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Abstract. The almost total anthropogenic control of the ni- ecosystem acidification and transboundary air pollution (Sut-
trogen cycle has led to wide ranging trans-national and naton et al., 2011). HN@can be considered to be the end-point
tional efforts to quantify the effects of reactive nitrogen on for the gas-phase chemical processing ofyNRO, + NO)
the environment. A nhumber of monitoring techniques havevia the reaction of N@Qwith the hydroxyl radical (OH) in the
been developed for the measurement of nitric acid and subtroposphere, the heterogeneous hydrolysis£iDé\ the ther-
sequent estimation of nitrogen deposition within large net-modynamic repartioning of particle-phase nitrate, and the re-
works and for process studies on shorter measurement canaction of the nitrate radical, N§) with dimethyl sulphide
paigns. We discuss the likelihood that many of these tech{DMS) (Yvon et al., 1996) and a number of VOC species
niques are sensitive to another important gas-phase compdgFinlayson-Pitts and Pitts, 1997). HNGs efficiently de-
nent of oxidized nitrogen: dinitrogen pentoxide>(Dé). We posited on surfaces (Huebert and Robert, 1985) or can parti-
present measurements using a MARGA wet annular denudeiion into the particulate phase in the presence of alkaline dust,
device alongside measurements ofQ¥ with a discussion sea salt or excess ammonia (Wexler and Seinfeld, 1992).
of evidence from the laboratory and the field which suggestdHowever, not all NQ is lost from the atmosphere via for-
that alkali- and aqueous-denuder measurements are sensitineation of HNG.
to the sum of HN@+ 2N»Os. Nocturnal data from these de- Dinitrogen pentoxide (AOs) is an important fraction of
nuder devices should be treated with care before usinggdNOoxidised nitrogen which is frequently relegated as a mi-
concentrations derived from these data. This is a systematinor player with respect to its contribution to N deposition.
error which is highly dependent on ambient conditions and isMethodological descriptions of monitoring techniques for
likely to cause systematic misinterpretation of datasets in peHNO3 rarely mention NOs (e.g. Tang et al., 2009; Byt-
riods where NOs is significant proportion of NQ Itisalso ~ nerowicz et al., 2001; Markovic et al., 2012; Dong et al.,
likely that deposition estimates of HNGvia data obtained 2012; Thomas et al., 2009) and do not consider the possi-
with these methods is compromised to greater and lesser exility that it may cause measurement interferences despite its
tents depending on the season and environment of the sanubiquity and reactivity. This may be for a number of reasons,
pling location. including the technical challenges in its detection and, in the
main, nocturnal occurrence. Itis also true that, until relatively
recently, the vast majority of dDs was thought to end up
as HNQ/particle nitrate and, therefore, it is possible that its
1 Introduction role was considered interchangeable with HN®his may

be true for wet and dry deposition; however, these are not
Nitric acid (HNG;) is an important fraction of gas-phase ox- gyfficient reasons for its neglect when considering the mech-

idised nitrogen and has been monitored and measured for gnisms at work within the environmental nitrogen cycle for,
number of years as part of national and trans-national govern-

ment sponsored efforts to understand the important issue of
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as we shall see, the mechanisms e production, its fate, al., 2001) and, more recently, is assessing the performance

and its temporal occurrence differ markedly from HNO of the MARGA (Monitor for Aerosols and Gases in Am-
N2Os is formed via a number of steps beginning with the bient Air, Metrohm Applikon BV, Netherlands) system for
reaction of NG with Os: the measurement of fluxes and concentrations reactive gases

and aerosols (Cowen et al., 2011). In Asia, the Acid Depo-
NO, + O3 — NOs. (R1) sition and Monitoring Network in East Asia (EANETHp:

In the daytime N@ is rapidly photolysed reforming NO or //wwyv.gane_t.cc/index.htr)leses denud_er metho_ds to mqqi—
NO,, or reacts with NO to reform N© However, during the O nitric acid concentrations and estimate acid deposition.
night, when photolysis frequencies are low, and NO is re-In the UK, the United Kingdom Eutrophying and Acidifying
moved by reaction with @ NOg can react with N@to form  Pollutants (UKEAP) network uses monthly alkaline-denuder

N,Os, which is in thermal equilibrium with its precursors: ~ Samplers to measure concentrations of nitric acid and esti-
mate acid deposition. Across Europe as a whole, the NitroEu-

