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ABSTRACT

Ship based multi-axis differential optical absorption spectroscopy (MAX-DOAS) measurements were carried out
along the marginal seas of China from 19 April to 16 May 2018, to measures the vertical profiles of aerosol, NO; and
HONO. Five hot spots of tropospheric NO. VCDs were found in Yangtze River Delta, Taiwan straits,
Guangzhou-Hong Kong-Macao Greater Bay areas, Zhanjiang Port, and Qingdao port with averaged NO, VCDs of
1.07X10%, 1.30X 106, 7.27 X 10%, 5.34X 10%, and 3.12 X 10'®> molec. cm?, respectively. HONO performs similar
spatial distribution characteristics as NO, with averaged HONO VCDs in above five hot-spot areas of 1.01X 10,
7.91X10%, 6.02X10%, 5.36 X 10, and 5.17 X 10** molec. cm?, respectively. The averaged near-surface NO;
concentrations were 8.46 and 11.31 ppb, and the averaged near-surface HONO concentrations were 0.23 and 0.27 ppb
under viewing sea and viewing land observation azimuths during the whole campaign, respectively. The Chinese
Academy of Meteorological Sciences (CAMS) and Southern University of Science and Technology (SUST)
MAX-DOAS stations were selected as inland and coastal cases to further understand the impacts of relative humidity
(RH), temperature, and solar radiation intensity (SRI) on the heterogeneous reaction of NO; to form HONO in

different scenes. The emission ratios of AHONO/ANO, in sea, CAMS and SUST were 0.46+0.31%, 0.82+

0.34%, and 0.79+0.31%, respectively. The RH turning points in CAMS and SUST cases were all ~65% (60-70%),
however, two turning peaks (~60% and ~85%) of RH were found in sea cases. The HONO/NO; decrease along with
the increase of temperature, and with peak values on ~12.5°C in CAMS. The HONO/NO: increase along with
increasing temperature, and with peak values on ~31.5°C in SUST. In sea case, the HONO/NO: increase along with
the increase of temperature with a peak value on ~25.0°C under the temperature being larger than 18.0°C. That means
the high temperature could contribute to the secondary formation of HONO in sea atmosphere. The correlation
analysis between HONO and aerosol in near-surface layer illustrated the ground surface plays a more important role
than aerosol surface during the HONO formation process from the heterogeneous reaction of NO» under inland case,
however, aerosol surface plays a more important role during above process under coastal and sea cases. Moreover, we
found the HONO generation rate from NO; heterogeneous reaction in sea case is larger than that in inland case in
higher atmospheric layers above 600 m.

1 Introduction

Nitrous acid (HONO) is an important part of the atmospheric nitrogen cycle, and plays a significant role in
atmospheric oxidation capacity (Alicke et al., 2003; Kleffmann et al., 2005). Previous studies reported the
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contribution of HONO photolysis to OH radicals can reach 40-60%, and even more than 80% especially in the early
morning (Michoud et al., 2012; Ryan et al., 2018; Xue et al., 2020). OH radicals are one of the most important
oxidants in the atmosphere. They can oxidize and destroy most atmospheric pollutants, such as CO, NOx (NO+NO>),
SO; and volatile organic compounds (VOCs), thereby further promoting the formation of secondary pollutants (ozone
(03), peroxyacetyl nitrate (PAN), and secondary aerosols, etc.), leading to serious haze pollution events (Huang et al.,
2014). In addition, as a nitrosating agent, HONO can produce carcinogenic nitrite amines to threat to human health
(Zhang et al., 2015). Therefore, a full understanding of the source and formation mechanism of HONO has very
important scientific significance for the study of tropospheric oxidation and the control of secondary pollution.

At present, the known sources of HONO mainly include direct emissions from vehicles, ships, biomass burning and
soil, the homogeneous reaction of NO and OH radicals, the heterogeneous reaction of NO, on aerosols, vegetation,

ground and other types of surfaces, and the photolysis of nitrate particles (NO; ) (Wang et al., 2015). There are also

some obvious unknown HONO sources (Fu et al., 2019). The heterogeneous reaction of NO> as a source of HONO
has received continuous attention in recent years. It has been found that the heterogeneous reaction of NO; is one of
the most important sources of HONO in a variety of scenarios such as inland, coastal cities and offshore seas. Liu et al.
(2021) reported the contribution of heterogeneous reaction of NO2 on aerosol surface to HONO is 19.2% in summer,
and this contribution of heterogeneous reaction of NO, on aerosol and ground surfaces to HONO can reach 54.6% in
winter in Beijing. Yang et al. (2021) and Zha et al. (2014) found that the generation rate of HONO through the
heterogeneous reaction of NO. under sea-wind conditions could elevate 3-4 times than that under land-wind
conditions in the northern coastal city of Qingdao and the southern coastal city of Hong Kong, respectively. Cui et al.
(2019) illustrated that the heterogeneous reaction of NO2 on aerosol and sea surfaces is an important source of HONO
in East China Sea in summer. The process of HONO formed from the heterogeneous reaction of NO; is affected by
various atmospheric parameters. The relative humidity (RH), temperature, solar radiation intensity (SRI), aerosol
concentration and its relative surface area are the particularly important parameters. Previous works always use the
linear regression relationship between HONO/NO: and above parameters to characterize the influence of these
parameters on the formation of HONO through the heterogeneous reaction of NO,. Wen et al. (2019) found that the
increased temperature could promote the heterogeneous reaction of NO, to form HONO in sea conditions. The
generation rate of HONO could increase rapidly, when the temperature is greater than 20<C. Gil et al. (2019) found
that the HONO formed from the heterogeneous reaction of NO will increase along with the increase of RH when RH
is less than 80% in a case of land park using deep learning forced by measurement results. Fu et al. (2019) reported
that RH and SRI are the main parameters driving the heterogeneous reaction of NO; to form HONO in Pearl River
Delta, and it contributes 72% of the total source of HONO. Cui et al. (2019) found that the potential of heterogeneous
reaction of NO, to form HONO will increase with the increase of particle concentration and the specific surface area
of single particle in coastal cities.

