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• Elevated nocturnal and daytime HONO
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Sea, China.

• Fast darkNO2-HONOconversionwas re-
lated to air-sea interactions at high tem-
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linked to photochemical processes on
sea surface.
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Nitrous acid (HONO) serves as a key source of hydroxyl radicals and plays important roles in atmospheric pho-
tochemistry. In this study, gaseous HONO and related species and parameters were measured in autumn of
2016 at amarine background site on Tuoji Island in eastern Bohai Sea, China. The HONO concentration inmarine
boundary layer (MBL)was on average 0.20± 0.20 ppbv (average± standard deviation)with amaximumhourly
value of 1.38 ppbv. It exhibited distinct diurnal variations featuringwith elevated concentrations in the late night
and frequent concentration peaks in the early afternoon. During nighttime, the HONOwas produced at a fast rate
with the NO2-HONO conversion rate ranging from 0.006 to 0.036 h−1. The fast HONO production and the strong
dependence of temperature implied the enhancement of nocturnal HONO formation caused by air-sea interac-
tions at high temperature. At daytime, HONO concentration peaks were frequently observed between
13:00–15:00. The observed daytime HONO concentrations were substantially higher than those predicted in
the photostationary state in conditions of intensive solar radiation and high temperature. Strong or good corre-
lations between themissing HONO production rate and temperature or photolysis frequency suggest a potential
source of HONO from the photochemical conversions of nitrogen-containing compounds in sea microlayer. The
source intensity strengthened quickly when the temperature was high. The abnormally high concentrations of
daytime HONO contributed a considerable fraction to the primary OH radicals in the MBL.
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1. Introduction

Nitrous acid (HONO) has been recently confirmed as an important
source of hydroxyl radicals (OH radicals) (Alicke et al., 2003; Lee et al.,
2013). The photolysis of HONO in near ultraviolet spectral region (R1)
directly produces OH radicals which act as the most important atmo-
spheric oxidant in troposphere during daytime (Tang et al., 2015;
Wojnárovits and Takács, 2014). Because of the contribution of HONO
to OH radicals and the subsequent influence on atmospheric oxidation
capacity, the characteristics, sources, and formations, as well as the at-
mospheric impacts in various environments have attracted close con-
cerns from researchers in the past decade.

Gaseous HONOcomes fromnot only primary emissions of anthropo-
genic and natural sources but also secondary formations involving in
NOx (NOx = NO + NO2) and other nitrogen-containing compounds.
Previous studies have illustrated the high complexity and spatial-
temporal dependence of HONO sources in troposphere. In urban and
suburban areas, vehicle exhaust is considered to be an important source
of HONO with emission factor of HONO/NOx ratio ranging from 0.3% to
1.6% (Kurtenbach et al., 2001; Li et al., 2018; Xu et al., 2015). In farmland
and forest regions, the HONO can be released from the bacteria in the
presence of reactive nitrogen in the soil (Donaldson et al., 2014;
Oswald et al., 2013; Su et al., 2011). During daytime, the homogeneous
reaction between NO and OH radicals (R2) is known as a major forma-
tion pathway of HONO (Alicke et al., 2003). During nighttime, the het-
erogeneous reactions of NO2 on wet surfaces of grounds, aerosols, and
artificial buildings (R3) have been identified as the main formation
pathway (Finlayson-Pitts et al., 2003; Salgado and Rossi, 2002; Spataro
et al., 2016; Stutz et al., 2002). The heterogeneous process of NO2 also
produces particulate nitrite which serves as a potential source of
HONO in conditions of high temperature, lowhumidity, andhigh acidity
(R4 and R5) (Costabile et al., 2010; Wang et al., 2015). Recent studies
have indicated that in many cases the observed high levels of daytime
HONO cannot be explained by the above confirmed HONO sources
and some new formation mechanisms have been proposed (Lee et al.,
2016; Legrand et al., 2014; Michoud et al., 2014; Tang et al., 2015;
Wang et al., 2017). The unexplained daytimeHONO is usually attributed
to the light-enhanced NO2 heterogeneous reactions (R6 and R7)
(George et al., 2016; Karamchandani et al., 2015; Sörgel et al., 2011).
In addition, the daytime HONO can also be produced via the photolysis
of particulate nitrates or absorbed nitric acid on surfaces of ground or
leaves (R8) (Kasibhatla et al., 2018; Laufs and Kleffmann, 2016;
Oswald et al., 2015; Sörgel et al., 2015; Zhou et al., 2011). Overall, the
sources and formation mechanisms of HONO in different atmospheric
environments have not been well recognized and more field studies
are needed to obtain a comprehensive understanding.

