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Abstract. The photolysis of HONO is important for the at- 1 Introduction

mospheric HR (OH +HQ,) radical budget and ozone for-

mation, especially in polluted air. Nevertheless, owing to the

incomplete knowledge of HONO sources, realistic HONO Since three decades, nitrous acid (HONO) photolysis has
mechanisms have not yet been implemented in global modPeen shown to be an important source of hydroxyl (OH) radi-
els. We investigated measurement data sets from 15 fiel§als, especially during the early morning when other sources
measurement campaigns conducted in different countrie§r® of minor importance (Perner and Platt, 1979; Harris et
worldwide. It appears that the HONO/N@atio is a good @l 1982). Recently, HONO photolysis was reported to con-
proxy predictor for HONO mixing ratios under different at- tribute more strongly to daytime primary OH production
mospheric conditions. From the robust relationship betweerfhan @ photolysis, both under urban and rural conditions
HONO and NQ, a representative mean HONO/N@atio (Elshorbany et al., 2009ap&el et al., 2011a, respectively).
of 0.02 has been derived. Using a global chemistry-climatelt has been demonstrated that HONO photolysis can be a ma-
model and employing this HONO/N@atio, realistic HONO ~ jor OH initiation source under high NO(e.g., Kleffmann
levels are simulated, being about one order of magnitudeet al., 2007; Elshorbany et al., 2009a, 2010a; Ren et al,,
higher than the reference calculations that only consider the?006; Dusanter et al., 2009) as well as low Nénditions
reaction OH + NO— HONO. The resulting enhancement of (€-9-, Kleffmann et al., 2005; Elshorbany et al., 201@d8l
HONO significantly impacts HQlevels and photo-oxidation ~ €t al., 2011a). OH radicals constitute the major oxidant of
products (e.g, @ PAN), mainly in polluted regions. Further- the atmosphere, initiating the removal of most reactive gases
more, the relative enhancements in OH and secondary prodi-e. regulating the self-cleaning capacity of the atmosphere),
ucts are higher in winter than in summer, thus enhancing thdhough also lead to the formation of secondary products such
oxidation capacity in polluted regions, especially in winter 8 @ and PAN, which can be harmful for human health.
when other photolytic OH sources are of minor importance. The OH oxidation of volatile organic compound (VOC) con-
Our results underscore the need to improve the understandtibutes to the formation of aerosol particles, affecting air

ing of HONO chemistry and its representation in atmosphericduality and climate. HONO is also an important ingredient
models. of the strongly anthropogenically perturbed global nitrogen

cycle, which indirectly influences climate change (Kumala
and Pedja, 2011).

Owing to the thus far incomplete knowledge of HONO
sources, in particular during daytime, it was not yet possi-
ble to simulate realistic HONO levels using global models.
Li et al. (2010), Zhang et al. (2011) and Czader et al. (2012)
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have shown that additional HONO sources are required taelatively large uptake coefficient was employed based on
match measured HONO mixing ratios; for some regions tenvariable threshold values of light intensity. However, Czader
fold mismatches have been found based on the known gast al. (2012) obtained unrealistically high HONO concen-
phase HONO formation only (i.e., OH+N& HONO). Li trations and therefore used the same uptake coefficient but
et al. (2011) and Goncalves et al. (2012) showed that modscaled by a different and constant factor to match the mea-
elled HONO was consistently lower than observations, eversured HONO. In contrast, Goncalves et al. (2012) obtained
when the most effective recently suggested formation mechabout three orders of magnitude lower production rates of
anisms were considered. This underestimation of HONO byHONO when using the approach adopted by Li et al. (2010)
models may be expected to impact the simulated,ld@d  and reverted to another approach, more suitable to the stud-
O3 budgets as well as other secondary products. ied area. Unfortunately, this approach to match measure-

Several HONO sources have been identified in the laboraments cannot be implemented in global models, as each re-
tory (e.g., Zhou et al., 2003; George et al., 2005; Stemm-gion would need its specific parameterization. Thus, a more
ler et al., 2006, 2007; Bejan et al., 2006; Li et al., 2008, general approach is needed to calculate more realistic HONO
Gustafsson et al., 2006; Ndour et al., 2008; Su et al., 2011)levels on a global scale.
yet these sources cannot account for the HONO levels ob- A common factor between the known major day- and
served during daytime (Elshorbany et al., 2010b; Su et al.nighttime sources is that they are generally surface-based
2011; Czader et al., 2012). While the heterogeneous confexcept the gas phase photolysis of nitro-aromatic com-
version of N@Q on humid surfaces (Finlayson-Pitts et al., pounds). Indeed, such HONO sources contribute a major
2003) in the dark is commonly accepted as the dominanfraction to the measured HONO levels (Harrison and Kitto,
HONO source during the night (Alicke et al., 2002), the exact1994; Stutz et al., 2002; Veitel, 2002; Kleffmann et al., 2003;
mechanism is still unclear. For daytime HONO sources, fiveZhang et al., 2009; &@gel et al., 2011b; Wong et al., 2011)
photochemical mechanisms were recently identified. Threeand consequently the dispersion into the atmosphere is a
of them dominate under high-NQurban conditions, i.e., function of turbulent mixing (8rgel et al. 2011b). This was
heterogeneous conversion of gaseous; M@ photosensi- first proposed by Febo et al. (1996) based on Radon measure-
tized solid surface organic compounds (George et al., 2005ments, a species emitted almost exclusively from the ground.
Stemmler et al., 2006), photocatalytic conversion of,N@ Veitel (2002) also showed that HONO correlates linearly
TiO2 (Gustafsson et al., 2006; Ndour et al., 2008) and thewith Radon with highest values reported in winter. In addi-
photolysis of gaseous nitro-aromatic compounds (Bejan etion, both, ground- and aircraft-based gradient measurements
al., 2006), which are expected to correlate well wifNO5). showed that HONO mixing ratios near to the ground follow a
Under low-NG rural conditions, the photolysis of nitric acid steep gradient during stable conditions (Veitel, 2002; Zhang
(Zhou et al., 2003, 2011) adsorbed on solid surfaces (inet al., 2009, respectively). Thus, HONO mixing ratios ap-
cluding vegetation) may dominate and is expected to primarpear to be controlled by the surface area in a mixed volume
ily correlate with j(O'D), related to the much lower wave- of air (s/v), and the changes can often be accounted for by
length range of nitric acid photolysis thgi{NO2). Su et  scaling HONO to NQ or NOy (Sorgel et al. 2011b, and ref-
al. (2011) showed that HONO can also be emitted from soils,erences therein). Similarly, Zhang et al. (2011) showed that
being a function of temperature (i.e, light independent). Thisthe spatial distribution of simulated HONO during day- and
source may be important in tropical forested regiorisg8l nighttime is generally consistent with the N@mission pat-
et al. (2011a) showed that unknown HONO daytime sourcestern. Kleffmann (2007) concluded that the HONO/QN@tio
normalized with NQ mixing ratios have a clear dependency is a reasonable measure of HONO as it takes into account the
on j(NOy). Recently, Czader et al. (2012) also showed thatdilution of trace gases during transport, after being emitted
photo-induced conversion of NObn organic surfaces is a or formed at the ground. Several previous studies indicated
strong daytime HONO source. the HONO/NQ ratio as a proxy for HONO formation under

