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Nitrous acid (HONO) is a key reservoir of the hydroxyl radical (OH) and plays a central role in the atmospheric
chemistry. To understand the sources and impact of HONO in the polluted atmosphere of northern China,
continuous measurements of HONO and related parameters were conducted from September 2015 to August
2016 at an urban site in Ji'nan, the capital city of Shandong province. HONO showed well-deﬁned seasonal and
diurnal variation patterns with clear wintertime and nighttime concentration peaks. Elevated HONO concentrations (e.g., over 5 ppbv) were frequently observed with a maximum value of 8.36 ppbv. The HONO/NOX
ratios of direct vehicle emissions varied in the range of 0.29%–0.87%, with a mean value of 0.53%. An average
NO2-to-HONO nighttime conversion frequency (khet) was derived to be 0.0068 ± 0.0045 h−1 from 107 HONO
formation cases. A detailed HONO budget analysis suggests an unexplained daytime missing source of
2.95 ppb h−1 in summer, which is about seven times larger than the homogeneous reaction of NO with OH. The
eﬀect of HONO on OH production was also quantiﬁed. HONO photolysis was the uppermost source of local OH
radical throughout the daytime. This study provides the year-round continuous record of ambient HONO in the
North China Plain, and oﬀers some insights into the characteristics, sources and impacts of HONO in the polluted
atmospheres of China.

1. Introduction
Nitrous acid (HONO) is a key precursor of the hydroxyl radical
(OH), one of the main tropospheric oxidants in the gas phase.
Numerous ﬁeld and modeling studies have shown that HONO photolysis contributes signiﬁcantly to the OH sources not only in the early
morning but also during the rest of the daytime (Acker et al., 2006b;
Kleﬀmann et al., 2005; Xue et al., 2016). This is mainly ascribed to the
unexpectedly high concentrations of HONO during daytime which
would have been kept at lower levels due to its rapid photolysis (R1).
Therefore, the knowledge of characteristics and sources of HONO is
critical for a better understanding of the tropospheric oxidation
chemistry processes.
HONO + hυ → OH + NO (320 nm < λ < 400 nm)

(R1)

So far, ﬁeld observations of HONO have been carried out at remote,
rural and urban areas. The reported ambient concentrations rang from
∗

several pptv up to 15 ppbv (e.g., Beine et al., 2006; Elshorbany et al.,
2010; Zhou et al., 2001). However, the potential sources that could
explain the observed elevated daytime HONO are still under controversial discussion. The well accepted HONO sources include direct
emissions from vehicle exhaust (Kurtenbach et al., 2001) and homogeneous gas phase reaction of NO with OH (R2) (Pagsberg et al., 1997).
NO + OH + M → HONO + M

(R2)

Heterogeneous reactions of NO2 occurring on wet surfaces (R3)
have been also proposed as an important source of HONO according to
both laboratory studies and ﬁeld observations (e.g., Finlayson-Pitts
et al., 2003). Nonetheless, the source strength of reaction (R3) has not
been accurately quantiﬁed and relies on the NO2 concentrations, surface area density and water content (Finlayson-Pitts et al., 2003). These
reactions could occur on various types of surfaces including ground,
buildings, vegetation, and aerosol surfaces (Liu et al., 2014;
VandenBoer et al., 2013). Up to now, the contribution of the ground
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Fig. 1. Locations of Ji'nan and the sampling site. The left map is color-coded by the anthropogenic NOx emissions (Zhang et al., 2009), while the right is color-coded
by the geographical height. The large industrial sources are labeled with diﬀerent colors, including steel plants (light blue), thermal power plants (pink), cement
plants (red), oil reﬁneries (grey) and chemical plants (green). (For interpretation of the references to color in this ﬁgure legend, the reader is referred to the Web
version of this article.)

at an urban site of Ji'nan city, which is located almost in the center of
the North China Plain (NCP), the most polluted region of China with
dense population and industries. A large amount of observational data
and HONO formation cases provided an opportunity of a thorough
examination of temporal variations, sources and impacts of HONO in
this polluted urban atmosphere of northern China. In the following
sections, we will ﬁrst show the seasonal and diurnal variations of
HONO and related species. Then, several sources of HONO will be explored, including vehicle emission, nighttime heterogeneous formation
and potential unknown daytime sources. We will ﬁnally evaluate the
impacts of HONO photolysis on the primary OH sources and hence
atmospheric oxidizing capacity.

surfaces to the overall production of HONO is still under discussion and
subject to intensive research activity (Wong et al., 2011; Zhang et al.,
2016).
2NO2 + H2O → HONO + HNO3(ads)

(R3)

In addition, the heterogeneous reduction of NO2 on soot particles,
mineral dust, and surfaces containing organic substrates was also proposed as a source of HONO (R4) (Ammann et al., 1998, 2005; Ma et al.,
2017), and these processes can be further photo-enhanced during the
daytime (George et al., 2005; Monge et al., 2010; Ndour et al., 2008;
Stemmler et al., 2006). Although the heterogeneous NO2 conversion on
soot surfaces has high potential to produce HONO, it decreases rapidly
with aging and is usually regarded to be less important for ambient
HONO formation (Han et al., 2013).
NO2 + HCred → HONO + HCox

2. Experimental

(R4)