HONOþ hv→NOþ �OH λb400 nmð Þ ðR1Þ

�OH þ NOþM→HONOþM ðR2Þ

2NO2 þ H2O→HONOþ HNO3 ðR3Þ

HONO aqð Þ↔HONO gð Þ ðR4Þ

HONO aqð Þ↔Hþ aqð Þ þ NO2
− aqð Þ ðR5Þ

NO2 þ hv λN430 nmð Þ→NO2
� ðR6Þ

NO2
� þ H2O→HONOþ �OH ðR7Þ

HNO3=NO3
− þ hv→HONO=NO2

− þ O � λ � 300 nmð Þ ðR8Þ

Many field measurements of HONO have been carried out in tropo-
sphere within the continents (e.g., urban, suburban, rural and remote
land) (Costabile et al., 2010; Honrath et al., 2002; Su et al., 2008a;
Večeřa et al., 2007; Wang et al., 2015; Xu et al., 2015); however, only
a few studieswere conducted in themarine boundary layer (MBL) in re-
cent years. Zha et al. (2014) measured HONO and related species and
parameters at a coastal site along the South China Sea. They found
that the nocturnal NO2-HONO conversion rates in air masses passing
over sea surfaces were significantly higher than those over the land
and attributed it to air-sea interactions. Wojtal et al. (2011) found the
temperature dependence of HONO concentrations during nighttime
on Saturna Island, adjacent to the Northeast Pacific, and proposed the
HONO formation in the sea microlayer (SML). In addition, Meusel
et al. (2016) observed abnormally high concentrations of daytime
HONO with peaks in the late morning under humid conditions on the
Cyprus Island in Mediterranean Sea, which was ascribed to the HONO
emissions from microbial communities on soil surfaces. Reed et al.
(2017) and Kasibhatla et al. (2018) also found daytime HONO concen-
tration peaks during noontime on Cape Verde Island in tropical North
Atlantic, whereas they attributed the daytime peaks mainly to the fast
photolysis of particulate nitrates in sea salts. The above field studies
have found that the fast HONO formation at nighttime or elevated
HONO concentrations during daytime in MBL was linked to some spe-
cific local sources. Nevertheless, the unique characteristics of HONO in
the MBL and the underlying sources require further confirmation and
investigation in other marine regions.

In this study, ambient HONO concentrations and related species
were measured continuously on an island located in the eastern Bohai
Sea, China. We first present the concentrations and various characteris-
tics of HONO and show the obvious nighttime and daytime concentra-
tion peaks. Then, the nighttime HONO formation and daytime
concentration peaks are explored in details via case analyses and corre-
lation analyses. Finally, the impact of daytime HONO on the primary
source of OH radicals is assessed. This study provides some new insights
into the characteristics of HONO in a polluted MBL environment in
China, and proposes the role of air-sea interaction in theMBLHONO for-
mation and atmospheric photochemistry.

2. Experiment and methods

2.1. Measurement site

Themeasurement site was located on a small hill in the north of the
Tuoji Island in eastern Bohai Sea, China (38.19°N, 120.74°E, 153 m a.s.l.,
see Fig. 1). The Tuoji Island was a small rock island (7.1 km2) with a
large quantity of rocks and sands on the surface and a few soils in
some low areas. The instruments were installed at a temperature-
controlled monitoring station on the top floor of a four-story building.
The sampling inlets were approximately 1.5 m above the rooftop. The
measurement site was surrounded by scattered pine trees and was
N1000 m far away from the residential villages and fishing piers. Thus,
a rare quantity of vehicles and diminutive fishing-boats were the main
local anthropogenic emission sources (Wang et al., 2014a; Zhang
et al., 2016). To the west of the site, the nearest sea was located and
was 160 m far away. The measurement site was N10 km away from
the nearest major shipping route. The Tuoji Island is far away from the
city regions and large industrial sources. Yantai and Dalian, two nearest
cities, were situated 40 km to the south and 70 km to the north, respec-
tively. The famous Economic Zone of Beijing-Tianjin-Hebei lied 190 km
to the northwest. Therefore, the measurement site used in this study
generally represents the marine atmospheric environment over Bohai
Sea. The field measurements were conducted in autumn, from 5th Oct.
to 5th Nov., 2016.

