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Abstract. The North Atlantic Marine Boundary Layer Ex- the marine boundary layer to date. This overview paper
periment (NAMBLEX), involving over 50 scientists from describes the aims of the NAMBLEX project in the con-
12 institutions, took place at Mace Head, Ireland (53182  text of previous field campaigns in the Marine Boundary
9.9C¢ W), between 23 July and 4 September 2002. A widelLayer (MBL), the overall layout of the site, a summary of
range of state-of-the-art instrumentation enabled detailedhe instrumentation deployed, the temporal coverage of the
measurements of the boundary layer structure and atmomeasurement data, and the numerical models used to in-
spheric composition in the gas and aerosol phase to be madtgrpret the field data. Measurements of some trace species
providing one of the most comprehensive in situ studies ofwere made for the first time during the campaign, which
was characterised by predominantly clean air of marine ori-
Correspondence td. E. Heard gin, but more polluted air with higher levels of N@rigi-
(dwayneh@chem.leeds.ac.uk) nating from continental regions was also experienced. This
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paper provides a summary of the meteorological measurehas important implications for climate and human health.
ments and Planetary Boundary Layer (PBL) structure meaAny change in the oxidizing capacity of the atmosphere has
surements, presents time series of some of the longer-livechany consequences for the long-term stability of the Earth’s
trace species (§ CO, H, DMS, CHs, NMHC, NOy, NOy, climate.
PAN) and summarises measurements of other species that areThe MBL has been the venue for a large number of field
described in more detail in other papers within this specialcampaigns, largely as it represents a location where pristinely
issue, namely oxygenated VOCs, HCHO, peroxides, organoelean air can be sampled that has had little or no perturbation
halogenated species, a range of shorter lived halogen speciésie to anthropogenic activity, and the chemistry of the “nat-
(I2, OIO, 10, BrO), NG radicals, photolysis frequencies, the ural” atmosphere can be interrogated. A summary of some
free radicals OH, H@and (HGQ+XR0,), as well as a sum-  of these campaigns can be found in Brasseur et al. (1999,
mary of the aerosol measurements. NAMBLEX was sup-2002), Heard and Pilling (2003), and Holton et al. (2003). In
ported by measurements made in the vicinity of Mace Headaddition Heard and Pilling (2003) provide a detailed list of a
using the NERC Dornier-228 aircraft. Using ECMWF wind- sub-set of field campaigns in the MBL that have included OH
fields, calculations were made of the air-mass trajectoriesand HQ measurements, together of course with a wide range
arriving at Mace Head during NAMBLEX, and were anal- of supporting measurements. The majority of observations
ysed together with both meteorological and trace-gas meahave been made using ground-based instrumentation located
surements. In this paper a chemical climatology for the dura-at coastal sites, but measurements using instrumented ships
tion of the campaign is presented to interpret the distributionor aircraft flying in the MBL above the open ocean in remote
of air-mass origins and emission sources, and to provide areas provide in situ measurements of atmospheric compo-
convenient framework of air-mass classification that is usedsition over a wider region. Recently, instruments on satel-
by other papers in this issue for the interpretation of observedites combined with new retrieval methods have enabled the
variability in levels of trace gases and aerosols. composition of the global troposphere to be determined from