NO2 +NO3+M — N20s5 + M (R2)  rope project (Sutton et al., 2011) and European Monitoring
and Evaluation Programme (EMEP) under the Convention
of Long-range Transboundary Air Pollution use network of
filter-pack systems and denuders in addition to a number of
intensive monitoring periods (Aas et al., 2012) using higher
[N20s] = Keg[NO3][NO2] 1 time-resolution technigues to estimate acid deposition and
study the processes controlling nitrogen chemistry and dy-
Keq is strongly dependent on temperature, varying with namics in the atmosphere. Data from these programs is freely
~exp110007) "with cold conditions favouring the forma- available.
tion of NoOs. At an NO, mixing ratio of 1 ppbv and tem- Denuder methods for the detection of nitric acid using the
perature of 270K, the ratio of MDs to NOgs is about 300:1  higher time resolution rotating annular denuder type mea-
which drops to a ratio of approximately 1:1 at a temper- surements are becoming more common. Recent datasets ob-
ature of 295K (Brown and Stutz, 2012). Losses ofQy tained with MARGA-type systems and used for the evalua-
can be divided into direct and indirect losses. Indirect lossegion of models and the investigation of gas—particle partition-
are processes resulting in the loss of )\@.g. via reaction  ing of nitrate have been reported by a number of authors (Aan
with biogenic VOCs, or NO, which drive the equilibrium de Brugh et al., 2012; Twigg et al., 2011; Aas et al., 2012;
(1) to the right. Direct losses of D5 are mainly heteroge- Makkonen et al., 2012; Schaap et al., 2011). The hourly time
neous hydrolysis on particles (Brown and Stutz, 2012) andresolution of these datasets has a number of advantages over
other surfaces, or the reaction with aqueous particle chloridehe monthly and weekly data available from monitoring net-
(Finlayson-Pitts et al., 1989), the total uptake efficiency de-works, allowing researchers to investigate in more detail the
pending strongly on the particle composition (Bertram et al.,chemistry and dynamics of nitrogen in the lower atmosphere.
2009; Chang et al., 2011):

N2Os5 +M — NO7 + NO3 + M. (R3)

With the equilibrium given by

N20s + H20(hety — 2 HNO3 (R4) 2 Methods

N205+CI(‘aq)—> CINO, + HNO3 (R5) We present data measured during August 2012 from the
Taunus Observatory, Kleiner Feldberg, to the NW of Frank-

CINOy + k), — Cl+NOo. (R6) furt, Germany. The Taunus Observatory is situated at the

. . . . . summit of the Kleiner Feldberg, 825 m above sea level, just
CINOz is photolysed in the morning following production, h of the heavil | hei X ¢ h
reforming NG in addition to the Cl radical. Ambient mea- north of the heavily popu ated Rhein-Main area of south-

i western Germany. The site has been described in detail by

surements .of the formation of CIMO_ire relatively recent Handisides (2001). A MARGA 1S annular denuder sys-
and scarce; however, they show the importance of the chlo-

ride channel of the heterogeneous loss gbilin the marine tem was deployed on top of the observatory roof, approxi-

(Osthoff et al., 2008; Riedel et al., 2012), continental North mately 3m from a cavity ring-down absorption spectrometer
American (Th,ornton, et al. 2010',Mielke’et al., 2011), and (CRDS) sygtem for'the. measurement of4, previously de-
Western European enviror;ments,(PhiIIips ot al.7 2012)i ployed at this location in both 2008 and 2011 (Crowley et al.,

A number of studies and monitoring networks have used2010b; Phillips et al., 2012). The instruments were deployed

data derived from denuder sampling techniques for both thé> part of a larger study of the nocturnal chemistry ofsNO

estimation of acid deposition and the investigation of gas—and NoOs.
particle dynamics of nitrogen in the atmosphere. In North
America, the Clean Air Status and Trends Network (CAST-

NET) (http://epa.gov/castnet/javaweb/index.Htmeasures

nitric acid data by both nylon filter packs (Bytnerowicz et
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2.1 NOs by off-axis cavity ring-down spectroscopy 100 — ! L

The N;Os system is a two-channel off-axis cavity ring-down 60 -
system (OA-CRDS) which detects the Bl@adical in one 40 -
channel and the sum ofd®s and NG via thermal dissocia- . B

tion in the second channel. The instrument has been deployec  **7

. . . . . . — MARGA "HNO,
on a number of previous occasions and is described in detail  **7] i
/8
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The MARGA system is a commercialised version of _ _
the GRAEGOR analyser developed by ECN, Netherlands™9: 1. Bottom panel: time series of 305 measured by CRDS
(Thomas et al., 2009; ten Brink et al., 2009), and produced by?"d "HNOs” measured by MARGA during August 2012 from the

: aunus observatory, Kleiner Feldberg, Germany. Top panel: noctur-
Metrohm Applikon BV, Netherlands. The methodology and Lo .
. R . . al contribution of measuredJ®s to the MARGA HNGO; signal
instrument description is contained in references above ana

. L nd the calculated remaining contribution of Hjl®hen data was
so a brief description of the method follows. The MARGA measured concurrently. There was ngQ¥ data available on the

was operated as per the manufacturer instructions as it Woulflight of the 13 August and partial data available on the nights of the
usually be operated in the field. The air sample was drawnj4/22/23 August.