2.2. Instrument descriptions

A LOng Path Absorption Photometer (LOPAP, Model 03, QUMA,
Germany) was deployed to continuously measure the HONO concentra-
tions with a time resolution of 30 s. Ambient gaseous HONO was
absorbed simultaneously by sulphanilamide- hydrochloric acid reagent



Fig. 1.Maps showing the location of themeasurement site on Tuoji Island in eastern Bohai Sea, China. (a) The color is codedwith the troposphericNO2 columndensity inOct. 2016 (http://
www.temis.nl/index.php); (b) the color is coded with the topographic height.
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in double tandem glass spiral tubes equipped in an outdoor sampling
unit under a constant temperature of 20 °C. More than 99% of HONO
could be collected in the front coil (Kleffmann and Wiesen, 2008). The
back spiral tube was used to obtain the interference signal caused by
other nitrogen compounds in sampling tubes. The absorption
solutions through both two spiral tubes were pumped into the
instrument and converted to colored azo dye after mixed with N-
naphtylethylendiamine-dihydrochloride reagent (Kleffmann et al.,
2006). Then, the absorption spectra of these two mixed reagents were
measured in two long path absorption tubes with two spectrometers.
The raw aqueous concentrations of HONO in the two channels were cal-
culated based on the regular detection of background signal with high-
purity nitrogen every 12 h and the routing calibration by using nitrite
standard solution every four days. The HONO concentration in ambient
air was finally obtained from the aqueous concentration difference be-
tween the two channels and the flow rates of air sample and absorption
solution. The detection limit and the uncertainty of the LOPAP were
0.2 ppt and 10%, respectively. Refer to Li et al. (2018) for detailed de-
scriptions of the operation and quality assurance and quality control
procedures.

In addition, relevant pollutants and parameters weremeasured con-
currently with on-line instruments. Specifically, NOwasmonitored by a
chemiluminescence instrument (Model 42C, Thermo Electron Corpora-
tion, USA). NO2 was analyzed by a cavity attenuated phase shift spec-
troscopy (Model T500 U, API, USA). Ozone was measured by a two-
path UV photometric analyzer (Model 49, Thermo Electron Corporation,
USA). CO was detected by a non-dispersive infrared analyzer (Model
300EU, API, USA). The photolysis frequency of NO2 represented by J
(NO2) was quantified by a filter radiometer (Model 2-pi-JNO2,
Meteorologie Consult, Germany). Meteorological parameters including
temperature (T), relative humidity (RH), wind speed (WS) andwind di-
rection (WD) were obtained from an automatic meteorological station
(Model PC-4, Jinzhou Sunshine, China). Detailed information of these in-
struments can be seen in previous studies (Sun et al., 2016;Wang et al.,
2014b; Wang et al., 2012; Xue et al., 2014).