However, previous researches generally focuses on the near-surface layer of a single scene, and attentions on the
influence mechanism of the heterogeneous reaction of NO> to form HONO in vertical direction and in different sea
and land scenes are insufficient, which limits the comprehensive assessment to understand the sea-land differences
and impact mechanism of HONO formed from the heterogeneous reaction of NO,. NO> could be transported from
inland and coastal cities to offshore seas (Tan et al., 2018). This part of NO, can promote the HONO formation
through heterogeneous reaction on the high-level aerosol and sea surfaces in the atmosphere of sea (Zhang et al.,
2020). The formed HONO is completely likely to be transported to land cities at night under favorable weather
conditions. It will affect the atmospheric oxidation and air quality, and even endanger human health. In addition, the
vertical distributions and values of atmospheric meteorology and aerosol parameters are significantly different in land
and sea scenes, which provide different conditions for the heterogeneous reaction of NO; to form HONO in different
height layers. Moreover, aerosols and NO2 have complex evolution and transmission characteristics in vertical
direction. The vertical upward transport of aerosol and NO> can promote the HONO formation through heterogeneous
reaction at high altitude, and the vertical downward transport of HONO will impact the atmospheric environment near
the ground. The vertical observations in land-sea scenes is also helpful to distinguish the contribution of the
heterogeneous reaction of NO2 on the aerosol and ground/sea surfaces (Zhang et al., 2020).

At present, a variety of HONO measurement techniques have been developed, which can be roughly divided into wet
chemical methods, spectroscopy methods, and mass spectrometry methods, in principle (Cheng et al., 2013; Bernard
et al., 2016; Gil et al., 2019; Guo et al., 2020; Jordan et al., 2020). However, these technical methods can only
measure the HONO information near the surface layer. Zhang et al. (2020) measured the vertical distribution of
HONO by placing wet chemical HONO samplers at different heights of tower in Being during spring, and found the
maximum value of HONO appeared at 120 m sourced from the heterogeneous reaction of NO, on aerosol surface
under haze conditions. Meng et al. (2020) also used tower by moving the IBBCEAS carried in a box at a constant
speed to measure the vertical profiles of HONO in Beijing during winter, and reported that the heterogeneous reaction
of NO; under the atmospheric boundary layer is an important source of HONO, especially in haze conditions.
However, the cost of above techniques used to measure HONO vertical profiles is too high, and the real-time and
continuous measurement cannot be realized. Multi-axis differential optical absorption spectroscopy (MAX-DOAS), as
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a ground-based ultra-hyperspectral remote sensing technology, has been widely used for vertical observation of
atmospheric pollutants in the past two decades. Therefore, the measurement of the vertical profiles of HONO under
different sea-land scenes based on MAX-DOAS could provide technical supports for learning the sea-land and
vertical differences and the influence mechanism of the heterogeneous reaction of NO; to form HONO. In the past
five years, several researchers have carried out campaigns based on MAX-DOAS to measure the vertical profile of
HONO in inland and coastal areas, and revealed the sources of HONO and their contribution to atmospheric oxidation
at different height layers (Garcia-Nieto et al., 2018; Wang et al., 2019). There are few studies on the sources of
HONO at different height layers in sea scene. In this study, it will be the first time to use MAX-DOAS to study the
spatiotemporal distribution and the sources of HONO along the Chinese coastline, and to learn the differences of the
HONO formed from the heterogeneous reaction of NO- in different height layers and land-sea scenes.

2 Methods and methodologies
2.1 The measurement cruise

The ship-based atmospheric observation campaign along the marginal seas of China was carried out from 19 April to
16 May 2018. The latitude and longitude ranges of the entire campaign covered 21.12°N-35.89°N and
110.67°E-122.16°E. The detailed voyage records of the observation ship are shown in Table 1. An integrated and fully
automated MAX-DOAS instrument was installed aboard the stern deck of the ship (Fig. S1(a)). In order to ensure that
the instrument is always kept in a horizontal position, a photoelectric gyro was used. The angle between the
observation direction and the heading direction of the ship was always maintained at 135° during the whole campaign.
The telescope unit of the instrument pointed towards sea during cruise NO.3 and NO.6. The telescope unit pointed
towards inland during cruise NO.1, NO.4 and NO.5. During cruise NO.2, the observation telescope always pointed to
Chongming island. The measurement ship only sailed in daytime from 19 April to 02 May, and continuously sailed in
all the daytime and nighttime from 3 May to 16 May 2018. The ship docked in Daishan port on 9-10 May and no
observations were carried out during these two days.

The aim of this campaign was to learn the vertical differences of NO, heterogeneous reaction to produce HONO in
marginal seas of China and compare the influence mechanism of that in inland cities. This study will provide
scientific guidance for understanding regional oxidation capacity and controlling the secondary air pollution.

2.2 MAX-DOAS measurements

2.2.1 Instrument setup

The compact instrument consists of an ultraviolet spectrometer (AvaSpec-ULS2048L-USB2, 300-460 nm spectral
range, 0.6 nm spectral resolution) at a 20°Cfixed temperature with a deviation of < 0.01°C, a one-dimensional CCD
detector (Sony 1LX511, 2048 individual pixels) and a telescope unit driven by a stepper motor to collect scattered
sunlight from different elevation angles. The accuracy of elevation angle is < 0.1 ‘Cand the telescope field of view
(open angle) is < 0.3°. A full scanning sequence consists of 11 elevation angles (1°, 2°, 3°, 4°, 5°, 6°, 8°, 10°, 15°, 30°
and 90°). The integration time of one individual spectrum was set to 30 s, and each scanning sequence took about 5.5
min. Besides, the controlling electronic devices and connecting fiber are mounted inside. The instrument is equipped
with a high-precision Global Position System (GPS) to record the real-time coordinated positions of the ship cruise.

