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Continuous measurements of nitrous acid (HONO) were performed from December 12 to

December 22, 2015 in both urban and suburban areas of Beijing to study the formation

mechanism of HONO. The measurement campaign in both sites included a clean–

haze–clean transformation process. HONO concentrations showed similar variations in

the two sites, while they were always higher in the urban area. Moreover, correlations of

HONO with NOx, NO2, NO, PM2.5 and relative humidity (RH) were studied to explore

possible HONO formation pathways, and the contributions of direct emissions,

heterogeneous reactions, and homogeneous reactions were also calculated. This

showed that HONO in urban and suburban areas underwent totally different formation

procedures, which were affected by meteorological conditions, PM2.5 concentrations,

direct emissions, homogeneous reactions and heterogeneous reactions. PM2.5

concentrations and RH would influence the NO2 conversion efficiency. Heterogeneous

reactions of NO2 were more efficient in suburban areas and in clean periods while

direct emissions and homogeneous reactions contributed more in urban areas and in

polluted periods when the concentrations of NOx and NO were at a high level.
Introduction

Nitrous acid (HONO) plays an essential role in photochemical cycles by providing
hydroxyl radicals (OH), with contributions of 30–50% of OH during the
daytime.1–5 The OH radical, as one of the most important oxidants in the
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atmosphere, dominates the oxidation capacity in the troposphere by reacting with
organic matter, leading to the formation of secondary pollutants and accelerating
the formation of air pollution.5–7

The commonly accepted sources of HONO are direct emissions, homogeneous
reactions and heterogeneous formations.8–10 Studies by Kurtenbach11 and Kirch-
stetter et al.12 have recognized that HONO could be emitted by combustion
processes and traffic emissions with quantities of about 0.3–0.8% of NOx (NO +
NO2) obtained by tunnel studies. Homogeneous reaction between NO and OH can
produce HONO, though this reaction was thought to be less important due to the
low concentrations of OH radicals at night.10 However, recent studies have
strengthened the importance of this reaction source in polluted regions with high
OH and NO concentrations.

Compared to the two sources mentioned above, the kinetics and mechanisms
of HONO from heterogeneous reactions still remain unclear.2,8,13 Studies have
suggested HONO could be formed by NO2 on wet surfaces,14–16 and kinetics data
showed the reaction is rst order in NO2 and dependent on surface water.14,17,18

The hydrolysis of NO2 could happen on various surfaces including ground,
buildings and vegetation surfaces.14 In addition, HONO could be formed by NO2

reduction on the surface of soot and other aerosols, especially under
sunlight.13,16,19,20However, the contribution of this reaction to the HONO budget is
still in debate due to the rather small aerosol surfaces and the slow reaction
rate.9,21

The effects of HONO have gained great attention due to the more and more
frequent pollution events occurring in China recently.8 Observations of HONO
have been documented at many sites including Beijing,22,23 Guangzhou8,24,25 and
Shanghai.26 Results showed HONO concentrations were much higher in mega
cities with heavy pollution than in remote places and clean areas. However,
studies are still lacking, especially those focused on comparisons of HONO
evolution between urban and suburban areas, and between haze and non-haze
periods. The chemical reactions during haze episodes provide complicated
interactions of HONO with other chemical species, which will be helpful to
understand the formation and removal mechanisms of HONO.

In this study, a continuous measurement was performed in the urban and
suburban areas of Beijing in December of 2014, when both urban and suburban
areas suffered typical haze episodes and a following non-haze period. The
evolution of HONO and other related gas pollutants like NO, NO2, NOx, O3, SO2

and CO was explored under changing meteorological conditions. Moreover, in
order to investigate the impact factors of HONO, differences were compared
between haze and non-haze periods of both urban and suburban sites. Finally, the
inuences of different HONO sources including direct emissions, homogeneous
reactions and heterogeneous formation in both sites were discussed and forma-
tion mechanisms were analyzed in detail.

Experimental
Measurement instruments

HONO concentrations were measured by a home-made HONO analyzer, which
has been used in several measurements previously.27,28 The principle of the home-
made HONO analyzer is introduced briey: HONO was absorbed by a specic
214 | Faraday Discuss., 2016, 189, 213–230 This journal is © The Royal Society of Chemistry 2016
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solution (0.06 M sulfanilamide in 1 M HCl)5,29,30 in a glass device with a two-
channel stripping coil. The absorption solution from two channels was pumped
by a peristaltic pump to react with a dye solution [0.8 mM N-(1-naphthyl) ethylene
diamine dihydrochloride]31 to form the azo dye and then detected by a mini-
spectrometer using a diode array detector (Ocean Optics, SD2000). The true
HONO concentrations could be obtained by subtracting the calibrated signal of
the second coil from the rst coil.29,31 Comparison between the HONO analyzer
and Long Path Absorption (LOPAP) yielded excellent agreements.

