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Abstract. Nighttime mixing ratios of boundary layerJ®s combustion-related emissions or an important role for re-
were determined using cavity-ring-down spectroscopy dur-duced sulphur species in urban, nighttime chemistry. High
ing the DOMINO campaign in Southern Spain (Diel Oxi- production rates coupled with low lifetimes of N@nply an
dant Mechanisms In relation to Nitrogen Oxides, 21 Novem-important contribution of nighttime chemistry to removal of
ber 2008—-8 December 2008). .85 mixing ratios ranged both NG, and VOC.

from below the detection limit~5 ppt) to ~500ppt. A
steady-state analysis constrained by measured mixing ratios

of N2Os, NO, and Q@ was used to derive Nflifetimes 1 Introduction

and compare them to calculated rates of loss via gas-phase

and heterogeneous reactions of botth NOs. Three The photochemically driven, OH-initiated oxidation pro-
distinct types of air masses were encountered, which weréesses during the day are supplemented by (or, for several
largely marine (Atlantic), continental or urban-industrial in classes of volatile organic compounds (VOCs) such as ter-
origin. NOj lifetimes were longest in the Atlantic sector Penes or CHSCHs, surpassed by) night-time reactions with
(up to~30min) but were very short (a few seconds) in pol- the NG; radical (Wayne et al., 1991). The interaction of NO
luted, air masses from the local city and petroleum-relatedVith VOCs leads to the formation of organic peroxy radi-
industrial complex of Huelva. Air from the continental sec- cals, and via secondary reactions to Hénd OH (Platt et

tor was an intermediate case. The high reactivity tosd®  al., 1990; Sommariva et al., 2009). N@an thus initiate and

the urban air mass was not accounted for by gas-phase arifopagate nocturnal radical chemistry linking fHénd NQ
heterogeneous reactions, rates of which were constrained byhemistry and significantly impacting on oxidation rates of
measurements of NO, volatile organic species and aerosdieveral classes of atmospheric traces gases.

surface area. In general, high N@ixing ratios were as- NOgz is formed predominantly in the reaction of N@ith
sociated with low NQ lifetimes, though heterogeneous pro- Oz (Reaction R1) and is converted to@ via further reac-
cesses (e.g. reaction 0685 on aerosol) were generally less tion with NO, (Reaction R2). The thermal decomposition of
important than direct gas-phase losses ofsNO'he pres-  N20s links the concentrations of N§and NoOs via the equi-
ence of SQ@ at levels above-2 ppb in the urban air sector librium constant,K3. Simultaneous measurements of NO
was always associated with very lowg®s mixing ratios in-  and NOs (Brown et al., 2003a; Crowley et al., 2010) con-
dicating either very short NQlifetimes in the presence of firm that (Under most ConditionS) the timescales to acquire
equilibrium are sufficiently short that the relative concentra-
tions of NO; and NbOs in the atmosphere are controlled only

BY (john.crowley@mpic.de) NO, + O3 — NO3+ 0O, (R1)

Published by Copernicus Publications on behalf of the European Geosciences Union.



http://creativecommons.org/licenses/by/3.0/

10854 J. N. Crowley et al.: Variable lifetimes and loss mechanisms feyah@d NoOs

NO2 +NO3+M — N2Os+M (R2) Y (ki[X];)+0.25¢y (NO3) A+ faa(NO3)
i

N2Os5+M — NO2+NO3+M (R3)
+(0.25¢y (N205) A + fad(N20s) + fi,0) K2[NO2]
The impacts of N@ and NOs on nighttime chemistry de-
pends on their relative rates of loss via gas-phase and heterdn this expressionk; (cm® molecule™! s71) is the rate coef-
geneous reactions. Whereas N®lost mainly via gas-phase ficient for reaction of N@ with trace gas at concentration
reactions with e.g. VOCs (see above}®4 is removed pre- [X]; (molecule cnmd), A is the aerosol surface area density
dominantly by heterogeneous hydrolysis on aqueous aerosofem? cm~3), ¢ (cms1) is the mean molecular velocity of
which can substantially modify the amount of reactive nitro- NOz or N2Os, y(NOs) andy(N20Os) are the dimensionless
gen available for daytime photochemistry. In the polluted uptake coefficients for irreversible reaction of BlGr NOs
boundary layer, this process influences the fate of M@is-  with aerosol,fqq (s~1) is the first-order rate constant for dry
sions and their potential for photochemical ozone forma-deposition of NQ or N>Os and fh,0 (s1) represents the ho-
tion and also (via heterogeneous chemistry on sulphate pamogeneous, gas-phase loss ofy via reaction with water
ticles) links G production rates to emissions of $@om vapour.
e.g. power plants or shipping (Brown et al., 2006). It has Recent measurements of long lifetimes ofQ4 even in
recently been shown that heterogeneous reactions;®N  the presence of high relative humidity (Brown et al., 2009;
with chloride containing particles can also represent a signif-Crowley et al., 2010) imply thafi,o is too small to be im-
icant source of photo-labile chlorine (in the form of CINO portant under most conditions. The rate of uptake of a trace
and Cb) (Roberts et al., 2009; Thornton et al., 2010). gas to airborne particles can be reduced by concentration gra-
The objectives of this study were to examine the rolesdients close to the particle surface, which requires modifica-
and relative importance of gas phase and heterogeneous prtien of the simple expression for the heterogeneous loss rate,
cessing of N@ and N:Os in chemically distinct air masses: knet=0.25¢y A, as used in Eq. (2). The effective uptake co-
urban (strong anthropogenic influence), continental (mainlyefficient (Vefrective) is approximated by (Fuchs and Sutugin,
biogenic emissions) and maritime. In order to achieve these970):
opjectivgs the N@anq N Os measurements were accompa- 1 1 0.754+0.283Kn
nied by instrumentation for trace gas and aerosol characteri =—
sation (see later).

©)

=y -
Veffective YV Kn(Kn+1)

where Kn = % , rsw is the radius of the particle at the
maximum of the surface area weighted size distribution, and
Dy is the gas phase diffusion coefficient op® or NO3

at the appropriate pressure and temperature. RQsNDgy

1.1 NGQ; lifetimes

The production rate of N&is given byk; [NO2][O3] (gener-
ally we writek; as the rate coefficient for Reaction Ri) so that Bl _
its stationary state turnover lifetimes{NOg), can be calcu- 'S 0-085cm s™* at atmospheric pressure and 298K (Wag-

lated from observations of its concentration and those-pf O N€r €t al., 2008). During the nights of the campaign, the
and NO: dominant contribution to aerosol surface area was by parti-

cles with diameters of less thar200 nm. In this case, only
[NOs] Q) uptake coefficients close to unity require significant correc-
k1[NO2][ O3] tion. For example, an uptake coefficient-00.1 would be
reduced by transport limitations t00.09, whereas @& of 1
would reduce to~0.5. A value of 0.5 is therefore the ap-
n proximate maximum value of (N2Os) or y(NOg), which

NOj3 can be removed directly from the air by e.g. reactio : .
with organic trace gases (Wayne et al., 1991) or indirectly Viacan_be_z used to calculate NG)fen_m es using Eq. (2). More
realistic (lower) values ofy, derived from laboratory and

removal of NOs via e.g. heterogeneous loss to aqueous par-, X : .
ticles. As described previously (Geyer et al., 2001b; Alolenerf|eld experiments are discussed later. At low aerosol loading
et al., 2006; Crowley et al., 2010) the contributions of direct
and indirect losses of N§&Xo its lifetime can, in principal, be

evaluated ifK> (the equilibrium constanty/ k3) and [NO]

75s(NO3) =

Whenever we use the term “NOlifetimes” in the
manuscript, we refer tasg(NO3).

(or low values ofy) and negligible dry deposition the term
(in Eq. 2) (0.25¢y (N205)A + fdd(N20s) + fr,0K2[NO2])
becomes diminishingly small and Ndifetimes are largely
independent of N@ concentrations. On the other hand, if

are known: C
gas-phase losses of N@re slow, NOs chemistry can be

7ss(NO3) ~ 1 ) important and N@ lifetimes will show a dependence on the

Jss(NOg3) inverse NQ concentration (Heintz et al., 1996; Martinez et

al., 2000; Geyer et al., 2001b; Brown et al., 2003a, b, 2009;
Aldener et al., 2006).