at 1 h~1, through a short< 25 cm length of high density

polyethylene (HDPE) tube, through Teflon coated;ig&ut-

off cyclone into a wet rotating denuder (WRD). The WRD |y a1y arising from the hydrolysis of bDs in the denuder.
consists of two concentric glass tubes wetted with IC graderpis’ short series of data was obtained in the high summer

water. The gases are efficiently denuded in the WRD, bufit nocturnal temperatures ranging between 15 and 25 Cel-
the low mobility of particles prevents them from diffusing to sius. Even in these summer conditions, the average campaign

.the walls of the WRD. The air sample then enters the Ste_""mbontribution of NbOs to the nocturnal MARGA HN@signal
jet aerosol collector (SJAC) where the water soluble particlejg 17 o, assuming a detection efficiency of 1 fos@¢ and

fraction is condensed using steam and collected. The samples, ., NOs molecule captured resulting in 2 NGons de-
from both the WRD and SJAC are analysed online every houke e It is possible that in colder regions during winter, with

using ion chromatography. The detection system is continu1Onger nights and lower N©loss rates, that a large s
ously calibrated by the use of an internal standard of LiBr'mixing ratio relative to HNG will be encountered.

In addition, before starting the ambient measurements stan-
dard solutions were injected to check the retention times ano\l3 2 Alkaline denuder and filter methods
the analytical system. The MARGA system measures very -

reactive analytes .an(_j_therefore care must be taken with th"T’he absorption of constituents of ambient air by denuding
inlet systems as significant losses of gases such ass¢s technology followed by determination of the nitrate anion

oceur. Qur inlet system mcludlng_cyclone were cleaned aﬁerconcentration is a frequent method for the determination of
approximately 2 weeks of operation.

ambient HNQ@ concentrations. For example, the Nitro Eu-
rope (NEU) monitoring network using the DELTA denuder
system (Tang et al., 2009) to determine monthly HNON-
centrations from which deposition maps are developed and
3.1 Co-located MARGA HNO3; and OA-CRDS N,Os against which dispersion models are tested (Flechard et al.,
2011). The acid gases are denuded by passing ambient air
The time series of gas-phase HplQetected as ND, re- through alkali-coated glass tubes and subsequently tested for
ferred to subsequently as the nitrate anion, in the ion chro+itrate anion by ion chromatography. The efficient removal
matograph and pDs, both as N-equivalent mass, are plot- of NoOs (and NQ) is likely to occur on the surface of alkali-
ted in Fig. 1, bottom panel. 20s mixing ratios were vari-  coated denuder tubes resulting in the detection of twg NO
able with peak concentrations of approximately 800 pptv.for every NOs sampled (Crowley et al., 2010a). It is there-
The nocturnal portion of the MARGA time series exhibits fore likely that a similar sensitivity to ambient s will
clear portions, see Fig. 2, with a distinct similarity to the be observed in datasets using denuder and filter pack tech-
N2Os series and on certain days, e.g. 16/17 August, the nocniques. We are uncertain as to whether systems which use
turnal MARGA signal is dominated; 90 %, by signal most  nylon filters, e.g. CASTNET (Bytnerowicz et al., 2001), to

3 Results and discussion
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2t —l may partition into the aerosol phase or be lost via dry and
o L wet deposition. Further chemical transformations do not oc-
cur in atmospherically relevant timescales. Conversel@:\

0.6 is produced via Reaction (R2) which, owing to the rapid pho-
tolysis of the nitrate radical, only occurs with sufficient rate

0.4 - during periods of low sunlight, i.e. the night.,8s losses

0.2 02 L are, to some extent, similar to HNON2Os is lost into the

LAI - MM aqueous particle phase via hydrolysis producing HWO;

0.0 T T T T T T T T 0.0 T T T T T T T . . ..

oo o eom oo amer  izeo w0 and additionally lost via dry and wet deposition. Although
daytime deposition velocities have been assumed to be sim-

Fig. 2. Expanded time series of the effect 0@ on the detection ilar (Zhang et al., 2012) and turbulence limitec®$ being

of HNO3 by an aqueous denuder technique. Left panel: 7 August toPresent only at night, will be lost to dry deposition in addi-
12 August 2012. Right panel: 16 to 17 August 2012. tion to losses on aqueous aerosol surfaces; the final deposi-

tion rate via hydrolysis being mediated via the losses of par-

ticle NO3 . In addition, there is a second chemical pathway
remove HNQ for analysis are likely to suffer from 205~ Open to NOs; N2Os can react on the surface of Céontain-
detection artefacts in ambient conditions, though we expectnd agueous particles, e.g. sea salt or48H and produce
that this would be favoured at high relative humidity result- CINO2 and HNGs. CINO; is not soluble and will leave the
ing in the presence of water leading to®§ hydrolysis on ~ aqueous particle system. The nightime losses of Glid@