space for a limited number of species, for example for CO,
O3, NO2, HCHO, SQ, BrO, CH; and some aerosol param-
eters, albeit averages over large footprints rather than point
1 Introduction and background to NAMBLEX measurements.

Networks of instrumented ground-based sites in the re-
The hydroxyl radical (OH), formed from the photolysis of mote MBL have been established by the World Meteoro-
ozone at wavelengths below 340 nm in the presence of watdibgical Organisation Global Atmospheric Watch programme,
vapour, initiates the oxidation of almost all trace gases rethe NOAA Climate Monitoring and Diagnostics Laboratory,
leased into the marine boundary layer. Peroxy radicals;(HO and the Atmospheric Lifetime Experiment/Advanced Global
+ RO,) produced by this oxidation chemistry are responsi- Atmospheric Gases Experiment (ALE/AGAGE). These sur-
ble for ozone production or ozone destruction, dependingace measurements have revealed distinctive seasonal and
upon the level of nitrogen oxides co-present. The oxidiz-latitudinal patterns, as well as long-term trends, for several
ing capacity of the troposphere is a combination of the abovespecies, for example, CO, GOCHy, N2O, Oz, hydrocar-
processes and others involving halogen and nitrate radicaldons, halogenated VOCs, aerosols and radiation. The cho-
NOyx (NO+NO,) plays a crucial role in the free-radical oxida- sen sites offer the best opportunity to sample air which is
tion chemistry associated with OH and bl@dicals, halo- free from anthropogenic emissions, and in addition to the
gen radical species (e.g. 10, BrO) and jNONOy is emit- long-term monitoring programmes, short intensive field cam-
ted directly into the atmosphere from various sources, bottpaigns have been hosted by these sites using significant ad-
natural and anthropogenic, and is also formed in the atmoditional instrumentation to measure a large number of trace
sphere from the decomposition of other oxidised nitrogengas, aerosols and radiative parameters, to enable a detailed
compounds such as peroxy acetyl nitrate (PAN) and otheinvestigation of the underlying chemistry. Examples include
organic nitrates. The source of N@ the remote MBL is  the Southern Ocean Atmospheric Photochemistry Experi-
uncertain, one possibility being long-range transport of pol-ments (SOAPEX) at Cape Grim (Monks et al., 1998; Som-
lution, emissions from shipping, emissions from the oceanmariva et al., 2004), the Eastern Atlantic Summer/Spring
or injection from the free troposphere either directly or in Experiments (EASE)(Carslaw et al., 2002, 1999a) and the
the form of reservoir compounds, many of which are asso-New Particle Formation and Fate in the Coastal Environment
ciated with pollution. Increasing evidence suggests that th PARFORCE) campaign (O'Dowd et al., 2002b, 2004) at
oxidizing capacity has been perturbed in recent years due tdlace Head. However, even at remote sites, the background
anthropogenic activity through emission of methane, carborchemistry is perturbed, with calculated air mass back tra-
monoxide, non-methane hydrocarbons (NMHCs) anckNO jectories showing encounters with sources of anthropogenic
These perturbations may be causing changes in the natemission several days prior to arrival. During long-range
ral atmospheric composition, for instance increasing tropo-ransport to the site oxidation of primary emissions into a va-
spheric concentrations of the greenhouse gas ozone, whictiety of secondary species, for example, oxygenated VOCs,
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O3 and aerosols, can significantly modify the chemistry of between the hydrogen (HEOROy) and halogen (X¢) fam-
shorter-lived species, for example, the hydroxyl radical, atilies of radicals included in mechanisms used to model the
the measurement site. One also has to be careful of locathemistry. The source of NQthe role of night-time oxi-
anthropogenic emissions, that may become problematic undants, the nature of aerosols and their role in mediating het-
der certain meteorological conditions. Hence intensive fielderogeneous chemistry, the internal mixture of particles mak-
campaigns are usually of 1-2 months duration in the hopeng up the marine atmospheric aerosol and the processes
that for some of the time, at least, local sources do not influ-which give rise to new particle creation were also outstanding
ence, and the trajectory of the sampled air is relatively freequestions.
from anthropogenic input. During a period of 1-2 months, There were several objectives of the NAMBLEX cam-
a range of air-masses is usually encountered, allowing thgaign.