2.2.2 Data processing and filtering

The MAX-DOAS measurements could be influenced by the exhaust from the measurement ship. Therefore, the data
contaminated by the exhaust were filtered out. As shown in Fig. S1(b), the direction and speed of the plume exhausted
from the ship depends on the ship direction/speed and the true wind speed/direction. Individual measurements taken
under unfavorable plume directions (plume directions between 45 and 135 with respect to the heading of the ship)
were discarded. In order to avoid the strong influence of the stratospheric absorption, the spectra measured with solar
zenith angle (SZA) lager than 75°were filtered out. Under these two filtering criteria, 4.9 and 8.3% of all data were
rejected before DOAS analysis (Xing et al., 2017, 2019, 2020).

2.2.3 DOAS analysis

The MAX-DOAS measured spectra were analyzed using the software QDOAS which is developed by BIRA-IASB
(http://uv-vis aeronomie.be/software/QDOAS/). The DOAS fit results are the differential slant column densities
(DSCDs), i.e. the difference of the slant column density (SCD) between the off-zenith spectrum and the
corresponding zenith reference spectrum. Details of the DOAS fit settings are listed in Tablel. A typical DOAS
retrieval example for the oxygen dimer (Oa), nitrogen dioxide (NOz) and nitrous acid (HONO) are shown in Fig. 1.
The stratospheric contribution was approximately eliminated by taking the zenith spectra of each scan as reference in
the DOAS analysis. Before profile retrieval, DOAS fit results of O4, NO2 and HONO with root mean square (RMS) of
residuals larger than 310 were filtered. Moreover, the SCD data under the color index (Cl) being < 10% of the
thresholds obtained through fitting a fifth-order polynomial to Cl data which is a function of time was filtered out, in
order to ensure a high signal-to-noise ratio (SNR) of the spectra. This filtering criteria remove 2.1, 3.9 and 5.3% for
04, NO2 and HONO, respectively.



https://doi.org/10.5194/acp-2022-638 Atmospheric
Preprint. Discussion started: 1 November 2022 Chemistry
(© Author(s) 2022. CC BY 4.0 License. and Physics

144
145
146
147
148
149
150
151
152

153
154
155
156
157

158

159
160
161
162
163
164
165
166
167
168
169
170
171
172
173
174
175
176
177
178
179
180
181
182
183
184
185
186
187
188
189
190
191
192
193
194
195
196
197
198
199
200
201

Discussions

2.3 Vertical profile retrieval

Aerosol and trace gases (i.e., NO2 and HONO) vertical profiles are retrieved from MAX-DOAS measurements using
the algorithm reported by Liu et al. (2021). The inversion algorithm is developed based on the Optical Estimation
Method (OEM) (Rodgers, 2000), which employs the radiative transfer model VLIDORT as the forward model. In this
study, an exponential decreasing a priori with a scale height of 1.0 km was used as the initial profile for both the
aerosol and trace gases retrieval. The surface concentrations of aerosol and trace gases were set to 0.3 km™* and 5.0
ppb, respectively. We assume a fix set of aerosol optical properties with asymmetry parameter of 0.69, a single
scattering albedo of 0.90 and ground albedo of 0.05. Moreover, the uncertainty of the aerosol and trace gases a priori
profile was set to 100% and the correlation length was set to 0.5 km.

2.4 Ancillary data

Meteorological data (including temperature, pressure, relative humidity, visibility, solar radiation intensity, wind
speed and wind direction) with a temporal resolution of 1 min was measured in the weather station installed on the
ship. NO was measured using NO analyzer (Thermo Scientific model 42i) with a 1 min time resolution. The speed of
the ship was calculated referred to the GPS data.

3 Results and Discussion

3.1 Overview of the MAX-DOAS observation over marginal seas of China

A radiative transfer model SCIATRAN was used to convert SCDs of NO, and HONO to their tropospheric vertical
column densities (VCDs). The vertical profiles of aerosol, NO> and HONO retrieved from MAX-DOAS, the
temperature and pressure vertical profiles simulated using a dynamical-chemical model (WRF-Chem), and the
geo-position data collected by GPS were introduced as inputs in SCIATRAN for the NO2 and HONO air mass factor
(AMF) calculation. Missing data are due to power and instrument system failure, interference of ship plume,
unfavorable weather condition (i. e., heavy rain), and night sailing. During the cruise of Chongming to Zhanjiang,
NO; VCDs varied from 1.05 X 10 to 4.02 X 10® molec.cm? with an averaged value of 3.90 X 10> molec. cm2. NO,
VCDs varied from 1.08<10%* to 2.60 X 10 molec.cm? with an averaged value of 4.27X10* molec. cm? from
Zhanjiang to Qingdao. From Chongming to Zhanjiang, HONO VCDs varied from 1.00 X 10 to 2.58 X 10> molec.
cm2 with a mean value of 2.39 X 10*molec. cm. From Zhanjiang to Qingdao, HONO VCDs varied from 1.01 X 101
to 2.61 X 10'molec. cm2 with a mean value of 2.74 X 10* molec. cm™.