the filter surface. negligible and result in the survival of NOn an unreactive
form until the morning. At daybreak CINKOis photolysed,
3.3 Ambient measurements of NOs liberating an active chlorine radical and MOrhe presence

of this loss pathway for pOs will prolong the atmospheric
N,Os is not a commonly measured trace gas owing tolifetime of NOy, and consequently the atmospheric transport
the technically difficult nature of its detection. Brown and distance, as it cycles back via the iHOx chemical cycles.
Stutz (2012) present a comprehensive review of the currentn addition to the recycling of N@via CINO,, N2Os may it-
state of knowledge with respect to N@nd NoOs in the at-  self recycle NQ. The rapid photolysis of N@at sunrise will
mosphere. Ambient point measurements are usually achievedrive the thermolysis equilibrium towards the formation of
via absorption spectroscopy such as cavity ring-down specNOx. Measurements of HNOwhich are sensitive to pOs
troscopy (CRDS) (Schuster et al., 2009; Simpson, 2003will therefore, during periods of significant mixing ratios of
Brown et al., 2001). Mixing ratios of pOs are highly vari-  N20s, over-estimate the concentrations of HjNénd over-
able (e.g. Matsumoto et al., 2005; Ayers and Simpson, 2006gstimate the contribution of HN{ o the total nitrate depo-
Osthoff et al., 2006; Brown et al., 2003, 2007). In regions sition.
with high concentrations of NO or VOCs, the steady-state The consequences of the detection efly as an artefact
concentration of BOs can be below the detection limit, e.g. within analytical systems are also dependent on the use to
< 1pptv, of current analytical instrumentation (e.g. Rinne etwhich the data is put, and the characteristics of the dataset.
al., 2012). However, in situations with long NQfetimes For example if, in high time- resolution data, the diurnal pat-
and low particle surface areas, atmospheric mixing fractiondern of HNG; concentration can be observed, then interpreta-
can exceed several ppbv (e.g. Phillips et al., 2012) tying ugions and comparison with models should not be affected dur-
a significant proportion of NQ It is possible that during ing daylight hours or periods where N@fetimes are short.
the cold, long, polluted northern hemisphere night, with rela-However, when weekly or monthly integrated concentrations
tively high concentrations of NQand G and low concentra-  of HNO3 are measured and data is analysed on a seasonal
tions of BVOCs, that NOs makes up a significant proportion basis, then some periods during the year may be affected to

of £ (HNOs3 +2N20s). greater extents than others, for example in regions with low
BVOC emissions and longer periods of darkness. We are not
3.4 The likely significance of the detection of MOsg aware of long-term seasonal datasets reporting the simultane-
as HNO3 ous contribution of NOs and HNG; to the total concentra-

tion of NGy. It is therefore important that the response of the
The chemical processes which control the formation and losyarious nitric acid sampling systems to dinitrogen pentoxide
of N2Os and HNG; are not the same and therefore analyti- is quantified and published.
cal techniques reporting /05 as HNQ; are systematically
incorrect. HNQ will be produced in the presence of N@
periods, usually the daytime, with sufficient OH radical con-
centrations and, to lesser extent owing to the lower reactivity,
at night via NQ reactions with VOCs. The resulting HNO
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G. J. Phillips et al.: The detection of nocturnal NoOs 235

4 Conclusions AcknowledgementsVe thank H. Bingemer and the staff and
department of Geophysics of the Johann Wolfgang Goethe-
Aqueous denuders are very likely sensitive 6 in addi- University, Frankfurt am Main for logistical support and the use of

tion to HNQ;s, and it is likely that alkaline denuders are at the Taunus Observatory. We also thank Johannes Schneider of the
least partially sensitive to Ds. The main question remain- Max Planck Institute for Chemistry for the logistical aspects of the
ing is to what extent are HN§datasets using these tech- INUIT-TO campaign.

nigues affected. The detection of the sum o0y + HNO3

as HNG; in systems using alkaline or aqueous denuder aci
gas removal may result in the misrepresentation of season
and geog.ra_phic pattern of the c_qntribution of H@llfb 935" Edited by: P. Herckes

phase oxidised nitrogen deposition. The detection gD\

is a systematic error and it is possible that in some cases,

in high time-resolution datasets, a large proportion of the

HNOj5 signal is due to the detection 0bNs. Data presented References

here show that a significant portion of nightime Hjl@ea-

sured via an aqueous annular denuder system@sNThe Aan de Brugh, J. M. J., Henzing, J S., Schaap, M., Morgan, W.
warm-temperature summertime during which these measure- 1~ van Heerwaarden, C. C., Weijers, E. P., Coe, H., and Krol,
ments were obtained may be a lower limit of the effect as M. C.: Modelling the partitioning of ammonium nitrate in the