effect, for example, of changing Nr hydrocarbons, and (1) To compare concentration measurements of a wide
the underlying chemistry, to be investigated (Carslaw et al.,range of short-lived free-radicals (OH, HARO,, NO3) with
2002). the calculations of a zero-dimensional model, that used the
The North Atlantic Marine Boundary Layer Experiment detailed Master Chemical Mechanism (Jenkin et al., 2003),
(NAMBLEX), funded by the UK Natural Environment Re- to test quantitatively the basic understanding of oxidation
search Council, took place at Mace Head during the sumyprocesses in clean and moderately polluted air in the MBL.
mer of 2002, with the aim of studying the detailed chem- The number of free-radical sources and sinks measured dur-
istry of the MBL. This special issue of Atmospheric Chem- ing NAMBLEX and used to constrain the model was con-
istry and Physics contains a series of papers dedicated tsiderably larger than for previous campaigns at Mace Head.
field measurements and model comparisons from NAM-Examples of new measurements include oxygenated hydro-
BLEX. The full list of papers can be found in Appendix A carbons beyond HCHO, which have a relatively long lifetime
of this paper. The campaign, which ran from 23 July un- and can be transported to the site, and the measurement of a
til 4 September 2002, involved approximately 50 scientistsvery wide range of photolysis frequencies, g-gHCHO),
from 13 institutions: The Universities of Leeds, York, East rather than jusg(O'D) andj-(NO,).
Anglia (UEA), Leicester, Aberystwyth, Manchester, Cam- (2) To study extensively the chemistry of halogen species
bridge, Bristol, Birmingham, Edinburgh and Reading from in the MBL, and the links with H®, through observation of
the UK, and The National University of Ireland (NUI), Gal- reactive intermediates and their sources and sinks, and com-
way and TNO Physics and Electronics, The Netherlandsparison with model calculations. This was facilitated by a
The project is an extension of the UK consortium that hadnumber of new measurements, for example molecular iodine,
previously mounted field campaigns in the MBL during the I, and BrO radicals, as well as 10, OIO, organic halogenated
Eastern Atlantic Summer Experiment 1996 (EASE96) (Allan species, and halogens in the aerosol phase.
et al., 1999; Carslaw et al., 2000, 1999b; Evans et al., 2000; (3) To study the reactive nitrogen budget over the Atlantic
Grenfell et al., 1999; Lewis et al., 1999) the Eastern Atlantic Ocean, through highly detailed measurements of NGD,
Spring Experiment 1997 (EASE97) (Creasey et al., 2002;(NO, NO,, HNO3, NOs, alkyl nitrates, PAN all measured)
Salisbury et al., 2001, 2002; Savage et al., 2001; Monks e&nd nitrate observed in the particulate phase as a function of
al, 2000; Rickard et al., 2002), and the Southern Ocean At-aerosol diameter.
mospheric Photochemistry Experiments (SOAPEX-1, 2) at (4) To examine the origins and role of reactive hydrocar-
Cape Grim, Tasmania (Carpenter et al., 1997; Creasey et alhons in the MBL. Distinct diurnal cycles had previously been
2003; Haggerstone et al., 2005; Lewis et al., 2001; Monks ebbserved at Mace Head for reactive hydrocarbons, for exam-
al., 1998, 1996; Sommariva et al., 2004). During these cample, isoprene and other alkenes.
