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Abstract

Nitrous acid (HONO) is a key reservoir of the hydroradical (OH) and plays a central
role in the atmospheric chemistry. To understared gburces and impact of HONO in the
polluted atmosphere of northern China, continuowesasurements of HONO and related
parameters were conducted from September 2015 ¢goishi?016 at an urban site in Ji'nan,
the capital city of Shandong province. HONO showesll-defined seasonal and diurnal
variation patterns with clear wintertime and nigh& concentration peaks. Elevated HONO
concentrations (e.g., over 5 ppbv) were frequeoligerved with a maximum value of 8.36
ppbv. The HONO/NQ ratios of direct vehicle emissions varied in taege of 0.29%-0.87%,
with a mean value of 0.53%. An average NO®-HONO nighttime conversion frequenady
was derived to be 0.00680.0045 H from 107 HONO formation cases. A detailed HONO
budget analysis suggests an unexplained daytimsingisource of 2.95 ppb‘hin summer,
which is about seven times larger than the homagenesaction of NO with OH. The effect
of HONO on OH production was also quantified. HONOotolysis was the uppermost

source of local OH radical throughout the daytimiéis study provides the year-round
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continuous record of ambient HONO in the North @hitlain, and offers some insights into

the characteristics, sources and impacts of HONfdrpolluted atmospheres of China.

Keywords:. Nitrous acid, Seasonal variation, Heterogeneouns&sion, Atmospheric

oxidizing capacity, North China Plain
1. Introduction

Nitrous acid (HONO) is a key precursor of the hyditaradical (OH), one of the main
tropospheric oxidants in the gas phase. Numerels dnd modeling studies have shown that
HONO photolysis contributes significantly to the @bBurces not only in the early morning
but also during the rest of the daytime (Ackerlgt2z906b; Kleffmann et al., 2005; Xue et al.,
2016). This is mainly ascribed to the unexpectddiph concentrations of HONO during
daytime which would have been kept at lower levdlee to its rapid photolysis (R1).
Therefore, the knowledge of characteristics andcasuof HONO is critical for a better

understanding of the tropospheric oxidation chamistocesses.
HONO +hyv — OH + NO (320 nm <« < 400 nm) (R1)

So far, field observations of HONO have been cdroat at remote, rural and urban
areas. The reported ambient concentrations ramg $everal pptv up to 15 ppbv (e.g., Beine
et al., 2006; Elshorbany et al., 2009; Zhou et20Q1). However, the potential sources that
could explain the observed elevated daytime HON®s&H under controversial discussion.
The well accepted HONO sources include direct aomssfrom vehicle exhaust (Kurtenbach
et al., 2001) and homogeneous gas phase reactidiOofWith OH (R2) (Pagsberg et al.,
1997).

NO + OH +M— HONO + M (R2)

Heterogeneous reactions of N@ccurring on wet surfaces (R3) have been alsogsexn as
an important source of HONO according to both labmy studies and field observations
(e.g., Finlayson-Pitts et al., 2003). Nonethel#iss,source strength of reaction (R3) has not
been accurately quantified and relies on the, MGncentrations, surface area density and

water content (Finlayson-Pitts et al., 2003). Thesections could occur on various types of
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surfaces including ground, buildings, vegetationg aerosol surfaces (Liu et al., 2014;
VandenBoer et al., 2013). Up to now, the contrimutof the ground surfaces to the overall
production of HONO is still under discussion anbjeut to intensive research activity (Wong

et al., 2011; Zhang et al., 2016).
2NO;, + H;O — HONO+ HNO;3(ags) (R3)

In addition, the heterogeneous reduction of,@ soot particles, mineral dust, and surfaces
containing organic substrates was also proposedsasirce of HONO (R4) (Ammann et al.,
1998 and 2005; Ma et al., 2017), and these prosasse be further photo-enhanced during
the daytime (George et al., 2005; Monge et al.,020dour et al., 2008; Stemmler et al.,
2006). Although the heterogeneous Nédnversion on soot surfaces has high potential to
produce HONO, it decreases rapidly with aging andsually regarded to be less important

for ambient HONO formation (Han et al., 2013).
NO; + HGeq— HONO +HG (R4)

Besides, some other HONO sources have also bepogad, including soil emissions (Su et
al., 2011), photolysis of adsorbed nitric acid (H{\@nd nitrate (N@) at UV wavelengths of
300 nm (Zhou et al., 2001), and homogeneous reactfidNO, with HO, « H,O (Li et al.,
2014). Despite the abovementioned significant pasgrthe ‘missing’ daytime source(s) of

atmospheric HONO is still under exploration.

In comparison with sources, the sink pathways oN@Care relatively well established.
The chemical losses of HONO include the photoly&%) and reactions with OH radicals
(R5). Moreover, HONO can be also removed through déposition on ground surfaces.
Budget analysis of HONO sources and sinks has lpeeved to be a robust method to
examine the unknown sources and quantify theircgosirength (Sorgel et al., 2011; Su et al.