In addition to the incomplete knowledge about daytime rural (e.g. Acker et al., 2006; Elshorbany et al., 201&g8l
HONO chemistry, most of the thus far identified HONO etal., 2011b), remote (e.g. Kleffmann and Wiesen, 2008) and
sources are generally also associated with large uncertaintyrban conditions (e.g. Elshorbany et al., 2009a, 2010a). Fur-
as the mechanisms and controlling parameters are only partlthermore, Villena et al. (2011a) showed that the HONOYNO
understood (Kleffmann, 2007; Li et al., 2010; Czader etratio and its daytime maximum are independent of altitude.
a., 2012; Goncalves et al.,, 2012). Consequently, severalhus, the HONO/N@ ratio may be a practicable metric to
recent attempts to simulate HONO formation were basedhelp predict HONO in the atmosphere.
on the modulation of the model parameters (i.e., via sev- In this study, data sets from 15 different field measurement
eral assumptions and simplifications) to match the measurecampaigns around the globe are investigated, confirming that
ments in individual studies (e.g., Li et al., 2010; Czader etthe HONO/NQ ratio is a good proxy predictor of the HONO
al., 2012; Goncalves et al., 2012). For example, Czader emixing ratio for use in global models. The impacts of simu-
al. (2012) simulated HONO using an approach adopted byated HONO levels on the levels of oxidants (OH;, ®AN,
Li et al. (2010), for which a daytime HONO source with a
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Table 1. Summary of the field measurement data sets used.

campaign location latitude, longitude measurements period HONO [ppbv] 2 [pifbv] NOx [ppbv] reference

24h daytime 24h daytime 24h daytime
HOxComp dilich, Germany 5054° N, 06° 24° E June—July 2005 0.22 0.12 4.26 2.89 4.79 3.66 Elshorbany et al. (2012)
SantiagoS Santiago de Chile 326°S,7040°W  8-20 March, 2005 239 1.90 23.84 18.53 80.63 49.73 Elshorbany et al. (2009)
SantiagoW Santiago de Chile 3R6°S,7040°W 25 May—6 June, 2005 517 3.25 48.33 69.59 262.72 140.22 Elshorbany et al. (2010b)
Santiago3 (6 m) Santiago de Chile 326°S,7040°W  November 2009 144 1.40 35.98 39.50 74.24 81.49 Villena et al. (2011a)
Santiaga21 (53 m)  Santiago de Chile 326°S,7040°W  November 2009 1.00 0.85 31.01 31.93 46.82 49.80 Villena et al. (2011a)
DOMINO El Arenosillo, Spain 3705° N, 06° 44°W  November, December, 2008 0.08 0.03 1.80 1.09 1.88 1.48 orgebetal. (2011)
PMTACS-NY New York, USA 4044° N, 73 4° W July—August 2001 0.66 0.46 26.44 2151 31.06 28.29 Ren et al. (2003)
MCMA-2006 New Mexico, USA 1925° N, 99 8° W 14-31 March, 2006 1.03 0.35 n/a 28.40 n/a 44.80 Dusanter et al. (2009)
LOOP/PIPAPO Milan, Italy 4%32° N, 09 12° E May-June 1998 0.53 0.14 25.75 18.30 70.45  23.40 Alicke et al. (2002)
NITROCAT Rome, Italy 2236°N, 113 35°E  May-Jun 2001 0.58 0.15 15.60 4.00 2770 4.20 Acker et al. (2006)
PRIDE.PRD2004 Xinken, China £155°N, 12°30°E 13 October—2 November 1.05 0.80 32.40 30.00 38.90  40.00 Su et al. (2008)
Kathmandu Kathmandu, Nepal 243 N, 85°21°E January—February, 2003 1.05 0.35 13.25 8.60 16.55 13.00 Yu et al. (2009)
BERLIOZ Pabstthum, Geremany %21°N, 12°56°E  July—August 1998 0.20 0.07 325 3.60 3.95 4.60 Alicke et al. (2003)
Yufa Yufa, China 3930°N, 116 17°E  July—August 2006 0.66 0.43 11.10 8.00 13.85 9.40 Li et al. (2012)
PRIDE-PRD2006 Back Garden, China  °Z®° N, 113 1°E  June 2006 0.60 0.24 10.50 4.50 13.20 5.50 Lietal. (2012)

* no reference could be found and data were adopted from Li et al. (2012).

etc.) are determined using an atmospheric chemistry-climatéowards actual meteorology by the assimilation of analysis
model. data from the European Centre for Medium-range Weather
Forecasting (ECMWF) through the Newtonian relaxation of
four prognostic model variables: temperature, divergence,

2 Methodology vorticity and the logarithm of surface pressure (van Aalst et
al., 2004). The first 5 months of the simulation are regarded

2.1 Model description as spin up period and these results are not considered in our
analysis.

The applied modelling system is based on the ECHAMS5 gen-  Qutput has been archived as 1-hourly instantaneous fields
eral circulation model (Roeckner et al., 2006) and the Mod-to capture an hourly resolved diurnal cycle. In the sensitivity
ular Earth Submodel System (MESS#c8el et al., 2005)  runs S1, S2 and S3, HONO levels were parameterized such
to simulate the meteorology and atmospheric chemistry. Thehat the HONO/NQ ratio is fixed at 0.01, 0.02 and 0.04, re-
ECHAMS/MESSy Atmospheric Chemistry (EMAC) system spectively (see Sect. 3.3). This was achieved by an iterative
is a coupled lower-middle atmospheric chemistry general circorrection of HONO and NQ(i.e., without disturbing the
culation model (AC-GCM), which has been extensively eval- reactive nitrogen budget), which was applied every minute,
uated (e.g.,dckel et al., 2006; Lelieveld et al., 2007; Tost et thus limiting deviations in the HONO/NQratio to within
al., 2007; Pozzer et al., 2008; 2010, 201Ziret al., 2012).  +0.005.
The model structure and setup have been describeddikel
et al. (2006) and only a brief description is given here. 2.2 Field measurements

Atmospheric chemical reactions are incorporated in the
model through the module MECCAL1 (Sander et al., 2005),Average diurnally resolved data sets from eight different field
including the Mainz Isoprene Mechanism, version 2 (MIM2, measurement campaigns (see Table 1) were used to analyse
Poschl et al., 2000; von Kuhlmann et al., 2004; Taraborrellithe day- and nighttime HONO chemistry. HOxComp took
et al., 2009). To study the effects of changes in the chemplace at the Ulich Research Centre, Germany during 9-11
istry while avoiding possible feedbacks of radiatively active July 2005 (we used only the diurnal profile of the cloud
gases and aerosols through the meteorology, the radiatiofiee day, 10 July, Elshorbany et al., 2012); the Santiago de
scheme has been decoupled, and the model is used in thehile campaigns took place during 8—-20 March 2005 (San-
atmospheric chemistry-transport mode. The radiation coddiago S, Elshorbany et al., 2009a) and during 25 May to 7
in EMAC therefore uses an ozone climatology (Fortuin andJune 2005 (Santiag@/, diurnal average of cloud free days
Kelder, 1998), fixed vertical profiles for GHN,O and CFCs  only, Elshorbany et al., 2010a); the PMTACS-NY campaign
and constant mixing ratios of GOThe reference run (Base) took place from 10 July to 2 August 2001 in New York
has been performed for the year 2005 in T42L31 resolution(New York, Ren et al., 2003); the Mexico City Metropoli-
(i.e., with a triangular truncation at wave number 42 for thetan Area campaign took place during 14-31 March 2006
spectral core of ECHAMS5, and with 31 levels on a hybrid- (MCMA-2006, Dusanter et al., 2009); the DOMINO cam-
pressure grid in the vertical, reaching up to 10 hPa). The T42aign took place in southwestern Spain during November-
resolution corresponds to a quadratic Gaussian grid of apbecember, 2008 (DOMINO, diurnal average of cloud free
proximately 2.8 x2.8 in latitude and longitude. To simulate days only, $rgel et al., 2011a) and we used two gradient
realistic synoptic conditions, we applied a weak “nudging” measurement data sets obtained during a field measurement
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Fig. 1. Diurnal cycles of the HONO/N@ratio, HONO and;j (NO»)
observed in different field measurement campaigns. For abbrevia2.3 Intercomparison of field measurements

tions and references, see the text.
The average measured diurnal profiles of HONOJNO