. . . convective boundary layer, Atmos. Chem. Phys., 12, 3005-3023,
higher VOCs and warmer temperatures both militate against d0i:10.5194/acp-12-3005-2012012.

the formation _Of ’\{4—05' The campaign average of noctur- Aas, W., Tsyro, S., Bieber, E., Bergsin, R., Ceburnis, D., Eller-
nal N>Os contribution was 17 %, of the HN¢signal. Pre- mann, T., Fagerli, H., Fiich, M., Gehrig, R., Makkonen, U.,
vious modelling work by Riemer et al. (2003) found that  Nemitz, E., Otjes, R., Perez, N., Perrino, C.e®t, A. S. H.,

the inclusion of NOs heterogeneous processes in chemi-  putaud, J.-P., Simpson, D., Spindler, G., Vana, M., and Yttri, K.
cal transport models “causes remarkable changes in the noc- E.: Lessons learnt from the first EMEP intensive measurement
turnal concentrations of nitrogen containing species” illus- periods, Atmos. Chem. Phys., 12, 8073-80%g;10.5194/acp-
trating the importance of }Ds in the anthropogenic nitro- 12-8073-20122012.

gen cycle. In addition, the confusion of attempting to com-AYers, J. D. and Simpson, W. R.: Measurements 9Ol near
pare model output of HN@with measures which are essen- gsi"rfg“l'gség//’z"ggg% ;(-);g;ggggs- Res.-Atmos., 111, D14309,
t.la”y the sum of tV\.IO separate chemical entities with differing Bertram, T. H., Thornton, J. A., Riedel, T. P., Middlebrook, A. M.,
lifetimes and environmental fates may be partly the reason

h delled f HN . . fail Bahreini, R., Bates, T. S., Quinn, P. K., and Coffman, D. J.: Direct
why modelled suriace $concentrations sometimes fai observations of BOsg reactivity on ambient aerosol particles,

to agree with measurement data when model performance Geophys. Res. Lett., 36, L198080i:10.1029/2009GL040248
seems to be good for other forms of reactive N, such ags NO  2qqg.

and NH; (Fowler et al., 2012). The standard network detec-Brown, S. S. and Stutz, J.: Nighttime radical observa-
tions systems which use alkali and/or aqueous denuder sys- tions and chemistry, Chem. Soc. Rev., 41, 6405-6447,

The service charges for this open access publication
%ave been covered by the Max Planck Society.

tems should be tested for the effect of erroneou®4Nde- doi:10.1039/c2¢cs351812012.
tection, possible in addition to possible artefacts arising fromBrown, S. S., Stark, H., Ciciora, S. J., and Ravishankara, A. R.: In-
newly observed molecules such as CINO situ measurement of atmospheric flénd N>Os via cavity ring-

Measurements of pOs should be made with a wide sea- down spectroscopy, Geophys. Res. Lett., 28, 3227-3230, 2001.
I?_rown, S. S, Stark, H., Ryerson, T. B., Williams, E. J., Nicks, D. K.,

§0na|_ and geographical reach to assess_the extent of monito Trainer, M., Fehsenfeld, F. C., and Ravishankara, A. R.: Nitro-
ing bias and also to help validate the difficult task of mod- S o A

- o gen oxides in the nocturnal boundary layer: Simultaneous in situ
elling 'Fhe con_trlbutlon of N@ and l\bQ5 to the NQ, bud- measurements of N§ N2Os, NO, NO, and @, J. Geophys.
get. Itis also important that the chloride production channel  res _Atmos.. 108, 429@0i:10.1029/2002JD002912003.
of heterogeneous #0s loss should be correctly included in  Brown, S. S., Dub, W. P., Osthoff, H. D., Wolfe, D. E., Angevine,
models assessing reactive N deposition and chemical trans- w. M., and Ravishankara, A. R.: High resolution vertical distri-
port of reactive nitrogen. The uncertainties associated with butions of NG and N,Og through the nocturnal boundary layer,
this process are still relatively large and consequently more Atmos. Chem. Phys., 7, 139-14%9i:10.5194/acp-7-139-2007
work is needed to ascertain its importance, both with respect 2007.
to the nitrogen cycle, but also for the effect of chlorine ac- Bytnerowicz, A, Padgett, P. E., Arbaugh, M. J., Parker, D. R., and.
tivation on atmospheric radical cycling in the troposphere. Jones. D. P.: Passive sampler for measurements of atmospheric
It is also important that the sensitivity to the® is deter- nitric acid vapor (HNQ@) concentrations, The ScientificWorld

. . Journal, 1, 815-822, 2001.
mined in all denuder-type systems before datasets of&-lNOChang, W. L. Bhave, P. V., Brown. S. S., Riemer, N., Stutz, J., and
are published.