2.1. Site description

Besides, some other HONO sources have also been proposed, including soil emissions (Su et al., 2011), photolysis of adsorbed nitric
acid (HNO3) and nitrate (NO3−) at UV wavelengths of 300 nm (Zhou
et al., 2001), and homogeneous reaction of NO2 with HO2·H2O (Li et al.,
2014). Despite the abovementioned signiﬁcant progress, the ‘missing’
daytime source(s) of atmospheric HONO is still under exploration.
In comparison with sources, the sink pathways of HONO are relatively well established. The chemical losses of HONO include the photolysis (R1) and reactions with OH radicals (R5). Moreover, HONO can
be also removed through dry deposition on ground surfaces. Budget
analysis of HONO sources and sinks has been proved to be a robust
method to examine the unknown sources and quantify their source
strength (Sörgel et al., 2011; Su et al., 2008b).
HONO + OH → H2O + NO2

The measurements were conducted from September 1st, 2015 to
August 31st, 2016 at an urban site of Ji'nan, the capital city of
Shandong Province, with approximately 7 million population and 1.6
million automobiles. The site is located in the central campus of
Shandong University (36º40′N, 117º03′E), a typical urban area surrounded by massive buildings and condensed population and close to
several main traﬃc roads (Fig. 1). Large-scale industries, including steel
plants, thermal power plants, cement plants, oil reﬁneries and chemical
plants in suburban areas are the major industrial emission sources of
local air pollution in Ji'nan, and are mainly distributed in the northeast
and southwest of the site. By observing the spikes of sulfur dioxide
(SO2) concentrations under northeasterly and/or southwesterly winds,
we know that the site was aﬀected by the local industrial emission
sources. All the measurements were carried out on the rooftop of a sixﬂoor teaching building, around 22 m above the ground level. A detailed
description of the study site can be found elsewhere (Wang et al.,
2015).

(R5)

A number of ﬁeld studies have been conducted to measure ambient
HONO in the polluted urban and rural atmospheres of China during the
last decade. High concentration levels and strong potential missing
source(s) of HONO have been reported in some metropolises (e.g.,
Beijing, Shanghai and Guangzhou) and surrounding regions (e.g.,
Bernard et al., 2016; Qin et al., 2009; Tong et al., 2016). However, most
of these studies were mainly based on short-term intensive observations. While long-period measurements are necessary to support a
holistic investigation of characteristics and sources of HONO, they are
very scarce (Hendrick et al., 2014). In the present study, we have carried out 1-yr continuous observations of HONO and related parameters

2.2. Measurement techniques
HONO was measured by a commercial instrument of LOPAP (long
path absorption photometer, QUMA GmbH, Germany). The LOPAP is a
wet chemistry based real-time measurement device, with which HONO
is sampled in an external sampling unit as a stable diazonium salt and is
subsequently detected photo-metrically after conversion into an azodye
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environment in North China.
Table 1 documents the measured levels of HONO, NOx, HONO/NOx
ratios and the comparison with the results obtained previously elsewhere. The measured HONO mixing ratios in Ji'nan ranged from 17
pptv to 8.36 ppbv with a mean ( ± SD) value of 1.15 ± 1.07 ppbv.
Elevated HONO concentrations were frequently observed during the
measurement period, with the daily maximum values exceeding 2 ppbv
and 4 ppbv on 156 and 50 days, respectively (see Fig. 2). The maximum
hourly value of 7.39 ppbv was recorded in the early morning of 6 December 2015. Such high levels of ambient HONO indicate the intense
sources of HONO and potentially strong atmospheric oxidizing capacity
in urban Ji'nan. The nighttime average (18:00-06:00, LT) HONO concentration was 1.28 ± 1.16 ppbv, compared to the daytime average
value (6:00-18:00, LT) of 0.99 ± 0.95 ppbv. In particular, the mean
HONO mixing ratio around noontime (11:00-13:00, LT) was even as
high as 0.76 ± 0.61 ppbv, which is nearly the highest levels ever recorded in the urban atmospheres, and about 27% of the noontime
HONO data were above 1.00 ppbv during the measurement period. This
implies the existence of strong daytime sources of HONO in the atmosphere of Ji'nan, which will be further discussed in Section 3.4.
The seasonal variations of ambient HONO and related parameters
are depicted in Fig. 3. The highest concentrations of HONO occurred in
winter (i.e., December–January), followed by spring (i.e., April–May),
summer (especially August) and autumn, with seasonal mean ( ± SD)
values
of
1.71 ± 1.62,
1.16 ± 0.90,
1.12 ± 0.93
and
0.78 ± 0.60 ppbv, respectively. Overall, the seasonal variation of
HONO coincided with that of NO2, an important precursor of HONO.
Such measured seasonal pattern of HONO is diﬀerent from those
measured in Hong Kong (Xu et al., 2015) and Beijing (Hendrick et al.,
2014), where the highest levels were found in the autumn season. The
wintertime peak of ambient HONO in Ji'nan should be the result of the
lower boundary layer height, weaker photolysis, and enhanced heterogeneous production of HONO given the more abundant NO2. The
relatively higher springtime HONO mixing ratios might be related to
some degree to the more intense heterogeneous reactions of NO2 on the
surface of mineral particles (Nie et al., 2012), as indicated by the coincident higher concentrations of NO2 and PM2.5 (note that PM10 was
not measured in the present study). Indeed, the air quality of Ji'nan in
the spring of 2016 was characterized by high levels of particles and
inﬂuenced by several dust storms and urban dust (http://www.sdein.
gov.cn/dtxx/hbyw/201605/t20160512_294758. html). Besides, the
elevated HONO levels in August under the condition of intense solar
radiation suggests the presence of strong HONO sources as well as the
important contributions of HONO as a potential source of OH radicals
to the atmospheric oxidation chemistry.
The diurnal proﬁles of HONO and related supporting parameters are
shown in Fig. 4. Overall, the diurnal variations of HONO in diﬀerent
seasons were similar, which dropped rapidly after sunrise and reached a
minimum at around 15:00 LT, and then increased and peaked during
the morning rush hours (an exception is the winter case that showed a
concentration peak at midnight). The diurnal variation trend of HONO
was similar to that of NO, owing to a variety of chemical and physical
processes, and the similar nighttime proﬁles suggest that vehicle
emissions may pose a signiﬁcant eﬀect on the measured HONO levels.
Such nighttime pattern was also found at Tung Chung, Hong Kong (Xu
et al., 2015), a roadside site in Houston, U.S. (Rappenglück et al., 2013)
and in a tunnel in Wuppertal, Germany (Kurtenbach et al., 2001). The
average diurnal proﬁles of HONO/NO2 ratio are also shown in Fig. 4f.
The HONO/NO2 ratio generally decreased after sunrise due to the increase of HONO photolysis, and then increased during the nighttime.
An interesting ﬁnding was the second peak of HONO/NO2 at around
noontime in spring, summer and winter seasons. If the HONO sources
during nighttime were the same as those at daytime, the minimum
HONO/NO2 ratios should be found at noon due to the strong photolysis
of HONO. Thus, the higher ratios at noontime indicated the existence of
additional daytime sources of HONO. Moreover, the HONO/NO2 ratios