2.3. Photostationary state calculation

To assist to understand the observed daytime peaks of HONO,
photostationary state (PSS) was assumed during the periods from
9:00 to 15:00 in conditions of strong solar radiation when a balance
was achieved quickly between the production and loss due to the fast
reaction rates. The PSS HONO concentration (HONOPSS) was calculated
via Eq. (1)with consideration of only onemajor source of homogeneous
formation (SGas, R2) and three loss pathways of photolysis (LPhotolysis,
R1), reaction with OH radical (LGas, R9), and dry deposition (LDeposition)
(Lee et al., 2016). Here, [NO] represents the in-situ measured NO con-
centration. The values of J(HONO) and J(O1D) were estimated based
on the relationships between the data of J(HONO) and J(O1D) from an
Actinic Flux spectrometer (Model 2-pi-actinic-flux spectrograph,
Meteorologie Consult, Germany) and the data of J(NO2) from a filter radi-
ometer in our previous comparative experiment. [OH] was estimated
with an improved empirical formula of Eq. (2)with NO2 andHONO con-
centrations together with NO2, O3, and HONO photolysis frequencies
(Alicke et al., 2002). The calculated OH concentration was in the range
of 0.1 to 8.6 × 106 molecules cm−3, which was a little lower than the
measured range during the same daytime period in summer at a subur-
ban site in North China (Lu et al., 2013). The deposition velocity of
HONO (vHONO) was set as 0.005 m s−1 according to previous studies
(Michoud et al., 2014; Stutz et al., 2002). The height of the boundary
layer (h) was adopted from the European Centre for Medium-Range
Weather Forecasts (https://www.ecmwf.int/). The reaction rates
(KNO+OH and KHONO+OH) were obtained from the Task Group on At-
mospheric Chemical Kinetic Data Evaluation (http://iupac.pole-
ether.fr/index.html). Note that the heterogeneous NO2 reactions on
aerosol surfaces and the photo-enhanced surface reactions of NO2

were not considered in the PSS calculation due to the relatively
small contributions to the daytime HONO formation. The estimated
average HONO formation rate from heterogeneous reactions of NO2

on aerosol surfaces during daytime was b1% compared to the
HONO production rate in the PSS period according to the assumptive
uptake coefficient of 10−6, the particulate surface concentration of
2.3 × 10−4 m2 m−3, and the molecular speed of 223 m s−1. The
photo-enhanced surface reactions of NO2 contributed approximately
1%–10% of the daytime HONO with the assumption that the photo-
enhanced NO2 uptake coefficient rates were one or two orders of
magnitude larger than the dark reactions.

HONOþ OH→NO2 þ H2O ðR9Þ

https://www.ecmwf.int/
http://iupac.pole-ether.fr/index.html
http://iupac.pole-ether.fr/index.html
http://www.temis.nl/index.php
http://www.temis.nl/index.php
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HONO½ �PSS ¼
SGas

LGas þ LPhotolysis þ LDeposition

¼ NO½ � � OH½ � � kNOþOH

OH½ � � kOHþHONO þ J HONOð Þ þ vHONO
h

ð1Þ

OH½ � ¼ 4:1 � 109

�
J O1D
� �0:83

� J NO2ð Þ0:19 � 140 � NO2 þ 1ð Þ þ HONO � J HONOð Þ
0:41 � NO2

2 þ 1:7 � NO2 þ 1þ NO � kNOþOH þ HONO � kHONOþOH

ð2Þ

3. Results and discussion

3.1. Concentrations and temporal variations

The HONO concentrations in MBL over eastern Bohai Sea in autumn
were relatively high. Table 1 and Fig. 2 show the statistical results and
time series of the concentrations of HONO, related species aswell asme-
teorological parameters during themeasurement period. As shown, the
average HONOmixing ratio was 0.20 ± 0.20 ppbv (average± standard
deviation). The maximum hourly HONO concentration was as high as
1.38 ppbv, appearing at 14:00 local time (LT) on 14thOctober. Themax-
imum one-minute value was even higher, reaching 1.90 ppbv. The pre-
cursor NO2 was at a moderately high level, with an average
concentration of 5.3 ± 4.1 ppbv. The average NO and CO concentrations
were 0.5± 0.7 and 484± 271 ppbv, respectively, indicating aminor in-
fluence from local anthropogenic sources including exhausts of vehicles,
boats, and ships. Ozone, another important source of hydroxyl radicals,
appeared in moderate concentrations with an average value of 40 ±
14 ppbv. When compared to other locations, the HONO concentrations
observed over eastern Bohai Sea were lower than those in inland urban
areas in Bohai Rim region (Hendrick et al., 2014; Li et al., 2018; Wang
et al., 2015), but higher than those in clean marine areas in Mediterra-
nean and tropical North Atlantic (Kasibhatla et al., 2018; Meusel et al.,
2016).