Dabdub, D.: Heterogeneous atmosperic chemistry, ambient mea-
surements and model calculatuons ofQd: A review, Aerosol.
Sci. Tech., 45, 655-685, 2011.

www.atmos-meas-tech.net/6/231/2013/ Atmos. Meas. Tech., 6, 2537% 2013


http://dx.doi.org/10.5194/acp-12-3005-2012
http://dx.doi.org/10.5194/acp-12-8073-2012
http://dx.doi.org/10.5194/acp-12-8073-2012
http://dx.doi.org/10.1029/2006JD007070
http://dx.doi.org/10.1029/2009GL040248
http://dx.doi.org/10.1039/c2cs35181a
http://dx.doi.org/10.1029/2002JD002917
http://dx.doi.org/10.5194/acp-7-139-2007

236 G. J. Phillips et al.: The detection of nocturnal NOs

Cowen, K., Hanft, E., Kelly, T., Dindal, A., and McKernan, J.: En- mal decomposition/laser-induced fluorescence technique, At-
vironmental technology verification report, ETV advanced mon-  mos. Environ., 39, 6802—-6811, 2005.
itoring systems center, Applikon MARGA semi-continuous am- Mielke, L. H., Furgeson, A., and Osthoff, H. D.: Observation of
bient air monitoring system, Battelle, 2011. CINO> in a mid-continental urban environment, Environ. Sci.

Crowley, J. N., Ammann, M., Cox, R. A., Hynes, R. G., Jenkin,  Technol., 45, 8889-88960i:10.1021/es2019552011.

M. E., Mellouki, A., Rossi, M. J., Troe, J., and Wallington, T. J.: Osthoff, H. D., Sommariva, R., Baynard, T., Pettersson, A.,
Evaluated kinetic and photochemical data for atmospheric chem- Williams, E. J., Lerner, B. M., Roberts, J. M., Stark, H., Goldan,
istry: Volume V — heterogeneous reactions on solid substrates, P.D., Kuster, W. C., Bates, T. S., Coffman, D., Ravishankara, A.
Atmos. Chem. Phys., 10, 9059-9228j:10.5194/acp-10-9059- R.,and Brown, S. S.: Observation of daytimg®¢ in the marine

201Q 2010a. boundary layer during New England air quality study — intercon-

Crowley, J. N., Schuster, G., Pouvesle, N., Parchatka, U., Fischer, tinental transport and chemical transformation 2004, J. Geophys.
H., Bonn, B., Bingemer, H., and Lelieveld, J.: Nocturnal nitro- Res.-Atmos., 111, D23S14d0i:10.1029/2006JD007593006.
gen oxides at a rural mountain-site in south-western GermanyQOsthoff, H. D., Roberts, J. M., Ravishankara, A. R., Williams, E. J.,
Atmos. Chem. Phys., 10, 2795-2811®j:10.5194/acp-10-2795- Lerner, B. M., Sommariva, R., Bates, T. S., Coffman, D., Quinn,
201Q 2010b. P. K., Dibb, J. E., Stark, H., Burkholder, J. B., Talukdar, R. K.,

Dong, H.-B., Zeng, L.-M., Hu, M., Wu, Y.-S., Zhang, Y.-H., Slan- Meagher, J., Fehsenfeld, F. C., and Brown, S. S.: High levels of
ina, J., Zheng, M., Wang, Z.-F., and Jansen, R.: Technical Note: nitryl chloride in the polluted subtropical marine boundary layer,
The application of an improved gas and aerosol collector foram- Nat. Geosci., 1, 324-328, 2008.
bient air pollutants in China, Atmos. Chem. Phys., 12, 10519-Phillips, G. J., Tang, M. J., Thieser, J., Brickwedde, B., Schus-
10533,d0i:10.5194/acp-12-10519-2012012. ter, G., Bohn, B., Lelieveld, J., and Crowley, J. N.: Signifi-

Finlayson-Pitts, B. J., Ezell, M. J., and Pitts, J. N. J.: Formation cant concentrations of nitryl chloride observed in rural conti-
of chemically active chlorine compounds by reactions of atmo- nental europe associated with the influence of sea salt chloride
spheric nacl particles with gaseous®§ and CIONGQ, Nature, and anthropogenic emissions, Geophys. Res. Lett., 39, L10811,
337, 241-244, 1989. doi:10.1029/2012GL051912012.