HONO andj(NOy) for the first 8 data sets in Table 1 are
campaign at a 55m tall building in Santiago de Chile from shown in Figs. 1 and 2. The HONO diurnal profiles typ-
17-29 November 2009 at the altitudes of 6 m (3rd floor, San-cally show increasing mixing ratios after sunset due to
tiago.3) and 53 m (21st floor, Santiagtl) above the ground  HONO formation by heterogeneous reactions, direct emis-
(Villenaetal., 2011a). In addition, measured average concensjons and the absence of photolytic loss processes, in addi-
trations of HONO and NQfrom 7 other field measurement tion to the decrease in boundary layer height (i.e. the mix-
campaigns, adopted from Li et al. (2012), were also inves4ing volume). Owing to its short lifetime of about 10-30 min
tigated (see Table 1). These measurement campaigns weggd the increased vertical mixing, HONO decreases after
performed in three different continents (from®32to 33 S sunrise, reaching its minimum levels during the afternoon.
and from 116 E to 99 W) under a range of meteorologi- Influenced by relatively high nighttime values, 24 h aver-
cal conditions. These measurements also encompass a wiggie HONO levels range from about 0.1 to 5ppbv (see Ta-
range of different NQ conditions, typically from NO sen- ple 1). Average daytime HONO mixing ratio range from
sitive conditions (e.g., HOxComp) to VOC sensitive condi- about 0.03 ppbv during the DOMINO campaign in south-
tions (e.g., Santiago and New York). Furthermore, the resultrn Spain (autumn) to about 3.25 ppbv in Santiago de Chile
obtained from the analysis of these data are compared withwinter). Daytime HONO/NQ ratios range from about 0.01
other field campaigns reported in the literature. The rangejuring the MCMA-2006 to about 0.05 during the Santizgjo
of HONO mixing ratios obtained from these data sets repre-with average and median values of about 0.02 for all cam-
sents the minimum and maximum HONO levels measuredaigns. The very low values of the HONO/N@atio dur-
during the last decade and therefore, represent an optimahg MCMA-2006 in comparison to the other campaigns is
global overview of HONO measurements. partly due to the different spatial measurement of HONO by

LP-DOAS (Long-Path Differential Optical Absorption Spec-

troscopy) and N@ by a local standard instrument (see also

Sect. 3.2.2).

Atmos. Chem. Phys., 12, 9977:000Q 2012 www.atmos-chem-phys.net/12/9977/2012/
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It is worth mentioning that measured HONO/N@atios, 10.00
using the LOPAP technique at polar and high altitude moun- v = 0.02x
tain sites were also within the above-mentioned range though Re =0.87 Santaso S @ Santiago_\
at lower measured HONO and N@ixing ratios. For exam- ~ _ - Santiago_3
ple, diurnal average HONO/NQratios of 0.046 and 0.025 3 100k Xinken, 44 Santiago_21

were reported at high altitude mountain sites at Jungfraujochg"

and Zugspitze, respectively (Kleffmann and Wiesen et al., 3
2008). Similarly, the diurnal average measured HONO/NO T o.10 | *
ratio at a polar site in Barrow, Alaska was 0.062 +0.048 (Vil-
lena et al., 2011b). * bomino
Average diurnal profiles of gradient HONO measurements
in Santiago de Chile at 6 and 53 m altitude are presented in 10.00
Fig. 2. The diurnal profiles show a clear vertical gradient y = 0.02x
with HONO mixing ratios at 53 m of about 60% of those R? =0.90
at 6 m during daytime. Similar HONO gradient were ob-
served previously in the Mexico City metropolitan area dur- _, 1.00 | Kathmandugy Xinke
ing the MCMA-2003 at 70 and 16 m altitude (Volkamer et Back Garder’
al., 2010). Both NO and N®show similar gradients while '
O3 increases with height owing to the inter-conversion of
NO/NO; through reactions of NO (emitted at ground level)
with RO, and HG (Villena et al., 2011a). Due to the stronger
absolute gradient of N§) HONO/NG; ratios show an oppo-
site strong gradient during daytime while HONO/Nftios 0.01
appear to be almost unaffected. Similarly, Kleffmann (2007)
also showed that the HONO/NQatio decreases only little
with altitude from about 2.5 % at 10 m to about 2 % at 190 m. Fig. 3. Correlation between daytime (upper panel) and 24 h (lower
The photolysis of HONO releasing OH and NO, enhancespanel) average HONO and NQnixing ratios observed in differ-
photochemical oxidation processes, which subsequently caent field measurement campaigns. For details and references, see
alytically convert NO into N@ which in turn photolyses to  Table 1 and the text.
form O3z. Consequently, the relative change of HONO as a
result of its photolysis is also reflected in thg @d NG
levels resulting in a nearly constant HONO/NR@tio. There-
fore, the HONO/NGQ ratio may be considered a good mea-
sure of HONO during the night (see alsor§el et al., 2011b)
while during daytime the HONO/Ngratio seems to be more
suited (see Sect. 3.3).
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ing the night when the influence of direct NO emissions in
these regions is small. These measurement campaigns were
characterised by a high NO morning peak, decreasing to
less than 1 ppbv during the rest of the day due to a change
in wind direction as mentioned in the respective references
(Sorgel et al., 2011a; Alicke et al., 2003; Elshorbany et al.,
2012; Li et al, 2012; Yu et al., 2009, respectively, except for
_ . the Yufa campaign, for which the data were obtained from
3 Results and discussion Li et al., 2012). The higher N©fraction during the night
leads to higher HONO via its heterogeneous formation in
the dark, resulting in higher HONO/NGratios compared
to other measurement campaigns. This influence is less pro-
nounced during daytime as the MNOOy ratios for all cam-
Apaigns are much closer (see Table 1). Since HONO photoly-
sis only influences HQ O3 and other oxidants during day-
time, the HONO/NQ regression slope of 0.02 £0.001 deter-
mined above appears to be representative and may be used

3.1 Average HONO/NQ ratio

To obtain an overview of measured HONO/N@tios, day-

time and 24 h average mixing ratios of HONO and ,NO
based on all available data sets, are plotted in Fig. 3.
high correlation £2=0.87) is obtained between HONO
and NQ, during daytime with a linear regression slope of

0.02:+0.002 (Fig. 3, upper panel). Similarly, a high correla- to investigate the impact on HGnd oxidant chemistry. De-

. 2 _ . . .