in a long-path absorption tube of 2.4 m Teﬂon AF. The LOPAP is conceived as a 2-channel system to correct for the potential interferences.
In channel 1, HONO as well as possible interfering gases are determined, while in channel 2 only the interfering gases are quantiﬁed.
The diﬀerence of both channels yields the HONO concentrations. A
detailed description of the LOPAP instrument has been described in
detail by Heland et al. (2001). In the present study, the sampling gas
ﬂow and the peristaltic pump velocity were set to 1 L min−1 and 20 r
min−1 during the whole measurement period. With these settings, the
HONO collection eﬃciency was ensured above 99.99%. Zero air calibration by ultrapure nitrogen (purity of 99.999%) was performed for
30 min automatically at a time interval of 12 h 30 min. An experimental
cycle of 8 days was calibrated twice manually by using a known concentration of nitrite (NO2−) standard solution. The detection limit of
our measurements was 3 ppt at a time resolution of 30 s, with an accuracy of 10% and a precision of 1%. We note that although the LOPAP
instrument may collect data in 30 s (or 1 min) intervals, the physical
time resolution of the instrument is relatively longer, ca. 3 min.
The NO and NO2 concentrations were measured by a chemiluminescence NO-NO2-NOX analyzer (Model 42C, TEC, USA) with a time
resolution of 1 min, in which NO2 was converted to NO by a molybdenum oxide (MoO) catalytic converter. It should be noted that the
MoO converters may also convert some NOz species to NO and hence
overestimate the real NO2 concentrations. Xu et al. (2013) have indicated that such overestimation was usually signiﬁcant in rural and
remote areas but small at highly polluted urban sites with fresh emissions, such as the study site in the present study. O3 was measured by a
commercial UV photometric O3 analyzer (Model 49C, TEC, USA) with a
time resolution of 1 min. The photolysis frequencies of NO2, HONO and
O3 (JNO2, JHONO, JO3) were measured by a CCD-detector spectrometer
(Metcon, Germany), with a time resolution of 1 min. The ﬁne particle
(PM2.5 and PM1.0) mass concentrations were continuously measured by
a SHARP Monitor (Model 5030; Thermo Fisher Scientiﬁc, USA). Beta rays
attenuation and light scattering photometry were used to quantify the
hourly average particle concentrations. The aerosol surface area density
(S/Va ) was calculated from the particle number size distributions between 5 nm and 10 μm, which were measured by a Wide-Range Particles Spectrometer (WPS, Model 1000XP, MSP Corporation, USA), by
assuming that the particles are in spherical shape. The meteorological
data including temperature, relative humidity (RH), and wind speed
and direction were measured with an automatic meteorological station
(CAWS6000, China) with a time resolution of 1 min. All of the above
measurement techniques have been successfully utilized in many previous studies (e.g., Wang et al., 2015; Xue et al., 2011).
3. Results and discussion
3.1. Data overview
Fig. 2 shows an overview of the measured HONO, NO, NO2, PM2.5,
PM1.0, JHONO, and meteorological parameters in the present study.
During the 1-yr measurement period, the prevailing winds were from
the east and southwest sectors, indicating the general inﬂuence of industrial emissions on the study site (see Fig. 1). The air temperature
ranged from −15 °C to 39 °C with a mean value ( ± standard deviation)
of 16 ± 11 °C, and the relative humidity showed a clear seasonal
variation pattern with higher levels in winter and summer. Markedly
poor air quality was observed as expected. Throughout the 1-yr period,
137 haze episodes occurred with daily mass concentration of PM2.5
exceeding the National Ambient Air Quality Standard (Class II:
75 μg m−3), including 9 severe polluted haze episodes with daily
average PM2.5 concentrations above 250 μg m−3. In addition, elevated
levels of NOX, i.e., up to 350 ppbv of NO and 108 ppbv of NO2, were
also frequently recorded, possibly as a result of intensive vehicle
emissions nearby the study site. Overall, these observations highlight
the nature of our measurement station as a typical polluted urban
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Fig. 2. Time series of HONO, NO, NO2, PM2.5, PM1.0, JHONO, temperature (T), relative humidity (RH) and surface wind in Ji'nan from September 2015 to August
2016. The data gap is mainly due to the maintenance of the instruments.