2008b).

HONO + OH— H,0 + NO; (R5)

A number of field studies have been conducted t@asme ambient HONO in the

polluted urban and rural atmospheres of China dutire last decade. High concentration



81

82

83

84

85

86

87

88

89

90

91

92

93

94

95

96

97

98

99

100

101

102

103

104

105

106

107

108

109

levels and strong potential missing source(s) ofNdOhave been reported in some
metropolises (e.g., Beijing, Shanghai and Guangghnd surrounding regions (e.g., Bernard
et al., 2016; Qin et al., 2009; Tong et al., 20H&)wever, most of these studies were mainly
based on short-term intensive observations. WbilgHperiod measurements are necessary to
support a holistic investigation of characteristaeal sources of HONO, they are very scarce
(Hendrick et al., 2014). In the present study, aeehcarried out 1-yr continuous observations
of HONO and related parameters at an urban siérain city, which is located almost in the
center of the North China Plain (NCP), the mostlytet region of China with dense
population and industries. A large amount of obsegownal data and HONO formation cases
provided an opportunity of a thorough examinatidntemporal variations, sources and
impacts of HONO in this polluted urban atmosphefenarthern China. In the following
sections, we will first show the seasonal and dilivariations of HONO and related species.
Then, several sources of HONO will be exploredJudmg vehicle emission, nighttime
heterogeneous formation and potential unknown oeytources. We will finally evaluate
the impacts of HONO photolysis on the primary OHurses and hence atmospheric

oxidizing capacity.
2. Experimental
2.1. Sitedescription

The measurements were conducted from Septenib2015 to August $12016 at an
urban site of Ji'nan, the capital city of Shanddfr@vince, with approximately 7 million
population and 1.6 million automobiles. The sitéomated in the central campus of Shandong
University (36°40'N, 117°03’E), a typical urban arsurrounded by massive buildings and
condensed population and close to several maifictrafads (Fig.1). Large-scale industries,
including steel plants, thermal power plants, cenpéamts, oil refineries and chemical plants
in suburban areas are the major industrial emisstmces of local air pollution in Ji'nan,
and are mainly distributed in the northeast andtsoest of the site. By observing the spikes
of sulfur dioxide (S@ concentrations under northeasterly and/or sowtery winds, we
know that the site was affected by the local indalsemission sources. All the measurements

were carried out on the rooftop of a six-floor ta@ag building, around 22 m above the
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ground level. A detailed description of the studg €an be found elsewhere (Wang et al.,

2015).
2.2. Measurement techniques

HONO was measured by a commercial instrument of ADFong path absorption
photometer, QUMA GmbH, Germany). The LOPAP is a wet chemistry based real-time
measurement device, with which HONO is samplednirexternal sampling unit as a stable
diazonium salt and is subsequently detected phetoically after conversion into an azodye
in a long-path absorption tube of 2.4 m Teflon ARe LOPAP is conceived as a 2-channel
system to correct for the potential interferendaschannel 1, HONO as well as possible
interfering gases are determined, while in cha@nahly the interfering gases are quantified.
The difference of both channels yields the HONOceortrations. A detailed description of
the LOPAP instrument has been described in deyalHéland et al. (2001). In the present
study, the sampling gas flow and the peristaltimpwelocity were set to L mi n* and 20r
min® during the whole measurement period. With theséings, the HONO collection
efficiency was ensured above 99.99%. Zero air calin by ultrapure nitrogen (purity of
99.999%) was performed for 30 min automaticallyadime interval of 12 h 30 min. An
experimental cycle of 8 days was calibrated twi@nuoally by using a known concentration
of nitrite (NQ,) standard solution. The detection limit of our sw@@ments was 3 ppt at a
time resolution of 30 s, with an accuracy of 10%l an precision of 1%. We note that
although the LOPAP instrument may collect data@ns3(or 1 min) intervals, the physical

time resolution of the instrument is relatively d¢mm, ca. 3 min.

The NO and N@concentrations were measured by a chemiluminesdd@zNGQ-NOx
analyzer Model 42C, TEC, USA) with a time resolution of 1 min, in which NQvas
converted to NO by a molybdenum oxide (MoO) catalgbnverter. It should be noted that
the MoO converters may also convert some NOz spdoi®dO and hence overestimate the
real NG concentrations. Xu et al. (2013) have indicated sluch overestimation was usually
significant in rural and remote areas but smalhighly polluted urban sites with fresh
emissions, such as the study site in the presedy.sD; was measured by a commercial UV