Certain conditions must be fulfilled if Eq. (2) is used to ex-
amine NQ lifetimes and draw conclusions regarding direct

where fs{NO3) is the overall loss frequency of NGrom
stationary state and is equal to

Atmos. Chem. Phys., 11, 10858387Q 2011 www.atmos-chem-phys.net/11/10853/2011/



J. N. Crowley et al.: Variable lifetimes and loss mechanisms fog Bi@ N>Os 10855

and indirect loss routes. Firstly, NQporoduction rates are
governed by a slow reaction between Nend &. Appli-
cation of a stationary state analysis to Nidetimes is only
suited to air-masses where the chemical lifetime ofi;N@
N2Os) is sufficiently short that stationary state is achieved
with the transport time from the emission region to the mea-
surement site (Brown et al., 2003a).

Stationary state is formally achieved when the rate of
change of NQ and NOs are zero, i.edNOz/dt = k1[NO3]
[O3] + k3[N20s] — k2[NO2] [O3] — k'(NO3) [NO3] = 0 and
dN20s/dt = kz[NO2] [NO3] — k3 [N20s] — £”[N20s] = 0,
wherek’(NO3z) andk”(N2Os) are summed first order loss rate
constants for any reactions involving N@nd NOs. The
approximate time to achieve stationary state thus depends o
the production and loss rates of both jlénd NOs and is
longer at high N@ mixing ratio and low temperatures.

Time dependent values @NOs/dt and dN,Os/dr were
determined for an unfavourable case (i.e. highoNfixing

ratlﬁ OfciilO pp_lt)J) zy numem’ial simulation Iln amanner shlmlllar Fig. 1. Location of the measurement site with three 72h HYSPLIT
to that described previously (Brown et al., 2003a). The OWback-trajectories of air masses reaching the site at 00:00 on the 24

N20s and NG concentrations observed (implying shortlife- November 2008 (1, Huelva sector), 27 November 2008 (2,continen-
times) meant that stationary state was achieved within 1-2 kg sector) and 7 December 2008 (3, Atlantic sector).

after dusk and within the time of transport from the major
source of NQ (e.g. Huelva).

Equation (2) has been used to derive the direct and indirect roximity to both extensive pollution sources and the At-
contributions to NQ@ loss rates (Brown et al., 2009; Crow- b Y P

ley et al., 2010) via the dependence of the observed IifetimelamIC Ocean (the Atlantic coast was300m distant and

on NG, mixing ratios. This approach will however break ~20m lower) so that the chemical composition of air masses

down if the trace gases which react directly with Nere arriving at the site was highly dependent on wind direction.

. . ,.On-site wind directions between 290 and 340 degrees indi-
correlated (e.g. have the same chemical source or spatial dis-

o - . . . cated that air masses had recently passed over the expan-
tribution of emissions) with N@ This is unlikely to apply o )
; . . sive industrial centre and port of Huelva (henceforth referred
to regions where N®losses are dominated by e.g. reaction

e . : . : to as the “Huelva” sector) which was located about 30 km
with biogenic volatile organic compounds (BVOC) in clean awayv. or with tvpical night-time wind-speeds of 818 kith
air masses, but might be the case wheregN€acts with Y. yp g P

; . . . Igbout 2-3h upwind. Huelva houses one of Europe’s larger
traces gases resulting from combustion processes in which. A : : . ]
; - . oil refineries and pollution from this sector includes emis-
NO, is also generated. In a similar vein, if aerosol surface

area also co-varies with NOuse of Eq. (2) to separate the sions from related industrial/shipping activity. Air from the

S Huelva sector arriving at the measurement site at night was
contributions of homogeneous and heterogeneous loss rat?s | d | lod Al ving f h
of N2Os to the NG lifetime is not possible fequently and strongly malodorous. Air arriving from the

' 150-270 degrees sector passed over the Atlantic (sector “At-

lantic”) and generally contained low levels of NONO,
plumes were occasionally observed in this sector, which were
usually accompanied by enhanced levels of $@licating
emissions from passing ships.

2 Site description

The DOMINO campaign (Diel Oxidant Mechanisms In re- i L .
lation to Nitrogen Oxides, (21 November 2008-8 Decem- Wind directions between 0 and 45 degrees (sector “con-
ber 2008) took place at the Atmospheric Sounding Stationfineéntal”) were from mainland Spain and passed no large
(Base de Arenosilly 370558 N, 6°4417" W) located on cities for several hours prior to arrival at the site. Air arriv-
the Atlantic coast of the southern Spanish region of Moguerind from Sevilla ¢-60 degrees), following Huelva, the next
(Fig. 1). Measurements were conducted in a forested arelargest potential source of pollutants, was rarely encountered

(mainly Stone pinesPinus pinea~5-10m in height) with during the night. Overall, during the nights of the campaign,
the air arrived predominantly from the Huelva%0 %) or

1El Arenosillo is a platform of the Atmospheric Research continental sectors~35 %), with air from the Atlantic sec-
and Instrumentation Branch of the Spanish National Institute fortor (~15%) encountered less frequently. Air mass back-
Aerospace Technology (INTA) dedicated to atmospheric measuretrajectories calculated using HYSPLIT with GDAS meteo-
ments in the Southwest of Spain. rology (Draxler and Rolph, 2011) confirmed the allocation

www.atmos-chem-phys.net/11/10853/2011/ Atmos. Chem. Phys., 11, 1085332011
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of source region sector according to local wind directions.the normally used, FEP-coated high-volume flow glass sam-
Figure 1 displays selected back-trajectories for air arrivingpling line. Use of new inlet lines did not result in observa-
at midnight from the Huelva sector (1), the continental sec-tion of NOg, even temporarily. On several occasions during
tor (2) and the Atlantic sector (3). the campaign a calibration source of pBi@as added to the
inlet to measure its transmission and also that of theg NO
cavity. NO; was generated by the thermal decomposition

3 Methods (~90°C) of N2Os, itself made by mixing N@ and G in
a blackened, FEP-coated glass reaction vessel as described
3.1 NOzand NyOs previously (Schuster et al., 2009). Prior to heating, the mix-

ture typically contained approximately 200—-400 pptxQN,

NO3z and NOs mixing ratios were measured using a two- 150 ppbv Q and 5ppbv N@. The results were rather sur-
channel, off axis cavity-ring-down system (OA-CRD), which prising as the initial transmission of the inlet tubing to NO
has recently been described in detail (Schuster et al., 20094as very low (on occasions less than 20 %) even if it was
Crowley et al., 2010) and also by long-path, differential opti- relatively fresh. The transmission increased with exposure
cal absorption spectroscopy (LP-DOAS). In the CRD instru-to the G, NO,, NO3 mixture to a value (circa 70-80 %)
ment, one channel monitors N@irectly, the otheris usedto  commensurate with known loss rates of N PFA tub-
monitor the sum of N@and NOs via thermal dissociation ing. This condition sometimes took as long as an hour to
of N2Os. The instrument was located in the upper containerachieve. At the same time, loss rates of i@ the cold
of a two-container stack and sampled air through a few mecavity were recorded as high asI'sa factor 5 larger than
ters of 1/4 or 1/2 PFA-tubing with the inlet sampling from  observed in the laboratory, whereas loss in the hot cavity
a height of between 7 and 12 m above ground levd5m  (i.e. the NOs+NOs channel) proceeded at the usual rate
above the closest canopy). (~0.2s1). These observations indicate that the PFA tubing

The 1/2' inlet was operated with a large bypass flow to re- rapidly became reactive to NQvhen exposed to the air and
duce the residence time. A 2 pum pore Teflon filter (replacedthis reactivity could be reduced by extended passivation with
every hour) in a PFA filter holder was located at the end ofhigh NO3/O3 concentrations or by heating to 90. Post-
the inlet outside the container. The losses ofNBd N>Os campaign tests of the inlets used also revealed high (initial)
to the filter (15 3 % and<2 %, respectively) were charac- reactivity to NG;.
terised prior to and after the campaign. Loss rates in the Assuming that the loss of Nfoccurred in our inlet, it
Teflon coated (DuPont, FEP) glass cavities were also meapok place on a timescale (1 s) which is considerably shorter
sured during the campaign. Operational pressures and flowghan the thermal lifetime of pOs (minutes), so that the M5
resulted in residence times in the inlet lines and cavities Ofmixing ratios would not have been significantly affected. In
between 0.6 and 1s. CRD noise-levels changed during thenis case we can calculate N@mbient mixing ratios from

campaign and varied betweeB8 and 7 pptv for NOs and  the measured §Ds and NG and the equilibrium constant,
between 2 and 5 pptv for N{Xboth with 5s integration per g, via (Eq. 4).