Figure 2 showed the spatial distribution of NO2 and HONO VCDs over the marginal seas of China. It should be noted
that five elevated tropospheric NO, VVCDs hot spots were observed during the whole campaign, i.e., the coastal areas
of Yangtze River Delta, Taiwan straits, Guangzhou-Hong Kong-Macao Greater Bay areas, Zhanjiang Port, and
Qingdao port. In the coastal areas of Yangtze River Delta, the hot spots were mainly distributed in the Yangtze River
estuary, Hangzhou Bay, Ningbo port, Taizhou port, and Wenzhou port. These areas are mostly important shipping
channels or shipping ports, and are great NO2 emission sources. The averaged NO, VCDs in above five areas reached
1.07X10%, 1.30X10%, 7.27 X 10%®, 5.34X 10%, and 3.12X 10 molec. cm?, respectively. HONO exhibited similar
spatial distribution characteristics as NO2, and the averaged HONO VCDs in above five hot-spot areas reached 1.01 X
10%5, 7.91X10%, 6.02X10%, 5.36X10%, and 5.17X 10 molec. cm?, respectively. It indicates that NO; is an
important precursor of HONO. Previous studies have reported that HONO can produced from NO: through
heterogeneous reaction on the surface of aerosol and sea (Yang et al., 2021). However, there are obvious differences
in the concentration distribution of HONO and NO: in the southeast coastal area of Jiangsu (from Qidong to Dongtai).
In this area, NO2 showed a higher concentration (1.66 X 10'® molec. cm, 4 times higher than the mean NO2 VCD),
while HONO showed a lower concentration (2.06 X 10 molec. cm, ~80% of the mean HONO VCD). It might be
the fresh ship emission plume on the route enhancing the NO2 concentration and HONO has not been fully formed
from NO; heterogeneous reaction in time, due to the observations from ship-based MAX-DOAS are instantaneous.
On the other hand, the solar radiation intensity in this day (12 May, 2018) was significantly lower than other days (Fig.
S2), and this weather condition was not conductive to the HONO formation through the heterogeneous reaction of
NO..

The surface concentration of NO2 and HONO were extracted from their corresponding vertical profiles. As shown in
Figure 3, the total averaged near-surface NO: concentrations under viewing sea and viewing land conditions were
8.46 and 11.31 ppb, respectively. The total averaged near-surface HONO concentrations were 0.23 and 0.27 ppb
under viewing sea and viewing land conditions. Previous studies reported that vehicle and ship emissions were the
main HONO primary sources on land and sea, respectively, and NO, heterogeneous reaction on the surfaces of ground,
sea, vegetation and aerosol were the HONO important secondary sources (Liu et al., 2021). They also found the
surface HONO concentration under sea case was lower than that under land case, especially in the morning and
evening (Yang et al., 2021). Figure 4 shows the time series of AOD, the surface concentrations of NO, and HONO,
and the surface HONO/NO- during the whole campaign. We could find the time series of AOD and NO; are similar.
The high AOD and NO> usually appeared in busy shipping channels and ports, and the obvious high-value areas are
the coast of the Yangtze River Delta, the Taiwan Strait, Xiamen port, Zhanjiang port and Qingdao port (with a 1.28
mean AOD and a 18.90 ppb mean NO,). HONO always appeared under high AOD and NO: conditions, however,
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high AOD and NO: were not necessarily accompanied with high production rate of HONO. This is because the
heterogeneous formation of HONO requires suitable meteorological conditions (i.e., RH and temperature) in addition
to its precursor (NO2) and the reaction surface (aerosol) (Liu et al., 2019). The high HONO/NO: values were found on
02, 13 and 14 May with an average value of 0.45 during the whole campaign. Moreover, we found the high values of
HONO/NO:; always appeared from 11:00 to 14:00 during a whole day. That is due to the high production rate of
HONO and the high photolysis rate of NO2 during noontime.

3.2 The relationship between HONO/NO; with RH, Temperature and aerosol in land and sea

In order to fully understand the differences of the impacts of RH, temperature and aerosol on the HONO secondary
formation in land and sea conditions, the Chinese Academy of Meteorological Sciences (CAMS) and Southern
University of Science and Technology (SUST) MAX-DOAS stations were selected as inland and coastal areas for
analysis, respectively. Sun et al. (2020) reported that HONO concentrations could increase up to 40-100% over the
navigation areas, and Huang et al. (2017) reported vehicle exhaust could contribute to ~12-49% of the atmospheric
HONO budget. Since the direct emissions of the measurement ship have been removed before data analysis, the
primary source of HONO during the whole campaign was mainly from the direct emissions of cargo ships. We used
an averaged 0.4610.31% emission ratio of AHONO/ANO, in this study referring to Sun et al. (2020) to understand

the primary source of HONO on the sea surface during the campaign. The NO was measured using in situ instrument,
and sea-surface NO2 was extracted from the retrieved NO, vertical profiles (NOx = NO + NO). In addition, the
calculation method of emission ratios of AHONO/ANO, in CAMS and SUST was referred to Xu et al. (2015) and

Xing et al. (2021). The averaged emission ratios in CAMS and SUST were 0.82+0.34% and 0.79+0.31%,
respectively. The direct emissions have been deduced in the following study of the secondary formation of HONO.
Moreover, the secondary formation pathway of HONO are believed mainly from the heterogeneous reaction of NO»
on the surface. The linear regression between HONO and NO; in land and static sea scenarios is shown in Figure 5.
We found the fitting slopes in static sea scenes was ~8-10 times larger than that in land scenes, especially on the static
condition viewing sea (slope = 0.06). The correlation coefficients (R) in inland and static sea scenes were all > 0.62,
except in SUST (R = 0.58). That indicates the formation rate of secondary HONO from NO2 heterogeneous reaction
in static sea scenes might be faster than that in land scenes.