The HONO concentrations over the eastern Bohai Sea in autumn ex-
hibited large temporal variations. Particularly, theHONO concentrations
in the early period (from5th to 21th Oct.) weremuch higher than those
in the later period (from 22th Oct. to 5th Nov.). During the early period,
the average HONO concentration was 0.27 ± 0.23 ppbv (also included
in Table 1), with a maximum hourly value of 1.38 ppbv. In comparison,
during the later period, the average HONO concentration was 0.13 ±
0.11 ppbv and the maximum hourly value was only 0.53 ppbv. In addi-
tion, the average HONO/NOx ratio of 0.057 in the early periodwasmuch
higher than the ratio of 0.021 in the later period,whichmeans thatmore
HONOwas produced in the earlier period than in later period. With ex-
amination of related species and meteorological parameters, we find
Table 1
Statistics of ambient concentrations of HONO, other trace gases, and meteorological pa-
rameters during the measurement periods (average ± standard deviation). The t-test
was performed for the difference between the two periods.

Species Full data 5th – 21st
Oct.

22nd Oct. – 5th
Nov.

T-test

HONO (ppbv) 0.20 ± 0.20 0.27 ± 0.23 0.13 ± 0.11 p b 0.01
NO (ppbv) 0.5 ± 0.7 0.5 ± 0.5 0.6 ± 0.8 p = 0.32
NO2 (ppbv) 5.3 ± 4.1 4.8 ± 3.3 5.9 ± 4.7 p b 0.01
HONO/NOx 0.040 ± 0.041 0.057 ± 0.050 0.021 ± 0.014 p b 0.01
CO (ppbv) 482 ± 270 478 ± 239 486 ± 301 p = 0.95
O3 (ppbv) 40 ± 14 45 ± 15 34 ± 8 p b 0.01
T (°C) 14.2 ± 3.8 16.8 ± 1.9 11.3 ± 3.3 p b 0.01
RH (%) 74 ± 14 76 ± 12 71 ± 16 p b 0.01
J(NO2) (10−3 s−1) 1.18 ± 1.77 1.32 ± 1.95 1.03 ± 1.57 p b 0.05
WS (m s−1) 3.7 ± 2.9 3.4 ± 2.2 4.1 ± 3.5 p b 0.01
that the concentrations of NO2, NO, and CO, the winds, and the air
masseswere comparable in the two periods, while the ambient temper-
ature and photolysis rate of NO2 in the early period were higher than
those in the later period. It indicates that the HONO formation in the
early period in conditions of high temperature and intensive solar radi-
ation was possibly quite fast.

To further investigate the causes of the HONO variations, we com-
pared the diurnal patterns of HONO and related pollutants and param-
eters in the two periods (see Fig. 3). Overall, HONO exhibited distinct
diurnal variation with two concentration peaks at nighttime and day-
time. The nighttime peak appeared in the late night and the daytime
peak occurred around 14:00 LT in the early afternoon. During nighttime,
the average peak concentration of HONO in the early period was ap-
proximately 1.5 times as high as that in the later period (0.37 vs.
0.25 ppbv). Nevertheless, during daytime, the average concentration
peak in the early periodwas up to 3 times as high as that in the later pe-
riod (0.39 vs. 0.13 ppbv). Moreover, at daytime, the average peak value
of HONO/NOx ratio in the early periodwas 4.9 time as high as that in the
later period (0.127 vs. 0.026). Note that the diurnal patterns and con-
centrations of NO2 and NO in the two periods were quite similar,
while the temperature and photolysis rate at daytimewere significantly
higher than those in the later period. The above results suggest that in
the early periodHONOwas produced at very fast rates especially at day-
time, which may be linked to the temperature and intensive-sunlight
conditions and led to rather high levels of daytime HONO in this period.

3.2. Nocturnal HONO formation

In order to obtain a deep understanding of the nighttime HONO for-
mation inMBL, the caseswith significant HONOproduction at nighttime
were selected and analyzed in details. The nocturnal cases were identi-
fied following the below four criteria: (1) only the data during night-
time (18:00–6:00 LT in the next morning) were considered and used;
(2) both HONO concentration and HONO/NO2 ratio increased continu-
ously for more than two hours; (3) the air mass kept unchanged with
small wind speed, stable wind direction, and stable CO concentrations;
(4) the concentration of the precursor NO2 had minor change during
the selected periods. Finally, eight nocturnal cases (i.e., 6th, 8th, 9th,
13th–14th, 23th, 25th–26th, 30th Oct. and 3rd Nov.) were selected
and the NO2-HONO conversion rate (CHONO) were calculated via Eq.
(3) (see Fig. 4 and Table 2).