Gas phase pollutants of CO, SO2, O3, NO, NO2 and NOx were measured by
commercial Thermo scientic analyzers: SO2 analyzer (43i), O3 analyzer (49i), NOx

analyzer (42i) and CO analyzer (48i) with detection limits of 1 ppbv, 1 ppbv, 1 ppbv
and 0.05 ppmv, respectively.
Measurement site

The measurements were performed from 12 to 22 December in both urban and
suburban areas in Beijing. The measurement sites were described in detail in
a previous study.28 The locations of the measurement sites are shown in Fig. 1.
Here is a brief description.

Urban site (ICCAS): HONO concentrations were measured in No. 2 building of
the Institute of Chemistry, Chinese Academy of Sciences (ICCAS, 116�19021.5800E,
39�59022.680 0N). Concentrations of other gaseous species were measured at Bao-
lian, 5.5 kilometers southwest of the ICCAS site. Both of the two measurement
sites are located at the North Fourth Ring Road of HaiDian District with similar
conditions, which are surrounded by dense population and heavy traffic. Mete-
orological parameters, including wind speed, wind direction, temperature, pres-
sure, relative humidity and PM2.5 concentrations were all obtained from Baolian
station.

Suburban site: the HONO analyzer and other gas analyzers were set in the Lake
Yanqi campus of the University of Chinese academy of sciences (UCAS, 40.4� N,
116.6� E). Concentrations of PM2.5 and meteorological parameters were also
Fig. 1 The locations of the measurement sites.

This journal is © The Royal Society of Chemistry 2016 Faraday Discuss., 2016, 189, 213–230 | 215

http://dx.doi.org/10.1039/C5FD00163C


Faraday Discussions Paper
Pu

bl
is

he
d 

on
 1

1 
D

ec
em

be
r 

20
15

. D
ow

nl
oa

de
d 

by
 R

E
SE

A
R

C
H

 C
E

N
T

R
E

 F
O

R
 E

C
O

-E
N

V
IR

O
N

M
E

N
T

A
L

 S
C

IE
N

C
E

S,
 C

A
S 

on
 0

7/
12

/2
01

6 
05

:5
6:

24
. 

View Article Online
obtained there. This site is a typical suburban representative, which is 50 km
northeast of the city center. In addition, the environmental conditions at this site
are more diverse due to being surrounding by a highway on the west side, a lake to
the northeast, farm lands nearby and a railway station within 1.1 kilometers.
Results and discussion
Overview of the observation

Temporal variations of meteorological data and measured chemical species.
PM2.5 concentrations and the measured meteorological parameters of air
temperature (T), relative humidity (RH), wind speed (WS) and direction (WD) are
illustrated in Fig. 2. It can be seen from the plot that there were two increases of
PM2.5 concentration for both urban and suburban areas during the measurement
campaign. Therefore, two groups were divided based on PM2.5 concentrations
(Table 1): haze period, when PM2.5 concentrations were higher than 75 mg m�3;
and non-haze period, when PM2.5 concentrations were lower than 75 mg m�3. In
detail, the haze period was from 8:00 of Dec 13 to 7:00 of Dec 15 and from 22:00 of
Dec 16 to 8:00 of Dec 19. While the non-haze period was the remaining time. In
addition, data with wind speed higher than 2.0 m s�1 were excluded from our
discussion.

During the non-haze period, the average PM2.5 concentrations of the urban
and suburban sites were 29.0 and 23.1 mg m�3, respectively. Such a low PM2.5

concentration was due to the blowing wind with a mean speed of 3.1 and 1.5 m
s�1, respectively, which also caused a low temperature range in both observation
sites. The average temperature during this period was �1.4 and �2.1 �C and the
relative humidity was 24.9% and 25.7%, respectively. During the haze period, the
Fig. 2 Hourly-averaged air temperature (T), relative humidity (RH), wind speed (WS), wind
direction (WD) and PM2.5 concentrations during Dec 12 to Dec 22, 2014.
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Table 1 Classification of meteorological conditions during Dec 12 to Dec 22, 2014

Location
Time
period

Weather
condition

PM2.5 concentration
(mg m�3)