3.2.1 RH dependence on HONO formation

The scatter plots of HONO/NO; against RH in different land and sea conditions are illustrated in Figure 6. In order to
eliminate the influence of other factors, the average of six highest HONO/NO; in each 10% RH interval is calculated.
We found the RH turning points in inland (CAMS) and coastal (SUST) cases are all ~65% (60-70%). The
HONO/NO: increases along with RH when RH is less than 65%, and the HONO/NO: will decrease when RH is larger
than 65%. That means it contributes to the HONO formation from the heterogeneous reaction of NO2 on wet surfaces
with the gradual increase of RH until 65%. The decrease of HONO/NO; with RH larger than 65% is presumably due
to the efficient uptake of HONO on wet surfaces and the wet surfaces being less accessible or less reactive to NO>
when RH being larger than 65% (Liu et al., 2019). However, two turning peaks of RH were found in sea cases. The
first RH turning peak occurred in ~60%, which is the similar with that under inland and coastal cases. While another
RH turning peak appeared in ~85% (80-90%). That means high RH also could increase the HONO formation in sea
cases. In addition, the HONO/NO: decreased sharply when RH was larger than 95%, because the reaction surface will
asymptotically approach a water droplet state to limit the formation of HONO with RH larger than 95%.

3.2.2 Temperature dependence on HONO formation

The scatter plots of HONO/NO, against temperature in different land and sea conditions are shown in Figure 7. To
eliminate the influence of other factors, the average of the six highest HONO/NO; values in each 5°C temperature
interval is calculated. In inland condition (CAMS), the HONO/NO: decrease along with the increase of temperature,
and the HONO/NO; peak values appeared on the temperature being ~12.5°C. However, we found the HONO/NO;
increase along with increasing temperature, and the peak values of HONO/NO; appeared with ~31.5°C temperature
in coastal condition (SUST). That indicates the HONO formation from NO. heterogeneous reaction will be
accelerated under lower and higher temperature in inland and coastal conditions, respectively. In sea condition, the
HONO/NO:; increase along with the increase of temperature with a peak value under ~25.0°C temperature when the
atmospheric temperature was larger than 18.0°C, simultaneously, a ~1.9 averaged HONO/NO; high value was found
under ~15.0°C (14.0-17.0°C) temperature. Moreover, we found that the appearance of HONO/NO; peak values under
lower temperature (14.0-17.0°C) usually accompanied by landing wind. Wen et al. (2019) also reported that relatively
high temperature could contribute to the formation of HONO in sea condition.

3.2.3 Impact of aerosol on HONO formation

In order to further understand the HONO formation from NO; heterogeneous reaction on aerosol surface, several
correlation analyses were carried out. As shown in Figure 8, the linear regression plots between HONO and aerosol,
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and between HONO/NO; and aerosol in land and sea conditions were performed. It was found that the correlation
coefficient (R) between HONO and aerosol varied in the order of coastal (0.55) > sea (0.51) > inland (0.14). In
addition, the fitting slopes under coastal and sea conditions (0.07) are about 2.3 times larger than that under inland
condition (0.03). That means the ground surface maybe more important than aerosol surface during the process of
HONO formed from NO: heterogeneous reaction in the ground surface layer of inland. In coastal and sea conditions,
the aerosol and sea are all important to provide heterogeneous reaction surface for NO, to form HONO (Cui et al.,
2019; Wen et al., 2019; Yang et al., 2021). In addition, we found the averaged values of HONO/NO; are 0.011, 0.014
and 0.008 when aerosol extinctions are 0-0.3, 0.3-0.6, and 0.6-0.9 km* in inland case, respectively. The high values of
HONO/NO; are mainly under aerosol extinction being less than 1.0 km* with averaged values of 0.16 and 0.32 in
coastal and sea cases, respectively. It indicates that aerosol surface plays a more important role to form HONO
through NO; heterogeneous reaction in sea condition than that in land condition.

3.3 Vertical distributions of HONO/NO- under different aerosol condition in land and sea

In order to further investigate the height dependence of HONO/NO. under land and sea conditions, two cases in Pearl
River Delta (PRD) were selected from the whole campaign. As shown in Figure 9, “A” and “B” were under similar
aerosol level (the extinction coefficients in surface layer being 0.45-0.60 km) and vertical distribution structure, and
were all observed from 10:00 to 11:00. The instrument viewed sea accompanied with sea wind in “A” named sea
scene, and the instrument viewed land accompanied with land wind in “B” named land scene. The NO; in sea and
land scenes have a similar vertical structure, and the NO2 concentration in land scene are larger than that in sea scene
except on the surface layer. The HONO have the same vertical distribution structure in above two scenes, and the
HONO concentration in land scene always larger than that in sea scene. In Figure 9(e), we found that HONO/NO:
under 0-400 m in land scene is higher than that in sea scene, however, the HONO/NO; values are obviously lower in
land scene than that in sea scene above 400 m. Moreover, the growth rate of HONO/NO. with the increase of height
in sea scene is significantly faster than that in land scene above 400 m. It indicates the generation rates of HONO
sourced from NO:2 heterogeneous reaction on aerosol surface in sea scene is larger than that in land scene above 400
m. Under 400 m, the HONO generation rates in land scene is larger than that in sea scene.