CHONO ¼ HONO½ �t2− HONO½ �t1
NO2

�
t2−t1ð Þ

ð3Þ

As shown, the continuous increase in HONO concentrations mostly
occurred immediately after sunset (i.e., after 18:00) and sometimes
started in the late night (after 22:00). During the periods for 2 to 5 h,
the HONO concentration had increased by 0.13 to 1.07 ppbv and the in-
crease in HONO concentrations exhibited positive correlation with the
NO2 concentration. The nocturnal heterogeneous NO2-HONO conver-
sion rate ranged from 0.006 to 0.036 h−1, with an average value of
0.018 h−1. The maximum CHONO of 0.036 h−1 appeared in the midnight
of 13th Oct., featuring with high temperature (on average 18.8 °C) as
well as continuous northerly wind. The NO2-to-HONO conversion
rates at nighttime over the eastern Bohai Sea were obviously higher
than the average rate range of 0.003–0.010 h−1 at inland sites in the
Bohai Rim Region in previous studies (Li et al., 2018; Wang et al.,
2017; Wang et al., 2015; Zhang et al., 2019). The facilitated NO2-to-
HONO conversion observed in the MBL in this study was consistent
with that found at a coastal site in South China when the air mass
came from the marine region and was ascribed to the air-sea interac-
tions (Zha et al., 2014).

The nocturnal NO2-HONO conversion rate inMBL over eastern Bohai
Sea varied with atmospheric conditions. Correlation analysis shows a
strong positive linear relationship between CHONO and the ambient



Fig. 2. Temporal variations of the measured HONO, NOx, CO, O3, J(NO2) and meteorological parameters during the measurement period from 5th Oct. to 5th Nov., 2016.

Fig. 3.Average diurnal patterns of themeasuredHONOand related parameters for the early period (5th–21st Oct., the blue line) and the later period (22ndOct.–5thNov., the red line). The
shaded areas indicate standard deviations. The shadow areas indicate the nighttime periods (18:00–6:00). (For interpretation of the references to color in this figure legend, the reader is
referred to the web version of this article.)
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Fig. 4. Time series of themeasuredHONO and related parameters for the selected eight nocturnal cases on 6th, 8th, 9th, 13th, 23th, 25th, 30thOct., and 3rdNov. The shadow areas indicate
the periods with continuous increase in HONO concentrations and HONO/NO2 ratios.
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temperature (R=0.94, p b 0.01). For the selected eight nighttime cases,
when the temperature was above 15 °C the CHONO was higher than or
equal to 0.02 h−1, while they were all lower than 0.02 h−1 when the
temperature was below 15 °C (see Table 2). Nevertheless, CHONO
Table 2
The increase and conversion rate of HONO and related pollutant concentrations andmete-
orological parameters during the selected periods for the eight nighttime cases.

Date Duration
(h)

△HONO
(ppbv)

CHONO

(h−1)
Avg.
HONO
(ppbv)

Avg.
NO2

(ppbv)

Avg.
T
(°C)

Avg.
RH
(%)

6th Oct. 2.62 0.23 0.020 0.10 4.4 15.8 68
8th Oct. 2.80 0.15 0.028 0.06 1.9 16.8 79
9th Oct. 3.18 0.15 0.018 0.09 2.7 14.8 74
13rd–14th
Oct.

3.33 1.07 0.036 0.41 8.8 18.8 84

23rd Oct. 4.98 0.25 0.006 0.24 8.9 12.6 71
25th–26th
Oct.

2.68 0.18 0.016 0.19 4.2 14.1 89

30th Oct. 3.05 0.13 0.008 0.14 4.8 14.7 54
3rd Nov. 3.05 0.21 0.010 0.14 7.3 14.1 72
exhibited a moderate correlation with relative humidity (R = 0.57, p b

0.01). The above results indicate that the nocturnal HONO formation
from NO2 over eastern Bohai Sea was enhanced at high temperature.
It is consistent with the finding by Wojtal et al. (2011) that the HONO
production from NO2 on seawater surface was largely influenced by
the temperature.