photometric @ analyzer fodel 49C, TEC, USA) with a time resolution of 1 min. The
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photolysis frequencies of NOHONO and @ (o2 Juono, Jo3) were measured by a
CCD-detector spectrometelétcon, Germany), with a time resolution of 1 min. The fine
particle (PM s and PM ) mass concentrations were continuously measured BYHARP
Monitor (Model 5030; Thermo Fisher Scientific, USA). Beta rays attenuation and light
scattering photometry were used to quantify therlgcaverage particle concentrations. The
aerosol surface area density{J/was calculated from the particle number sizerithstions
between 5 nm and 10m, which were measured by a Wide-Range Particlext8pmeter
(WPS, Model 1000XP, MSP Corporation, USA), by assuming that the particles are in
spherical shape. The meteorological data inclutengperature, relative humidity (RH), and
wind speed and direction were measured with an naatio meteorological station
(CAWS6000, China) with a time resolution of 1 min. All of the abovwaeasurement
techniques have been successfully utilized in n@eyious studies (e.g., Wang et al., 2015;

Xue et al., 2011) .
3. Results and discussion
3.1. Data overview

Figure 2 shows an overview of the measured HONO, N@, PM, 5, PM; o, J41on0, @nd
meteorological parameters in the present studyinQuihe 1-yr measurement period, the
prevailing winds were from the east and southwestoss, indicating the general influence of
industrial emissions on the study site (see FigThg air temperature ranged from <150
391 with a mean valueff standard deviation) of 16+IC and the relative humidity showed
a clear seasonal variation pattern with higherlgirewinter and summer. Markedly poor air
quality was observed as expected. Throughout tilegeriod, 137 haze episodes occurred
with daily mass concentration of BMexceeding the National Ambient Air Quality Stardlar
(Class II: 75ug m®), including 9 severe polluted haze episodes witllydaverage PMs
concentrations above 25@ nmi>. In addition, elevated levels of NQi.e., up to 350 ppbv of
NO and 108 ppbv of N§) were also frequently recorded, possibly as altreduntensive
vehicle emissions nearby the study site. Overa#is¢ observations highlight the nature of

our measurement station as a typical polluted udmsironment in North China.
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Table 1 documents the measured levels of HONO, NERINO/NOx ratios and the
comparison with the results obtained previouslhewlsere. The measured HONO mixing
ratios in Ji'nan ranged from 17 pptv to 8.36 pphbthv mean (£SD) value of 1.15+1.07 ppbv.
Elevated HONO concentrations were frequently olesbrduring the measurement period,
with the daily maximum values exceeding 2 ppbv a@hgpbv on 156 and 50 days,
respectively (see Fig. 2). The maximum hourly vadti&.39 ppbv was recorded in the early
morning of 6 December 2015. Such high levels of iambHONO indicate the intense
sources of HONO and potentially strong atmosphexidizing capacity in urban Ji'nan. The
nighttime average (18:00-06:00, LT) HONO concerdratvas 1.28+1.16 ppbv, compared to
the daytime average value (6:00-18:00, LT) of O®9% ppbv. In particular, the mean
HONO mixing ratio around noontime (11:00-13:00, @s even as high as 0.76+0.61 ppbv,
which is nearly the highest levels ever recordethenurban atmospheres, and about 27% of
the noontime HONO data were above 1.00 ppbv duhagneasurement period. This implies
the existence of strong daytime sources of HON@énatmosphere of Ji'nan, which will be

further discussed in Section 3.4.

The seasonal variations of ambient HONO and relpggdmeters are depicted in Fig. 3.
The highest concentrations of HONO occurred in aviift.e., December—January), followed
by spring (i.e., April-May), summer (especially Aigf) and autumn, with seasonal mean
(xSD) values of 1.71+£1.62, 1.16+£0.90, 1.12+0.93 ar«B+0.60 ppbv, respectively. Overall,
the seasonal variation of HONO coincided with tb&tNO,, an important precursor of
HONO. Such measured seasonal pattern of HONOferelift from those measured in Hong
Kong (Xu et al., 2015) and Beijing (Hendrick et, &@014), where the highest levels were
found in the autumn season. The wintertime peaknafient HONO in Ji'nan should be the
result of the lower boundary layer height, weakleotplysis, and enhanced heterogeneous
production of HONO given the more abundant,NThe relatively higher springtime HONO
mixing ratios might be related to some degree ¢éontiore intense heterogeneous reactions of
NO, on the surface of mineral particles (Nie et aQ12), as indicated by the coincident
higher concentrations of NCGand PM (note that PMp was not measured in the present

study). Indeed, the air quality of Ji'nan in theisg of 2016 was characterized by high levels
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of particles and influenced by several dust stoamd urban dust (http://www.sdein.gov.cn
/dtxx/hbyw/201605/t20160512_294758.html). Besidbs, elevated HONO levels in August
under the condition of intense solar radiation sstgthe presence of strong HONO sources
as well as the important contributions of HONO gsotential source of OH radicals to the

atmospheric oxidation chemistry.