In addition, we selected inland cases (CAMS) to learn the difference of height dependence of HONO/NO; compared
with scenes. As shown in Figure 10, the sea and inland scenes have the similar aerosol levels (low aerosol level: < 0.2
km?) and vertical structure. Moreover, the NO2 and HONO in sea and inland scenes have the similar vertical structure,
but their concentrations in sea scene are all larger than that in inland scene. In Figure 10(d), we could find the
HONO/NO: in sea scene is obviously larger than that in inland scene above 400 m. The HONO/NO: in sea scene is
about 4.5 times larger than that in inland scene especially above 600 m. As shown in Figure 11, the aerosols under sea
and inland scenes are also with the similar extinction levels (relatively high level: ~0.8 km™) and vertical structure.
The NO: concentration in sea scene is higher than that in inland scene with a similar vertical structure. The HONO
concentration in sea scene is lower than that in inland scene under 400 m, while it in sea scene is larger than that in
inland scene above 400 m. In Figure 11 (d), we found the HONO/NO: in inland scene is larger than that in sea scene
under 600 m, while the HONO/NO: in sea scene is about 2 times larger than that in inland scene above 600 m. Above
all cases indicate that the HONO generation rate from NO> heterogeneous reaction in sea scene is larger than that in
inland scene in higher atmospheric layers above 400-600 m. The high-altitude (> 400-600 m) atmospheric parameters
in sea scene are more conductive to promote the HONO formation through the heterogeneous reaction of NO.

3.4 Case study
3.4.1 20 April: A typical transport event

As shown in Figure 12, the aerosol mainly distributed in 0-200 m with a mean extinction coefficient larger than 0.74
km. NO, was mainly distributed near the ground surface with a mean concentration 28.54 ppb before 13:20. The
NO- during this period might come from local ship emissions, due to this area is a main shipping channels. From
14:25 to 17:10, a high-concentration NO; air mass (averaged 13.29 ppb) was found at ~2.0 km. In order to understand
their source of this high-altitude NO air mass, we further investigated the possible influence of transport by using the
backward trajectories. We calculated 24 h backward trajectories of air masses at 500, 1000 and 2000 m using
HYSPLIT (Hybrid Single-Particle Lagrangian Integrated Trajectory) developed by the National Oceanic and
Atmospheric Administration Air Resource Laboratory (NOAA-ARL). The meteorological data with a 1°X1° spatial
resolution and 24 layers were collected from the Global Data Assimilation System (GDAS). In Figure 13, we found
that the dominant wind direction during this period was southeast at all 500, 1000 and 2000 m. The transport of air
masses carried NO, emitted by ships in Ningbo and Zhoushan ports, to main cargo ports of China, to Shanghai.
Moreover, the concentration of NO2 was low (averaged 2.32 ppb) near the ground surface from 14:25 to 17:10. As
shown in Figure 12 (e) and (g), a low pressure (< 1020 hPa), north dominant wind direction with the wind speed > 12
m/s appeared at ground surface during this period. That means the clean air from north reduced the local surface NO.
The HONO was mainly distributed near the surface with a mean concentration of 0.07 ppb, and two peaks were found
at the early morning (averaged 0.15 ppb) and 12:15 (averaged 0.11 ppb), respectively. The relatively high
concentration of HONO appeared in the early morning was accumulated with the stabilization of boundary layer and
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attenuation of solar radiation after the sunset the day before (Xing et al., 2021). The HONO peak appeared at 12:15
might source from the heterogeneous reaction of NO. on the aerosol surface under a ~80% RH, a 18.5°C temperature,
and a 1X 10° W/m? SRI conditions.

3.4.2 28 April: A typical event of HONO produced from NO; heterogeneous reaction

The measurement ship moored at Xiamen port on 28 April. This is a typical port observation case. As shown in Figure
14, we found there are two peaks for aerosol and NO- at 09:00-11:00 and 14:00-16:00 (averaged aerosol extinction
coefficient > 0.8 km™, averaged NO, concentration > 12.0 ppb), respectively. NO, was mainly distributed near the sea
surface layer 0-200 m, and there was a high-concentration NO2 air mass being found in 1.0-2.0 km during
13:00-14:00 due to the short distance transport of NO, emitted from ships in Xiamen port. However, aerosol appeared
in the range of 0.0-2.0 km during 09:00-11:00 and 14:00-16:00. In Figure 14 (g), we found the wind speeds in above
two peak periods were obviously higher than other periods. In 09:00-11:00, the wind speed was ~5.0 m/s with a
northwest dominant direction (urban), and the wind speed was ~6.0 m/s with a southeast dominant direction (port
gateway) during 14:00-16:00. That indicates the short-distance high-altitude transport caused the appearance of
high-extinction aerosol mass during above two periods.

Moreover, we found the high-concentration HONO only appeared at 14:00-16:00 with a 0.57 ppb averaged
concentration under 0.9 km, while it was only about 0.14 ppb during 09:00-11:00 period. The higher RH and
temperature (Tem) (RH: ~75.0%, Tem: 23.7°C) at 14:00-16:00 than that (RH: ~67.6%, Tem: 23.1°C) at 09:00-11:00
(Figure 14 (d)-(e)) promoted the HONO formation from the heterogeneous reaction of NO, on the aerosol surface
during 14:00-16:00. On the other hand, the solar radiation intensity (SRI) (~600 W/m?) at 09:00-11:00 was obviously
larger than that (~250 W/m?) at 14:00-16:00 (Figure 14 (f)). The higher SRI accelerated the photolysis of HONO
during 09:00-11:00 period. Therefore, the lower formation rate and higher photolysis rate leaded to a significantly
lower HONO concentration at 09:00-11:00 that that at 14:00-16:00.