datapoint). The detection limit is partly defined by accuracy

of the chemical zero (measured by adding NO as described [N2Os]

in detail previously (Schuster et al., 2009) and was betweerNOsl = m )

2 and 3 pptv for N@ and 5-7 pptv for NOs (both assum-

ing zero losses in the inlet tubing). However, fl@as not  As the inlet tubing was protected with a Teflon filter we do
observed directly during the campaign even whe@illev- not anticipate large losses 085 due to coating of the wall
els of several hundred pptv were present. AspNérels  with aerosol. The disadvantage with this indirect calcula-
were not sufficiently high and temperatures (controllkig tion of NOgs is that it relies on high quality (accurate, low
not sufficiently low to reduce N@to below the detection noise), and preferably high time resolution N@easure-
limit, this indicates deviation of the N©ONO3-N>Os chem- ments. Some uncertainty is also associated Withthough
istry from equilibrium. With night-time temperatures occa- recent field measurements of NONOs and NoOs suggest
sionally as high as 18C, equilibrium should be established that this is not more than 20 % (Osthoff et al., 2007; Crowley
within in a few minutes, suggesting that any processes thaét al., 2010). The uncertainty in NOnixing ratios calcu-
rapidly drain NQ from equilibrium must be very local oth- lated this way is thus considerably larger than via direct mea-
erwise NOs would also have been completely removed. surements and are estimated as about 35 % @34\« 7 ppt.

A potential cause of dis-equilibrium between NQDs At lower levels of NOs the uncertainty in BOs (~40%
and NOs is the loss of N@ in the PFA inlet. This had at 5ppt) dominates. Long-path differential optical absorp-
not been anticipated as it was not encountered on a prevition spectroscopy (LP-DOAS, see below) measurements of
ous campaign at a rural location (Crowley et al., 2010) in NO3 taken at a similar height to the CRD inlet are however
which a similar sampling strategy (long PFA line with 1s in good agreement with the CRD-N@nixing ratios derived
residence time) had been periodically deployed in place offrom N2Os and NG.

Atmos. Chem. Phys., 11, 10858387Q 2011 www.atmos-chem-phys.net/11/10853/2011/
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The LP-DOAS instrument applies the set-up from Merten scribed above, they were not sufficiently accurate (especially
et al. (2011) with a configuration described idHker et  at low NG levels) to perform N@ lifetime analyses.
al. (2010). It uses a telescope of 1.5m focal length a 100
or 200 um fibre bundle a 75W XBO xenon arc lamp (Os- 3.4 Volatile organic compounds
ram) and for spectral analysis an Acton 300i spectrometer
with Roper Scientific CCD camera (Spec-10:2KBUV). The A commercially available instrument (AERO Laser model
instrument was located at 9 m above the ground about 800 ML 4021, Germany) was used for in-situ HCHO measure-
north of the main sampling point. It was operated with threements. This instrument is based on the Hantzsch reagent
sets of retro-reflectors mounted on a tower at 20, 35 and 70 nmethod, following the design described in Kelly and For-
above the ground at a distance of 4.8 km to the east, resultune (1994). The time resolution is 160s. Detection limit
ing in a total optical path-length of 9.6 km. The data analysisand precision were estimated from the-fleproducibility
of NO3 was performed in the spectral range from 615.0 nmof in-situ zero and calibration gas measurements as 22 pptv
to 673.8nm with a gap between 644.1nm to 657.8 nm toand+15 %, respectively. The total uncertainty is estimated
avoid strong water absorption lines. The reference spectréo be 29%. An on-line sampling Thermal Desorption-Gas
used were: N@ (Yokelson et al., 1994), N©(Vandaele et  Chromatograph-Mass Spectrometer (TD-GC-MS) measure-
al., 1998), Q (Voigt et al., 2001), HO (Hitran 2006 from  ment system was used for the in-situ observation of anthro-
Gordon et al., 2007) and additionally a recorded spectrum apogenic VOCs such as ethylbenzene, and all xylene isomers
noon to correct for most $O absorption, a background spec- as well as biogenic species such as isoprene and monoter-
trum and a 3rd order polynomial. The standard deviation penes (Song et al., 2011).,-6C4 alkenes and alkanes were
of the measurements was estimated according to Stutz angot measured.
Platt (1996) and resulted in an average uncertainty for the
NO3 mixing ratio of 1 ppt. In this work we use data at from 3.5 Aerosol measurements
the lowest retro reflector only in order to compare with the

CRD measurements. Particle size information was obtained using MoLa instru-
ments (see above). A Fast Mobility Particle Sizer (FMPS
3.2 NO,and NO 3091, TSI, Inc.), an Aerodynamic Particle Sizer (APS 3321,

TSI, Inc.) as well as an Optical Particle Counter (OPC 1.109,
Grimm) covered a particle size range from 5.6 nm to 32 um.
The chemical composition of the non-refractory aerosol in
the sub-micron range was measured by means of a High-
Resolution-Time-of-Flight Aerosol Mass Spectrometer (HR-
ToF-AMS, Aerodyne Res., Inc.). The soot (black carbon)
concentration in PMwas determined by a Multi Angle Ab-
sorption Photometer (MAAP, Thermo E.C.). The aerosol
surface area (ASA) used for calculating rates of trace gas

. . . uptake was calculated only from the FMPS dataset as, for
ments were 6 pptv and 8 ppt, respectively for an integration

. L ost nights (including those examined in detail later), this
period of 1 s. The total uncertainties for the measurements OF ghts ( 9 )

: ontributed>80 % of the total aerosol surface area and (in
NO, N(_)zl\{vere Qetgrm|ned both to be 10 %, based on the r€ontrast to super-micron particles) was of known composi-
producibility of in-field background measurements, calibra- tion
tions, the uncertainties of the standards and the conversion
efficiency of the photolytic converter. The drift in instrument
zero was less than2 ppt over the duration of one night. The
same device was described in more detail recently (Crowle

etal., 2010).

NO and NQ measurements were made with a modified com-
mercial chemiluminescence detector (CLD 790 SR) orig-
inally manufactured by ECO Physics (Duernten, Switzer-
land). The quantitative detection of NQs based on its

photolytic conversion (Blue Light Converter, Droplet Mea-
surement Technologies, Boulder, Co, USA) to NO, which
was subsequently detected in the CLD (Kley and McFarland
1980). The detection limits for the NO and N@easure-

3.6 Meteorological parameters

Xwind direction and speed, temperature and pressure and rel-
ative humidity and rain intensity at approximate inlet height
were provided by MoLa instrumentation (WXT 510 weather
3.3 03, SOz and H20 station, Vaisala). Temperatures and wind directions were
also available at heights of 25, 50 and 100 m from a local
Oz and SQ (Airpointer, Recordum GmbH) and 4@ meteorological tower operated by INTA.
(LICOR 840 gas analyser, LI-COR, Inc.) were measured us- Several cloudless nights gave rise to a strong temperature
ing instrumentation onboard the MoLa mobile platform (Di- inversion, with temperatures at a height of 100m up to 5—
esch et al., 2011). Limits of detection and precision were6°C warmer than those measured at the inlet heigh(m).
0.5ppb and 1 ppb for both SGnd G, 0.4ppb and 1ppb This inversion would have lead to a very stable nocturnal
for NOy. Whilst Airpointer measurements of NO and BNNO boundary layer with efficient accumulation of low altitude
mirrored the trends seen using the ECO Physics device deemissions from e.g. the Huelva industrial area.

www.atmos-chem-phys.net/11/10853/2011/ Atmos. Chem. Phys., 11, 1085332011
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4 Measurements and discussion N»Os, despite high N@ production rates. We discuss this
particular aspect of NgJN2Os chemistry in more detail later
Measurements of 05 and NG were made on all campaign when analysing individual days.
nights with the exception of 28-29 November®¢ was ob- Particles measured at the site displayed number size distri-
served on most nights, though it was never present above thgutions with mode diameters of between 40 and 80 nm with
detection limit throughout the night but rather appeared ina generally dominant organic fraction but with a significant
bursts of a few hours duration, reflecting differences in pro-sulphate component with short term increases that correlated
duction and loss rates with changes in air-mass origin and/ofith SO, plumes. The ammonium to sulphate mole ratio
local emissions. The observed mixing ratios of04 are  was always less than unity during the campaign, indicating

plotted for each night of the campaign in Fig. 2. As describedthat the aerosol was acidic (ratio of 2 = neutral aerosol).
above, NQ could not be detected directly using CRD but its

mixing ratio was calculated from those o§@s and NG and 4.1 NO; lifetimes

the equilibrium constant;. The NG; data are generally in

good agreement with DOAS measurements considering th®espite large N@ production rates pDs was only sporadi-
differences in location and heights of inlet (CRD) and optical cally observed, indicating reactive air-masses and shog NO
path (LP-DOAS). or N2Os lifetimes. More than 50 % of the campaign data re-