The diurnal profiles of HONO and related supporfpagameters are shown in Figure 4.
Overall, the diurnal variations of HONO in diffeteseasons were similar, which dropped
rapidly after sunrise and reached a minimum atratol5:00 LT, and then increased and
peaked during the morning rush hours (an excepsothe winter case that showed a
concentration peak at midnight). The diurnal vasiatrend of HONO was similar to that of
NO, owing to a variety of chemical and physicalgasses, and the similar nighttime profiles
suggest that vehicle emissions may pose a signtfiefiect on the measured HONO levels.
Such nighttime pattern was also found at Tung Chudong Kong (Xu et al., 2015), a
roadside site in Houston, U.S. (Rappenglick et2013) and in a tunnel in Wuppertal,
Germany (Kurtenbach et al., 2001). The averagendiyprofiles of HONO/NQ@ratio are also
shown in Fig. 4f. The HONO/N£ratio generally decreased after sunrise due tanttrease
of HONO photolysis, and then increased during tigattime. An interesting finding was the
second peak of HONO/NGat around noontime in spring, summer and wintasases. If the
HONO sources during nighttime were the same asethats daytime, the minimum
HONO/NG; ratios should be found at noon due to the strdragdysis of HONO. Thus, the
higher ratios at noontime indicated the existenicadulitional daytime sources of HONO.
Moreover, the HONO/N@ratios increased with solar radiation (e.goend), implying that
the additional sources may be related to the sal#iation intensity. We will further discuss

the potential daytime sources of HONO in Sectich 3.
3.2. Contribution of vehicle emissions

As our study site is close to several major roadsrge traffic fleet, it is necessary to
evaluate the contribution of vehicle emissionshe measured HONO concentrations. The
HONO/NO ratio was usually chosen to derive the emissiatofaof HONO in the freshly

emitted plumes (Kurtenbach et al., 2001). In ortterensure the fresh air masses, the
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following four criteria were adopted to select tteses: (a) only data in the morning rush
hours (6:00-8:30 LT) in winter (e.g., November-kebwy) were used; (b) NO/NGO0.7; (c)
good correlation between HONO and @d) short duration of the plumes (<2 hours). Rush
hours are the prominent period with strong traéficission and thus greatest contribution of
vehicle exhaust to HONO concentrations. Furthermaueing the winter early morning rush
hours when the solar radiation is weak and bountiygr height is relatively stable, the
derived HONO/NOX is less interfered by atmosphehotochemical reactions and mixing
with the air masses aloft. Criteria (b) was usedamsndicator for identifying the freshly
emitted plumes. Criteria (c) and (d) further camid that the increase of HONO was mainly
attributed to direct emissions instead of hetereges reactions of N The slopes of the
scatter plot of HONO versus Nran be considered as the emission ratios. With strect
selection criteria, a total of twelve cases wemeeged out to estimate the vehicle emission

factors of HONO in urban Ji'nan.

Table 2 summarizes the estimated emission facfolrfONO/NOXx for the 12 vehicular
emission plumes. The averagBlO/ANOx ratio of the selected plumes was 94%, indicating
that the air masses were indeed freshly emitte@. chrelation coefficients {r of HONO
with NOx varied case by case and were in the rarige58-0.96, which may be due to the
inevitable mixing of vehicle plumes with other amasses and/or heterogeneous conversion
of NO, on soot particles and ground surface. The derdl@@NO/ANOy ratios varied in the
range of 0.19%—0.87%, with an average value (xSM)%8%+0.20%. This is comparable to
the emission factors obtained in Santiago, Chil8%{) Elshorbany et al., 2009) and
Wuppertal, Germany (0.3-0.8%; Kurtenbach et alQ130but is substantially lower than
those derived in Guangzhou (with a minimum valuéd.dfs6; Qin et al., 2009) and Houston,
U.S. (1.7%; Rappengluck et al., 2013). The emissamtors should be dependent on the
types of vehicle engines, fuels and catalytic coeve (Kurtenbach et al., 2001). The
variance in the HONO/NOXx ratios derived from diffet metropolitan areas highlights the
necessity of examining the vehicular emission fictd HONO in the target city in the future
studies. In the present study, the average HONO/M&ue of 0.53% was adopted as the

emission factor in urban Ji'nan, and was used tiimage the contributions of traffic
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emissions to the ambient nocturnal HONO levE&guétion 1) with a rough assumption that

the observed NOXx at our site was mainly emittethfuehicles.
HONO.;s = NOy x 0.0053  (E1)

Where, HONQnis is the HONO concentration arising from the direehicle emissions. The
calculated HON@\;s levels contributed on average 12%, 15%, 18% ar®d @i the whole
measured nighttime HONO concentrations in urbanadi’in spring, summer, autumn and

winter, respectively.
3.3 Heterogeneous conver sion of NO, to HONO during nighttime

