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ARTICLE INFO ABSTRACT
Keywords: Despite its important roles in the formation of hydroxyl radical (OH) and ozone (Os3), the characteristics and
Nitrous acid sources of nitrous acid (HONO) in the marine atmosphere are still poorly understood. In this study, the HONO

Marine air mass production in maritime air masses was explored based on a field observation conducted at a coastal site in

Qingdao, China in the summer of 2019. The “sea case” and the “land case” were carefully distinguished ac-
cording to wind direction and backward air mass trajectory. About four times larger nocturnal NO»-to-HONO
conversion rate and ~60% larger daytime Pomer (production rate of HONO other than gas-phase OH -+ NO re-
action) at noon were observed in the “sea case” compared to the “land case” (0.045 + 0.014 h ! versus 0.012 +
0.007 h™!, and 1.83 + 0.02 ppbv h™* versus 1.14 + 0.07 ppbv h™}, respectively). Correlation analysis implied
that heterogeneous conversion of NOy and photolysis of nitrogen-containing compounds were potentially
important sources of marine atmospheric HONO in the nocturnal and daytime, respectively, though alkaline
oceans are previously considered as sinks of HONO. The impacts of these marine-derived HONO on OH and O3
were comparable to or larger than that of the “land case”. These results suggest that strong marine-derived
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HONO production may have been overlooked previously, and more studies are required to explore its detailed
formation mechanisms in the marine atmosphere.

1. Introduction

Nitrous acid (HONO) plays an important role in the atmospheric
oxidation capacity, and contributes significantly to the production of
both hydroxyl radical (OH) and ozone (O3) (Cui et al., 2019; Su et al.,
2008b; Xue et al., 2014). Massive field observations have been con-
ducted in the past several decades to explore its characteristics and
sources in urban (Amoroso et al., 2007; Bernard et al., 2015; Huang
et al., 2017; Lee et al., 2016; Li et al., 2018; Spataro et al., 2013; Zhang
et al., 2018), suburban (Alicke et al., 2002; Michoud et al., 2014; Tong
et al., 2015; Yang et al., 2014), rural (Li et al., 2012; Su et al., 2008b;
Tsai et al., 2018; Gu et al., 2020), forest (Kleffmann et al., 2005; Ren
et al.,, 2010; Zhang et al., 2009, 2012), mountain areas (Acker et al.,
2006; Zhou et al., 2007), and even polar regions (Villena et al., 2011;
Zhou et al., 2001). Various sources have been proposed to account for
the concentration underestimation when only considering the gas-phase
reaction of OH and NO, including direct emissions (vehicle exhaust, ship
emissions, biomass burning, and soil) (Kurtenbach et al., 2001; Nie
et al., 2015; Su et al., 2011; VandenBoer et al., 2014; Sun et al., 2020),
and heterogeneous conversion of NOy on various surfaces of aerosols,
ground, and vegetation (Spataro and Ianniello, 2014).

Oceans cover more than 70 percent of the Earth’s surface, while field
measurements about marine atmospheric HONO are very limited. About
10 parts per trillion by volume of HONO have been observed in the
marine atmosphere with a slight influence from coastal emissions. The
photolysis of particulate nitrate was proposed to be a substantial source
(Ye et al., 2016), but its relative contribution is still under debate. The
relatively high nocturnal NO,-to-HONO conversion rates (Zha et al.,
2014) and persistently high HONO concentrations during the daytime
(Meusel et al., 2016) have been observed (potentially affected by
maritime air masses). These differences are usually attributed to
non-marine factors, such as the emission of microbial communities on
soil surfaces or photolysis of particulate nitrate (Benedict et al., 2017;
Meusel et al., 2016; Ye et al., 2016), and alkaline oceans are previously
considered as an efficient sink of HONO. However, these continuously
observed differences of HONO production in the marine atmosphere
indicated that there might be some marine-derived HONO sources that
have been overlooked so far (Cui et al., 2019; Wen et al., 2019). Overall,
there is little knowledge about thecharacteristics, formation mecha-
nisms, and environmental consequences of HONO in the marine atmo-
sphere, and no research to fully explore the potential marine-derived
HONO sources (Cui et al., 2019; Wen et al., 2019; Wojtal et al., 2011).