T
(�C)

RH
(%)

WS
(m s�1) WD

Urban Dec 14–15;
Dec 18–19

Haze 144.0 �1.1 50.0 1.1 Northeast

Dec 12–13;
Dec 20–22

Non-haze 29.0 �1.34 24.9 3.1 North

Suburban Dec 14–15;
Dec 18–19

Haze 104.8 �0.5 40.8 0.9 North

Dec 12–13;
Dec 20–22

Non-haze 21.1 �2.1 25.7 1.5 No certain
directions
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mean PM2.5 concentrations were enhanced to 144.0 and 104.8 mg m�3 in urban
and suburban sites, with RH increasing to 50.0 and 40.8%, respectively. In
addition, the wind speed during this period went down to 1.1 and 0.8 m s�1 on
average. Variation tendencies of PM2.5 concentrations and meteorological
parameters in both haze and non-haze periods at the two observation sites were
similar except the wind speeds and wind directions, which were mainly due to the
geographical location differences.

Fig. 3 shows the variation of gas species measured during the observation
campaign in the urban site and suburban site. Average concentrations of gas-
phase species are shown in Fig. 4. The average values of HONO concentrations at
the urban and suburban sites were comparable to our previous measurements at
the same observation sites in October of 2014.28 Moreover, they were also in
accordance with measurements by Spataro et al.22 (HONO concentration was 1.06
ppbv on average with NO2 of 38.8 ppbv) and Hendrick et al.23 (2 ppbv at urban sites
and 1.25 ppbv at suburban sites in Beijing). It could be seen from Fig. 4 that
during the haze period at the urban site, the concentrations of SO2, CO, NO, NO2,
NOx and PM2.5 were enhanced 4.8, 4.2, 4.2, 4.0, 4.7 and 8.2 times, respectively,
while concentrations of HONO were enhanced 3.8 times. For the suburban site,
concentrations of SO2, CO, NO, NO2, NOx and PM2.5 were enhanced 1.4, 2.3, 3.5,
3.4, 3.6 and 5.0 times, respectively, while the enhancement of HONO concen-
trations was only 1.8 times. This indicates that some connections lie between
these gas pollutants and HONO with different extents, which may be associated
with various processes.

Diurnal variations of the measured chemical species. To further understand
the connections between the gas-phase species and the characteristics of HONO
variations in the two areas, diurnal variation of HONO concentrations and other
gas-phase species were averaged by the weather conditions. Fig. 5 shows the daily
variations of gas pollutants during the two periods in both sites. In the urban site,
the concentration of HONO during the haze period showed a morning peak at
around 7:00 (3.00 ppbv on average). Then it began to decrease due to the increase
of irradiance. Aer reaching aminimum (0.39 ppbv on average) at around 15:00, it
revived to 1.12 ppbv at 20:00 and kept increasing to 1.86 ppbv until 1:00. The
concentrations of HONO then remained between 1.86–2.18 ppbv for the rest of
the night. It should be noted that there was no evening peak of HONO concen-
trations during the evening traffic peak period. This may be covered by the
cooperation of photolysis reduction and enhancement due to decreasing of
This journal is © The Royal Society of Chemistry 2016 Faraday Discuss., 2016, 189, 213–230 | 217
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Fig. 3 Variation of gas species measured during the observation campaign at the urban
site and suburban site (the black points show concentrations at the urban site, and red
points show concentrations at the suburban site). The ordinate axes of SO2, NO, NO2 and
NOx in the suburban site were adjusted and are shown on the right side.
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boundary layer height. While during the non-haze period, HONO concentrations
decreased and remained at a low level (0.21–0.32 ppbv) during both day and night
except for the morning traffic peak period, when concentrations of HONO could
rise to 0.43 ppbv. Additionally, HONO concentrations did not show signicant
differences between daytime and nighttime. In the suburban site, HONO
concentration varied in a similar manner to its variation in the urban area. During
the haze period, it reduced to 0.40 ppbv around 13:00 and then rose to 0.72 ppbv
at around 20:00. For the rest of the night, HONO concentrations remained
between 0.72–0.75 ppbv until 6:00 in the morning. Unlike the variations during
the haze period, HONO in the clean period showed two signicant peaks in the
traffic rush hour: one was of 0.52 ppbv at around 9:00 and the other was of 0.56
ppbv at 20:00. However, during the rest of the day, HONO concentrations
remained at a low level with a nighttime range of 0.37–0.49 ppbv and a daytime
range of 0.39–0.48 ppbv. Aer reaching the evening peak, HONO concentrations
decreased and stayed at around 0.40 ppbv until the next morning. This value was
comparable to the minimum value (0.39 ppbv) which appeared at 14:00. In
general, the characteristics of HONO variations could be summarized as follows:
218 | Faraday Discuss., 2016, 189, 213–230 This journal is © The Royal Society of Chemistry 2016
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Fig. 4 Comparison of the average concentrations of gas-phase species as well as PM2.5