3.4.3 03 May: A typical event with unknown HONO source

The measurement ship carried out observation in the sea area near Zhanjiang on 03 May, 2018. As shown in Figure 15,
we found there was an obvious sinking process for aerosol from ~1.0 km during 09:00-16:00, and eventually
accumulated near the sea surface with a high extinction coefficient > 0.92 km™. The NO, was mainly concentrated
near the sea surface layer (0-400 m) with an averaged concentration of 8.93 ppb from 08:00 to 09:00. Afterwards,
with the rise the planetary boundary layer (PBL) height after sunrise, NO> was gradually mixed and spread throughout
the PBL from 09:00 to 13:00. During this period, it is accompanied by the increase of the NO: concentration
(averaged 11.2 ppb) under PBL. It is due to the contribution of ship emissions near the sea surface. On the other hand,
the regional transport of NO. from land also increased the NO2 concentration in this sea area, with the wind speed
increase from 2.5 to 7.8 m/s with a north wind direction from 10:00 to 16:00 (Figure 15 (g)).

Several HONO peaks (> 0.2 ppb) at 0.5-1.0 km were found from 10:00 to 13:00, and the aerosol and NO: high values
were also observed at this height layer, simultaneously. That means the heterogeneous reaction of NO2 on aerosol
surface is more important than that on the sea surface for HONO source under sea atmosphere. In addition, HONO
concentration obviously elevated after 14:00, especially during 14:00-16:00 (> 0.4 ppb). It might source from
heterogeneous reaction of NO; on the aerosol surface, under RH a being ~92.5% (Figure 15 (d)). The photolysis of
HONO also decreased with SRI < 150 W/m? (Figure 15 (f)) during this period. Moreover, a HONO peak (> 0.32 ppb)
was observed during 16:40-17:10. However, the NO; always kept lower concentration (< 1.5 ppb) after 16:00, the
temperature was lower than 17 ‘C (Figure 15 (e)), and it indicates the heterogeneous reaction of NO; being not the
source of this HONO peak. The wind was north dominant with an average speed at 7.8 m/s after 15:00, and it means
the regional transport might not be the source of this high-concentration HONO. Moreover, the SRI was lower than
87.5 W/m?, and it shows the photolysis of nitrate aerosol also being not the source of the elevated HONO. The
unknown HONO source in this sea area need to be further explored.

4 Summary and Conclusions

Ship based MAX-DOAS observations along the marginal seas of China were performed from 19 April to 16 May
2018, simultaneously, two ground based MAX-DOAS observations were carried out in the inland station CAMS and
the coastal station SUST during the same time to measure the aerosol, NO,, and HONO vertical profiles to learn the
sea-land and vertical differences of NO- heterogeneous reaction to produce HONO. The latitude and longitude ranges
of the entire ship based campaign covered 21.12°N-35.89°N and 110.67°E-122.16°E, respectively. We found five hot
spots of tropospheric NO, and HONO VCDs in Yangtze River Delta, Taiwan straits, Guangzhou-Hong Kong-Macao
Greater Bay areas, Zhanjiang Port, and Qingdao port. The averaged values of NO; in above five areas were 1.07 X
106, 1.30<10%6, 7.27X10%, 5.34 X 10%, and 3.12X10' molec. cm?, and the averaged HONO concentrations in
above five areas were 1.01X10%, 7.91X10%, 6.02X 10, 5.36X10%*, and 5.17X 10 molec. cm?, respectively.
However, we found NO; showed a higher concentration (1.66 X 10 molec. cm?), while HONO showed a lower
concentration (2.06 X 10 molec. cm?) in the southeast coastline of Jiangsu province. Moreover, the averaged
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near-surface NO> concentrations were 8.46 and 11.31 ppb, and the averaged near-surface HONO concentrations were
0.23 and 0.27 ppb under viewing sea and viewing land observation azimuths during the whole campaign, respectively.
HONO always appeared under high AOD and NO: conditions.

In order to further understand the impacts of RH, temperature, and SRI on the heterogeneous reaction of NO to

produce HONO, the emission rates of AHONO/ANO, in sea, inland and coastal areas were calculated with

values of 0.46+0.31%, 0.82+0.34%, and 0.79+0.31% to remove the primary HONO source. We found the RH
turning points in CAMS and SUST are all ~65% (60-70%). The HONO/NO; increased with increase of RH under
65%, and the HONO/NO, decreased when RH is larger than 65%. However, two turning peaks (~60% and ~85%) of
RH were found in sea case. That means high RH could contribute to the secondary formation of HONO in sea
atmosphere. Moreover, the HONO/NO; decreased with the increase of temperature, and with peak values on ~12.5°C
in CAMS, however, it increase with increasing temperature, and peaked at ~31.5°C in SUST. In sea case, the
HONO/NO: increased with the increase of temperature with a peak value on ~25.0°C under the temperature > 18.0C,
simultaneously, a ~1.9 averaged HONO/NO: high value was found under ~15.0°C. It illustrated the high temperature
could promote the formation of HONO from NO> heterogeneous reaction in sea and coastal atmosphere. In addition,
the correlation analysis under different sea-land conditions told us the ground surface plays a more important role than
aerosol surface during the HONO formation from the heterogeneous reaction of NO; under inland case, while the
aerosol surface plays a more important role during above process under coastal and sea cases. Furthermore, we found
that the HONO/NO: in sea case is about 4.5 times larger than that in inland case above 600 m under aerosol extinction
coefficient ~0.2 kmL, and the HONO/NO; in sea case is about 2 times larger than that in inland case above 600 m
under aerosol extinction coefficient ~0.8 km. That means the generation rate of HONO from NO: heterogeneous
reaction in sea case is larger than that in inland CASE in higher atmospheric layers above 600 m.
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Table 1. Detailed information of the measurement cruise

Cruise NO. Periods Measurement cruise

NO. 1 08:50 to 21:02 19 Apr. Daishan port (30.24°N, 122.16°E) to Chongming (31.18°N,
121.82°E)

NO. 2 05:40 to 17:45 20 Apr. Sailing around Chongming island

NO. 3 06:03 21 Apr. t0 08:07 03 May Chongming (31.18°N, 121.82°E) to Zhanjiang port (21.12°N,
110.67°E)

NO. 4 08:07 03 May to 06:52 09 May  Zhanjiang port (21.12°N, 110.67°E) to Daishan port (30.24°N,
122.16°E)

NO.5 05:40 11 May to 05:55 14 May  Daishan port (30.24°N, 122.16°E) to Qingdao (35.89°N, 120.87°E)

NO. 6 05:55 14 May to 10:00 16 May  Qingdao (35.89°N, 120.87°E) to Daishan port (30.24°N, 122.16°E)

Table 2. Detailed retrieval settings of Os, NO; and HONO.