The coastal area is an ideal place to study the different characteristics
of HONO between marine and continental atmosphere. In this study, we
conducted a field observation of HONO at a coastal site of Qingdao,
northern China, from July 1 to August 25, 2019, and analyzed the
characteristics, nocturnal NO,-to-HONO conversion, and the ‘missing’
daytime HONO source in the maritime air masses. Strong marine-
derived HONO production was confirmed, which significantly perturb
the atmospheric oxidation and O3 formation under the circulation of
sea-land breezes, and calls on further studies to pin down its formation
mechanisms in the maritime air.

2. Methods
2.1. Study site

The atmospheric HONO was measured on a third-floor building (10
m above the ground) in Qingdao campus of Shandong University

(36.37° N, 120.69° E), a coastal site in the northeast of Qingdao, China,
from July 1 to August 25, 2019. This coastal site is a relatively clean area

with over 40 km away from Qingdao downtown, and separated by
Mount Lao of 1130 m above sea level (Fig. 1). The measurement site is
about 500 m from the nearest sea, and has a more than 150° sea view
with the open sea extended out from the northeast to the south. This site
is less affected by anthropogenic emissions because there are no sig-
nificant industrial or vehicle sources of pollutant emissions between the
measurement site and the sea, and the ship emissions are also minor.
Thus, this study site is representative of the rural coastal atmosphere.

2.2. Measurement techniques

HONO was measured by the long-path absorption photometer
(LOPAP, Model 03, QUMA, Germany), which has been widely used in the
field measurements of HONO, and the details could be found in our
previous studies (Li et al., 2018; Wen et al., 2019). Ambient air was
sampled at a flow rate of 1 L min~" into an external sampling unit under
a constant temperature of 20 °C. Gaseous HONO was converted into an
azodye in the instrument, and then was detected photo-metrically in a
long-path absorption tube. The LOPAP device was conceived as a
2-channel system to correct for potential interferences. In channel 1,
HONO and interfering gases were measured, but in channel 2 only
interfering nitrogen compounds were measured. The HONO concen-
tration was then determined by the difference between channel 1 and 2.
The calibrations of “zero air” (high purity nitrogen of 99.999%) and
nitrite standard solution were performed every 11 h and every four days,
respectively. The detection limit of HONO was 0.2 pptv with a time
resolution of 30 s.

The ambient concentrations of O3, NOy, SO, and CO were measured
by widely-used commercial analyzers of Model 49i, Model 42i, Model
43i, and Model 48i (Thermo Scientific, USA), respectively, with detection
limits of 0.5 ppbv, 0.05 ppbv, 0.12 ppbv, and 40 ppbv, respectively.
Ambient volatile organic compounds (VOCs), including 46 kinds of
Co—C;2 non-methane hydrocarbons (NMHCs) and 13 kinds of oxygen-
ated volatile organic compounds (OVOCs), were measured by multi-
column gas chromatography (GC) coupled with flame ionization
detection (FID) and mass spectrometer detection (MSD) (GC-MS,
Tracel300 + ISQ, Thermo Scientific, USA). The detection limits of the
measured VOCs were about 0.1 ppbv, and the measurement precision
was about 5%. More detailed information of these instruments could be
found in our previous studies (Wang et al., 2012; Xue et al., 2014). The
meteorological parameters (wind speed, wind direction, relative hu-
midity, and temperature) and concentrations of PM, 5 were obtained
from an ambient air quality monitoring station of Qingdao, about 2 km
away from the sampling site.