“Of‘ (R®=0.90) IS obtained for the 24 h average values with tailed analyses of the factors controlling the HONO diurnal
a linear regression slope of 0.02+0.001. However, for the rofile as a function of NQare presented in the next section
DOMINO, BERLIOZ, HOXCOMP, PRIDE-PRD2006 (Back " P '

Garden), Yufa and Kathmandu campaigns a slightly different
regression slope of 0.05 (£0.004) was found (Fig. 3, lower
panel). This is likely due to the relatively high NMIOy

ratio during these campaigns (see Table 1), especially dur-

www.atmos-chem-phys.net/12/9977/2012/ Atmos. Chem. Phys., 12, 991086Q 2012



9982 Y. F. Elshorbany et al.: Impact of HONO on global atmospheric chemistry

3.2 HONO diurnal profile 3.2.1 Nighttime HONO levels

To determine the factors controlling the HONO mixing ra- In contrast to daytime HONO levels, which are generally
tio as a function of NQ, the aforementioned 8 field mea- higher than expected based on model calculations (e.g., Kl-
surement data sets (HOxComp, Santi&gjoSantiagdh, effmann et al., 2005; Acker et al., 2006; Li et al. (2010);
Santiaga3, Santiago21, DOMINO, MCMA-2006 and New  Sorgel et al., 2011a; Su et al., 2011; Elshorbany et al., 2012),
York) have been investigated. During the first 6 measuremenHONO concentrations during nighttime can be largely ex-
campaigns, HONO was measured by the sensitive LOPARlained by known sources, i.e., the heterogeneous reaction
(Long Path Absorption Photometer) technique (Heland eton humid surfaces (Alicke et al., 2002) and direct emis-
al., 2001; Kleffmann et al., 2002), which showed excellentsions (Vogel et al., 2003). All measurement campaigns are
agreement with the (absolute) DOAS measurements, botincluded in this analysis except MCMA-2006, for which
in smog chamber and in urban atmospheric conditions. Theno nighttime HONO data are available. Though the corre-
good performance of the LOPAP instrument is related to thelation between HONO and NQOduring both night sectors,
efficient correction of chemical interferences (Kleffmann et A and D, reveal a similar slope of about 0.02 (see Fig. 4),
al., 2006). During MCMA-2006, HONO was measured us- the HONO/NQ ratio itself is found to be logarithmically re-
ing LP-DOAS (Dusanter et al., 2009 and references therein)lated to NQ, which can be explained by the nighttime het-
which selectively detects HONO based on it specific UV ab-erogeneous formation of HONO (Kleffmann et al., 2003).
sorption, thus free of sampling artefacts and chemical interThis is confirmed by the HONO/NQOdependency on wind
ferences (Platt and Perner, 1980). During the New York cam-speed (ws) (see Fig. 4). Similarly, Elshorbany et al. (2009a)
paign (Ren et al., 2003) HONO was measured by aqueousshowed that the HONO heterogeneous rate constant in the
phase scrubbing and high performance liquid chromatograeark (calculated using the HONO/NQatio) correlates in-
phy (HPLC) analysis (Huang et al., 2002), which has beenversely with the wind speed. The positive correlation be-
used (also in a modified form) in several field measurementween HONO/NQ and the wind speed in Fig. 4 is related to
campaigns (e.g., Zhou et al., 2002; Ren et al., 2010; Zhanghe anti-correlation typically observed between HONO and
et al., 2012). It is worth mentioning that HONO measure- the NGQ,/NOy ratio for all investigated campaigns (see Ta-
ments under very clean conditions, using wet-chemical techble 1). In addition, the slope of the HONO/N@atio versus
niques (other than LOPAP) have been reported to be biNOy was found to be about two times higher in sector A com-
ased by uncorrected interferences leading to artificially highpared to sector D (see Fig. 4), resulting in the following two
HONO/NQ ratios (Kleffmann et al., 2006; Kleffmann and regression equations:

Wiesen, 2008; Su et al., 2008; Lu et al., 2010; Villena et

al., 2011b; Zhang et al., 2012). Recent studies acknowledgetHONOIA = (1)
this problem and corrected for these interferences (e.g., Su {—0.011+ 0.002)In([NOy]) + (0.0784 0.009)) x [NOy]
al., 2008) or modified the technique to minimize them (e'g"[HONO]D — )

Ren et al., 2010; Zhang et al., 2012). Under high,N®I-
luted conditions this problem is less pronounced (e.g., Kleff.((—0-005+ 0.003)In(

mann et al., 2006; Kleffmann and Wiesen, 2008). In the cur-gjjjary an anti-correlation between HONO/N@tio and
rent study, only HONO measurements by LOPAP are conS|dNOX was previously reported (Bgel et al., 2011b). Again,

ered for low NQ conditions while for high NQconditions, for the correlation between HONO/NQatio and ws, the
!‘OPAP' DOAS and aqueous—pha}se scrupblng and HPLC OElope in sector A is higher than that in sector D, though with
lon chromatography_(IC) an_aly5|s techmqueg are used_. T higher correlation coefficient in sector D (see Fig. 4). Nev-
analyse the factors influencing the HONO diurnal profile, o yhejess as shown in Fig. 5, simulated HONO using equa-
we d.|st|ngm§h4t|me sectors, mujnlght to sunrise (sector A)'tions (Eq. 1) and (Eq. 2) (sector A and D, respectively) is
sunrise to mid-noon (sgctqr B), mid-noon to sunset (§ector Cbnly improved for measurement campaigns with a nighttime
and from sunset to midnight (sector D), grouped into two HONO/NO; ratio > 0.02, i.e., HOxComp, Santiag® and
main sectors, nighttime (A and D) and daytime (B and C). DOMINO, compared to that using the mean HONOJN@-

The onset of sunrise and sunset is defined at 30 % of th(ﬁo of 0.02, while for other campaigns measured HONO was

maximum measured(NO) values. The duration of each \o,50napiy well simulated based on the mean HONQ/NO
sector period varies based on thgNO,) values measured ratio of 0.02.

in each study. The obtained linear regression expression is
then used to calculate HONO mixing ratios in each sectoring 2 2 paytime HONO mixing ratio
terms of NG and the other related parameters.

[NO]) + (0.043 0.004)) x [NOy]

During daytime, a similar regression slope of 0.02+0.002
between measured HONO and N@ixing ratio was ob-
tained for all measurement campaigns (see Fig. 6), though
with a lower correlation coefficient in comparison to
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Fig. 4. Correlation of nighttime average HONO and N@ixing ratios as well as wind speed (ws) for sector A (right panel, from midnight
to sunrise) and sector D (left panel, from sunset to midnight). Error bars represesftthe mean.

nighttime values, which is mainly due to the low correla- During daytime, HONO mixing ratios are controlled
tion between HONO and NQduring the afternoon (sec- by the photostationary state concentration of HONO,
tor C, see below). However, in contrast to nighttime condi- [HONO]pss, calculated from the known gas phase chemistry
tions, the HONO/NQ ratio during daytime is independent by the following equation:

of HONO and NQ mixing ratios while it has a light de-

pendency (given by (NOy), though with a low correlation [HONO]pss= - korNolOHIINO] ,
coefficient R%2=0.23). These results are in agreement with J(HONO) + kohHono[OH]
Zhang et al. (2012), who showed that the daytime HONOin addition to other sources that are not known or not ac-
flux does not correlate significantly with measured,\Nfix- counted for, henceforth denoted as “unidentified”. Owing to
ing ratios, suggesting that under these conditiong @ot  their negligible contributions during daytime, heterogeneous
an important precursor of HONO daytime formation. In addi- formation of HONO and its deposition on the ground (e.g.,
tion, using the Community Multiscale Air Quality (CMAQ) Elshorbany et al, 2009; &gel et al., 2011a) are ignored.
model, Czader et al. (2012) demonstrated that photochemiGiven the reported low HONO/NCratio of 0.3-0.8 % for di-
cal HONO formation can be a strong source during daytime rectly emitted HONO estimated at a NO/N@atio of > 0.9
which directly impacts HQand ozone levels. (Kurtenbach et al., 2001), and considering the variable low

®)
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Fig. 5. Simulated diurnal HONO cycles based on the Eq. (1) to Eq. (6) for the different sectors (simulated) and those based on the mean
HONO/NQ ratio of 0.02 (global mean), compared to measurements in different campaigns. Small spikes appear between sectors due to the
different parameterizations applied.