Table 1
Overview of the measured HONO and NOx levels in urban Ji'nan and comparison with other studies.
Location

Time

HONO(ppb)

NO2(ppb)

NOX (ppb)

N

D

N

D

N

HONO/NO2

HONO/NOX

D

N

D

N

D

Ref.

Santiago, Chile (urban)
Rome, Italy (urban)
Kathmandu, Nepal (urban)
Shanghai, China (urban)
Guangzhou, China (urban)
Beijing, China (urban)
Xinken, China (suburban)
Milan, Italy (suburban)
Backgarden, China (rural)

Mar–Jun 2005
May–Jun 2001
Jan–Feb 2003
Oct 2009
Jun 2006
Oct–Nov 2014
Oct–Nov 2004
May–Jun 1998
Jul 2006

3.00
1.00
1.74
1.50
3.5
1.75
1.30
0.92
0.95

1.50
0.15
0.35
1.00
2.00
0.93
0.80
0.14
0.24

30.0
27.2
17.9
41.9
20.0
37.6
34.8
33.2
16.5

20.0
4.0
8.6
30.0
30.0
35.3.0
30.0
18.3
4.5

200.0
51.2
20.1
/
/
94.5
37.8
117.5
20.9

40.0
4.2
13.0
/
/
53.4
40.0
23.4
5.5

0.100
0.037
0.097
0.038
0.175
0.047
0.037
0.028
0.057

0.075
0.038
0.041
0.032
0.067
0.026
0.027
0.008
0.053

0.015
0.020
0.087
/
/
0.019
0.034
0.008
0.045

0.038
0.024
0.027
/
/
0.017
0.020
0.006
0.043

1
2
3
4
5
6
7
8
9

Ji'nan, China (urban)

Sep 2015–Aug 2016
Sep–Nov 2015 (autumn)
Dec 2015–Feb 2016 (winter)
Mar–May 2016 (spring)
Jun–Aug 2016 (summer)

1.28
0.87
2.15
1.24
1.20

0.99
0.66
1.35
1.04
1.01

31.0
25.4
41.1
35.8
22.5

25.8
23.2
34.6
25.8
19.0

46.4
38.
78.5
47.3
29.1

40.6
37.5
64.8
36.0
25.8

0.079
0.049
0.056
0.046
0.106

0.056
0.034
0.047
0.052
0.079

0.040
0.034
0.034
0.035
0.060

0.035
0.022
0.031
0.041
0.049

10
10
10
10
10

N: nighttime (18:00–06:00, LT); D: daytime (06:00-18:00, LT).
1: Elshorbany et al. (2009); 2: Acker et al. (2006a); 3: Yu et al. (2009); 4: Bernard et al. (2016); 5: Qin et al. (2009); 6: Tong et al. (2015); 7: Su et al. (2008a); 8: Alicke
et al. (2002); 9: Li et al. (2012); 10: this study.

atmospheric photochemical reactions and mixing with the air masses
aloft. Criteria (b) was used as an indicator for identifying the freshly
emitted plumes. Criteria (c) and (d) further conﬁrmed that the increase
of HONO was mainly attributed to direct emissions instead of heterogeneous reactions of NO2. The slopes of the scatter plot of HONO versus
NOX can be considered as the emission ratios. With such strict selection
criteria, a total of twelve cases were screened out to estimate the vehicle
emission factors of HONO in urban Ji'nan.
Table 2 summarizes the estimated emission factors of HONO/NOx
for the 12 vehicular emission plumes. The average ΔNO/ΔNOX ratio of
the selected plumes was 94%, indicating that the air masses were indeed freshly emitted. The correlation coeﬃcients (r2) of HONO with
NOx varied case by case and were in the range of 0.58–0.96, which may
be due to the inevitable mixing of vehicle plumes with other air masses
and/or heterogeneous conversion of NO2 on soot particles and ground
surface. The derived ΔHONO/ΔNOX ratios varied in the range of
0.19%–0.87%, with an average value ( ± SD) of 0.53% ± 0.20%. This
is comparable to the emission factors obtained in Santiago, Chile (0.8%;
Elshorbany et al., 2009) and Wuppertal, Germany (0.3–0.8%;
Kurtenbach et al., 2001), but is substantially lower than those derived