2.3. Definition of “sea case” and “land case”

The “sea case” and the “land case” were carefully distinguished by
wind direction and backward air mass trajectory. The “sea/land case”
was defined as time periods with wind directions of 30°-180°/0°-30°
and 180°-360° (clockwise) and no sudden change within 1 h, and less
than 1-h traveling time over the land/sea of its 6-h backward air mass
trajectory. The definition was described in detail in Table S1. Time pe-
riods that fail to meet the two criteria of wind direction and back tra-
jectory were discarded. The backward trajectories starting at 50-m
arrival height were calculated by the Hybrid Single Particle Lagrangian
Integrated Trajectory (HYSPLIT) model using the meteorological field
from Global Data Assimilation System (GDAS). Finally, 81 “sea case”
and 30 “land case” were selected, and time periods of these cases are
provided in Table S2. The overall results and one specific case were also
provided in Fig. S1 and Fig. S2, respectively.
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2.4. Chemical box model

The zero-dimensional Observation-Based Model for investigating
Atmospheric Oxidative Capacity and Photochemistry (OBM-AOCP) built
on the Master Chemical Mechanism (MCM v3.3.1) was used to elucidate
the impacts of HONO on OH and O3 production (Xue et al., 2016). The
model was constrained by measured VOCs, CO, NO, NO3, SOz, HONO,
Os, and physical parameters (i.e., water vapor concentration and tem-
perature), and pre-run for two days with the constraints of the entire
measured data in both the “sea case” and the “land case”. The time step
of the model was set to 5 min. Two simulations with and without the
constraints of measured HONO were designed to explore the contribu-
tion of marine-derived HONO to OH and O3 production.

3. Results and discussion
3.1. Concentration levels and diurnal variations

The average concentration (+standard deviations, SD) of HONO was
0.315 + 0.290 ppbv during the study, which was lower than that
measured in urban areas (Bernard et al., 2015; Li et al., 2018; Qin et al.,
2009; Spataro et al., 2013; Zhang et al., 2018), but was comparable to or
higher than that measured at other coastal sites (Cui et al., 2019; Meusel
et al., 2016; Wen et al., 2019; Gu et al., 2020). The diurnal variations of
HONO and HONO/NO; were provided in Fig. S3. The average value of
HONO/NO; peaked at daytime, and was up to 0.13 at noon, which was
different from that measured in the continental atmosphere (Qin et al.,
2009; Wang et al., 2013; Li et al., 2018), usually with higher ratios at
night. The daytime HONO concentration was also relatively high, with
an average daytime value of 0.3 ppbv.

Fig. 2 shows the diurnal variations of HONO, HONO/NO,, and other
measured parameters in the “sea case” and the “land case”, and their
average values are summarized in Table S3. The concentrations of pol-
lutants were relatively low in both the “sea case” and the “land case”
compared with those of the polluted urban areas (Huang et al., 2017;
Qin et al., 2009; Zhang et al., 2018), indicating that this measurement
site is a relatively clean area. However, there remains a clear difference
between the “sea case” and the “land case”. The concentrations of CO
and SO3 in the “land case” were much higher than that in the “sea case”,
2.3 (479 ppbv versus 203 ppbv) and 1.6 (2.4 ppbv versus 1.5 ppbv) times
higher, respectively, and relative humidity (RH) was significantly lower
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in the “land case” (Fig. 2h). These are in line with the expectations of
maritime air masses, which are usually cleaner and contain more water
vapor, indicating that the above-mentioned classification method of the
“sea case” and the “land case” is reasonable and maritime air masses
were less affected by direct emissions of ships, etc. HONO concentration
of the “land case” is higher than that of the “sea case” (0.382 + 0.291
versus 0.216 + 0.207, p < 0.01), especially in the nighttime (0.472 ppbv
versus 0.175 ppbv, p < 0.01). This was consistent with the significantly
higher nighttime NO; concentration of the “land case” (8.03 ppbv versus
3.69 ppbv, p < 0.01).