NO/NO ratios (0.2 to 0.6) and the much higher measuredcalculated using the IUPAC recommendations (Atkinson et
HONO/NGQ ratios for the investigated campaigns, emitted al., 2004). During daytime [HONO]pss constituted 29, 72, 55
HONO contributions are not expected to contribute signifi- and 50 % of measured HONO levels during HOxComp, San-
cantly to measured HONO levels (Su et al., 2008) during thetiago.S, SantiagdV and DOMINO, respectively. Unidenti-
investigated campaigns and are therefore not considered ified HONO mixing ratios were calculated by subtracting the
the following calculation. For the estimation of [HONO]pss calculated [HONO]pss from the measured HONO mixing ra-
the OH concentration and the HONO photolysis frequencytios. The largest contributions of [HONO]pss typically oc-
(j(HONOQ)) in addition to measurements of NO and HONO cur during the early morning (sector B, from sunrise to mid-
mixing ratios are required, which were available only for noon) reaching a maximum during the rush hour.

four measurement campaigns, HOxComp, Santigg8an- As shown in Fig. 7, high correlations are obtained be-
tiago.W and DOMINO. For all campaigns [HONO]pss was tween average HONO, [HONOQ]pss and unidentified HONO
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Fig. 6. Correlations between HONO, NGnd j(NO,) daytime average values for different measurement campaigns. Error bars represent 1

o of the mean.

mixing ratios versus NQlevels for the investigated mea- tiaga21 and MCMA-2006. In fact, measured HONO during
surement campaigns during both, sector B and daytime (secsector B for Santiag8 and Santiag@1 could have been ac-
tors B + C). However, the regression slopes for the measuredurately simulated based on (Eg. 4) alone, which shows that

HONO and unidentified HONO levels versus Néare higher

measured HONO during sector B in these data sets can be
during daytime in comparison to that of sector B, showing largely explained by [HONO]pss. However, for consistency
that unidentified sources contribute most during the after-we used (Eg. 5) for sector B in all data sets. For MCMA-
noon, again in good agreement with previous studies, whicl2006, the overestimation of HONO mixing ratios in sector B
showed that the high afternoon HONO/N@atio points to-

is due to the very high measured N@ixing ratio, which is

wards unknown HONO daytime sources (e.g., Kleffmann etnot related to that of HONO (see below).
al, 2005; Elshorbany et al., 2009a, 2010b, 2012). Conse- The noon to sunset time period (sector C) is the most
quently, a higher correlation coefficient is obtained for the important one in the HONO diurnal profile, during which

relationship between HONO, [HONOQO]pss and N@uring

lowing linear regression expressions are derived:

[HONOQ]pss= (0.01440.001) x [NOy]
[HONQIB = (0.021+0.001) x [NOx]

lated to the similar slope of HONO/N@Qn sector B and the

(4)
(%)

mean HONO/NQ ratio of 0.02, except for Santiag®y San-

www.atmos-chem-phys.net/12/9977/2012/

unidentified daytime HONO sources contribute most sig-
sector B in comparison to the average daytime values. Imificantly. The linear regression analysis for this time pe-
contrast, for [HONO]pss, similar slopes are obtained duringriod was found to result in two different slopes as shown
daytime as well as sector B, implying similar average con-in Fig. 8 (middle panel). For measurement campaigns with
tributions (i.e., of [HONO]pss to HONO measured mixing a HONO/NQ, ratio of <0.02, i.e., DOMINO, Santiag8,
ratios) during both sectors, B and C. For sector B, the fol-Santiago21, New York and MCMA-2006, a high correlation
is obtained with a regression slope of 0.017 £0.003, while
measurement campaigns with a HONOMNf@tio > 0.02,
i.e., HOxComp, Santiag8, SantiagdV indicate a regres-
sion slope of 0.042 +0.01 (Fig. 8, middle panel). The regres-
sion slope for measurement campaigns with HONOQ/D

As shown in Fig. 5, HONO mixing ratios in sector B calcu- tios < 0.02 is quite comparable to that of [HONO]paNOx
lated by equation (Eqg. 5) and by the global mean of 0.02 arqsee Fig. 7), which shows that HONO mixing ratios dur-
similar and in very good agreement with measurements, Mg this time period for these measurement campaigns can
be described accurately by [HONO]pss, with an additional

Atmos. Chem. Phys., 12, 991080Q 2012
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Fig. 7. Correlation between HONO, [HONOQO]pss, unidentified HONO andyNiQring sector B (left, sunrise to 12:00 UTC) and during
daytime (right, sunrise to sunset). Error bars represenbfithe mean.

small contribution from unidentified sources. Interestingly, atribute significantly to the measured HONO mixing ratios.
very high correlation % =0.99) between the HONO/NO  Indeed, for two of these measurement campaigns, DOMINO
ratio and j(NOy) has been obtained only for measurementand New York, unidentified daytime HONO source strengths
campaigns with HONO/NQratios> 0.02 (see Fig. 8), from  of about 100 and 150 pptvf, respectively were reported,
which HONO mixing ratios during sector C can be calculatedbeing very low compared to that of about 0.33, 1.7 and
as: 2.5 ppbv 1 for HOXComp, Santiag® and SantiagdV, re-

i spectively. Similarly, the unknown source strengths for other
[HONOJC = (9.42:£0.16) j(NO2) x [NOy] (6) campaigns reported in the literature are also in the range
For those with a HONO/N@ratio <0.02, a much worse  Of 200-500 pptv h*, 500 pptv fr* and up to 2 ppbvh’ cal-
correlation ®2 =0.44), even with a negative slope was culated for rural, semi-urban and urban conditions, respec-
obtained. Consequently, for measurement campaigns witlively (Kleffmann et al., 2007). For MCMA-2006, an addi-
HONO/NQ; ratios > 0.02, calculated HONO mixing ratios tional daytime HONO source was reported (Dusanter et al.,
based on the above equation (Eg. 6) match the measure009) despite the low average daytime HONO/N@Xio of
ments well (see Fig. 5), while for those with a HONO/NO about 0.01. However, as mentioned above (Sect. 2.2), this is
ratio < 0.02, measured HONO mixing ratios are better sim-due to the different spatial account of HONO and,N©e.,
ulated using the average of 0.02. One potential explanatiofn€asuring different air masses of HONO and )NCDur-
for this differentj (NO,) dependency is that for measurement iNg MCMA-2006 HONO was measured using an LP-DOAS
campaigns with a HONO/N@ratio < 0.02, unknown day- ~ System over an optical path length of 5285 m while NO
time HONO sources that afgNO,) dependent do not con- Was measured using a local commercial standard instrument,

Atmos. Chem. Phys., 12, 9977:000Q 2012 www.atmos-chem-phys.net/12/9977/2012/
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@ HOxComp @ Santiago_S A Santiago W [l boMINO 3.2.3 Unidentified HONO sources