paigns, measurements were made of the free radicals OH, (5) To investigate the size-distributed composition, inter-
HO,, ROy, NOgz, 10 and OIO over a wide range of NQOto- nal mixing and hygroscopicity of aerosols and the processes
gether with continuous multi-species NMHC measurementdnvolved in new patrticle creation and the production of sea
at the>1 pptv level for alkanes, alkenes and aromatics, in-spray aerosol. Atmospheric aerosols, through their radiative
cluding diurnal profiles, and source identification. Short- properties and effect on cloud formation, play a key role in
lived reactive halogenated hydrocarbons were found to actmoderating the global warming expected to result from in-
as sources of halogen radicals, and co-measurements of Oldreases in greenhouse gases, and hence a clear understand-
DMS and a wide-range of aerosol parameters were used tmg of their formation, evolution and fate is essential. Com-
suggest a preliminary mechanism for the formation of ultra-position measurements were made as a function of parti-
fine particles. cle size in real time using two aerosol mass spectrometric
Although the previous campaigns were highly successfulmethods. These instruments made qualitative mass spectral
they raised further questions, including the factors responsianalysis of individual particles and quantitative mass distri-
ble for determining the oxidizing capacity. For example, dis- butions of individual components within the ensemble parti-
crepancies were observed between modelled and measurete population, at vastly greater time resolution than is pos-
OH and HGQ concentrations, perhaps due to chemical linkssible with bulk sampling methods. Bursts of nanoparticles
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were observed during the EASE and PARFORCE campaignare compared with those encountered in other campaigns at
(O’Dowd et al., 1999, 2002a), but the mechanism of produc-Mace Head. This paper does not attempt to summarise the
tion was still unclear, and additional measurements of halo-major scientific results from the campaign, rather these are
gen intermediates, e.g. OlO, a potential nucleating speciegjiscussed in a separate summary paper at the end of the spe-
and b, were used in NAMBLEX to assemble a new model cial issue Heard (2006).
of particle production. Investigations on the primary produc-
tion of sea spray aerosol were made using a flux package con-
sisting of a sonic anemometer, condensation particle counte2 Description of site, measurements and model activi-
(CPC) and an optical particle counter with a heated inlet, fol-  ties
lowing methods described in Nilsson et al., (2001) and De
Leeuw et al., (2003). Remotely situated on the Atlantic coast of Ireland (53182

The design of the 2002 NAMBLEX campaign took into 9.90° W) about 90 km west of Galway (Fig. 1a), the Mace
account lessons learned during the previous EASE 96 and 9iAead Atmospheric Research Station (referred to simply as
campaigns held at Mace Head. The instruments whose medace Head in this paper) is ideally positioned to receive air
surements were required to constrain the zero-dimensiondrom a wide range of sources (Cape et al., 2000). The site is
model were co-located in five instrumented shipping contain-mainly characterised by conditions of exceptionally clean air
ers, or permanent buildings, all at the shore site (see Sect. which has source regions extending as far south as the Azores
below), so that differences in air mass composition betweerand as far north as Greenland. Contrastingly however, air
different parts of the site were no longer a valid reason to ex-Originating in continental Europe and west/northwest Amer-
plain poor agreement between measured and modelled fréga although more infrequent (Derwent et al., 1998), has al-
radicals. Other distinguishing features of NAMBLEX com- lowed investigation into the long-range transport of anthro-
pared with previous deployments were the close interactiorpogenic precursors to pollutant species observed at the site
between atmospheric physicists, who made highly detailedand the subsequently enhanced ozone levels (Methven et al.,
measurements of boundary layer structure, and atmospheri¢001; Simmonds et al., 1997). The prevailing wind direc-
chemists making composition measurements, and the sugion is from 180-300 (52% of the time (Jennings et al.,
tained exposure to westerly winds, ensuring that very clear?003)) during which the air has often travelled over the At-
air was sampled for the majority (80%) of the campaign. lantic Ocean for the five days before its arrival at Mace Head
Several species were measured using more than one instr@nd so can be considered representative of background con-
ment, enabling intercomparisons to be performed. ditions for the Northern Hemisphere. The climate is mild

The remainder of the overview paper is organised as fol-and moist (Relative Humidity on average 80-85% and aver-
lows. Section 2 contains a description of the site, a sum-age summer temperature (June-September) &)1 5 line
mary of the meteorological conditions encountered and thevith its coastal position, with the months of October through
boundary layer structure measurements, and contains a déo January suffering from the most rainfall.