However, the diurnal variations of HONO are totally different be-
tween the “sea case” and the “land case”. In the “land case”, HONO
accumulated in the nighttime, and continuously decreased during the
entire daytime, which was consistent with the pattern observed in pre-
vious continental environments (Huang et al., 2017; Nie et al., 2015;
Wen et al., 2019; Qin et al., 2009; Zhang et al., 2018; Michoud et al.,
2014). In comparison, the HONO concentration of the “sea case”
maintained a relatively high level during the daytime, even higher than
that of the “land case” at noon. This difference was more obvious for the
ratio of HONO/NO-. Such a ratio in the “sea case” was over two times
higher than that in the “land case” at noon (0.160 versus 0.073). More
interestingly, the phenomenon of a persistently high HONO concentra-
tion during the daytime was also found in some other marine or coastal
areas (Cui et al., 2019; Meusel et al., 2016; Wen et al., 2019), indicating
that there may be some neglected HONO sources in the marine atmo-
sphere that are different from the continental environments. In section
3.2 and 3.3, we discussed the nocturnal and daytime production of
HONO in marine air masses through the NO,-to-HONO conversion rate
and the production rate of unknown HONO source, respectively.

3.2. High nocturnal NO3-to-HONO conversion rate

The nighttime HONO is proposed to be mainly formed from the
heterogeneous conversion of NO; on various wet surfaces (Finlay-
son-Pitts et al., 2003). The observed NO»-to-HONO conversion rate
(Chono, Equation (1)) under stable meteorological conditions was often
used to determine the strength of this source (Alicke et al., 2002; Su
et al., 2008a). To explore the impacts of maritime air masses on the
nocturnal HONO production, here, Cyono was calculated. The cases
used for this calculation were selected from the “sea case” and the “land
case” mentioned in Section 2.3 according to the following five criteria:
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Fig. 1. Maps showing the location of the measurement site.
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Fig. 2. Diurnal variations of HONO, HONO/NO,, and other measured parameters in the “sea case” and the “land case” during the observation. Error bar indicated the

standard deviation.

(1) only the nighttime data were selected (from 18:00 to 6:00 in the next
morning); (2) the HONO concentration and the ratio of HONO/NO,
continuously increased; (3) wind directions were stable; (4) the con-
centration of CO was stable; (5) the concentration of NO was low. The
criterion (2) and (5) ensure that the increase of HONO concentration is
due to the heterogeneous conversion of NO,, and the criterion (3) and
(4) further eliminate the influence of suddenly changing air mass. Eight
cases were selected according to the above five criteria, including five
“sea case” and three “land case” (Fig. S5). Using the cases selected by the
above criteria to calculate NO, to HONO conversion rate could exclude
the influence of other chemical or physical processes, and better
represent the contribution of heterogeneous conversion of NO; to HONO
formation.

Crovo = ([HONO(1:)] / [NO»(12)] — [HONO(11)] / [NO:2(11)]) / (2 — 1)~ (E1)

Table 1 summarizes the calculated Cyono and related parameters of
the selected eight cases. The Cyono in the “sea case” was significantly
higher than that in the “land case”, with an average value of 0.045 +
0.014 h™! and 0.012 + 0.007 h™!, respectively. The larger nocturnal
Chono in the coastal or marine atmosphere have been reported in several
previous studies. For example, Zha et al. (2014) reported Cyono values
of (3.17-3.36) x 1072 h™! in air masses passing over sea surface in
contrast to values of (1.20-1.30) x 102 h™! in their “land case”.
Table S4 summaries the Cyono derived from various urban, rural and
coastal environments, and it can be clearly found that Cyono varies
greatly in different environments, ranging from 0.0052 h™! to 0.045 h™!
(Alicke et al., 2002; Cui et al., 2019; Li et al., 2012, 2018; Su et al.,