The contribution of unidentified HONO sources to mea-
sured HONO during the afternoon (sector C, from noon to
10.00 sunset) was largest during HOxComp91 %) followed by
SantiagoW (~69 %) and Santiag® (~25%). As shown
in Fig. 9, high correlations are obtained between unidenti-
fied HONO mixing ratios and their derived source strength
(ppb 1) with j(NO,), j(O'D) and temperature for sec-
tor C. The good agreement for boftNO,) and j(O'D) re-
lates to the onsets of sunrise and sunset being defined at 30 %
of the maximum;(NO,) values, when the(O!D) values
correspond to about 10 % of their daytime maximum. This
method allows investigating the dependency of unidentified
daytime HONO sources on boti{NO,) andj (OD). In pre-
vious studies (e.g., Elshorbany et al., 2009a, 2012), better
agreement was obtained for the correlation between uniden-
tified HONO sources ang(NO,) in comparison toj (O'D)
by considering the full photolysis frequency range of these
photolysis rates, and the latter produces an intercept due to
the smaller span of (O'D). However, the good correlation
between unidentified HONO sources (see Fig. 9) and tem-
perature (in addition tgi(NO,) and j(O'D)) implies that
‘ photolytic sources active at longer wavelengths (e.g., photo-
1 10 100 sensitized conversion of Nn organic surfaces (Stemmler
NO, [ppbv] et al., 2006) or photolysis of nitro aromatic compounds (Be-
jan et al. (2006)) or those that aj¢O'D) dependent, e.g.,
the photolysis of HN@ (Zhou et al., 2003, 2011) or those
that are temperature dependent (Su et al., 2011), are all of
significance. Despite that these results leave the question of
!éf=9b4§; unknown HONO daytime sources open, they offer linear re-
] gression equations that can be used as an indicator for un-
known HONO production within the range of conditions in-
vestigated (i.e., at a HONO/N@Qatio > 0.02).
0.02 | y = -18.28x + 0.12 6*;; Interestingly, the unidentified HONO sources were found
Los RE=044 A to correlate inversely with(NO,), j(O'D) and temperature
= 0.001 0.003 0,005 0.007 0.009 (_see Fig. 9). The h|_ghest abS(_)Iute valu_es of the un_|dent|-
J(NO) [s°1] f!ed sources are _estlmated during th(_a wmter_se_as_on |n_ San-
tiagaW, under highly polluted conditions, coinciding with
Fig. 8. Correlations between average afternoon (sector C, mid-noofower actinic fluxes and temperatures, compared to Santi-
to sunset) HONO mixing ratios versus the corresponding Mad ~ agaS, followed by HOxComp. Veitel (2002) showed that
J(NO») values observed in different measurement campaigns. Erronocturnal HONO mixing ratios directly correlate to Radon,
bars representd of the mean. especially in winter. He also measured the highest HONO
mixing ratios of 2.4 ppb at night in January (1999) coinciding
o ) with very high Radon levels. Thus, Veitel (2002) concluded
which is known to be affected by interferences from other 5t surfaces at or near the ground form the most promi-
NO, components (e.g., HNPAN, RNG;, etc). Therefore,  nent HONO source both by day and night. Similarly, Febo et
the low HONO/NQ ratio of 0.01 is likely to be caused by 5 (1999) stated that especially trace gases emitted or formed
higher measured NOlevels in different air masses. Unfor-  near the ground show a direct and strong correlation with
tunately, no strict method or correlation could be found t0 Raqon, Their results agree with our findings that unidentified
predict the HONO/N@Qratio (i.e.,> 0.02 or<0.02). There-  gqyrces are mainly ground-based with highest contributions
fore the different dependency of HONO/NON j(NOz) can i, the winter season. The negative slopes obtained in Fig. 9
only be used as an indicator of the presence of significanknoyid not be confused with the positive slopes obtained in
unknown HONO sources, rather than to predict the HONOg|ghorhany et al. (2009a, 2012) as the latter were obtained in-
concentration. dependently in each study (i.e., under the same atmospheric
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Fig. 9. Correlation between unidentified HONO mixing ratios and their source strength vigh0s), j(O1D) and temperature observed in
field measurement campaigns with a HONON@tio of > 0.02. Error bars represent bf the mean.

conditions) and therefore may only relate to the similar di- the approximate unidentified HONO source strength based
urnal cycle of j(NO2) and the unidentified HONO sources on the relationship (Eg. 7) would be about 2.5+1.1 and
(i.e., may not necessarily follow any physical dependency).0.78+0.34 ppb h', respectively which is in good agree-
The correlations in Fig. 9 are also quite interesting becausenent with those reported by Li et al. (2012). Nevertheless,
they show that unidentified HONO sources during the after-since the above correlations were derived based on a limited
noon can be directly calculated as a functionj@flO5) or number of measurement campaigns, further evaluation is re-
j(OD) (also vs. temperature but with less accuracy) as fol-quired.

lows:

Unidentified HON@ppbvh 1) = (7 3.2.4 Measured vs simulated HONO levels

(—838+360)j (NO2) + (6.65+2.15),

Unidentified HONQppbv h L) = @) Figure 10 shows the correlations between measured and

. simulated HONO mixing ratios based on equations (Eq. 1)
(-1.78£0.94) x 10°j(O'D) + (3.65+£1.12) to (Eg. 6) and the mean HONO/NQatio of 0.02 for all
Indeed, considering an estimated daytime averf®&O,) investigated measurement campaigns. It appears that mea-
for Xinken, China (PRIDEPRD2004) and Back Garden, sured HONO diurnal profiles for all campaigns can be sim-
China (PRIDE-PRD2006) of about 0.005 and 0.00%s ulated quite well for both 24 h and daytime averages with
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based on the HONO/N©dependency (simulated, left panel, see text for details) and that calculated using the mean HGQ XadiNGF
0.02 (global mean, right panel) for the different measurement campaigns. Error bars represétitd mean.

a linear measured/simulated regression slope of 1.10+ 0.0fHONOQ]pss, see Sect. 3.2.2), thus significantly underestimat-
and 0.91+0.07, respectively. Similar agreement is also obing ambient HONO concentrations. ConsequentlyxHQOs
tained between measured and calculated HONO mixing raand other secondary oxidation products from HONO pho-
tios using the mean HONO/NCratios of 0.02 with slopes tolysis during daytime are also expected to be significantly
of 1.02+£0.05 and 1.06 £0.13, respectively, albeit with lower underestimated. Since most polluted regions with high NO
correlation coefficients, which is due to the underestimationlevels are located in the Northern Hemisphere, the impact
of measured HONO mixing ratios during the afternoon for of using more realistic HONO levels should be most pro-
measurement campaigns with HONO/Ni@tios> 0.02 (see  nounced in this part of the world, where NO levels are of-
Sect. 3.2.2). This can only be accounted for by equationten sufficient for efficient radical recycling (Lelieveld et al.,
(Eq. 6). However, the calculation of afternoon HONO mix- 2002; Elshorbany et al., 2010b). To investigate the impacts
ing ratios using (Eg. 6) requires the prior knowledge of the by HONO photolysis, including the seasonal dependency, we
HONO/NGQ ratio (see Sect. 3.2.2), which is not feasible for focus on model output for the months June and December.
a prognostic method. In addition, during daytime the slopeThe global mean HONO/NEratio of 0.02, empirically de-

of the relationship between HONO and N@r all measure-  rived from the correlation between HONO and jNi@as been
ment campaigns is 0.022 +0.002, which is quite similar toimplemented in the EMAC model. In addition, the sensitiv-
the overall mean HONO/NQratio. Therefore, the overall ity runs S1 and S3 apply differences by a factor of two, thus
mean HONO/NQ ratio of 0.02 is considered to be most suit- using HONO/NQ ratios of 0.01 and 0.04, respectively.