Finlayson-Pitts, B. J. and Pitts, J. N.: Tropospheric air pollution: Riedel, T. P., Bertram, T. H., Crisp, T. A., Williams, E. J., Lerner, B.
Ozone, airborne toxics, polycyclic aromatic hydrocarbons, and M., Vlasenko, A, Li, S.-M., Gilman, J., de Gouw, J., Bon, D. M.,
particles, Science, 276, 1045-1052, 1997. Wagner, N. L., Brown, S. S., and Thornton, J. A.: Nitryl chloride

Flechard, C. R., Nemitz, E., Smith, R. |., Fowler, D., Vermeulen, A.  and molecular chlorine in the coastal marine boundary layer, En-
T., Bleeker, A., Erisman, J. W., Simpson, D., Zhang, L., Tang, viron. Sci. Technol., 46, 10463-1047@5i:10.1021/es204632r
Y. S., and Sutton, M. A.: Dry deposition of reactive nitrogento  2012.

European ecosystems: a comparison of inferential models acrosRiemer, N., Vogel, H., Vogel, B., Schell, B., Ackermann, |., Kessler,
the NitroEurope network, Atmos. Chem. Phys., 11, 2703-2728, C., and Hass, H.: Impact of the heterogeneous hydrolysis of
doi:10.5194/acp-11-2703-2012011. N>Os on chemistry and nitrate aerosol formation in the lower

Fowler, D., Ashmore, M., Cape, J. N., Derwent, R. G., Dore, C., troposphere under photosmog conditions, J. Geophys. Res.-
Dore, A., Emmett, B., Grennfelt, P., Hall, J., Malcolm, H., Mon- Atmos., 108, 4144¢0i:10.1029/2002JD002438003.
teith, D., and Smith, R.: Review of transboundary air pollution Rinne, J., Markkanen, T., Ruuskanen, T. M., &%tT., Keronen, P.,
(ROTAP): Acidification, eutrophication, ground level ozone and  Tang, M. J., Crowley, J. N., Rannikl., and Vesala, T.: Effect of
heavy metals in the uk, Centre for Ecology and Hydrology, Con- chemical degradation on fluxes of reactive compounds — a study
tract Report to the Department for Environment, Food and Rural with a stochastic Lagrangian transport model, Atmos. Chem.
Affairs, 2012. Phys., 12, 4843-4854lpi:10.5194/acp-12-4843-20,12012.

Handisides, G. M.: The influence of peroxy radicals on ozone Schaap, M., Otjes, R. P., and Weijers, E. P.: lllustrating the benefit
production, Fachbereich Geowissenschaften, Johann Wolfgang of using hourly monitoring data on secondary inorganic aerosol
Goethe Universiit, Frankfurt am Main, 2001. and its precursors for model evaluation, Atmos. Chem. Phys., 11,

Huebert, B. J. and Robert, C. H.: The dry deposition of ni- 11041-11053d0i:10.5194/acp-11-11041-2012011.
tric acid to grass, J. Geophys. Res.-Atmos., 90, 2085-2090Schuster, G., Labazan, I., and Crowley, J. N.: A cavity ring
doi:10.1029/JD090iD01p0208%985. down/cavity enhanced absorption device for measurement of

Makkonen, U., Virkkula, A., Mintykenté, J., Hakola, H., Keronen, ambient N@ and NOs, Atmos. Meas. Tech., 2, 1-13,

P., Vakkari, V., and Aalto, P. P.: Semi-continuous gas and inor- doi:10.5194/amt-2-1-2002009.

ganic aerosol measurements at a Finnish urban site: comparisor&mpson, W. R.: Continuous wave cavity ring-down spectroscopy
with filters, nitrogen in aerosol and gas phases, and aerosol acid- applied to in situ detection of dinitrogen pentoxide(®§), Rev.

ity, Atmos. Chem. Phys., 12, 5617-56310i:10.5194/acp-12- Sci. Instrum., 74, 3442-3452, 2003.

5617-20122012. Sutton, M. A., Howard, C. M., Erisman, J. W., Billen, G., Bleeker,

Markovic, M. Z., VandenBoer, T. C., and Murphy, J. G.: Charac-  A., Grennfelt, P., van Grinsven, H., and Grizzetti, B.: The Euro-
terization and optimization of an online system for the simulta-  pean nitrogen assessment. Sources, effects and policy perspec-
neous measurement of atmospheric water-soluble constituents in tives, Cambridge University Press, 2011.
the gas and particle phases, J. Environ. Monitor., 14, 1872-1884Tang, Y. S., Simmons, |., van Dijk, N., Di Marco, C., Nemitz,
doi:10.1039/c2em00004Rr012. E., Daemmgen, U., Gilke, K., Djuricic, V., Vidic, S., Gliha, Z.,

Matsumoto, J., Imai, H., Kosugi, N., and Kaji, Y.: In situ Borovecki, D., Mitosinkova, M., Hanssen, J. E., Uggerud, T. H.,
measurement of pDg in the urban atmosphere by ther- Sanz, M. J., Sanz, P., Chorda, J. V., Flechard, C. R., Fauvel, Y.,