It has been widely accepted that the heterogenszawtions of N@ on wet surfaces
present an important formation pathway of ambie®N®, and generally make a dominant
contribution at nighttime (e.g., Finlayson-Pittsaét 2003). To investigate the heterogeneous
production of HONO in Ji'nan, a number of nighttinldfONO formation cases were
identified to estimate the NAo-HONO conversion frequency. The selected cakesild
meet the following criteria: (1) only the nighttingata in the absence of sunlight (i.e.,
20:00-05:59 LT in autumn and winter and 20:00-04:%9n spring and summer) were used
considering the fast HONO loss via photolysis antkptial existence of unknown HONO
sources at daytime; (2) both HONO concentratiorts HONO/NG ratios increased steadily
during the target case; (3) the meteorological tmns, especially surface winds, should be
stable. Figure 5 presents an example of the hedasmys HONO formation case occurring
on 6—7 September, 2015. In this case, the HONOnmiratios increased rapidly after sunset
from 0.08 ppbv to 0.78 ppbv. Since the HONO conegians and HONO/N® almost
increased linearly throughout the night, the sléited by the least linear regression for
HONO/NG; ratios against time can be taken as the convefstguency of N@to-HONO
(knet also referred to asgono in other studies). During the 1-yr period, a taBll07 cases
were finally selected. Such a large set of casaltéaed a more robust statistical analysis of

the heterogeneous formation of HONO.

As our study site is close to the traffic roadssihecessary to subtract the contribution

from direct vehicle emissions. The emission rafitll®@NO/NOy derived in Section 3.2 was

10
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then used to adjust the HONO concentrationsEly (2). The NQ-to-HONO conversion
frequency can be computed Bg. (3), by assuming that the increase of HONO#N&Xio

was caused by the heterogeneous conversion ($u20@8a; Xu et al., 2015).

HONO,,,r = HONO — NOx X 0.0053 (E2)

[HONOcorrl(tz) _ [HONOcorr|(t2)
[NO2 I(t2) [NO2](t1) E3
(tz —tq) (E3)

Khet =

The ke values derived from the 107 cases showed a laagability, from 0.0013 H to
0.0194 K, with a mean value of 0.0068+0.004%. Fhese results are well within the range of
knet Obtained previously from other urban areas. Fangle, the kin Ji'nan is comparable
to that derived at an urban site of Shanghai (Ol0B%ang et al., 2013), and less than those
in Guangzhou (0.016 % Qin et al., 2009), Milan (0.0127h Alicke et al., 2002) and
Kathmandu (0.014 h Yu et al., 2009). Figure 6 provides the seasomaiation of the
NO,-to-HONO conversion rate in Ji'nan. Clearly, thegkst averagenk was found in winter
with a value of 0.0073+0.0044'hThis should be ascribed to the higher S/V surtiemsity
within the shallower boundary layer in the winter. Moreover, weak correlation (R = 0.07)
between k. and aerosol surface density was also found, whighgests that the efficient

heterogeneous formation of HONO may be indepenaleiiie aerosol surface.

The uptake coefficient of NQon various surfaces to yield HON@y6,nono) IS a key
parameter with large uncertainty in the air quatitydels to simulate HONO and OH radicals
(Zhang et al., 2016). The overglyo,nono ON the bulk surface of ground and particles can

be estimated froriq. (4).

15 15
Khet = YNo,-HONO X CNo, X (G- Ev_g) (E4)

SN\= 22

v (E5)

Where, cyo, is the mean molecular velocity of N@370 m §):; SV, and SV, are the
surface area to volume ratio {infor both aerosol and ground, respectively. Cceriig) the
land use of the study site, the ground was treaseah uneven surface, and a factor of 2.2 per

unit ground surface measured by Voogt and Oke (19&& adopted to calculate the total
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active surface. Hence, 1§/ can be calculated Wyg. (5), where H is the mixing layer height
and was obtained from the European Centre for MedRange Weather Forecasts

(ECMRWEF, ERA-Interim;_http://apps.ecmwf.int/datagdata/interim-full-daily/levtype=sfc/).

The calculated uptake coefficients for the 107 saseied in a wide range from 6.14.t
1.7x10°, whilst the majority (5%-95% percentiles) fell snnarrower range of 1.1x10o
4.5x10° The mearynoy value was 1.4+2.4x10 Current laboratory studies have reported the
range ofyno,-nono from 10° to 10° on the ground surface (Kurtenbach et al., 2001;
VandenBoer et al., 2013) and from 1@ 10° on the aerosol surface (Ndour et al., 2008;
Wong et al., 2011). Obviously, the uptake coeffitim different orders of magnitude would
definitely lead to different assessment of the ingace of heterogeneous HONO sources (Li
et al., 2010). The average uptake coefficient oletifrom such a large set of samples could
serve as a reference for modeling studies to simudanbient HONO and atmospheric
oxidation processes in the urban atmospheres ahNemina. Furthermore, the total area of
ground surface is much larger than the reactiviasemrovided by aerosols, suggesting that
the heterogeneous reactions of \dD ground surface may play a dominant role. lusthbe
noted that the exact uptake coefficients of ;Nf@ ground and aerosol surfaces are variable
and should be different, and the present analyismpli$ied this process by treating the
ground and aerosol surfaces the same. Our derp®dtel coefficients can be regarded as an

equivalentyno2 on the bulk surface of ground and particles.
3.4 Daytime HONO budget analysis