As shown in Reactions (R1-R2), the production rates ofvealed NQ lifetimes of less than 1 min, with lifetimes longer
NO3 and NOs are governed by the NOand G mixing than 15 min representing only 0.5% of the measurements.
ratios. During the DOMINO campaign, night-time mixing NOg lifetimes were found to be strongly dependent on wind
ratios of NQ were highly variable, fluctuating from local direction, with the largest values measured in air masses orig-
background levels of-1ppbv to more than 15ppb. The inating from the Atlantic sector and the shortest lifetimes
highest levels of N@ were associated with air masses that when air arrived from Huelva, with continental air an inter-
had passed over the Huelva sector, often arriving in plumesnediate case. This is illustrated in Fig. 3.
with a duration of about 1-2 h. Sub-ppbv levels of N@ere During the campaign, N@lifetimes were seen to be re-
usually associated with the Atlantic sector. Apart from infre- duced at high N@mixing ratios. Frequently, this is taken to
quent NO spikes presumably from traffic using local roads,be indicative of indirect losses of N@i.e. NbOs driven, het-
night-time levels of NO were low. They were however, oc- erogeneous reactions). However, the N@ixing ratio was
casionally non-zero and on some nights 5-10 pptv of NOalso correlated with the available surface area, so that separa-
was present for a prolonged duration. Given that the life-tion of the NG losses into direct and indirect reactions (see
time of NO in the presence of15ppbv Q is only a few  Eg. 2) is problematic.
minutes, the presence of NO implies a local source. Indeed, Below, we analyse three nights of the campaign in some
with an average night-time wind-speeds of just 2.8Ththis  detail, attempting to identify and quantify the various direct
implies a source located within about 500 m of the inlet. and indirect processes controlling N@fetimes. Each night
Possible sources of NO are emissions from the surroundingepresents a different air mass origin, covering each of the
woodland soil. Apart from occasional plumes from Huelva, Atlantic, Huelva and continental sectors.
non-zero levels of NO were not associated with any single
wind-direction which argues against a local, continuous point4.1.1 6—7 December: clean air from the Atlantic sector
emission source (i.e. instrument exhaust-line).

Night-time Q; was strongly anti-correlated with NGand ~ Local wind directions indicated that air masses encountered
thus also showed significant variability, with typical levels during the latter part of the night spanning the 6-7 Decem-
of 15-40ppbv. Air masses passing over the Huelva ander arrived from the Atlantic sector. Back trajectories (Fig. 1)
coastal region (and sometimes the open ocean) often corconfirmed that the air had spent at least 3 days over the At-
tained SQ@, with maximum levels of~40ppbv in plumes lantic Ocean prior to arriving at the site.
originating from the port or Huelva areas. The Sflumes Selected trace gas and aerosol measurements, meteorolog-
were always associated with high levels of N@ith a simi- ical data and calculated NQifetimes are plotted in Fig. 4.
lar temporal profile, indicating a common process as sourceAfter 02:30, @ levels were between 25 and 35 ppb, with
This might have been the result of petrochemical industry acNO, close to 1 ppbv, resulting in comparatively low BNO
tivity as flaring at the petrochemical complex in Huelva was production rates~2 x 10~2ppt s1). On this night, NQ
frequently visible at night. A further possible source of2SO and NOs measurements started only at 01:45 on the 7th
was ship emissions, either at sea or entering the harbour atue to instrument tests. 25 was observed at levels up to
Huelva. Note that the strait of Gibraltar {60 km distant)  ~50 pptv with NG lifetimes (calculated via Eq. 1) occasion-
is one of the world’s busiest shipping lanes. ;S@as not  ally greater than 30 min. These represent the longesg NO
observed above the limit of detection from the continentallifetimes encountered during the campaign and are consistent
sector. We note that the presence of bothp 3@d NG in with observations of extended Ndifetimes in marine air at
a plume nearly always meant low levels or non-detection oflow NOx mixing ratios (Heintz et al., 1996; Carslaw et al.,
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Fig. 2. Campaign overview of measured@s, NO, and G mixing ratios, aerosol surface area (ASA), temperature, relative humidity (RH)
and calculated CRD-N§mixing ratios (in red). The black N§datapoints are LP-DOAS measurements. x-axis ticks are at midnight.

0 prior to this time. Similarly, NQ lifetimes decreased more
2000 or less constantly from 04:30 until dawn. In both cases the
short NG lifetime was accompanied by non-zero NO mix-
15004 ing ratios and enhanced NQevels. Prior to 02:30 some-
1000 what reduced @mixing ratios were observed along with el-
evated levels of S©(2-3 ppbv) and a-20 pptv spike in the
500 NO mixing ratio at 02:00, indicating some influence of local

emissions. A rough estimate (ignoring dilution) of the age
of the NO/NG plume of ~350s could be estimated from
the enhancement in the N@nixing ratio (~700 pptv), the

NO and G mixing ratios and rate constant for their mutual
reaction. The observation of a decrease in a biogenic trace
gas (pinene) from 10-20 pptv before 02:30 to 2—-3 pptv af-
ter 02:30 supports a change in air-mass origin at this time.
An increase in NO after 04:30 indicated weak local emis-
sions. The cleanest, maritime air was thus sampled between
~02:30 and 04:30 on this night.

o 04
) 0270
8

_ _ o o S Three rapid increases in theo®5 mixing ratio (andt
Fig. 3. Wlnd-dlrecthn dependence of N;Olfetlnjes (nighttime NO3) at 02:48, 03:20 and 04:06. are apparent in Fig. 4.
only). ~50% of the airmasses e ncoun_tered at night came from theThese features correlate with small increases (less th@h 1
Huelva sector, and were associated with very shorg Nfetimes. . L . . .
in the temperature and indicate an influx of air from higher
(warmer) layers within the nocturnal inversion, which were
less impacted by ground level emissions of e.g. NO or other
19974, b; Allan et al., 2000). The CRD (calculated) and LP-reactive trace gases. This is a strong indication of large gra-
DOAS derived NQ mixing ratios were in good agreement dients in N@Q (and NOs) at the site, which were corrobo-
for most of the night. NOs was, however, not observed be- rated by DOAS measurements of hl@ three different lev-
fore ~02:30 and its calculated lifetime was less thabO0s  els (Thieser et al., 2011).
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et al., 2006; Ambrose et al., 2007; Bertram et al., 2009;

3 _ 5% . L
e MW‘ PGy 180 2 - Brown et al., 2009). Both laboratory and field work indi-
- J 0 == cate that NOs uptake coefficients can be significantly lower
T 0 . . .
07.12.2008 01:00 07.12.2008 03:00 07.12.2008 05:00 07.12.20I08 07:00 in the presence Of Organ|C Cor’nponentS or nltrate’ although

uTC the presence of chloride can offset the nitrate effect (see e.g.