Atmos. Meas. Tech., 6, 231237, 2013 www.atmos-meas-tech.net/6/231/2013/


http://dx.doi.org/10.5194/acp-10-9059-2010
http://dx.doi.org/10.5194/acp-10-9059-2010
http://dx.doi.org/10.5194/acp-10-2795-2010
http://dx.doi.org/10.5194/acp-10-2795-2010
http://dx.doi.org/10.5194/acp-12-10519-2012
http://dx.doi.org/10.5194/acp-11-2703-2011
http://dx.doi.org/10.1029/JD090iD01p02085
http://dx.doi.org/10.5194/acp-12-5617-2012
http://dx.doi.org/10.5194/acp-12-5617-2012
http://dx.doi.org/10.1039/c2em00004k
http://dx.doi.org/10.1021/es201955u
http://dx.doi.org/10.1029/2006JD007593
http://dx.doi.org/10.1029/2012GL051912
http://dx.doi.org/10.1021/es204632r
http://dx.doi.org/10.1029/2002JD002436
http://dx.doi.org/10.5194/acp-12-4843-2012
http://dx.doi.org/10.5194/acp-11-11041-2011
http://dx.doi.org/10.5194/amt-2-1-2009

G. J. Phillips et al.: The detection of nocturnal NoOs 237

Ferm, M., Perrino, C., and Sutton, M. A.: European scale applica-Twigg, M. M., House, E., Thomas, R., Whitehead, J., Phillips,
tion of atmospheric reactive nitrogen measurements in a low-cost G. J., Famulari, D., Fowler, D., Gallagher, M. W., Cape, J. N.,
approach to infer dry deposition fluxes, Agr. Ecosyst. Environ.,  Sutton, M. A., and Nemitz, E.: Surface/atmosphere exchange
133, 183-195¢0i:10.1016/j.agee.2009.04.02009. and chemical interactions of reactive nitrogen compounds above
ten Brink, H., Otjes, R., Jongejan, P., and Kos, G.: Monitoring a manured grassland, Agr. Forest Meteorol., 151, 1488—-1503,
of the ratio of nitrate to sulphate in size-segregated submi- doi:10.1016/j.agrformet.2011.06.00%)11.
cron aerosol in the Netherlands, Atmos. Res., 92, 270-276Wexler, A. S. and Seinfeld, J. H.: Analysis of aerosol ammonium ni-
doi:10.1016/j.atmosres.2008.12.0@809. trate — departures from equlibrium during SCAQS, Atmos. Env-
Thomas, R. M., Trebs, ., Otjes, R., Jongejan, P. A. C., Ten iron. A Gen., 26, 579-59H0i:10.1016/0960-1686(92)90171-g
Brink, H., Phillips, G., Kortner, M., Meixner, F. X., and Ne- 1992.
mitz, E.: An automated analyzer to measure surface-atmospher¥von, S. A., Saltzman, E. S., Cooper, D. J., Bates, T. S., and Thom-
exchange fluxes of water soluble inorganic aerosol compounds son, A. M.: Atmospheric sulfur cycling in the tropical pacific
and reactive trace gases, Environ. Sci. Technol., 43, 1412-1418, marine boundary layer (225, 135 W): A comparison of field
doi:10.1021/es8019402009. data and model results 1. Dimethylsulfide, J. Geophys. Res., 101,
Thornton, J. A., Kercher, J. P,, Riedel, T. P., Wagner, N. L., Cozic, 6899-6909, 1996.
J., Holloway, J. S., Dube, W. P., Wolfe, G. M., Quinn, P. K., Mid- Zhang, L., Jacob, D. J., Knipping, E. M., Kumar, N., Munger,
dlebrook, A. M., Alexander, B., and Brown, S. S.: Alarge atomic ~ J. W., Carouge, C. C., van Donkelaar, A., Wang, Y. X., and
chlorine source inferred from mid-continental reactive nitro-  Chen, D.: Nitrogen deposition to the United States: distribution,
gen chemistry, Nature, 464, 271-204j:10.1038/nature08905 sources, and processes, Atmos. Chem. Phys., 12, 4539-4554,
2010. doi:10.5194/acp-12-4539-2012012.

www.atmos-meas-tech.net/6/231/2013/ Atmos. Meas. Tech., 6, 2537% 2013


http://dx.doi.org/10.1016/j.agee.2009.04.027
http://dx.doi.org/10.1016/j.atmosres.2008.12.003
http://dx.doi.org/10.1021/es8019403
http://dx.doi.org/10.1038/nature08905
http://dx.doi.org/10.1016/j.agrformet.2011.06.005
http://dx.doi.org/10.1016/0960-1686(92)90171-g
http://dx.doi.org/10.5194/acp-12-4539-2012