In this section, we examine the potential unknowarse(s) of daytime HONO by a
detailed budget analysi&quation (6) summarizes the main factors affecting the ambient

concentrations of HONO.

d[HONO]
at = Pemis + Pon+no + Punknown — Lphot — Lon+nono — Ldep (E6)

Where, d[HONOJ]/dt is the observed rate of changéhamn HONO mixing ratios; ,Pterms
indicate the sources of HONO, consisting of direstission rate R.,,;;), the gas phase
formation rate Ryy 4 no0, R2), and the unknown HONO daytime SourBg, tnown); Ly terms

denote the sink processes, including the photolgges (..., R1), reaction rate of HONO
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with OH (Lon+nono, R5), and dry deposition raté,). Here we omitted the influence of
vertical and horizontal transport since their cimittions to ambient HONO are far less than
photolysis and gas phase reactions at noontimeaVéege daytime wind speed in Ji'nan in
the present study was 1.7 i so that at a HONO lifetime of about 15 min at miroe, the
horizontal transport had to occur within 1.6 kmyihich no large-scale pollution sources) to
reach the site. Dillon et al. (2002) proposed apeterization for the dilution by background
air to estimate the magnitude of vertical transgout = Kgiution)([HONO]-[HONO]packgroung-
Even though taking a mean noontime [HONO] level gipbv, a value of 6x10ppb §' was
derived (Dillon et al., 2002; Sorgel et al., 2014jich is much smaller compared t@nd:
(1x10° ppb &Y.

The noontime data (11:00-14:00 LT) with the strastg®olar radiation were chosen to
calculate the unknown HONO source strength baseHql(7). Here the d[HONOJ/dt was
approximated bAHONOJ/At, which is the difference of the measured HONOcemrtrations
every 10 minutes (Sorgel et al., 2011).

A[HONO]
Punknown = Lphot + Lon+nono + Ldep + A Por+No — Pemis (E7)

— Kon+no[OH][NO] —

sg”’““d) 4 A[HONO]
H

= [HONO] (]HONO + Kon+nono[OH] + - v

A[NOx]x0.54%
At

bNO,+1

cNO3+dNO,+1 (E8)

[OH] = a(Jo1p)“Uno,)"
(@=0.838=0.19, a = 4.1x0b = 140, c = 0.41, and d = 1.7)

Where, Juono and Jyo, are the photolysis frequencies of HONO andb &), respectively.
Direct measurements gf,ono and Jyo, Were made in this study except for the period from
December 2015 to May 2016. For the reaction of HGNth OH, a rate constamX, 4. nono

of 6.0x10™* cn?® molecules $ was taken from Atkinson et al. (2004). The OH mixratios
were expressed by the NM@oncentrations and photolysis frequencies efa®d NQ, as
shown inEg. (8) (Alicke et al., 2002). In the present study, tladcolated daily peak OH

concentrations were in the range of 0.3-2xh@lecules cii, which are comparable to those
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measured in the polluted atmospheres of northeinaCfLu et al., 2013). Nonetheless, it
should be noted that the OH calculation from sunpigcal equation may be subject to some
uncertainty.Lg,,, was calculated by assuming a HONO daytime dry siéipa velocity of 2
cm s and an effective mixing height of 200 m. Due te tlapid photolysis of HONO at
daytime, most of HONO cannot reach the height al2@@&m (Alicke et al., 2002)K,y+n0

is the rate constant for the reaction of OH with ,N@ing a value of 9:810%* cnt
moleculed s from (Atkinson et al., 2004). The emission sowstength was estimated from

the HONO/NQ emission ratio of 0.53% as determined in Sec. 3.2.

Figure 7 shows the average contributions of allsberce and sink terms to the HONO
budget in August 2016, when accurate J values wasens were available and elevated
daytime HONO were observed. An unknown souR:ey.own Was clearly the dominant part,
accounting for over 80% of the HONO production. @rerage RinownVvalue of 2.95 ppbh
was derived, which is more than 7 times greatan that of the homogeneous formation rate
(Pos+no, 0.40 ppb H). The major loss pathway of HONO was the photslygith a mean
Lyno: Value of 2.80 ppbh followed by dry deposition{,,, 0.49 ppb H), and Loy nono
was very small and almost less than 3%.9f,.. The unknown source strength of daytime
HONO in Ji'nan is higher than those derived in Sayut, Chile (1.69 ppbh Elshorbany et
al., 2009), Beijing (1.83 ppb’h Hou et al., 2016), and Houston, US (0.61 pgb\Wong et
al., 2012). Some studies have reported much &g, Obtained from a rural site in
Guangzhou, China (0.76 ppb:hLi et al., 2012), a mountain site in Hohenpeitseg,
Germany (0.40 ppbh Acker et al., 2006), and a forest site in Juli@ermany (0.50 ppbh
Kleffmann et al., 2005).