Mentel et al., 1999; Anttila et al., 2006; Bertram and Thorn-

Fig. 4. Overview of measurements on the night 6—7 December (airton, 2009; Griffiths et al., 2009; Riemer et al., 2009). Riemer

from the Atlantic sector). ASA=Aerosol surface area. ForfNO et al. (2009) showed that the uptake coefficient el on

the black dataponts are derived from CRD measurements©@sN  a pure inorganic aerosol depended on the sulphate to nitrate

the red squares (at30 min intervals) are LP-DOAS measurements. ratio with maximum values of (N2Os) =0.02 on pure sul-
phate, which reduced t6-0.01 when the sulphate and ni-
trate masses were equivalent. Bertram et al. (2009) measured

In order to understand the factors which limit the Ni@e- N2>Os reactivity on ambient aerosol and found for one air
times during this night we first estimate the contribution of S8mple a maximum value ¢f between 0.03 and 0.04 when
each constrained loss process for{\d N.Os to see if the the ratio of organic-to-sulphate particle mass wa&s5. This
summed loss (in the case 0685 scaled byK2[NO], see decreased to 0.01 with an organic-to-sulphate ratio of 10.
Eq. 2) is consistent with observations. Figure 5 reveals thaBertram and Thornton (2009) also describe the particle wa-
the lifetime of NQ was dependent on NOmixing ratios,  ter molarity dependence ¢f(N20s) on the uptake of BOs
with the largest lifetimes associated with low N@ixingra- 0 NHsHSO, aerosol. Maximum values gf(N2Os) =0.03
tios. Such observations are frequently taken as evidence fopere found when the $0 molarity was 20 or greater, but
an important contribution of pDs losses tofsg(NOs3) (see which decreased rapidly below this threshold. Given that the

Eq. 2) and we consider these first. organic mass fraction of the particles was frequently above
50 % before 04:30, lower values ¢f than 0.03 will apply
Loss of N,Os to aerosols irrespective of the nitrate content. Not only the organic mass

fraction of the aerosol but also the oxidation state of the con-
The uptake coefficient for hydrolysis of s on aque- densed organic species influences the rates of uptake of both
ous, sulphate containing, tropospheric aerosol has been mebl2Os and NQ;, either indirectly via the water fraction of the
sured using laboratory surrogate aerosol (Mozurkewich anderosol (NOs) or directly via the number of double bonds
Calvert, 1988; Hu and Abbatt, 1997; Kane et al., 2001; Folk-available for NQ to react with.
ers et al., 2003; Badger et al., 2006; Griffiths and Cox, 2009) During the night 6—7 December the total aerosol sur-
and a value ofy~0.04 at high relative humidity has been face area was low, consistent with relatively clean mar-
recommended (IUPAC, 2010). This is consistent with theitime air masses, with maximum values of about 9Gum
largest values of derived from calculations using field ob- c¢cm~3 at the beginning of the N&N,Os measurements
servations of N@ and NbOs (Allan et al., 1999; Aldener and decreasing te-30 unf cm~3 at the end of the night.
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under certain circumstances, (e.g. low aerosol loading) can
contribute to the loss of Os.

0,010

I RN205ASA
- Rwater
I RddN205
N RNO
. Rpinene
. Rimo
RNO3ASA
I RddNO3

0,008

N2Os + nH20 — 2HNO3 + (1 — 1)H,0 (R4)

The reaction was found to proceed with terms both linear

and quadratic in [HO] so that the loss rate coefficietif,o)

is described bykn,0=2.5x 10722 [H,0]+1.8x 1073°

[H20]? s~1. Measurements of long 4Ds lifetimes at high

relatively humidity (Brown et al., 2009) strongly suggest

that the true value may be a factor 10 lower. We therefore

assess the impact of this reaction on Nidetimes using

0.1x kn,0. This is displayed as Rwater of Fig. 6. At rates of
ogj?g?zoos 02:00 07.12.2008 04:00 07.12.2008 06:00 <1x 1074 reaction with HO has an insignificant impact on
uTC the overall loss rate of MDs (or NOg) throughout the entire
night.

Fig. 6. Apportioned NQ loss rates during the night 6th—7th De- ?

cember. The various contributions are: FD§ASA=uptake of  Dry deposition of N2Os

N2Os to aerosol, Rwater = homogeneous hydrolysis Oyl with

water vapour, RddpOs = dry deposition of NOs, RNO =reaction ~ Assuming neutral stratification and zero surface resistance

of NOz with NO, Rpinene=reaction of N9 with «-pinene,  (Geyer et al., 2001a) calculated an upper limit to theN

Rlimo =reaction of N@ with limonene, RNQASA =reaction of  |oss frequency due to dry deposition within a 100 m high noc-

NO3 on aerosol, RAdN@=dry deposition of N@. The solid, black  ,,rnal boundary layer as 0:310~%4 s 1. When multiplied

datapoints are measurements of the loss frequency af NO by K2[NO2], this results in a loss rate constant for N6

<1x 104 s, contributing insignificantly to the N@life-

time (Rdd NOs Fig. 6). Assuming a factor two lower (or

The organic-to-sulphate ratio was4 until 04:00 when it higher) boundary layer would not alter this conclusion.
started decreasing to a value-00.3 to 0.4 clearly indicat-

ing a change in air mass to a more marine one at this timeGas-phase reactions of N@
The sulphate to (sulphate + nitrate) ratio was betwe€rt
and 0.9. The RH was above 90 % all the time so that, late ilrKnown reaction partners for N§) which were constrained
the night, with high sulphate content and high RH, aqueousdy measurements were N@-pinene, isoprene and HCHO.
aerosol should support a large uptake coefficient, i.e. up to dhe reactions of N@with both NO andx-pinene have large
maximum value of~0.04. rate coefficients k5=2.6x 10711, kg=6.2x 107 2cmd
The total NQ loss rate,fs{NO3), calculated using an up- Molecule™™ s™1) whereas HCHO reacts much more slowly
take coefficient of 0.04 for the entire night is displayed in (ke =5.6x 1071® cm® molecule*s™). Isoprene is an in-
Fig. 6 where various contributors are compared. For most oférmediate case with7 =7 x 103 cm® molecule™® s
the night, the low aerosol surface areas meant th&Nip- (Atkinson et al., 2004, 2006). At mixing ratios of less than
take to aerosol (RpDsASA) accounted for only a few per- 1 ppbv on this night HCHO did not contribute significantly
cent to fs{(NO3) with the exception of periods where the 0 NOsz removal and is not further considered. Likewise,
NOj lifetime was longest. For example, at 02:000 % of isoprene mixing ratios on this night were less than those of
the calculated total loss was due to heterogeneous procesg-Pinene and limonene and as isoprene reacts a factOr
ing of N,Os. When we consider that, especially during the Slower tharx-pinene or limonene with N§ we do not need
early stages of the measurement, the aerosol had a dominaft consider Reaction (R7).

0,006

£, (NO,) (s™)

0,004

0,002

organic component a lower value than 0.04 fowould be
more realistic, which would further decrease the contributionN03 +NO—2NG, (RS)
of N2Os loss. From 04:00 onwards, the contribution ofdg NOz+a — pinene— products (R6)
uptake tofsgNO3) diminished as the N@mixing ratio de-
creased (shifting the N§IN2Os equilibrium towards N@). NO3 +isoprene— products (R7)

At ~06:00 less than 5% of the measured loss frequency of )
NOs was due to NOs losses. NOs + limonene— products (R8)

) ) NO3+HCHO— HNO3+HCO (R9)
Reaction of NbOs with water vapour

The calculated, steady state, turnover loss rates of 1O
Laboratory experiments (Wahner et al., 1998) have providedeaction with NO (RNO)g-pinene (Rpinene) and limonene
evidence for a slow reaction betweep®§ and HO, which, (Rlimo) are illustrated in Fig. 6. Loss of Nf@lue to reaction
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with ¢-pinene and limonene was slow, reflecting the low con-lifetimes is similar in direction and magnitude to that ob-
centrations and emission rates of biogenic trace gases duringerved previously in marine air masses (Sommariva et al.,
late autumn at this site (Song et al., 2011), but still significant2007).

in the early part of the night, where its contribution easily ex-  Considering that this air mass had spent several days over
ceeds that of heterogeneous losses. The reaction with NO e ocean, CESCH; (not measured) is a likely contributor
unimportant until~~04:00 but thereafter becomes the domi- to NOs reactivity. Strong evidence for GG3CH;z in this
nant NG sink for the rest of the night and even at mixing air mass could be found in AMS measurements of signif-
ratios of just 5 pptv can account for the entire observeg NO icant methane-sulphonic acid concentrations on the morn-
loss until~06:00. After 06:00, the reaction of NO accounts ing of 7 December. Given a rate constant for reaction be-
for ~30% of the observed N§loss rate. Note that fine tween NQ and CHSCH; of 1.1x 1012 cm?® molecule?
structure on the N@loss rate due to Reaction (R5) (RNO) s~1 (Atkinson et al., 2004) the missing reactivity observed at
is due to noise as the measurements were made close to thed6:00 (about 0.005%) would be provided by~200 pptv