Table 1
The nocturnal NO,-to-HONO conversion rates (Cyono) and related parameters for the selected “sea case” and “land case”.
type Date duration (h) AHONO (ppbv) HONO T (°C) RH (%) WS (ms™) Cuono (A1)
NO,
Sea case 23 July 1.13 0.119 0.073 25.2 93.5 1.6 0.0634
27 July 1.67 0.170 0.049 27.0 94.9 1.0 0.0295
28 July 0.67 0.131 0.035 28.0 86.5 1.1 0.0529
2 August 1.83 0.269 0.061 26.0 96.8 2.2 0.0326
3 August 1.83 0.137 0.088 25.6 95.6 2.3 0.0483
Land case 14 August 0.97 0.133 0.013 23.7 93.8 1.0 0.0130
14-15 August 5.58 0.204 0.023 23.3 88.9 2.1 0.0041
16 August 1.97 0.466 0.037 25.9 59.7 0.9 0.0188
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2008b; Wang et al., 2013; Wen et al., 2019; Zha et al., 2014). However,
it is usually higher in coastal atmosphere impacted by maritime air
masses than that in urban (Guangzhou: 0.016 h’l, Kathmandu: 0.014
h’l, Xi’an: 0.0091 h’l, Shanghai: 0.007 h’l) or rural areas (Back gar-
den: 0.024 h™!, Pabstthum: 0.018 h™?, Xin ken: 0.014 h™1).

The strong positive correlation between HONO and NO; (r = 0.93,
Fig. S6a) in these five “sea case” indicated that the strong nocturnal
HONO production in maritime air masses was most likely due to het-
erogeneous conversion of NOy on/in certain surfaces. The significant
difference of Cyono between the “sea case” and the “land case” indicated
that soil surface could not be the main reason, because there is no
obvious difference in the soil around the measurement site whether
towards the sea or the land. The close distance of the measurement site
to the sea further excludes this possibility. Another possible surface is
the surface of particulate matter. However, the average concentrations
of PMj 5 in the five “sea case” and three “land case” were relatively low,
and did not show the obvious difference (12.46 pg m~> versus 10.55 pg
m~3). The negative correlation between HONO and PMy 5 (r = —0.26,
Fig. S6b) further suggested that primary heterogeneous conversion of
NO, in maritime air masses would not occur on the surface of PMj 5. The
biggest difference of air masses in the “sea case” and the “land case” is
that air masses in the “sea case” spent most of the time passing over the
sea. The vast sea surface, especially the surface microlayer, may also be
an important medium for heterogeneous conversion of NO,. Previous
studies have found that the wet surface can enhance the heterogeneous
conversion of NO, to HONO (Finlayson-Pitts et al., 2003). The sea sur-
face microlayer is an ideal interface, with enough surface water, for this
heterogeneous conversion. The strong positive correlation between
HONO and temperature (r = 0.79, Fig. S6¢), which are also observed by
Wojtal et al. (2011) and Wen et al. (2019), is likely an evidence for the
production of HONO from the heterogeneous reaction of NO; on the sea
surface microlayer. However, more evidence is needed to further
confirm this inference.

3.3. Large daytime unknown HONO source

As mentioned in section 3.1, daytime HONO concentrations can
maintain persistently high levels during the daytime in the “sea case”, up
to 0.3 ppbv even at noon, in contrast to the continuously decreasing
concentration in the “land case”. Considering that HONO is removed
rapidly by photolysis, there must be a strong daytime source related to
maritime air masses. To explore the unknown source in the “sea case”,
the HONO budget was calculated by Equation (2):
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2004). The dry deposition velocity of HONO was assumed to be 2.0 cm
s~! for both the “sea case” and the “land case” (Harrison et al., 1996),
and H was calculated on European Centre for Medium-Range Weather
Forecasts  website  (https://apps.ecmwf.int/datasets/data/interim
-full-daily/levtype=sfc/). The OH concentration was obtained from
the OBM-AOCP model (Section 2.4), and provided in Fig. S8.

Fig. 3 shows the calculated HONO budget in the “sea case” and the
“land case”. The maximum value of Py, in the “land case” appeared at
10:00, which was consistent with previous observations in inland areas
(Huang et al., 2017; Yang et al., 2014). However, the largest value of
Pother in the “sea case” appeared at noon (11:00-13:00), up to 1.83 ppbv
h~!, which was about 61% larger than that in the “land case” (1.14 ppbv
h™1). This suggested that there was a strong production of HONO related
to maritime air masses during the daytime, which maintained persis-
tently high HONO concentrations even with a rapid photolysis removal.