able to approximate the HONO mixing ratios and investigate As shown in Fig. 11, simulated HONO levels based on a
the global impact of HONO photolysis during daytime on HONO/NG ratio of 0.02 (S2) are typically more than or-
HOy and G chemistry. der of magnitude higher than those simulated by the base
run, which considers only gas phase HONO formation (i.e.,
OH+NO— HONO). These results are in agreement with Li
et al. (2010), Zhang et al. (2011) and Czader et al. (2012)
who also showed that measured HONO mixing ratios are

In global models HONO is '_[yp|cal_ly simulated basz_ad ON about tenfold of those calculated when this reaction is the
the known gas phase chemistry (i.e., only accounting for

3.3 Global impact
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only formation mechanism. The simulated HONO levels in gradient within the first 1200 m above the ground (i.e., the
the S2 run in December are higher than those during Jundpwest model layer is centred &80 m), both in summer (on
which is also in good agreement with previous studies, show29 June, 2005) and winter (on 30 December, 2005), being
ing that HONO levels in winter are higher than in summer most apparent in highly polluted regions, especially in sum-
(e.g., Elshorbany et al., 2010a). The simulated HONO lev-mer (see Fig. 12). These results are in agreement with HONO
els in June in South Korea and in December in east Chinayradient measurements in previous studies (Volkamer et al.,
compare well to those measured during May-July 2005 in2010; Vellina et al., 2011; Wong et al., 2011, 2012).

Seoul (Korea) and during Oct-Jan 2004/2005 in Shanghai Figure 13 shows that the shape of the simulated diur-
(China) (Lietal., 2012, and references therein). Furthermorenal HONO profile on 10 July 2005, in Northwest Ger-
the day (24 h) average HONO mixing ratios, averaged ovemany (50.98N, 6.36 E) using the base model, differs
the Northern Hemisphere (from 3Bl to 50° N) show aclear  strongly from the observations during the HOxComp and
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Fig. 13. Simulated diurnal cycles for 10 July 2005, in Northwest Germany (30\9%.36° E) compared to the measured HONO diurnal
profile during the HOxComp campaign nedtidh in Germany (50.91N, 6.41° E, from Elshorbany et al., 2012).

other campaigns presented in Fig. 1. Owing to the coarse spaf implementing this more realistic HONO parameterization.
tial resolution of the model the profiles in Fig. 13 representAs also shown in Fig. 13, enhancements in OH,HOs,
larger areas than the measurements, though the agreement?8N, H,O,, NOx and HNGQ; are calculated only at NO lev-
rather good, probably indicating that HOxComp is represen-els of about 1 ppbv (marked by the dashed line in the diur-
tative of this area. In contrast to the base scenario, the shapgal NO profile). When NO levels are below 1 ppbv, enhance-
of the simulated HONO diurnal profiles, S1, S2 and S3 basednents are typically small or negligible. This is due to the low
on the HONO/NQ ratios of 0.01, 0.02 and 0.04, respectively recycling efficiency (under NO sensitive conditions), under
match the measurements much better with maximum HONOwhich any increase in the OH levels as a result of HONO
mixing ratios during the early morning and minimum values photolysis does not lead to a significant increase in the HO
during afternoon. The simulated HONO by the S2 run (basedevels from reaction (R&+NO — HO), H,O, from the re-

on a HONO/NQ ratio of 0.02) agrees best with the mea- action of (HQ+HO, —H>052) or O3 from the reaction of
surements. These results corroborate our earlier conclusio(ROx/HO2+NO — NO, —O3). These results show that an
that simulating HONO based on a mean HONO/N#&Xio of increase in the HQlevels as well as in the secondary ox-
0.02 provides a realistic representation of HONO, rather tharidation products only occurs under conditions of efficient
considering only the gas phase formation of HONO. There-recycling of OH through R@HO,, in agreement with the
fore, the S2 run is used hereafter to investigate the impacsensitivity analysis performed for HOxComp (Elshorbany et
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Fig. 14.Simulated diurnal cycles in the eastern USA (40\5 73.1° W) on 1 June 2005.

al., 2012). The enhancement of K@s a result of applying appears that the shape of the simulated diurnal HONO pro-
higher HONO values also leads to a redistribution of modelfiles from the runs S1, S2 and S3 match well to those mea-
calculated reactive nitrogen compounds. For example, the insured in field campaigns (see Fig. 1), in contrast to the base
creased levels of OH, HOand other secondary oxidation scenario. As shown in Fig. 14, significant increases inckHO
products (e.g., acyl peroxy radicals (RC(Q)Pmay reduce and the secondary oxidation products result from the more
NO; (e.g., OH+NQ —HNO3, RC(O)Q+NO2 — PAN) realistic HONO levels (simulated by S2). Unfortunately, no
and NO (e.g., H+NO—OH + NO,) forming HNGO; and HONO field measurements are available for comparison in
PAN. As shown in Fig. 13, the additional daytime HONO this area for 2005. The simulated maximurg Bvels (S2)
leads to a decrease in NO and N@hile HNOz and PAN in-  agree with the reported levels in New York State in 2005
crease during the high NQperiod. During daytime (06:00— (New York State Department of Environmental Conserva-
18:00UTC), NO, N@, OH, HO,, O3, PAN, HO2 and tion). Similar to the HOxComp case, NO and h@ecrease
HNO3 change by -19, -9, 36, 45, 10, 26, 2 and 19 %, respecwhile HOy, O3, PAN, HbO, and HNG increase, with higher
tively in the S2 run compared to the base model, in agreementelative enhancements compared to HOxComp, owing to the
with previous studies (e.g. Li et al., 2011). relatively high NG conditions during daytime (see Fig. 14).

To further investigate the impact of the more realistic These results underscore that the more realistic representa-
HONO levels in relatively polluted areas (high-NO/OC- tion of HONO in a global model leads to an enhancement in
limited conditions), Fig. 14 compares the simulated diurnalsimulated HQ and oxidation products, predominantly under
profiles in the eastern USA and downwind on 1 June 2005. Ithigh NG, conditions.
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Figures 15 and 16 show the absolute and relative enhance=lshorbany et al., 2010a), owing to the relatively minor im-
ments, respectively, in OH andz@ogether with simulated portance of the other photochemical sources suchzan@
NO levels. As shown in Fig. 15, in the relatively polluted HCHO (Elshorbany et al., 2010b), in addition to the higher
Northern Hemisphere average monthly NO mixing ratios in NO levels in winter. Thus, the increased HONO levels in the
December are typically two times higher than in June. In ad-model significantly enhance the oxidation capacity in pol-
dition, in June NO levels are relatively high in the northeast- luted regions, especially in winter, when other photolytic OH
ern USA and in northern Europe, e.g., in comparison to eastsources are of minor importance.
ern China. Consequently, the enhancements of OH and O Figures 17 and 18 show some details of the model-
levels are relatively strong in these high-Nf&gions. Also, calculated enhancement in OHzNOy, HNO3 and PAN
over eastern China in December where NO levels are higheover the eastern USA in June and eastern China in December,
than in the USA and Europe, the enhancements of OH andogether with the NO mixing ratios (top panels in Fig. 17). It
O3 levels are larger. In addition, the relative enhancementss evident that the relative enhancements in these species fol-
of OH and @ are significantly higher in the winter hemi- low the relative changes in NO. In these high-N@gions,
sphere compared to summer (see Fig. 16). Similarly, premonthly average OH enhancements up to about 1.5an@
vious studies showed that the impact of HONO photolysis0.6x1® molecules cm? are calculated for June and Decem-
on OH is higher in winter than in summer (Aumont, 2003; ber 2005, respectively, while{ds calculated to increase up
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Fig. 16.Monthly average relative enhancements (in %) in OH (upper panel) and ozone (lower panel) near the surface, indicating the difference
between the S2 and base scenarios (relative to the latter) in June (left) and December (right).