and RH in urban and suburban sites during both haze and non-haze periods (U-H means
urban with haze; U-NONmeans urban with non-haze; S-Hmeans suburban with haze; S-
NON means suburban with non-haze).
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First, HONO concentrations in haze conditions were higher than those in
clean conditions, no matter whether in urban areas or suburban areas. However,
differences of HONO concentrations between haze and clean conditions were
much bigger in urban sites than suburban ones. Second, unlike the variation
tendencies of the suburban site, which showed an “M” shape with peaks at 9:30
and 17:00 in both conditions, HONO concentrations only showed one peak at
morning rush hour. This suggested that HONO concentrations were inuenced
by complicated factors.

For variations of other species, signicant differences existed between the
urban and suburban sites as well as between the haze and non-haze periods.
However, the results were consistent with our previous studies and other
studies.8,23,26,32 In the urban site, variations during the haze period were rather
different from those during the non-haze period. For instance, the maximum
value of O3 concentrations was delayed to 15:00 from 13:00. Actually, concen-
trations of SO2, CO, NO and NOx in the non-haze period were so low that their
diurnal variation characteristics were not obvious. However, they still showed
morning peaks at around 8:00, and so did HONO. This indicated that the
morning peak of HONO had some connection with SO2, CO, NO and NOx. For the
situation at the suburban site, during the haze period concentrations of CO and
NO2 were higher in the night and kept decreasing with increasing sunlight
intensity aer dawn. Both of them reached a minimum at noon. NO and NOx

showed morning peaks around 8:00. Additionally, SO2 concentrations increased
signicantly at 14:00 with low concentrations during the whole day. During the
This journal is © The Royal Society of Chemistry 2016 Faraday Discuss., 2016, 189, 213–230 | 219
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Fig. 5 Diurnal variations of HONO with O3, SO2, CO, NO, NO2, and NOx in urban and
suburban sites, the black points show the haze period and red points show the clean
period.
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non-haze period, concentrations of gas pollutants remained low all day except
during the morning peak. As mentioned above, it could be concluded that HONO
concentrations were tightly connected with the gas-phase species. Therefore,
more studies should be conducted to understand the factors which inuence
HONO.

Inuence factors of HONO variations. To explore the inuence factors of
HONO, the impacts of meteorological conditions were studied rst. HONO
concentrations in the urban area were highly inuenced by wind from the
northeast. However, it has little inuence in the suburban area (Fig. S1†). In the
urban area, northwesterly wind blowing strongly and northeasterly wind with
a low speed would be benecial to HONO accumulation. Moreover, wind speed
impacts on HONO concentrations without discrimination by enhancing the
deposition.

Furthermore, correlations of HONO with gas pollutants are plotted in Fig. 6.
The data were divided by locations and periods. As shown in Fig. 6(a), in the urban
site, correlations of HONO with CO, NO and NOx during the haze period were
higher, at 0.503, 0.400 and 0.463, respectively. Correlations of HONO with O3 were
opposite, in that it was higher during the non-haze period. In addition, correla-
tions of HONO with NO2 were not obvious either during the haze period or the
non-haze period. Although correlations of HONO with CO, NO and NOx during
the haze period were higher, the linear slopes between them were lower than
220 | Faraday Discuss., 2016, 189, 213–230 This journal is © The Royal Society of Chemistry 2016
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Fig. 6 (a) Correlation between HONO and O3, SO2, CO, NO, NO2 and NOx during the
haze period (black) and clean period (red) in the urban site. (b) Correlation between HONO
andO3, SO2, CO, NO, NO2 and NOx during the haze period (black) and clean period (red) in
the suburban site.
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those during the non-haze period. This indicated that the impacts of CO, NOx and
other gases may be more effective in the non-haze period, which strengthens the
complication of HONO sources. In the suburban area (Fig. 6(b)), obvious corre-
lations existed for HONOwith CO, NO and NOx during the haze period and HONO
with O3, CO and NO2 during the non-haze period. No certain correlations existed
for HONO with SO2 in both periods. These facts suggested that HONO formation
processes were different depending on locations and weather conditions, and the
formation pathways in the suburban area were more complicated.

