptake on OH production from HOX
photolysis, i.e., higher aerosol uptake leads to lower OH production via HOX photolysis. These
results are consistent with earlier reports (e.g, Sommariva et al., 2006; Read et al., 2008; Lee et
al., 2010; Liao et al., 2012) and further demonstrate the need for more comprehensive HOx, VOC,
halogens, and aerosol measurements in the MBL towards a better understanding of global
atmospheric chemistry and climate.

4. Conclusion

In this study, we analyzed data from two field measurement campaigns during the spring and
summer of 2019 in the marine boundary layer of Bermuda. We simulated the radical budget of
OH, HO2, and ROz using a box model based on the MCMv3.3.1. Measured concentrations of all
species except NO were higher in the spring than during the summer. The higher ozone and VOC
levels in the spring lead to a higher OH oxidation rate of CO and hydrocarbons compared to
summer. The radical budget analysis demonstrates a NOx-limited regime, leading to inefficient
recycling of RO2 and HOz to OH, more apparent in spring compared to summer. The imbalance
between secondary OH production (Pon(sec)) and loss (Lou(sec)) is higher in spring compared to
summer. Simulated OH reactivities of ~1.7+0.06 s ' and ~1.440.02 s~ during spring and summer,
respectively, are very low compared to urban and suburban regions but agree with recent
measurements in the marine boundary layer. OH reactivity, and radical budget analysis infers
inefficient recycling and suggests that missing OH reactivity sources of marine origin rather than
OH secondary oxidation products, which their formation is diminished by the NO limited
conditions. We also investigated the role of halogen monoxides, XO on HOx using mean measured
XO values in the Atlantic Ocean. Halogen monoxides, BrO and 10, were found to decrease HO:
by ~14 and 18% during spring and summer, respectively, with only marginal impact on OH as
HOBr and HOI loss to aerosol particles accounts for ~80 and ~50% of their total loss term,
respectively. The results demonstrate the complex multiphase HOx-Halogen-aerosol chemistry in
the MBL and call for more comprehensive multiphase investigations. Our results suggest the need
for comprehensive multiphase gradient measurements of halogens, VOC, and OVOCs, i.e., at the
air-sea interface, and at higher altitudes to better understand the radical budget in the MBL and its
impact on global climate.
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Highlights

e Explicit analysis of the radical budget in the MBL
e Inefficient recycling of RO2/HO2 to OH, more apparent in spring compared to summer.
e Results indicate a possible role of OVOCs from marine sources.

e Halogen monoxides were found to decrease HO2 by ~15% with a marginal impact on OH.
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