to 12 and 8.5 ppbv, respectively. These increases are highlgndary oxidation products. In view of the many unknowns
significant, corresponding to relative OH and €nhance- and uncertainties about daytime HONO sources, global mod-
ments of about 80 and 30% in June and about 90 and 40 %ls could apply this method until the chemistry of HONO is
in December, respectively. These results are quite comparaesolved in greater detail.
ble to those in previous studies for specific locations apply-
ing small-scale models. For example, model simulations of
daytime HONO in Mexico City, which could only account 4 Conclusions
for about 30-50 % of the observed HONO, indicate an av-
erage midday @ enhancement of 6 ppbv (Li et al., 2010). HONO, NQ, and auxiliary atmospheric chemistry parame-
Similarly, Li et al. (2011) reported an averagg €nhance- ters have been investigated using data from 15 field measure-
ment of 12 ppbv 50 %) compared to the base case con-ment campaigns around the globe (front 52to 33 S and
sidering only gas phase HONO formation. These results arérom 116 E to 92 W). The high correlation between HONO
also in good agreement with Elshorbany et al. (2009b) whoand NG, in all data sets reveals a robust and consistent linear
compared box model calculations constrained by measuregegression slope of 0.02 +0.002. Our analysis indicates that,
HONO to those only considering OH + NG HONO. Inthe  given the ambient NQmixing ratio, the HONO/NQ ratio
latter case, @levels decreased on average by 30 % duringis a suitable proxy of HONO mixing ratios both during night
daytime. Similarly, Harris et al. (1982) and Clapp and Jenkinand daytime. It should be mentioned, however, that owing to
(2001), employing photochemical trajectory models, showecdthe limited number of field measurements and the large un-
that HONO photolysis may have an important impact on thecertainties associated with HONO measurements under very
level of oxidants mostly under polluted high-@onditions.  low NO, and HONO conditions, i.e., remote from pollution
Jorba et al. (2012) also showed thaj IBvels are enhanced sources such as high altitude and polar regions, the obtained
in response to additional OH production only in high-NO average HONO/N@ ratio of 0.02 should be applied with
regions though can be decreased in regions under low-NOcaution. Additional HONO and NOmeasurements with im-
conditions. proved measurement techniques (i.e, avoiding or correcting
These results thus illustrate that the HONOiN@tio is  for interferences) under these conditions are needed to fur-
a reasonable proxy to simulate HONO levels in global mod-ther evaluate the findings presented in this paper
els, thus avoiding the strong underestimation of HONO con- For nighttime conditions, we derive a linear regression
centrations, with consequences for simulatedkH#@d sec-  slope of 0.02+0.001 based on all investigated campaigns.
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The HONO/NQ ratio itself appears to follow a logarith- ing both time sectors B and C. In contrast, the correlations
mic relationship with NQ, which can be explained by the between unidentified HONO and N®nixing ratios during
nighttime heterogeneous formation of HONO. This is cor- the time sector B reveal a regression slope of 0.007, much
roborated by the HONO/N©dependence on wind speed. In lower than the 0.011 obtained for daytime, implying higher
addition, the regression slope of the HONO/N@tio versus  contributions by unidentified sources during the afternoon,
NOy is different during both nighttime sectors A (midnightto also in agreement with previous studies. In contrast to time
sunrise) and D (sunset to midnight), from which the HONO sector B, the correlation between HONO and Nduring
concentration can be calculated as a function of Nels. sector C (noon to sunset) results in two different correla-
During daytime, a similar regression slope of 0.02 £ 0.002tion slopes. For measurement campaigns with HONGQ/NO
between measured HONO and N@ixing ratios is obtained ratios <0.02, a regression slope of 0.017+0.003 is ob-
for all investigated measurement campaigns. However, irtained, while measurement campaigns with HONO/N®
contrast to nighttime conditions, the HONO/N@tio isin-  tios > 0.02 follow a regression slope of 0.042+0.01. These
dependent of HONO and NQmixing ratios, in agreement results imply that for conditions with HONO/NQratios
with previous studies. The correlations between [HONO]pss< 0.02, HONO mixing ratios during time sector C are largely
and NQ during time sector B (sunrise to noon) as well as represented by [HONO]pss, with small additional contribu-
during daytime (time sectors B+ C) reveal a similar regres-tions by unidentified sources. A very high correlati®? &
sion slope of 0.014, implying comparable contributions dur-0.99) between the HONO/NCratio and;j (NOy) is obtained
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surface in June over the eastern USA (left) and December over eastern China (right).

only for conditions with a HONO/N@ratio > 0.02, while  unidentified HONO sources correlate inversely witNO>),
for those with HONO/NQ ratios < 0.02, a much worse cor- j(O'D) and temperature, from which they can be estimated.
relation (R2 =0.44), even a negative slope is obtained. A po- The mean HONO/NQratio of 0.02, derived from all mea-
tential explanation for this different(NO2) dependency is surement campaigns investigated, has been implemented into
that during measurement campaigns with HONO/N&@ios  the EMAC chemistry-climate model to calculate the global
<0.02, unknown daytime HONO sources that g(dlO,) HONO distribution. Strong HONO enhancements are pre-
dependent do not contribute significantly. dicted relative to the base model, which only accounts for
High correlations are also obtained between unidenti-the gas phase reaction of OH with NO. Reasonable agree-
fied HONO and its source strength (ppbth, and j(NO»), ment is obtained between simulated and measured HONO
j(O'D) and temperature for time sector C (noon to sunset).mixing ratios during both summer and winter. The simulated
These results imply that photolytic sources active at longetHONO mixing ratios appear to have a significant impact on
wavelengths or those that aj¢0'D) dependent are of sig- HOx, Os and other oxidants, however, predominantly under
nificance. In fact these results suggest that sources that amolluted high-NQ conditions. Furthermore, the relative en-
solely temperature dependent may also be important, as prétancements in OH and secondary products are higher in win-
dicted by Su et al. (2011). Interestingly, we also find thatter than in summer, thus enhancing the oxidation capacity in
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polluted regions, especially in winter, when the other pho-Czader, B. H., Rappenigtk, B., Percell, P., Byun, D. W., Ngan,
tolytic OH sources are of minor importance. The results of F., and Kim, S.: Modeling nitrous acid and its impact on ozone
the current study suggest that realistic HONO levels should and hydroxyl radical during the Texas Air Quality Study 2006,
be accounted for by global models and that simulateg,HO  Atmos. Chem. Phys., 12, 6939-694ibi:10.5194/acp-12-6939-

03 and secondary oxidation products should be revised ac- 2012 2012. .
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