increased with solar radiation (e.g., JHONO), implying that the additional sources may be related to the solar radiation intensity. We will
further discuss the potential daytime sources of HONO in Section 3.4.
3.2. Contribution of vehicle emissions
As our study site is close to several major roads of large traﬃc ﬂeet,
it is necessary to evaluate the contribution of vehicle emissions to the
measured HONO concentrations. The HONO/NOX ratio was usually
chosen to derive the emission factor of HONO in the freshly emitted
plumes (Kurtenbach et al., 2001). In order to ensure the fresh air
masses, the following four criteria were adopted to select the cases: (a)
only data in the morning rush hours (6:00-8:30 LT) in winter (e.g.,
November–February) were used; (b) NO/NOX > 0.7; (c) good correlation between HONO and NOX; (d) short duration of the plumes
(< 2 h). Rush hours are the prominent period with strong traﬃc
emission and thus greatest contribution of vehicle exhaust to HONO
concentrations. Furthermore, during the winter early morning rush
hours when the solar radiation is weak and boundary layer height is
relatively stable, the derived HONO/NOx is less interfered by
299
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Fig. 3. Seasonal variations of HONO, NO, NO2, O3, PM2.5, JHONO and RH and T. The box plot provides the 10%, 25%, 50%, 75% and 90% the data, while the red dots
indicate the average concentrations. (For interpretation of the references to color in this ﬁgure legend, the reader is referred to the Web version of this article.)

winter, respectively.

in Guangzhou (with a minimum value of 1.4%; Qin et al., 2009) and
Houston, U.S. (1.7%; Rappenglück et al., 2013). The emission factors
should be dependent on the types of vehicle engines, fuels and catalytic
converters (Kurtenbach et al., 2001). The variance in the HONO/NOx
ratios derived from diﬀerent metropolitan areas highlights the necessity
of examining the vehicular emission factors of HONO in the target city
in the future studies. In the present study, the average HONO/NOx
value of 0.53% was adopted as the emission factor in urban Ji'nan, and
was used to estimate the contributions of traﬃc emissions to the ambient nocturnal HONO levels (Eq. (1)) with a rough assumption that the
observed NOx at our site was mainly emitted from vehicles.

HONOemis = NOX × 0.0053

3.3. Heterogeneous conversion of NO2 to HONO during nighttime
It has been widely accepted that the heterogeneous reactions of NO2
on wet surfaces present an important formation pathway of ambient
HONO, and generally make a dominant contribution at nighttime (e.g.,
Finlayson-Pitts et al., 2003). To investigate the heterogeneous production of HONO in Ji'nan, a number of nighttime HONO formation cases
were identiﬁed to estimate the NO2-to-HONO conversion frequency.
The selected cases should meet the following criteria: (1) only the
nighttime data in the absence of sunlight (i.e., 20:00-05:59 LT in autumn and winter and 20:00-04:59 LT in spring and summer) were used
considering the fast HONO loss via photolysis and potential existence of
unknown HONO sources at daytime; (2) both HONO concentrations
and HONO/NO2 ratios increased steadily during the target case; (3) the
meteorological conditions, especially surface winds, should be stable.

(1)

Where, HONOemis is the HONO concentration arising from the direct
vehicle emissions. The calculated HONOemis levels contributed on
average 12%, 15%, 18% and 21% of the whole measured nighttime
HONO concentrations in urban Ji'nan in spring, summer, autumn and
300
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Fig. 4. Diurnal variations of (a) HONO, (b) NO, (c) NO2, (d) O3, (e) JHONO, and (f) HONO/NO2 in the four seasons. The grey shaded area indicates the nighttime
period (18:00-06:00 LT; note that the exact nighttime periods varied with diﬀerent seasons).
Table 2
The emission ratios ΔHONO/ΔNOX of fresh vehicle plumes.
Date

Local Time

ΔNO/ΔNOX

R2

ΔHONO/ΔNOX (%)

11/03/2015
11/05/2015
11/17/2015
11/20/2015
12/06/2015
12/08/2015
12/25/2015
12/31/2015
01/02/2016
01/20/2016
01/21/2016
01/27/2016

06:08-07:45
06:00-07:30
06:00-07:30
06:00-07:15
06:00-07:48
06:02-07:30
06:00-07:30
06:00-07:30
06:00-07:30
06:44-07:48
06:26-07:56
07:00-08:12

0.89
0.92
1
0.92
0.83
0.95
0.94
0.96
1
0.92
0.94
0.89

0.91
0.84
0.95
0.72
0.75
0.61
0.72
0.94
0.61
0.96
0.58
0.77

0.29
0.63
0.75
0.59
0.87
0.58
0.30
0.47
0.46
0.71
0.54
0.19

Fig. 5 presents an example of the heterogeneous HONO formation case
occurring on 6–7 September 2015. In this case, the HONO mixing ratios
increased rapidly after sunset from 0.08 ppbv to 0.78 ppbv. Since the
HONO concentrations and HONO/NO2 almost increased linearly
throughout the night, the slope ﬁtted by the least linear regression for
HONO/NO2 ratios against time can be taken as the conversion frequency of NO2-to-HONO (khet; also referred to as CHONO in other studies). During the 1-yr period, a total of 107 cases were ﬁnally selected.
Such a large set of cases facilitated a more robust statistical analysis of
the heterogeneous formation of HONO.
As our study site is close to the traﬃc roads, it is necessary to