We further explored the potential unknown daytineeirse(s) of HONO based on our
measurement data. According to the laboratory efiydieterogeneous reactions of JN&D
wet surfaces should be an important contributotheoambient HONO concentrations, and
the reaction rate is first order in MQt has been also proposed that these heterogeneou
reactions can be photo-enhanced (Stemmler etG6)2Thus, the strength of the unknown
HONO source (Rknown Can be expressed by equation (E9), if the hetsregus reactions

were the major HONO sources.
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Punknown oc]NOZ * [NOZ] * [é] (E9)

Correlation analysis betweenRown and related parameters has been widely adopted to
diagnose the potential HONO sources (e.g., Su,e2@0D8b). The N@concentration ([N¢})

is usually used as an indicator of the heterogemesactions on the ground surface since the
ground surface to volume ratio (JVcan be assumed to be constant for the well-mixed
boundary layer at noontime, whilst [MEIS/V j can be taken as a proxy for the HONO
formation on the aerosol surface. JINMO ;] and JNGQ*[NO,J*[S/V 4 can be used to infer
the photo-enhanced heterogeneous reactions ondyanghaerosol surfaces. Figure 8 shows
the scatter plots of the calculateghdown Versus the abovementioned four indicators for the
summer case (i.e., August 2016) when accurateug vatasurements were availabl@wRBwn
showed a moderate correlation with [N@ith a correlation coefficient (R) of 0.55, antd i
was significantly improved aftegd.*[NO ;] was considered (R=0.76). When aerosol surface
density was taken into account, however, the catioel became even weaker with R values
of 0.40 and 0.43. This suggests that the photoradthheterogeneous reactions of N

the ground surface played a major role in the dagtHONO formation in Ji'nan in summer.
3.5 Impact on the primary OH sources

Photolysis of HONO presents an important primanyrse of OH in the atmosphere. The
elevated levels of daytime HONO imply a sufficisapply of OH radicals and hence strong
atmospheric oxidizing capacity in the urban atmesehof Ji'nan. Here we assessed the
contribution of HONO photolysis to the OH productiand compared against that from O
photolysis (GD+H,0), another important OH source, based on the coemuobservations
of HONO, G, Jiono and &ip in summer. The other primary OH sources, suchhasopysis
of peroxides and ozonolysis reactions of alkenes,ganerally not very important in urban
areas, especially at daytime, and were not coreildar the present study. We also don't
consider the primary sources of Hénd RQ radicals (such as photolysis of OVOCSs) due to
the lack of measurement data for these radicalupsecs. The net OH production rate from
HONO photolysis R,y (HONO),.;) Was calculated by the source strength subtradtieg
sink terms due to reactions (R2) and (RBJuations 10 and 11). The OH production rate
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from O; photolysis can be calculated Bguation (12) (Su et al., 2008b).

Por(HONO) = Jyono X [HONO] (E10)
Por (HONO) et = Por (HONO) — Kno+0u[NO][OH] — kiyono+ou[HONO][OH] (E11)
Pou(03) = 2Jo1p X [03] / (1 + k3[M]/k,[H,0]) (E12)

Figure 9 shows the daytime profiles of OH produttiates from photolysis of HONO
and Q in the summer (i.e., August 2016) period when esteuJ value measurements were
available. Clearly, photolysis of HONO dominatea thaytime OH production in urban
Ji'nan. The mearP,,;(HONO) was 1.88 ppb T almost 3 times higher thaR, (05).
Furthermore, in contrast to most of the earliediss which suggested that the contribution
of HONO photolysis was mainly concentrated in theyemorning and neglected at noon,
photolysis of HONO presents the dominant OH couatob throughout the daytime at our
study site. Even though at noontime in summer, baftributions of HONO photolysis were
still found. These results demonstrate the sigaificrole of HONO in the atmospheric

oxidizing capacity in the urban atmosphere of Ji'na
4. Summary

Highly time-resolved continuous field observati@isHONO, related air pollutants and
meteorological parameters were performed at annusite of Ji'nan in North China, for a
year from September 2015 to August 2016. The medsuean concentration of HONO was
1.15 ppbv with a maximum level of 8.36 ppbv. Thebgéent HONO concentrations presented
a seasonal variation with the highest level in eiras well as elevated concentrations in
spring (April-May) and summer (August). Well-defchediurnal cycles of HONO with
concentration peaks in the early morning and valieythe afternoon were found for all the
four seasons. Direct emissions from vehicle exhposed a large contribution to the ambient
HONO, with an average emission ratiBl ONO/ANOx of 0.53%. During the nighttime, the
heterogeneous conversion of NGn the ground surface is an important source oNBO
The average conversion frequency of N® HONO was derived as 0.0068 from over
hundred cases. At daytime, a missing HONO sourtie avi average strength of 2.95 ppb h