The correlation analyses of Pyer in the “sea case” and the “land case”
were provided in Fig. 4 and Fig. S7, respectively. In the “land case”, the
correlation between Py and NO2 was strong (r = 0.62) (Fig. S7),
indicating that NO2 conversion may be an important pathway of HONO
formation in the “land case”. This is consistent with some observations
in inland areas (Li et al., 2018; Su et al., 2008b; Huang et al., 2017).
However, the correlation between Pyher and NOy was weak (r = 0.16) in
“sea case” (Fig. 4a), indicating that the heterogeneous conversion of NOy
may not be the main source. As stated in the analysis of nocturnal HONO
source, soil cannot be the strong daytime HONO source. The negative
correlations of Poher and RH (Fig. 4b) also implied that the soil may not
contribute to the observed large unknown HONO source, because many
previous studies have pointed that soil emissions of HONO were
enhanced under high RH conditions (Meusel et al., 2016). Fig. 4c shows
that the strength of this unknown source was very consistent with the
strength of solar radiation (r = 0.68 for Pyher and Jno2). This suggested
that the unknown HONO source should be a photo-enhanced process.
Because of the lack of nitrate data, Jyoz x PMy 5 was used to represent
the photolysis of particulate nitrate. Although Py, has a good corre-
lation with Jyo2 X PMay s, its correlation coefficient is significantly lower
than that of Pyher and Jyoz (0.68 versus 0.47). The possible contribution
of the photolysis of particulate nitrate was further calculated by Equa-
tion (3):

Sph(}lnN(); = [NO;] X ‘][NO;] (ES)
where [NO3] is mass concentration of particulate nitrate, and Jinos; is

the photolysis rate of nitrate. More detailed calculation can be found in
the supporting information. The calculated result further indicated that

Posier = d[HONO] / dt + Jyono x [HONO| + kog-tiono x [HONO] x [OH] + [HONO] x v | H — kowsno x [OH] x [NO) (E2)

where, d [HONO]/dt represents the rate of change in the observed
HONO concentration, and it can also be expressed as A[HONO]/At;
Juono X [HONO] represents the loss rate of HONO by photolysis, and
Juono is the photolysis frequency of HONO; kopimono x [OH] X
[HONO] represents the gas-phase sink of HONO against OH, and
kou+nono is the rate constant of HONO with OH; [HONO] x v/H rep-
resents dry deposition of HONO, v is dry deposition velocity of HONO,
and H is the boundary layer height; kogino x [OH] x [NO] represents
gas-phase formation of HONO under photostationary state. The direct
emission and vertical transport of HONO were neglected due to its minor
contributions compared with other factors at this coastal site (Dillon
etal., 2002; Sorgel et al., 2011). We chose 10 min as the time interval for
the calculation of HONO budget. Jyono was obtained by the TUV model,
and values of 6.0 x 1072 cm® molecules™! 5! for kon-+uono and 9.8 x
1072 em® molecules™ s7! for kon:no were adopted (Atkinson et al.,

the photolysis of particulate nitrate may not be an important source of
HONO in the marine atmosphere at this coastal site.

We calculated the required HONO flux from the sea to the air to
maintain the measured HONO concentration, the detailed calculation
was provided in the supporting information. The calculated HONO flux
is higher than that measured over the continent (Zhang et al., 2012;
Zhou et al., 2001). One possible large daytime HONO source in maritime
air masses is the photolysis of nitrogen-containing inorganic or organic
compounds on/in the sea surface microlayer. There are abundant nitrate
or nitrogen-containing organic compounds in the ocean, especially in
the coastal areas (Li et al., 2019; Lam et al., 2011). Due to the alkaline
nature of the bulk ocean and the large water solubility of HONO, it
should not escape from the bulk ocean into the atmosphere. Therefore,
the oceans are previously considered as sinks of HONO. However, the
properties of sea surface microlayer were totally different from the bulk
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ocean (Stemmler et al., 2006, 2007). Recent studies have found that
even small organic acids with strong acidity such as formic acid could be
produced from the heterogeneous reaction on/in the sea surface
microlayer and enter into the atmosphere (Mungall et al., 2017).
Therefore, the observed strong marine-derived HONO was most likely
produced through a photo-enhanced process such as heterogeneous
photolysis on/in the sea surface microlayer.