NO detection limit. of CH3SCH;.
As already mentioned, the plot of NQifetime versus
Loss of NO; to aerosols and via dry deposition NO; (Fig. 5) could be interpreted to indicate that indirect loss

of NOg (i.e. via NbOs removal) is an important contributor
Laboratory experiments have characterised the efficiency ofo NOs lifetimes. The discussion above indicates however,
uptake of NQ to various environmental surfaces. Whereasthat the indirect losses are inefficient and a weak correlation
the low solubility of NG in water leads to low uptake coef- between NG and NO explains the dependence of Nie-
ficients (o, < 1073) for interaction with aqueous droplets times on NQ. At high NO, mixing ratios (e.g. 1-1.5 ppb)
(Rudich et al., 1996), large valuegnp, ~0.1) have been the calculated lifetimes are larger than measured. These data
found for uptake to low volatility, unsaturated organic lig- points were taken at the end of the night (after 06:00) and
uids (Moise et al., 2002; Gross and Bertram, 2009; Gross eFig. 6 also indicates missing reactivity during this period.
al., 2009), such as those present in secondary organic aerosoh the absence of a significant change in wind direction, the
Uptake of NQ to urban aerosol (Tang et al., 2010) or organic plume like NG increases (about 0.5 ppb) during this part of
aerosols (Gross et al., 2009) has been found to be ordengie night may indicate local ship emissions and an increase in
of magnitude more efficient than,®s uptake to the same reactivity towards N@due to other trace gases co-emitted.
aerosol type. For the purpose of assessing the contribution As a significant fraction of the N§reactivity is accounted
of heterogeneous N{Joss to aerosol we have used a value for by measured NO (which must have a local source) the use
of y =0.1, which most probably represents an upper limit to of a steady-state analysis for the later part of this night is not
the true value. Despite the use of this large value, the loss ogntirely appropriate.
NOs to aerosol is not significant (RNASA in Fig. 6) but Low nighttime concentrations of NO have previously been
nonetheless exceeds® loss rates via uptake to aerosol reported to limit NQ lifetimes in a relatively clean coastal
when NG is low (i.e. when the N@N20s equilibriumisnot  environment, which may be impacted by local NO emissions,
strongly partitioned towards MDs) as seen between 02:00 e.g. from soil (Sommariva et al., 2007).
and 04:00. As for MOs, dry deposition (RAdNg) is in-
significant if a loss rate of 0.8 104 s™1 is adopted (Geyer 4.1.2 23-24 November: mixed air from the continental
etal., 2001a). and Huelva sectors

Summary Measurements of pOs on this evening started at 20:00 UTC,
about 2.5 h after sunset. The complete dataset, with meteo-
Some of the cleanest air-masses encountered at night in th®logical information and other trace gas measurements is
campaign reached the measurement site on the night of 6-displayed in Fig. 7. Until midnight, the wind was mainly
December and N@lifetimes were correspondingly long. A from the continental sector (close to 360 degrees) whereas
large fraction (and sometimes all) of the hl@activity was  after midnight it came mainly from the Huelva/Port sec-
accounted for with measured parameters as summarised iors. Following a warm, cloud-free day, the night of the 23—
Fig. 6. 24 November was characterised by low wind speeds and a
Although the results suggest that the aerosol lossy @3\  strong temperature inversion (temperature at 50 mwéC
contributed up to 20 % to N®losses early in the night, re- higher than at inlet height), implying a highly stratified noc-
call that they used was most likely too high for aerosol with turnal boundary layer. Back trajectories (Fig. 1) suggest that
a dominant organic fraction and thus may be considered athe air had travelled over the Atlantic before spending 1 day
upper limit. Missing reactivity (i.e. measured N@fetimes  over central Spain with the last 6-12 h within the boundary
were shorter than calculated based on measured parametetayer.
was apparent between circa 03:00 and 04:00 and also after NO; levels showed large variability during the night with
06:00. The deviation between measured and calculategd NOmixing ratios between 1 and 13 ppbv, whereas NO was
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002 — 3 production rates (up te-0.12 pts 1) and the highest pDs

. ) mixing ratios in the entire campaign-b00 ppt) were mea-
R /e, A ; sured. The high levels of NDand moderately cold tem-
0.00 -WM.MNMM@ MI/‘% PRIV (AW peratures (283 K) meant thato®s was usually in greater
than tenfold excess of the calculated N@ixing ratio, and
up to a factor of 50 greater at the peak of the N@umes.
Prior to midnight,zsg(NO3) was fairly constant at about 75—
150 s but was essentially zero for the period between mid-
night and 01:00 during the Splume. Log-book entries
report significant levels of malodorous gases at the site. The
dependence of the Nifetime on NG and SQ mixing ra-
tios and aerosol surface area (ASA) is summarised in Fig. 8.
The shortest N@lifetimes are clearly associated with large
NO concentrations (upper panel), likewise S@ixing ra-
tios above 1 ppbv are always associated with very shog NO
lifetimes and there is also weak anti-correlation with aerosol
S 300 B surface area. The observed Nénd aerosol surface area de-

{ = pendencies would appear to indicate that heterogeneous loss
o~ - 5 of N2Os is important. Similar to the treatment above for the
. | Atlantic sector we therefore assess (via Eq. 2) gas-phase and
heterogeneous loss mechanisms forgNgdd NoOs which
were constrained by measurements and also identify poten-
tial (unmeasured) reactive trace gases.
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Compared to 7 December, the surface area available for inter-
Fig. 7. Overview of measurements on the night 23rd—24th in which action of aerosol with BlOs or NO3 was significantly larger
wind direction swung from the continental to Huelva sector. Only on this night (factor of 2-3). The high levels of N®@b-
limited LP-DOAS measurements (solid black symbols) were avail- served result in large HDs/NO; ratios, so that the hetero-
able from the lowest optical path on this night. geneous losses would be expected to be more important for

N2Os than for NG. For this night the aerosol contained
always close to zero«2 pptv) until about 04:30 when a few a very high organic component (up to 75% of the aerosol
pptv were observed. Some plume like N@@atures were mass) with organic/sulphate ratios as high as 15 early in
accompanied by plumes of similar duration in S@p to  the night and never decreasing below about 3. The sul-
~3ppbv), HCHO (up to~1.5ppbv) and increases in the phate/(sulphate + nitrate) ratio was also quite low (0.3—-0.7).
overall aerosol surface area, implying common, likely com-As discussed above;(N2Os) on such particles would be
bustion related sources. This is especially apparent in the@xpected to be less than 0.04. The uptake coefficient for
plumes at midnight and 05:00. For each of theNsumes ~ NOg is poorly defined but potentially a factor of 10 larger
at ~20:00, 21:30 and 23:00 there is a significant increasg(Tang et al., 2010). An absolute upper limit to the sum of
in the NbOs mixing ratio, caused by an increase in the NO direct and indirect N@ loss rates via heterogeneous uptake
production rate. In contrast,J®s remains close to the detec- to aerosol was thus calculated using uptake coefficients of
tion limit for the entire NQ plume at midnight and reaches 0.04 for NNOs and 0.5 for NQ, the later representing diffu-
only low mixing ratios during the larger plumes at 05:00 and sion limited uptake. This provides an estimate of the maxi-
06:30. Note that the NOplume at~23:00 (when S@was  mum contribution of heterogeneous reactions on aerosols to
close to zero) was accompanied by a positive gradient in thehe NG; lifetime.
temperature, whereas the WSO, plume at midnight was Figure 9 provides an overview of the relative importance
accompanied by a negative temperature gradient. Similarlyf the constrained, direct and indirect loss processes far NO
the NQ/SO, plumes after 04:00 were accompanied by dropson this night. Even though the uptake coefficients employed
in temperature. The N&SO, plumes were also accompa- were upper limits, the calculated loss of®5 (RN,OsASA)
nied by an increase in the aerosol surface area, caused by @md NG (RNO3ASA) to aerosols does not account entirely
increase in mainly the sulphate and nitrate content, but alsdor the observed N@ loss frequency (black dots) before
the organic fraction of the aerosol. ~23:30 on the 23rd. Despite the much larger uptake co-

Prior to midnight, NQ@ mixing ratios between-1 and efficient used for N@, its contribution to the total hetero-