was derived in summer, which was about seven tlargsr than the gas phase reactions. Our
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analysis implied that the photo-enhanced heterageneeaction of N@on the ground

surface may be a major source of daytime HONO mrsar. Photolysis of HONO presents
the predominant OH contributor not only in the wamorning but also throughout the
daytime in urban Ji’'nan, and hence plays a vitl no the atmospheric oxidation and ozone

formation in the polluted urban atmosphere of remhChina.
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Table 1. Overview of the measured HONO and NOx levels iraari’nan and comparison with other studies.

Location Time HONO(ppb) NQ(ppb) NG(ppb) HONO/NQG HONO/NQ et
N D N D N D N D N D
Santiago, Chile (urban) Mar-Jun 2005 3.00 1.50 30.20.0 200.0 40.0 0.100 0.075 0.015 0.038 1
Rome, Italy (urban) May-Jun 2001 1.00 0.15 27.2 4.051.2 4.2 0.037 0.038 0.020 0.024 2
Kathmandu, Nepal (urban) Jan-Feb 2003 1.74 0.35 9 17.8.6 20.1 13.0 0.097 0.041 0.087 0.027 3
Shanghai, China (urban) Oct 2009 1.50 1.00 419 030. / / 0.038 0.032 / / 4
Guangzhou, China (urban) Jun 2006 3.5 2.00 20.0 0 30. / / 0.175  0.067 / / 5
Beijing, China (urban) Oct-Nov 2014 1.75 093 37.853.0 945 534 0.047 0.026 0.019 0.017
Xinken, China (suburban) Oct-Nov 2004 1.30 0.80 834.30.0 378 40.0 0.037 0.027 0.034 0.020
Milan, Italy (suburban) May-Jun 1998 0.92 0.14 33.2183 1175 234 0.028 0.008 0.008 0.006
Backgarden, China (rural) Jul 2006 0.95 024 165.5 4 209 5.5 0.057 0.053 0.045 0.043 9
Sep 2015-Aug 2016 1.28 099 310 2538 46.4  40.6 790.0 0.056  0.040 0.035 10
Sep-Nov 2015 (autumn) 0.87 0.66 254 232 38. 37.6.049 0.034 0.034 0.022 10
Ji'nan, China (urban) Dec 2015-Feb 2016 (winter) 2.15 1.35 411 346 78.%4.8 0.056 0.047 0.034 0.031 10
Mar-May 2016 (spring) 1.24 1.04 358 258 47.3 36.M.046 0.052 0.035 0.041 10
Jun-Aug 2016 (summer) 1.20 1.01 225 19.0 29.1 25.8.106 0.079 0.060 0.049 10

N: nighttime (18:00-06:00, LT); D: daytime (06:08:@0, LT)
1: Elshorbany et al. (2009); 2: Acker et al. (2008aYu et al. (2009); 4: Bernard et al. (2016){3Bn et al. (2009); 6: Tong et al. (2015); 7: $ale (2008a); 8: Alicke et al.

(2002); 9: Li et al. (2012); 10: this study.
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Table 2. The emission ratioAHONO/ANOx of fresh vehicle plumes.

Date Local Time ANO/ANOy R AHONOJ/ANOx (%)
11/03/2015 06:08-07:45 0.89 0.91 0.29
11/05/2015 06:00-07:30 0.92 0.84 0.63
11/17/2015 06:00-07:30 1 0.95 0.75
11/20/2015 06:00-07:15 0.92 0.72 0.59
12/06/2015 06:00-07:48 0.83 0.75 0.87
12/08/2015 06:02-07:30 0.95 0.61 0.58
12/25/2015 06:00-07:30 0.94 0.72 0.30
12/31/2015 06:00-07:30 0.96 0.94 0.47
01/02/2016 06:00-07:30 1 0.61 0.46
01/20/2016 06:44-07:48 0.92 0.96 0.71
01/21/2016 06:26-07:56 0.94 0.58 0.54
01/27/2016 07:00-08:12 0.89 0.77 0.19
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Highlights:

® Oneyear continuous measurements of HONO were made at a typical urban site in
northern China.

® Seasona and diurnal variations, vehicle emission factors, heterogeneous formation, and
daytime sources were examined based on alarge observational data set.

® A strong missing daytime source was needed to explain the measured HONO
concentrations.

® HONO photolysisisthe dominant OH source throughout the daytime.