3.4. Impacts on OH and O3 production

The detailed ROy radical budget during the observation was explored
by the OBM-AOCP model. Fig. 5 shows the diurnal variations of primary
sources production rates of OH, RO, and HO» radicals in the “sea case”
(Fig. 5a—c) and the “land case” (Fig. 5d—f). For primary OH production,
HONO photolysis is the predominant source in the “sea case” not only in
the early morning but throughout the daytime, contributing to an
average production rate of 0.49 ppbv h™!, which was 1.3 times higher
than that from photolysis of O3 (0.38 ppbv h™!). The contributions of
HONO photolysis were up to 1.30 ppbv h~! at noon in the “sea case”,
which was 2 times higher than that in the “land case” (0.66 ppbv h™1). In
addition, ozonolysis reactions of unsaturated VOCs in the “sea case” and

the “land case” are another considerable OH source with an average
production rate of 0.04 ppbv h~!and 0.06 ppbv hl, respectively, while
other sources (e.g., photolysis of HNO3 and OVOCs) are negligible.

For RO radical, the most important source was OVOCs photolysis in
both the “sea case” and the “land case”, with the same average pro-
duction rate of 0.15 ppbv h™?, followed by the NO3 oxidation of VOCs
(0.06 ppbv h~!in the “sea case”, and 0.12 ppbv h~!in the “land case”).
Furthermore, the production rate of ozonolysis reactions of VOCs for
RO, radical was also worth noting (0.04 ppbv h™! in the “sea case”, and
0.06 ppbv h ™! in the “land case™). For HO, radical, the HCHO photolysis
was the main source with an average production rate of 0.22 ppbv h™! in
the “sea case” and 0.30 ppbv h™! in the “land case”. Photolysis of other
OVOCs was the second-most important source of HO, with an average
production rate of 0.11 ppbv h~! in the “sea case” and 0.12 ppbv h~tin
the “land case”, respectively.

Fig. 6 shows the average diurnal variations of the production rate of
OH and Os in the “sea case” and the “land case” modelled with/without
the constraints of measured HONO. In terms of the entire daytime, the
average OH production rates in the “sea case” and the “land case” were
0.94 ppbv h™! and 1.02 ppbv h™!, respectively, when only considering
gas-phase reaction of OH and NO. When the measured HONO was input
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in the model, the average OH production rate increased by 76% (1.65
ppbv h™1) and 61% (1.64 ppbv h™!) in the “sea case” and the “land
case”, respectively. The average O3 production rates in the “sea case”
and the “land case” were 8.61 ppbv h ™! and 9.22 ppbv h™}, respectively,
without the constraints of measured HONO, and increased by 24%
(10.66 ppbv h™1) and 22% (11.29 ppbv h™1) when the measured HONO
was input. Overall, the marine-derived HONO contributed significantly
to OH and O3 production, which was comparable to or larger than that in
the “land case”. This indicates that the HONO in the marine atmosphere
plays a vital role in the atmospheric chemistry, and more studies are
required to explore its detailed formation mechanisms.

4. Conclusions

In this study, we distinguished HONO production in the “sea case”
and the “land case” by wind direction and backward air mass trajectory
in a field observation conducted at a coastal site in Qingdao, China, in
the summer of 2019. Quite different diurnal variations of HONO were
observed in the “sea case”, with persistently high concentrations during
the daytime, in contrast to the continuously decreasing concentrations
in the “land case”. Both the much larger nocturnal NO2-to-HONO con-
version rate and the daytime Pyumer in the “sea case” suggested that
strong marine-derived HONO production may have been overlooked so
far. Correlation analysis implied that sea surface microlayer is likely to
be a media for the formation of HONO through the heterogeneous
conversion of NO; and photolysis of nitrogen-containing compounds in
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the nocturnal and daytime, respectively. These marine-derived HONO
contributed significantly to the production of both OH and Os. More
research is needed to confirm the sources of HONO in the marine at-
mosphere to better understand its contributions to OH and Os
production.
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