3.3. Daytime HONO concentration peaks and the missing source

Daytime concentration peaks of HONO were frequently observed in
the MBL over eastern Bohai Sea. Fig. 5 shows four daytime cases with
apparent HONO concentration peaks and stable weather conditions
(i.e., sunny, low wind speed, stable wind direction, and stable CO con-
centration). The daytime concentration peaks of HONO frequently
exceeded 0.4 ppbv and the maximum 1-min value reached 1.90 ppbv.
The daytime HONO concentration usually started to increase immedi-
ately after the solar radiation getting strong and when the temperature
was relatively high (approximately above 15 °C). The HONO concentra-
tion reached the maximum in the early afternoon (13:00–15:00 LT)
after which period the temperature and solar radiation started to drop
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quickly. Such high concentration peaks of daytime HONO in the pres-
ence of intensive solar radiation were rarely observed in other marine
regions (Kasibhatla et al., 2018; Meusel et al., 2016). The daytime
HONO concentration peaks in the early afternoon observed in this
study are different from thedaytimepeaks appeared in the latemorning
and noon in the previous studies in othermarine areas (Kasibhatla et al.,
2018; Meusel et al., 2016). The morning peaks of HONO on the Cyprus
Island in Mediterranean Sea were caused by the microbial activities on
soil surface after sunrise (Meusel et al., 2016), while the noon peaks
on Cape Verde Island in tropical North Atlantic were associated with
the photolysis of particulate nitrates in the presence of intense solar ra-
diation (Kasibhatla et al., 2018). The rock dominated surface of the small
Tuoji Island togetherwith the unmatched concentration peaks of HONO
and NO suggests that microbial activities had little influence on the
measured daytime HONO.
Fig. 5. Time series of themeasured HONO and related parameters for the selected four daytime
9:00 to 15:00.
With the deployment of PSS calculations for the selected four
daytime cases, the observed daytime HONO peaks were obviously
higher than the PSS prediction, in particular when the ambient tem-
perature was relatively high (also shown in Fig. 5). During
9:00–15:00 on 10th and 14th October, the temperature was always
above 15 °C and the observed HONO concentrations were more
than two times as high as the PSS calculated values. Whereas, on
6th October and 4th November, the temperature began to exceed
15 °C around the noon and higher HONO observation than PSS pre-
diction only appeared in the early afternoon. In the morning of
these two days, the PSS calculated HONO generally matched the ob-
served values. The high daytime concentration peaks of HONO in
MBL over eastern Bohai Sea suggest the existences of important
missing sources during daytime and the intensity of missing sources
was related to the ambient temperature.
cases on 6th, 10th, 14th Oct., and 4th Nov. The shadow areas indicate the PSS periods from
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Correlation analysis using all the data during the PSS periods further
confirmed the dependence of the missing HONO source rate (S(HONO-

missing), Eq. (4)) to the ambient temperature. As shown in Fig. 6, themiss-
ing production rate of HONO at daytime exhibited nearly exponential
increase with the temperature (R = 0.69). When the temperature was
below 15 °C, the missing HONO source rate was small and changeless.
Once the temperature was above 15 °C, the missing production rate
sharply increased with the temperature and was as high as 2 ppbv
h−1 when the temperature reached 22 °C. In addition, a rising trend
was also found in themissing production rate of HONOas the photolysis
frequency of NO2 increased (also see Fig. 6). In comparison, no apparent
correlationwas found between the values of S(HONO-missing) and thehu-
midity, NO2 concentrations, or the products of NO2 ∗ J(NO2). The above
results indicate that the missing sources of daytime HONO were likely
light-induced reactions of nitrogen-containing compounds
(e.g., nitrates and nitric acid) on sea surfaces and that the source inten-
sity was largely influenced by ambient temperature. As reported by
Goldstein and Rabani (2007) and Yang et al. (2018) in laboratory stud-
ies, the photolysis of dissolved nitrates produced nitrites at a fast rate
which could release gas-phase HONO when the temperature was rela-
tively high. Therefore, the abnormal daytime concentration peaks of
HONO observed in the MBL over eastern Bohai Sea might be attributed
to an unnoticed source of photolysis of nitrates (or other nitrogen-
containing compounds) in the SML and the subsequent HONO release
at relatively high temperature. Future laboratory or field studies are re-
quired to evaluate the accurate production rate of HONO from photoly-
sis of nitrates in SML on sea surface and the contribution to the daytime
HONO.