In general, CO and NO are mainly linked with combustion processes like
vehicle emissions and the burning of fossil fuels and biomass, which could be
seen as primary emission processes.33–35 Meanwhile, NO2 and O3 are more likely
come from secondary formations.36 In the urban site, the correlations of CO with
NO and NOx during the whole observation were all higher than 0.8 (Fig. S2†),
which means these three gases have a good chance to come from the same
sources, such as traffic emissions.34 Moreover, the distinction between
This journal is © The Royal Society of Chemistry 2016 Faraday Discuss., 2016, 189, 213–230 | 221
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environmental conditions at the observation sites would contribute to the
correlation differences. Due to their distance from each other, the urban site is
surrounded by dense traffic ows as well as human activities, while in the
suburban area the train station, small factories, farmland and the Yanqi lake were
all sources which made the environmental conditions complicated. As a result,
though good correlations of HONO with CO, NO and NOx appeared in both urban
and suburban sites, the sources were different. In urban areas it may be caused by
mobile sources22 like vehicle emissions, while in suburban areas it may be caused
by a combination of fossil fuel burning, biomass burning, vehicle emissions and
other combustion and emission processes.

Direct emission. Apparently, HONO in the urban area was greatly affected by
direct emissions. Moreover, due to the complicated emission sources and envi-
ronmental conditions, HONO concentrations in the suburban area were much
more associated with secondary formation processes.

To evaluate HONO amounts from direct emissions in the atmosphere, a factor
of 0.008 was supported by Kurtenbach et al.11 and is widely accepted in most
observation studies. Therefore, 0.008 was used to calculate the HONO concen-
trations from direct emissions (HONOemission) by the formula: [HONOemission] ¼
[NOx] � 0.008.8 Where, [HONOemission] represents HONO concentrations from
direct emissions, and [NOx] represents concentrations of NOx.

The mean values of calculated HONOemission were 0.37 and 0.06 ppbv,
respectively, which contributed 48.8% and 10.3% of HONO concentrations in the
urban and suburban sites. The results were comparable with contributions of
49.7% when NOx concentrations were 266 ppbv in urban Beijing22 and 8.5% with
NOx concentrations of 11.9 ppbv obtained at the same observation sites in our
previous work.28 Moreover, the contributions of direct emissions in both sites
were enhanced during the haze period. However, at the urban site, the contri-
bution of direct emissions was higher at up to 40.4% with NOx concentrations of
99.8 ppbv even during the non-haze period. This suggested direct emissions
would be the major source of HONO in urban areas, and haze conditions would
aggravate this contribution. On the other hand, there would be other important
processes inuencing HONO concentrations in suburban areas.
Heterogeneous conversion from NO2

HONO/NO2 ratio and NO2 conversion rates. It is well-accepted that HONO
could be formed on wet surfaces by the heterogeneous conversion of NO2.14–16 The
HONO/NO2 ratio is usually used to evaluate the heterogeneous conversion effi-
ciency of NO2 to HONO, assuming all of the HONO comes from NO2 conver-
sion.8,37,38 However, this value would overestimate the conversion efficiency if the
contributions from direct emissions and homogeneous production were
large.3,10,32,39 Hence, corrected HONO concentrations (HONOcorr), which had
contributions from direct emissions subtracted, were used to study the hetero-
geneous reactions instead of the observed ones.

Fig. 7 shows the variations of HONOcorr/NO2 during the haze and non-haze
periods from the urban and suburban sites. Wind speeds were lower than 1.0 m
s�1 during these selected periods. The low HONOcorr concentrations showed
mainly contributions of direct emissions. The variations between the two sites
showed rather different tendencies. In the urban site, HONOcorr/NO2 reached its
222 | Faraday Discuss., 2016, 189, 213–230 This journal is © The Royal Society of Chemistry 2016

http://dx.doi.org/10.1039/C5FD00163C


Fig. 7 Variations of mean HONOcorr/NO2 ratios during nighttime in urban (left) and
suburban (right) sites.
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maximum at around midnight and then slightly decreased. The mean values of
HONOcorr/NO2 in the urban site were 0.027 in the haze period and 0.078 in the
non-haze period. In the suburban site, the HONOcorr/NO2 ratios during both
periods kept decreasing aer sunset and became stable in the second half of the
night. The stable HONOcorr/NO2 ratios indicated the conversion of NO2 to HONO
had reached a steady state,8,18,32 which was 0.068 and 0.143 in the haze period and
non-haze period of the suburban site, respectively. These results were in the range
of 0.03 to 0.15 inmany studies in China.3,25,26,36 It could be seen that the HONOcorr/
NO2 ratios of urban sites were much lower in both the haze and non-haze periods.
In addition, HONOcorr/NO2 ratios in the non-haze period increased when
compared to the haze period ones. The higher ratios of HONOcorr/NO2 may
connect with a higher conversion efficiency of NO2 to HONO.