Fig. 5. A case of the determination of heterogeneous NO2-to-HONO conversion
frequency at nighttime.
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(5), where H is the mixing layer height and was obtained from the
European Center for Medium-Range Weather Forecasts (ECMRWF,
ERA-Interim; http://apps.ecmwf.int/datasets/data/interim-full-daily/
levtype=sfc/). The calculated uptake coeﬃcients for the 107 cases
varied in a wide range from 6.1 × 10−8 to 1.7 × 10−5, whilst the
majority (5%–95% percentiles) fell in a narrower range of 1.1 × 10−7
to 4.5 × 10−6. The mean γΝΟ2 value was 1.4 ± 2.4 × 10−6. Current
laboratory studies have reported the range of γNO2 → HONO from 10−6 to
10−5 on the ground surface (Kurtenbach et al., 2001; VandenBoer et al.,
2013) and from 10−7 to 10−5 on the aerosol surface (Ndour et al.,
2008; Wong et al., 2011). Obviously, the uptake coeﬃcient in diﬀerent
orders of magnitude would deﬁnitely lead to diﬀerent assessment of the
importance of heterogeneous HONO sources (Li et al., 2010). The
average uptake coeﬃcient obtained from such a large set of samples
could serve as a reference for modeling studies to simulate ambient
HONO and atmospheric oxidation processes in the urban atmospheres
of North China. Furthermore, the total area of ground surface is much
larger than the reactive surface provided by aerosols, suggesting that
the heterogeneous reactions of NO2 on ground surface may play a
dominant role. It should be noted that the exact uptake coeﬃcients of
NO2 on ground and aerosol surfaces are variable and should be different, and the present analysis simpliﬁed this process by treating the
ground and aerosol surfaces the same. Our derived uptake coeﬃcients
can be regarded as an equivalent γNO2 on the bulk surface of ground and
particles.

Fig. 6. Seasonal variation of the NO2-to-HONO conversion frequency (khet) in
Ji'nan.

subtract the contribution from direct vehicle emissions. The emission
ratio of HONO/NOX derived in Section 3.2 was then used to adjust the
HONO concentrations by Eq. (2). The NO2-to-HONO conversion frequency can be computed by Eq. (3), by assuming that the increase of
HONO/NO2 ratio was caused by the heterogeneous conversion (Su
et al., 2008a; Xu et al., 2015).
(2)

HONOcorr = HONO − NOX × 0.0053

khet =

[HONOcorr ](t2)
[NO2 ](t2)

−

3.4. Daytime HONO budget analysis
In this section, we examine the potential unknown source(s) of
daytime HONO by a detailed budget analysis. Eq. (6) summarizes the
main factors aﬀecting the ambient concentrations of HONO.

[HONOcorr ](t2)
[NO2](t1)

(t2 − t1)

(3)

d[HONO]
= Pemis + POH + NO + Punknown − L phot − LOH + HONO − L dep
dt

The khet values derived from the 107 cases showed a large variability, from 0.0013 h−1 to 0.0194 h−1, with a mean value of
0.0068 ± 0.0045 h−1. These results are well within the range of khet
obtained previously from other urban areas. For example, the khet in
Ji'nan is comparable to that derived at an urban site of Shanghai (0.007
h−1; Wang et al., 2013), and less than those in Guangzhou (0.016 h−1;
Qin et al., 2009), Milan (0.012 h−1; Alicke et al., 2002) and Kathmandu
(0.014 h−1; Yu et al., 2009). Fig. 6 provides the seasonal variation of
the NO2-to-HONO conversion rate in Ji'nan. Clearly, the largest average
khet was found in winter with a value of 0.0083 ± 0.0044 h−1. This
should be ascribed to the higher S/V surface density within the shallower boundary layer in the wintertime. Moreover, weak correlation
(R = 0.07) between khet and aerosol surface density was also found,
which suggests that the eﬃcient heterogeneous formation of HONO
may be independent on the aerosol surface.
The uptake coeﬃcient of NO2 on various surfaces to yield HONO
(γNO2→ HONO ) is a key parameter with large uncertainty in the air quality
models to simulate HONO and OH radicals (Zhang et al., 2016). The
overall γNO2→ HONO on the bulk surface of ground and particles can be
estimated from Eq. (4).