S HONO−mis sing
� � ¼ HONO½ �Meas:− HONO½ �PSS

� �

� OH½ � � kOHþHONO þ J HONOð Þ þ vHONO
h

� �
ð4Þ

3.4. Impact of daytime HONO on the primary source of OH radicals

The high daytime HONO concentrations observed over the eastern
Bohai Sea probably pose a significant impact on the OH radicals through
photolysis. Here, we compare the production rate of OH radicals from
HONO photolysis and ozone photolysis, which are well known as two
major primary sources of OH radicals. The net production rate of OH
radicals from HONO photolysis (P(OH)HONO net) was estimated via Eq.
(5) (Su et al., 2008b). The OH production rate from ozone photolysis
(P(OH)O 3

, only from the O1D branch) was calculated by Eq. (6) (Su
et al., 2008b). The involved reaction rate constants were adopted from
Fig. 6. Scatter plots of the missing production rate of HONO (S(HONO-missing)) agai
the Task Group on Atmospheric Chemical Kinetic Data Evaluation of
IUPAC (http://iupac.pole-ether.fr/index.html).

P OHð ÞHONOnet ¼ J HONOð Þ � HONO½ �−kOHþNO � OH½ �
� NO½ �−kOHþHONO � OH½ � � HONO½ � ð5Þ

P OHð ÞO3
¼

2 � J O1D
� �

� O3½ � � kO1DþH2O

kO1DþH2O
þ kO1DþM

ð6Þ

As shown in Fig. 7, during the periods of 9:00–15:00 in the four day-
time cases, the net production rate of OH radicals fromHONOphotolysis
ranged from below zero to several ppbv h−1. Themaximumhourly pro-
duction rate of net OH radicals reached4.1 ppbvh−1, contributing to ap-
proximately 49.6% of the total primary production of OH radicals from
both HONO and ozone photolysis. This maximum net production rate
and maximum contribution caused by daytime HONO appeared in the
early afternoon of 14th October, when both HONO concentration and
ambient temperaturewere the highest during themeasurement period.
Nevertheless, under the conditions of relatively low temperature, the
contributions from HONO photolysis were relatively small or even neg-
ligible. Overall, the elevated concentrations of daytime HONO over the
eastern Bohai Sea at high temperature provided a considerable contri-
bution to the primary source of OH radicals and subsequently to a cer-
tain degree enhanced the atmospheric oxidation capacity.

4. Conclusions

To understand the characteristics of ambient HONO and its sources
and formation mechanisms in a marine region adjacent to the polluted
North China, fieldmeasurements of HONOand related parameters were
conducted from5th Oct. to 5thNov. in 2016 at amarine background site
on Tuoji Island in the eastern Bohai Sea.Moderately high concentrations
of HONOwere observed, with the maximum hourly value of 1.38 ppbv.
The HONO concentration displayed apparent temporal variation and
concentration peaks frequently occurred both in the later night and in
the early afternoon. During nighttime, HONO was produced quickly
fromheterogeneous reactions of NO2 and the conversion rates were ob-
viously higher than those at inland sites in the Bohai Rim Region. The
fast heterogeneous formation of HONO at nighttime wasmainly caused
by air-sea interactions andwas facilitated by the relatively high temper-
ature. During the daytime, the HONO concentration peaks usually ap-
peared in early afternoon in conditions of strong photolysis frequency
and high temperature. The photochemical conversions of nitrogen-
containing compounds in SML together with the subsequent HONO
nst (a) temperature and (b) J(NO2) for all hourly data during the PSS periods.

http://iupac.pole-ether.fr/index.html


Fig. 7. The net production rates of OH radicals from photolysis of HONO and ozone as well as the ambient temperature in the four selected daytime cases.

290 L. Wen et al. / Science of the Total Environment 670 (2019) 282–291
release under the condition of high temperaturewere likely to be an im-
portant source for the abnormally high daytime HONO. The photolysis
of daytime HONO provided a considerable contribution to the primary
source of OH radicals and thus should be fully considered in modeling
simulations of air quality and atmospheric chemistry.
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