The HONO conversion frequency CHONO was calculated by eqn (1)3,32

CHONO ¼ ([HONOcorr]t2 � [HONOcorr]t1)/(t2 � t1)[NO2] (1)

HONO concentrations were corrected by subtracting contributions of direct
emissions.

As the nocturnal boundary layer was changing to be stable, the production and
loss rates of HONO would nally reach a steady state, when the heterogeneous
conversion of NO2 would become dominant. Therefore, data from the second half
of the night were used when NO2 concentrations were stable and the conversion
of NO2 was steady. The average value of CHONO was 0.0055 and 0.013 h�1 in the
urban site during the haze and non-haze periods, respectively, and 0.008 and
0.016 h�1 in the suburban site during the haze and non-haze periods, respectively.
CHONO values obtained from the urban site showed typical urban values seen in
Beijing,22 Guangzhou,25 Mainz and Milan10 (0.004 to 0.012 h�1), while the CHONO

values of the suburban site showed both farmland,8,32 mountain and forest38

characteristics which were in the range of 0.006 to 0.010 h�1 and 0.014 to
0.024 h�1, respectively. This agrees with the discussions on HONOcorr/NO2 ratios,
This journal is © The Royal Society of Chemistry 2016 Faraday Discuss., 2016, 189, 213–230 | 223
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which reected higher conversion rates in suburban sites and during the non-
haze period. The NO2–HONO conversion rate was affected by several factors
including the environment, particle concentrations and aerosol surfaces,14,40 it is
better to consider these parameters when exploring the heterogeneous conversion
of NO2.

Impact of PM2.5 and RH. The heterogeneous conversion of NO2 to HONO could
occur on various types of surfaces as well as aerosols with the extinction of water,
thus the impact of aerosol surfaces and surface water on the NO2 conversion rates
should be focused on. As already shown by several lab studies, the conversion was
rst order in NO2

40 and in functions of relative humidity18 and surface area to
volume ratio (S/V).14

Daytime data were ignored in order to avoid the inuence of photolysis. HONO
concentrations were corrected and denoted as HONOcorr, as well. Correlations of
HONOcorr and HONOcorr/NO2 ratios with PM2.5 and RH are illustrated in Fig. 8.
This showed that the relationship between HONOcorr/NO2 and PM2.5 was obscure,
especially when PM2.5 concentrations were higher than 160 mg m�3. However, the
correlation coefficient of HONOcorr with PM2.5 (0.514) still showed some promo-
tion effects. Heterogeneous conversion of NO2 would occur on ground surfaces as
well as aerosols, the higher surface density of ground was oen supposed to play
amain role in HONO formation over the aerosol surface. While, our measurement
results showed that compared to the ground surface the high particulate matter
concentrations during the haze period would promote the heterogeneous
conversion of NO2. Similarly, the correlations of HONOcorr and HONOcorr/NO2

with RH showed RH would promote the conversion of HONO, though
Fig. 8 Correlations of HONOcorr and HONOcorr/NO2 ratios with PM2.5 (top) and corre-
lations of HONOcorr and HONOcorr/NO2 ratios with RH (bottom).
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HONOcorr/NO2 ratios increased with growing RH and decreased when RH was
higher than 60%. Additionally, the good correlations of HONO/NO2 with parti-
cles25,41,42 and RH18,25 have been shown in many previous studies.