6 ppbv and ozone levels of25 ppbv resulted in large N©  geneous loss was similar to that 0b@® as the N@-N2Os
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] Fig. 9. Apportioned NQ loss rates on the night 23—24 November.
Fig. 8. 23-24 November: dependence ®§NOgz) on NO; and  The various contributions are: Rwater = homogeneous hydrolysis of
SO, mixing ratios and the aerosol surface area (ASAYNO3) N,Os with water vapour, RNOsASA = uptake of NOs to aerosol,
was calculated using measurements 90Y, NO and G (Eq. 1). RNO =reaction of N@ with NO, Rbiogen =reaction of N@with
isoprene, limonene and-pinene, Rdd =summed dry deposition of
N>Os and NG, RNO3ASA =reaction of N@ on aerosol, RS®
partitioning was shifted towardsJ®s on this night with high  is the missing reactivity which has been scaled to correlate with
NO, mixing ratios. SO, mixing ratios. The black dots datapoints are the calculated
During the first SG/NO, plume (centred at mid- loss frequency of N@.
night) the NQ lifetime was drastically shortened and
heterogeneous processes contribute an upper limit o
~10% to the overall measured loss frequency of 3NO

(RN205ASA + RNOASA). Similarly, the summed effect of - <o hetweenmidnight and 04:00 (Andss-Henandez

dry deposition of N@ and NOs (using the dry deposition et al., 2011). In the absence of speciatecb R@asurements

rates listed above) can be disregarded as a major loss of el- ' :
we calculate the loss rate of N@ue to reaction with R@as-
ther NO; or N2Os (Rdd). N

suming a rate coefficient of 2:310-12cm® moleculet st
taken from evaluated kinetic data (Atkinson et al., 2006).
This results in N@ loss rates of-5 x 10-3s~1, which again
- . i I Il fracti f th Il % id-
Similar to 7 December, the homogeneous hydrolysis DN L]sigohrl)y a small fraction of the total loss rate-4 % at mid

is not an important loss process in this air mass, contribut- ) o )

ing less than 1% to the Nreactivity (Rwater of Fig. 9) Clearly, the sum of constrained indirect and direct losses

Close to zero levels of NO during most of this night also of NO3 do not explain the short lifetimes observed during
the SQ plumes. As heterogeneous processing cannot be en-

rule out a significant impact (RNO). The sum of the di- h qi b dth lculated usi q |
rect NO; loss rates due to BVOC (the sum afpinene, anced in rate beyond that calculated using measured aeroso

limonene and isoprene, Rbiogen) contributes significantlySU/face areas and upper limits fp(NOs) and y(N20s)

to NOs loss before 23:00, but only a few percent dur- we 'Furn to potential gas-phase rea_ctlons, that were not con-

ing the SQ plumes. Further measured trace gases whichStained by measurements at the site.

can react with N@ are HCHO and aromatics. At a mix-

ing ratio of close to 1ppbv and a rate coefficient close Unknown or undetermined reactions/loss processes

to 5x 107 16cm® molecule1s~1 (Atkinson et al., 2006)

HCHO can contribute a negligiblex1 10-°s 1 tothe overall ~ The aerosol surface area and trace gases which were mea-

NO; loss rate. Similarly, with respective room temperature sured provided only a fraction of the observed reactivity after

rate coefficients 03 x 10717, 7x 10717, ~4 x 107 and  midnight on the 23rd—24th. A clue to the missing reactivity

<6 x 10718 cm3 molecule ! s~1 (Atkinson and Arey, 2003), may be provided by the very short N@fetimes (or absence

benzene+{80 pptv), toluene<{100 pptv), xylenes (sum of, of N2Os) when SQ was present at levels abovel ppbv

m ando-xylene was~20 pptv) and ehylbenzene (8 pptv) all (Figs. 7 and 8).

react too slowly with NQ@ to contribute significantly. Whilst SG itself does not react with N§) it may be co-
Under certain circumstances, R@Gormed e.g. from N@ emitted or co-located with emissions of more reactive traces

initiated oxidation of CHSCHz or ozonolysis of BVOC) has gases. Two scenarios are considered below in which reduced

f)een shown to contribute to NQoss (Sommariva et al.,
2009). On this night, R@mixing ratios of up to 80 pptv were

Gas-Phase reactions of N@and N>Os
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sulphur species or unsaturated VOCs are responsible for effef HCHO and SQ, though we note that plume like increases
cient NG; loss during periods of enhanced £@h this night.  in SO, were not always accompanied by increases in HCHO
A log-book entry describes strongly malodorous air at theas illustrated for this night in Fig. 7.
measurement site on this (and several other) nights. Mal- In a second scenario, we consider the coincident arrival of
odorous, reduced sulphur compounds (RSC) are often assthe SGQ, NO, and HCHO plumes to be due to their forma-
ciated with oil refining, pulp/paper mill and waste treatment tion in a common combustion source, either related to ship-
activities (Nunes et al., 2005; Pal et al., 2009; Toda et al.ping or oil-refinery activity. During this night the wind direc-
2010) and we note that not only a huge oil-refinery complextion swept slowly from the continental sector to the Huelva
but also Spain’s largest pulp/paper mill is located in Huelva. sector with the plumes in N{reflecting emissions from var-
RSC with high reactivity to N@ are CHsSCH; (DMS), ious point sources in the coastal-Huelva region. The short
CH3SSCH (DMDS) and CHSH. NG; lifetimes are known  lifetimes of NG; after midnight reflect highly reactive air
to be strongly influenced by DMS emissions in marine air masses from Huelva, but not necessarily due to RSC. Hy-
masses (Allan et al., 2000; Aldener et al., 2006; Som-drocarbon emissions related to the petrochemical industry,
mariva et al., 2009) but a large contribution to N@ss  including unsaturated VOC such as 1,3-butadiene (Roberts
in urban air has also been reported (Shon and Kim, 2006)et al., 2003) which are reactive towards NGbuld then be
The oxidation of RSC by N@results in the formation of responsible for the short NQifetimes. In this scenario, the
SO, HCHO and RQ (Jensen et al., 1992) with (modelled) source of the peroxy radicals observed on this night would
RO, levels often exceeding those observed during daylightbe reaction of unsaturated hydrocarbons with eitheg NO
(Sommariva et al., 2009). The rate coefficients for reac-Os. In this context note that Nfreacts at least a factor 10
tion of DMS, DMDS and CHSH with NG; are all close to  more slowly with unsaturated, petrochemical-related hydro-
1 x 10712cm® molecule s72, so that a total mixing ratio of  carbons (e.g. the rate coefficient for N@ith 1,3-butadiene
these RSC of 4 ppbv would provide an equivalent reactivityis 1.0x 10-13cm? molecule's™1) than with RSC so that
of 0.1 s™1. Whilst no measurements of RSC were available mixing ratios of several tens of ppbv of the alkene would be
to support their potential role, we note that ppbv mixing ra- necessary to explain the short Bl@fetimes. In summary,
tios are not unrealistic as RSC emitted into a shallow, highlyair from the Huelva sector and the port/coastal region close
stratified boundary layer at night have no gas-phase losso Huelva was highly reactive towards N@sulting in very
mechanisms apart from reaction with AlOHuman odour  short lifetimes which were controlled by gas-phase reactions
thresholds for HS, CHsSH, CHsSCH; and CHSSCH are  and a diminished role for heterogeneous processes (either for
also in the ppbv regime (Kim et al., 2007; Pal et al., 2009). NOs or N,Os). Whilst RSC and unsaturated VOC were pro-
In order to capture the Nglifetime dependence on SQa posed as potential reaction partners for Ney were not
reactive term, considering the presence of a trace gas at eonstrained by measurements and for extended periods of the
constant fraction of the SOmixing ratio and reacting with  night (especially when SOwas observable) much of the re-
NOs with a rate constant of £ 10~*2cm®molecule*s™  activity is not accounted for.
(i.e. like RSC) was added to Eq. (2). The result is the grey
area (RSO2) of Fig. 9. The RSC to $@atio was adjusted 4.1.3 26-27 November: air from the continental sector
(to ~2) to approximately capture the large hl@ss rates at
midnight, bringing the measured and modelled steady staté©n the night of 26—27 November, local wind directions indi-
lifetime in rough agreement. cated air masses originating from continental Spain which
The co-incidental increases in nighttime aerosol surfaceavoided large local cities and industrial centres such as
area and the sulphate component of the aerosol is difficulHuelva or Sevilla. Back trajectories suggested that the air
to account for in the RSC scenario unless a sufficient ratéhad spent the last two days over central Spain and northern
of oxidation of SQ (i.e. by reaction with OH) is available. France before reaching the site, gradually descending from
Nighttime OH could conceivably be generated by reactions~3500 m to ground level over this period with only the last
of RO, with NO3 (Platt et al., 1990; Geyer et al., 2003). The 4-6 h spent at altitudes of less than 500 m. Local wind speeds
increase in particle sulphate at the maximum of the 3 ppbvduring the night were between 2.5 and 5T.s
SO, plume was~0.5 pg nT 3, which would require oxidation On this night, NQ levels were generally under 2 ppbv ex-
via reaction with OH of 100 pptv of S£and efficient transfer  cept for a plume-like increase te4 ppbv at~20:00 on the
of the LSOy product to the particle phase. Assuming a total evening of the 26th (Fig. 10). As was frequently observed
reaction time of 4 h (maximum transport time from Huelva), for the continental sector, NQvas correlated with black car-
this would still require a constant nighttime OH concentra- bon but not with S@, indicating that emission by road traffic
tion en route of~2 x 10° molecule cn3. was the most likely source. NO was close to the detection
Interactions between NQand reduced sulphur thus pro- limit (2 ppt) during the whole night, except for some spikes
vide an interesting but highly speculative explanation for due to very local (likely vehicular) emissions. The constancy
some of the observations on this and other campaign nightof the NO mixing ratio through the night strongly suggests
including short NQ@ lifetimes, high RQ levels and formation that the true value is zero and the 2 pptv is a residual from
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uTe NOs loss rate in this period thus exceeds that measured sug-
gesting that reactivity is entirely accounted for by reasonably
Fig. 10. Overview of measurements on the night of 26—27 Novem- Well constrained gas-phase reactions. This allows us to esti-
ber (air from the continental sector). For HQhe black dataponts ~mate upper bounds for the rates of all other loss mechanisms,
are CRD measurements, the red square30(min resolution) are  including uptake to aerosol on this night. The rate of direct
DOAS measurements. loss of NG to the organic component of the aerosol is of ma-
jor uncertainty as the nature of the organic fraction (and thus