1 S
1 S⎞
+
khet = γNO2 → HONO × c NO2 × ⎛⎜
⎟
4
V
8 Vg ⎠
⎝ a

(6)
Where, d [HONO]/dt is the observed rate of change in the HONO
mixing ratios; Px terms indicate the sources of HONO, consisting of
direct emission rate (Pemis ), the gas phase formation rate (POH + NO , R2),
and the unknown HONO daytime source (Punknown ); Ly terms denote the
sink processes, including the photolysis rate (Lphot , R1), reaction rate of
HONO with OH (LOH + HONO , R5), and dry deposition rate (Ldep ). Here we
omitted the inﬂuence of vertical and horizontal transport since their
contributions to ambient HONO are far less than photolysis and gas
phase reactions at noontime. The average daytime wind speed in Ji'nan
in the present study was 1.7 m s−1, so that at a HONO lifetime of about
15 min at noontime, the horizontal transport had to occur within 1.6 km
(in which no large-scale pollution sources) to reach the site. Dillon et al.
(2002) proposed a parameterization for the dilution by background air
to
estimate
the
magnitude
of
vertical
transport
(TV = k(dilution)([HONO]-[HONO]background). Even though taking a
mean noontime [HONO] level of 1 ppbv, a value of 6 × 10−5 ppb s−1
was derived (Dillon et al., 2002; Sörgel et al., 2011), which is much
smaller compared to Lphot (1 × 10−3 ppb s−1).
The noontime data (11:00-14:00 LT) with the strongest solar radiation were chosen to calculate the unknown HONO source strength
based on Eq. (7). Here the d [HONO]/dt was approximated by ΔHONO/
Δt, which is the diﬀerence of the measured HONO concentrations every
10 min (Sörgel et al., 2011).

(4)

S
2.2
=
Vg
H

(5)
−1

Where, cNO2 is the mean molecular velocity of NO2 (370 m s ); S/Va
and S/Vg are the surface area to volume ratio (m−1) for both aerosol
and ground, respectively. Considering the land use of the study site, the
ground was treated as an uneven surface, and a factor of 2.2 per unit
ground surface measured by Voogt and Oke (1997) was adopted to
calculate the total active surface. Hence, S/Vg can be calculated by Eq.

Punknown = L phot + LOH + HONO + L dep +
= [HONO] ⎛JHONO + K OH + HONO [OH] +
⎝
⎜

− K OH + NO [OH][NO] −
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Δ [NOX ] × 0.54%
Δt

Δ [HONO]
Δt
ground
ϑHONO

H

− POH + NO − Pemis

⎞+
⎠
⎟

Δ [HONO]
Δt

(7)
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[OH] = a (JO1D)α (JNO2)β

bNO2 + 1
cNO22 + dNO2 + 1

HONO based on our measurement data. According to the laboratory
studies, heterogeneous reactions of NO2 on wet surfaces should be an
important contributor to the ambient HONO concentrations, and the
reaction rate is ﬁrst order in NO2. It has been also proposed that these
heterogeneous reactions can be photo-enhanced (Stemmler et al.,
2006). Thus, the strength of the unknown HONO source (Punknown) can
be expressed by Eq. (9), if the heterogeneous reactions were the major
HONO sources.

(8)

(α = 0.83, β = 0.19, a = 4.1 × 109, b = 140, c = 0.41, and d = 1.7)
Where, JHONO and JNO2 are the photolysis frequencies of HONO and NO2
(s−1), respectively. Direct measurements of JHONO and JNO2 were made
in this study except for the period from December 2015 to May 2016.
For the reaction of HONO with OH, a rate constant K OH + HONO of
6.0×10−12 cm3 molecules s−1 was taken from Atkinson et al. (2004).
The OH mixing ratios were expressed by the NO2 concentrations and
photolysis frequencies of O3 and NO2, as shown in Eq. (8) (Alicke et al.,
2002). In the present study, the calculated daily peak OH concentrations were in the range of 0.3–2 × 107 molecules cm−3, which are
comparable to those measured in the polluted atmospheres of northern
China (Lu et al., 2013). Nonetheless, it should be noted that the OH
calculation from such empirical equation may be subject to some uncertainty. Ldep was calculated by assuming a HONO daytime dry deposition velocity of 2 cm s−1 and an eﬀective mixing height of 200 m.
Due to the rapid photolysis of HONO at daytime, most of HONO cannot
reach the height above 200 m (Alicke et al., 2002). K OH + NO is the rate
constant for the reaction of OH with NO, using a value of
9.8×10−12 cm3 molecules−1 s−1 from (Atkinson et al., 2004). The
emission source strength was estimated from the HONO/NOX emission
ratio of 0.53% as determined inSec. 3.2.
Fig. 7 shows the average contributions of all the source and sink
terms to the HONO budget in August 2016, when accurate J values
observations were available and elevated daytime HONO were observed. An unknown source Punknown was clearly the dominant part,
accounting for over 80% of the HONO production. An average Punknown
value of 2.95 ppb h−1 was derived, which is more than 7 times greater
than that of the homogeneous formation rate (POH + NO , 0.40 ppb h−1).
The major loss pathway of HONO was the photolysis with a mean Lphot
value of 2.80 ppb h−1, followed by dry deposition (Ldep , 0.49 ppb h−1),
and LOH + HONO was very small and almost less than 3% of Lphot . The
unknown source strength of daytime HONO in Ji'nan is higher than
those derived in Santiago, Chile (1.69 ppb h−1; Elshorbany et al.,
2009), Beijing (1.83 ppb h−1; Hou et al., 2016), and Houston, US
(0.61 ppb h−1; Wong et al., 2012). Some studies have reported much
lower Punknown obtained from a rural site in Guangzhou, China
(0.76 ppb h−1; Li et al., 2012), a mountain site in Hohenpeissenberg,
Germany (0.40 ppb h−1; Acker et al., 2006a), and a forest site in Julich,
Germany (0.50 ppb h−1; Kleﬀmann et al., 2005).
We further explored the potential unknown daytime source(s) of

S
Punknown ∝ JNO2 ∗ [NO2] ∗ ⎡ ⎤
⎣V ⎦

(9)