However, measurements by Kleffmann et al.38 and Stutz et al.18 showed weak
aerosol impact on HONO formation, and this suggestion was supported by
laboratory studies on soot and organic particles. As boundary layer height (BLH)
decreased in the nighttime, this led to the increasing of the S/V ratio and
concentrations of other gas-phase pollutants.37,43 Meanwhile, RH would increase
as well due to the decreasing of temperature. Therefore, the good correlations will
be affected by these factors. And the impacts of aerosols and RH vary with envi-
ronmental conditions and are still in debate. Given this measurement only
provides a rough study on the impacts of particulate matter, gradient measure-
ments of HONO with NO2 and aerosol concentrations are highly recommended to
prove the possible impacts of aerosols on HONO formation.43

The impacts of gas phase reaction between NO and OH. As discussed above,
the known sources of HONO include direct emissions, homogeneous formation
and heterogeneous conversions. Therefore, the impacts of reaction between NO
and OH should not be neglected. The homogeneous production of nocturnal
HONO was dominated by the reaction NO + OH / HONO (kNO+OH ¼ 7.4 � 10�12

cm3 molecules�1 s�1) and HONO + OH / NO2 + H2O (kHONO+OH ¼ 6.0 � 10�12

cm3 molecules�1 s�1), and the net HONO homogeneous production could be
calculated by:3,8,38

Pnet ¼ kOH+NO[OH][NO] � kOH+HONO[OH][HONO] (2)

where [ ] represents the concentrations of gases. For comparison, a nighttime OH
concentration of 1 � 106 molecules per cm3 was assumed to represent the
measured ones in both urban and suburban areas as supported by previous
studies44–47 in Chinese urban areas during winter time.

In the urban site, the value of Pnet was tightly connected with the NO
concentration. When nocturnal NO was in the range of 52.7 to 141.4 ppbv in the
haze period, the mean value of Pnet could be 2.02 ppbv h�1 (Table 2). This showed
the production of net NO + OH reaction would supply 59.50% of the HONOcorr

enhancement on average. While in the non-haze period, NO concentrations
varied little with an average value of 12.33 ppbv, leading to a mean Pnet of 0.32
ppbv h�1. However, it still provided 43.92% HONO enhancement on average. In
the case of the suburban area, the nocturnal NO concentration was too low to
Table 2 The nocturnal HONO budget during haze and non-haze periods in the urban and
suburban sites

Location Time period Pnet
a Pheter Pheter/[NO2] CHONO

Urban Haze 2.02 0.070 0.002 0.005
Urban Non-haze 0.32 0.013 0.010 0.013
Suburban Haze 0.0051 0.058 0.005 0.008
Suburban Non-haze 0.0023 0.025 0.019 0.016

a Units of Pnet, Pheter, Pheter/[NO2] and CHONO are ppbv h�1, ppbv h�1, h�1 and h�1,
respectively.

This journal is © The Royal Society of Chemistry 2016 Faraday Discuss., 2016, 189, 213–230 | 225
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support HONO increase with a mean Pnet value of 0.026 ppbv h�1, which was an
order of magnitude lower than the urban site. Even in the haze period, when NO
concentrations increased from 1.2 ppbv to 6.4 ppbv, the Pnet value was only 0.0051
ppbv h�1 on average. This indicated that the effects of homogeneous reactions
did not work in the suburban area, and heterogeneous formationmay be a critical
supplement to nocturnal HONO concentrations, in light of the low contribution
of direct emissions, which has been discussed above.

It is well accepted that the major HONO removal pathway is dry deposition
during the night. HONO removal by dry deposition (Ldep) can be calculated by Vd
� [HONO]/H, where Vd represents dry deposition velocity of HONO and H is the
mixing height. Vd was assumed to be 2.0 cm s�1 as used by Harrison et al.47

Because the wind speed was low, horizontal and vertical transport could be
neglected. The Ldep values were supposed to be 0.035 and 0.015 ppbv h�1 on
average for the haze period and non-haze period, respectively. This means that at
least 0.070, 0.013, 0.058 and 0.025 ppbv h�1 of heterogeneous production was
needed aer subtracting the contributions from direct emissions in the haze
period in the urban area, non-haze period in the urban area, haze period in the
suburban area and non-haze period in the suburban area, respectively. The
results were in agreement with the CHONO values of 0.005, 0.013, 0.008 and
0.016 h�1 calculated above.

Take the nights of Dec 18 and Dec 19 for example:
In the urban site, the integrated Pnet values from 20:00 to 2:00 were 0.417 ppbv

with OH concentrations of 1.0 � 106 molecules per cm3, which was 69.14% of the
measured increase of HONO aer subtracting direct emissions (from 0.74 ppbv to
1.47 ppbv) for the night of Dec 18 (Fig. 9). During the night of Dec 19, the low NO
concentrations could only provide a Pnet of 0.292 ppbv h�1 with an integrating
area of 0.048 ppbv, which was 43.67% of the HONO increase (0.21–0.32 ppbv).
Thus, the heterogeneous productions of these two nights were at least 0.032 and
Fig. 9 Variations patterns of Pnet and Pheter in the night of Dec 18 (haze period) and Dec 19
(non-haze) period in urban and suburban sites.
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0.013 h�1, respectively. In the same way, the calculated heterogeneous production
Pheter was 0.058 and 0.025 ppbv h�1 for haze and non-haze periods in the
suburban area. The heterogeneous production rates were almost 10 times higher
than net homogeneous production. This suggested that the net production by
homogeneous reactions could be dominant for the nocturnal increase of HONO
in the urban site while production by heterogeneous reactions would be themajor
source of HONO in the suburban site.