] availability of e.g. double bonds with which N@an react) is
zero correction. @ levels were constant at25-30ppbv.  nknown. A value ofy NO3=0.1 contributes only insignif-

Levels of biogenic hydrqcarbons (isoprene_, pinen_e_) Were_lovqcanﬂy to the NQ lifetime whereas a value of 0.5 (diffu-
(~10ppt) as on other nights of the campaign. Mixing ratios sjon jimited uptake) would increase the discrepancy between
of aromatics were similar to the 23rd (less than 100 pptv).qhserved and calculated lifetimes. A similar effect would
Aerosol surface areas were between 25 and 8;{1}@3 and  pe obtained by use of a large value (e.g. 0.1)#6K.Os).
were correlated with N@ The aerosol was acidic (N on this night, the organic to sulphate ratio wag8—4 and
SO;~ =0.6) with a dominant organic fraction (the organic to the sulphate to (sulphate + nitrate) ratio was fairly constant
sulphate ratio was-4 until 04:00 when it slowly decreased at 0.6, implying a more likely value of (N>Os) of ~0.01
to 2). (Riemer et al., 2009), which is also consistent with our ob-
N2Os could be measured above the detection limit at al-servations. In the first half of the night (up temidnight)
most all times during this night, with maximum mixing ratios NOjz lifetimes were much shorter and highly variable, with
of ~100 pptv and steady-state Ndifetimes up to 900s. In-  loss rates up to 0.05$ (lifetimes of just 200s). We can
termediate to those observed for the Huelva and Atlantic secrule out that this increase in the Ndbss frequency is due
tors. The CRD and DOAS-derived N@nixing ratios were  to a change in reactivity of the aerosol to eithesQ§ or
in good agreement, especially after midnight. The observaNOs. Neither the aerosol composition (i.e. organic, nitrate
tions are summarised in Fig. 10. and sulphate fractions and acidity) nor the relative humidity
As in the discussion of the previous case studies, directhanged significantly during the night so a large change in
and indirect losses of Nfwere assessed based on measureds (factor 10) is not anticipated. Also, the large variability
aerosol surface areas and trace gases. For this purpose, N®the loss frequency is not mirrored by changes in aerosol
mixing ratios were assumed to be zero. The calculations arsurface area, but is most likely associated with fluctuations
summarised in Fig. 11. Between midnight and 07:00, thein rates of vertical mixing within a highly stratified noctur-
presence otv-pinene and limonene at mixing ratios of 5— nal boundary layer, with longer lived N(present in higher
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Fig. 12. Integrated loss of NQon three campaign nights with  mixing ratios of NG, SO, and aerosol surface area (ASA) during
air from the Huelva sector (black line), the continental sector (redthe entire campaign.

line) and the Atlantic sector (blue line). Mean M@oncentrations
on these nights (18:00 til 06:30) were 2.7, 1.3 and 1.2 ppbv, for the

23-24th, 26-27th and 6-17th, respectively. 1. Figure 12 displays the integrated N{@@sses via reaction

of NO, with O3 for the three case studies outlined above.
layers. Inspection of the temperature ang0N trends dur- These calculations indicate that over the course of a 12h

ing this night reveals significant correlation, with higher tem- Night, 0.8, 1.0 and 1.8 ppbv of NQvere removed from the
peratures (i.e. air from higher altitudes) bringing moregNO Poundary layer on the 23-24th, 26-27th and 6-7th, respec-
Measurements of a strong vertical gradient isQy on this  tvely. This is equivalent to-70 % of NG, as mean mixing

night (Thieser et al., 2011) confirm this interpretation. ratios were 1.2, 2.7 and 1.3 ppbv on these nights. The aver-
age loss rates were in the range 1.9-410-° ppbv of NO,

4.2 Nocturnal loss of NG and VOCs per second. Assuming that NGs lost entirely by reaction
with VOC (and not reaction with NO or by NfOor N>Os

During DOMINO, the efficiency of nocturnal loss of NO  uptake to aerosol), this is also the loss rate of VOC over the

to particulate phase or to long-lived reservoir species (e.gsame period. For comparison, a 12 h, daytime loss of NO

HNO3) which may undergo deposition, will depend both on via reaction with OH of 2« 10~>s~1 would be obtained for

the absolute and relative rates of processing ogi®@gas-  average OH and Nmixing ratios of 0.04 and 2000 ppt, re-

phase reactions) and>Bs (in heterogeneous reactions). If spectively, though the greater daytime boundary layer depth

direct loss processes of N@re slow and NOs uptake to  would favour the OH mechanism.

particles is inefficient, the N§N2Os equilibrium-pair repre-

sents only a temporary NQeservoir. NOs or NO3 formed

in the night will release NQat sunrise as N®lifetimes are 5 Summary and conclusions

shortened by photolysis (to form both NO and N@nd re-

action with NO (to form NQ). N2Os decomposes thermally Measurements of §Os and steady-state calculations of BIO

to NO, and NG, so that NQ is recovered and available for lifetimes during the DOMINO campaign revealed stark dif-

Oz production. In the present campaign, nighttime lifetimes ferences according to the type of air mass encountered. The

of NOs were generally so short that efficient irreversible loss ongest lifetimes £30 min) of NG; were encountered in air

of NOyx occurred. NQ@ lifetimes of just a few minutes imply  masses arriving from the Atlantic sector. Air from the Huelva

that the rate of loss of boundary layer N@ approximately  urban (petrochemical and industrial) sector had high produc-

equal to the rate of N@formation i.e. tion rates of N@, but frequently concentrations close to the
- detection limit and lifetimes of only a few seconds. The high

Lno,~n-ka[NO2][Os] ®) reactivity could only be partially accounted for by measured

where the factorn is 1 if NOs is lost only directly (e.g. by trace gases and aerosol surface areas. Lifetimes givite

reaction with VOC) and is 2 if N@is lost indirectly only  always very short when SOwas observed at the site, ei-

via N2Os formation and reaction as two NGare required  ther due to reactions of NQwith RSC or due to common or

to make each pOs molecule. For the present campaign we co-located emissions (e.g. combustion) sources of other reac-

have shown that, when produced at high ratesgMdost  tive trace gases. The relationship between the Nfétime,

predominantly by direct routes, so thashould be close to SOy, NO, and ASA over the course of the entire campaign
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is illustrated in Fig. 13. Clearly, polluted air masses (N
SO, > 2 ppbv) do not support long Nfifetimes.
NOs in air from the continental sector had lifetimes which

were similar to other forested areas (e.g. Crowley et al.,
2010), but which were occasionally significantly shortened,
presumably due to the impact of anthropogenic emissions.

In general these results show that N@r N>Os) mixing

ratios in air masses from urban and industrial centres were

controlled by gas-phase reactions of Nahd cannot be ac-
curately estimated from production terms (e.g. Nbd G
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