Correlation analysis between Punknown and related parameters has
been widely adopted to diagnose the potential HONO sources (e.g., Su
et al., 2008b). The NO2 concentration ([NO2]) is usually used as an
indicator of the heterogeneous reactions on the ground surface since the
ground surface to volume ratio (S/Vg) can be assumed to be constant for
the well-mixed boundary layer at noontime, whilst [NO2]*[S/Va] can
be taken as a proxy for the HONO formation on the aerosol surface.
JNO2*[NO2] and JNO2*[NO2]*[S/Va] can be used to infer the photoenhanced heterogeneous reactions on ground and aerosol surfaces.
Fig. 8 shows the scatter plots of the calculated Punknown versus the
abovementioned four indicators for the summer case (i.e., August 2016)
when accurate J value measurements were available. Punknown showed a
moderate correlation with [NO2] with a correlation coeﬃcient (R) of
0.55, and it was signiﬁcantly improved after JNO2*[NO2] was considered (R = 0.76). When aerosol surface density was taken into account, however, the correlation became even weaker with R values of
0.40 and 0.43. This suggests that the photo-enhanced heterogeneous
reactions of NO2 on the ground surface played a major role in the
daytime HONO formation in Ji'nan in summer.
3.5. Impact on the primary OH sources
Photolysis of HONO presents an important primary source of OH in
the atmosphere. The elevated levels of daytime HONO imply a suﬃcient supply of OH radicals and hence strong atmospheric oxidizing
capacity in the urban atmosphere of Ji'nan. Here we assessed the contribution of HONO photolysis to the OH production and compared
against that from O3 photolysis (O1D + H2O), another important OH
source, based on the concurrent observations of HONO, O3, JHONO and
JO1D in summer. The other primary OH sources, such as photolysis of
peroxides and ozonolysis reactions of alkenes, are generally not very
important in urban areas, especially at daytime, and were not considered in the present study. We also don't consider the primary sources
of HO2 and RO2 radicals (such as photolysis of OVOCs) due to the lack
of measurement data for these radical precursors. The net OH production rate from HONO photolysis (POH (HONO )net ) was calculated by the
source strength subtracting the sink terms due to reactions (R2) and
(R5) (Eqs. (10) and (11)). The OH production rate from O3 photolysis
can be calculated by Eq. (12) (Su et al., 2008b).

POH (HONO) = JHONO × [HONO]

(10)

POH (HONO)net = POH (HONO) − kNO + OH [NO][OH]
− kHONO + OH [HONO][OH]
POH (O3) = 2JO1D × [O3] / (1 + k3 [M]/k2 [H2 O])

(11)
(12)

Fig. 9 shows the daytime proﬁles of OH production rates from
photolysis of HONO and O3 in the summer (i.e., August 2016) period
when accurate J value measurements were available. Clearly, photolysis of HONO dominated the daytime OH production in urban Ji'nan.
The mean POH (HONO ) was 1.88 ppb h−1, almost 3 times higher than
POH (O3) . Furthermore, in contrast to most of the earlier studies which
suggested that the contribution of HONO photolysis was mainly concentrated in the early morning and neglected at noon, photolysis of
HONO presents the dominant OH contributor throughout the daytime

Fig. 7. Average daytime HONO budget at noon (11:00-14:00 LT) in August
2016.
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Fig. 8. Scatter plots of the unknown daytime HONO source strength (Punknown) with (a) NO2, (b) NO2*(S/V)a, (c) NO2*JNO2, and (d) NO2*JNO2*(S/V)a during August
2016.

4. Summary
Highly time-resolved continuous ﬁeld observations of HONO, related air pollutants and meteorological parameters were performed at
an urban site of Ji'nan in North China, for a year from September 2015
to August 2016. The measured mean concentration of HONO was
1.15 ppbv with a maximum level of 8.36 ppbv. The ambient HONO
concentrations presented a seasonal variation with the highest level in
winter as well as elevated concentrations in spring (April–May) and
summer (August). Well-deﬁned diurnal cycles of HONO with concentration peaks in the early morning and valleys in the afternoon were
found for all the four seasons. Direct emissions from vehicle exhaust
posed a large contribution to the ambient HONO, with an average
emission ratio ΔHONO/ΔNOX of 0.53%. During the nighttime, the
heterogeneous conversion of NO2 on the ground surface is an important
source of HONO. The average conversion frequency of NO2 to HONO
was derived as 0.0068 h−1 from over hundred cases. At daytime, a
missing HONO source with an average strength of 2.95 ppb h−1 was
derived in summer, which was about seven times larger than the gas
phase reactions. Our analysis implied that the photo-enhanced heterogeneous reaction of NO2 on the ground surface may be a major source
of daytime HONO in summer. Photolysis of HONO presents the predominant OH contributor not only in the early morning but also
throughout the daytime in urban Ji'nan, and hence plays a vital role in
the atmospheric oxidation and ozone formation in the polluted urban
atmosphere of northern China.

Fig. 9. Average OH production rates from photolysis of HONO and O3 in
summer (August 2016).

at our study site. Even though at noontime in summer, high contributions of HONO photolysis were still found. These results demonstrate
the signiﬁcant role of HONO in the atmospheric oxidizing capacity in
the urban atmosphere of Ji'nan.
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