In summary, the nocturnal HONO formation mechanisms in urban and
suburban areas were different. The contributions of direct emissions were 48.8%
and 10.3% in urban and suburban sites, respectively. Moreover, due to the rather
high NO and NOx concentrations in the urban area, the production of homoge-
neous reactions during both haze and non-haze periods were unneglectable with
production rates of 2.02 and 0.32 ppbv h�1, respectively. In the case of the
suburban area, the concentrations of NO and NOx were so low as to make the
contributions of homogeneous production and direct emissions neglectable,
which led to the heterogeneous reactions becoming the major source of HONO.
Considering the removal of HONO by dry deposition, the heterogeneous
production rates were calculated to be at least 0.070, 0.013, 0.058 and 0.025 ppbv
h�1 for the haze period of the urban area, non-haze period of the urban area, haze
period of the suburban area and non-haze period of the suburban area,
respectively.

Conclusions

Measurements of HONO and other pollutants were performed in urban and
suburban sites to explore the HONO formationmechanisms from December 12 to
December 22 in Beijing. The measurements included haze and non-haze
processes in both urban and suburban sites.

The hourly-averaged concentrations of HONO, CO, SO2, O3, NO, NO2 and NOx

in the haze period were 0.86 ppbv, 1.54 ppmv, 12.0 ppbv, 9.4 ppbv, 33.1 ppbv, 16.5
ppbv, and 49.6 ppbv, respectively, much higher than concentrations in the
suburban area (0.52 ppbv, 1.05 ppmv, 0.8 ppbv, 14.4 ppbv, 3.6 ppbv, 6.5 ppbv, and
11.1 ppbv). Moreover, HONO concentrations during the haze period were 2.63
times higher than in the non-haze period in the urban site, and 1.80 times higher
during haze in the suburban site. Correlation studies showed HONO was highly
connected with CO, NOx, and SO2, and the correlations varied with the locations
and the environmental conditions. The results indicated that direct emission was
the main factor affecting correlations of HONO with CO and NOx in the urban
site. Moreover, studies of HONOemissions (HONO from direct emissions) showed
mean direct emissions contributions of 48.8% in the urban area, but were 10.3%
in the suburban area, reecting a less signicant contribution.

Additionally, to evaluate the nocturnal heterogeneous conversion of NO2, both
HONOcorr/NO2 ratios and CHONO rates were calculated. The results agreed with
each other and showed that higher HONOcorr/NO2 ratios indicated a higher NO2

conversion efficiency in the non-haze period in both areas. Moreover, the corre-
lations of HONOcorr/NO2 vs. RH and HONOcorr/NO2 vs. PM2.5 concentrations
showed RH and particle concentrations may be important factors affecting the
NO2 conversion. HONOcorr/NO2 ratios were proportional with RH and PM2.5

concentrations when RH was below 60% and PM2.5 concentrations were lower
This journal is © The Royal Society of Chemistry 2016 Faraday Discuss., 2016, 189, 213–230 | 227
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than 160 mg m�3. However, HONOcorr/NO2 ratios fell down when RH was higher
than 60% and PM2.5 concentrations were higher than 160 mg m�3. Finally, the
nocturnal productions from homogeneous reactions and heterogeneous reac-
tions were compared. Due to the extremely high concentrations of NO in urban
areas, the contributions of homogeneous reaction production would be signi-
cant in both haze and non-haze periods. While in the suburban area, the
production from heterogeneous conversion was the major contributor, about 10
times higher than net homogeneous production in haze and non-haze periods.

Acknowledgements

This project was supported by the Strategic Priority Research Program (B) of the
Chinese Academy of Sciences (Grant No. XDB05010400), and the National Natural
Science Foundation of China (Contract No. 41475114, 21477134).

References

1 K. D. Lu, F. Rohrer, F. Holland, H. Fuchs, B. Bohn, T. Brauers, C. C. Chang,
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