Parameter Data source Fitting internals (nm)
O4 NO; HONO

Wavelength range 338-370 338-370 335-373
NO: 298K, lo-corrected, Vandaele et al. (1998) N N N
NO. 220K, lo-corrected, Vandaele et al. (1998) N N v
O3 223K, lo-corrected, Serdyuchenko et al. (2014) J J J
O3 243K, lo-corrected, Serdyuchenko et al. (2014) N J J
O4 293K, Thalman and Volkamer (2013) N J J
HCHO 298K, Meller and Moortgat (2013) J J J
H20 HITEMP (Rothman et al. 2010) X X N
Bro 223K, Fleischmann et al. (2004) N v v
HONO 296K, Stutz et al. (2000) X X J
Ring Calculated with QDOAS N N N
Polynomial degree Order 5 Order 5 Order 5
Intensity offset Constant  Constant ~ Constant

* Solar |y correction; Aliwell et al. (2002).

——Measured —Fitted

0.016

0, DSCD =2.95%10* molec. cm?
0.012 T RMS = 2.28x10*
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Figure 1. Typical DOAS spectral fittings for (a) O4, (b) NO2 and (c) HONO.
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505 Figure 2. The spatial distributions of NO2 and HONO VCDs. (a) and (b) show the NO2 and HONO
506 VCDs along the cruise route from Chongming to Zhanjiang. (c) and (d) depict the NO> and HONO
507 VCDs along the cruise route from Zhanjiang to Qingdao.
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510  Figure 3. Averaged aerosol extinction, NO> concentration, HONO concentration and HONO/NO: ratio

511 on two viewing directions (Viewing sea: red; Viewing inland: blue) during the campaign.
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514  Figure 4. Time series of (a) AOD, (b) surface NO2 concentration, (c) surface HONO concentration, and
515 (f) surface HONO/NO: ratios.
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518 Figure 5. Linear regression plots of surface NO2 and HONO concentrations in CAMS (a), SUST (b),

519 static condition viewing sea (c), and static condition viewing inland (d).
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522 Figure 6. Scatter plots of RH and HONO/NO: ratios in (a) CAMS, (b) SUST, and (c) this ship-based
523 campaign.
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526 Figure 7. Scatter plots of temperature and HONO/NO: ratios in (a) CAMS, (b) SUST, and (c) this
527 ship-based campaign.
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530 Figure 8. (a), (c) and (e) show the linear regression plots of surface aerosol extinction and HONO
531 concentrations in CAMS, SUST and this ship-based campaign, respectively. (b), (d) and (f) depict
532 the scatter plots of surface aerosol extinction and HONO/NO: ratios in CAMS, SUST and this
533 ship-based campaign.
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536 Figure 9. (a) shows two measurement points (A: black, viewing sea with sea wind; B: red, viewing
537 inland with inland wind) during the campaign. (b)-(e) show the vertical profiles of aerosol, NO2,
538 HONO, and HONO/NO:z ratios in above two measurement points, respectively.
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541 Figure 10. Vertical distributions of (a) aerosol extinction, (b) NO2 concentration, (¢) HONO
542 concentration, and (d) HONO/NO: ratio. The blue and red lines represent a ship-based campaign
543 case and a CAMS inland case, respectively.
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547 Figure 11. Vertical distributions of (a) aerosol extinction, (b) NO2 concentration, (c) HONO
548 concentration, and (d) HONO/NO: ratio. The blue and red lines represent a ship-based campaign
549 case and a CAMS inland case, respectively.
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551
552  Figure 12. Case of 20 April 2018. Time series of (a) aerosol extinction, (b) NO2 and (c) HONO vertical
553 profiles, respectively. (d) shows the time series of surface RH. (e) depicts the time series of surface
554 temperature and pressure. (f) shows the time series of surface SRI. (g) depicts the time series of
555 surface wind speed and wind direction.
556
36°NT 2000 m
z
°
°
2 30N}
3
Liznngt do (O izé)ﬂE
557 ongitude (°E)

16




https://doi.org/10.5194/acp-2022-638 Atmospheric
Preprint. Discussion started: 1 November 2022 Chemistry
(© Author(s) 2022. CC BY 4.0 License. and Physics

Discussions
By

558 Figure 13. Daily 24 h backward trajectories of air masses at (a) 500 m, (b) 1000 m, and (c) 2000 m on
559 20 April 2018, respectively.
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562  Figure 14. Case of 28 April 2018. Time series of (a) aerosol extinction, (b) NO2 and (c) HONO vertical

563 profiles, respectively. (d) shows the time series of surface RH. (e) depicts the time series of surface
564 temperature and pressure. (f) shows the time series of surface SRI. (g) depicts the time series of
565 surface wind speed and wind direction.
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568  Figure 15. Case of 03 May 2018. Time series of (a) aerosol extinction, (b) NO2 and (c) HONO vertical
569 profiles, respectively. (d) shows the time series of surface RH. (e) depicts the time series of surface
570 temperature and pressure. (f) shows the time series of surface SRI. (g) depicts the time series of
571 surface wind speed and wind direction.
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