tailed listing of the instrumentation and models used. Sec- Mace Head is one of several stations which make up the
tion 3 gives an overview of the data and shows time-seriesGlobal Atmosphere Watch (GAW) program of the World
for measurements of the longer-lived species measured, fdvleteorological Organisatiomftp://www.wmo.ch/web/arep/
example @, CO, H, DMS, CH;, NMHC, NOy, NOy, PAN, gaw/gawhome.htmiland the AGAGE (Advanced Global
which are not discussed in detail in other papers. A summanAtmospheric Gases Experiment) programitg://agage.eas.
is also given of the measurement methods used for othegatech.edy/(Derwent et al., 1994; Simmonds et al., 1997).
species whose measurements are covered in detail in oth€fontinuous measurements of trace gases such as CFCs,
papers within this special issue, namely oxygenated VOCsCCls, CHs, N2O, CO, and @ have been made since
HCHO, peroxides, organo-halogenated species, a range df987 contributing to the European Tropospheric Ozone Re-
shorter lived halogen species,(DIO, 10, BrO), NG radi-  search (TOR) network, in addition to a long-term flask sam-
cals, photolysis frequencies, the free radicals OH,H@éd pling network which has been established in collaboration
(HO2+XR0Oy), as well as a summary of the aerosol mea-with NOAA Climate Monitoring and Diagnostics Labora-
surements and the supporting aircraft campaign. In Sect. 4ory (CMDL) specifically for the measurement of g¢@nd
the meteorological climatology for the duration of the cam- isotopes.
paign is summarised, and in Sect. 5 a trajectory analysis of The shore site consists of two permanent instrumented
sampled air masses is presented. In Sect. 6 a chemical clbuildings (A and B, panel b, Fig. 1, roofed structures in
matology for the duration of the campaign is presented toFig. 2), two walk-up towers (23 m and 10 m) situated 100 m
rationalise the distribution of air mass origins and emissionfrom the shoreline at high tide (10 m above sea level (a.s.l.)),
sources, and to provide a convenient framework of air massnd a third instrumented building at the top site 300 m from
classification that is used by other papers in this issue for thehe shoreline at high tide (25m a.s.l.), from which the pho-
interpretation of observed variability in levels of trace gasestograph in Fig. 2b was taken. In contrast to the EASE96
and aerosols. In Sect. 7 the conditions during NAMBLEX and 97 campaigns, where instruments were split between the
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Fig. 1. (ay A map of the Connemara region (Ireland inset) showing the Mace Head site and Croaghnakeela island where the DOAS retro-

mirror was situated(b): A plan of the site showing the position of the permanent buildings, containers, instruments, sampling towers and
sampling points for each measureméoy;, Side view of site.
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shore and top site (separated by 200 m), (Carslaw et al., 200@arameters, for example the degree of turbulence and the di-
2002) during NAMBLEX the majority of instruments were urnal variation of the boundary layer height. Although teth-
positioned within a radius of 10-20 m of the common tower ered balloons and radiosondes have previously been used at
sampling points, either inside the shore buildings or within aMace Head to determine boundary layer height (Carslaw et
variety of newly commissioned containers (panel b, Fig. 1,al., 2002), this was the first time a wind profiler had been
and Fig. 2b). The surrounding area consists of moorlanddeployed at Mace Head to make continuous measurements.
with areas of exposed granite rock and little vegetation ex-During NAMBLEX the PBL structure at Mace Head was
cept for grasses, heather, ferns, rushes and gorse (as shown'‘tgpical” only on a few select days, with evidence of coastal
Fig. 2a). The ground is generally wet and boggy (annual rainfeatures, for example sea-breezes and the formation of an
fall 1200 mm) and mainly made up of shallow peaty soils. At internal boundary layer, which could impact on the interpre-
low tides there are exposed seaweed beds which act as a sitation of the chemical measurements. These measurements
nificant source of halogenated species (Carpenter et al., 2003ye presented in detail in the next paper (Norton et al., 2006),

1999; McFiggans et al., 2004). which highlights any differences in the local wind direction
and that of the synoptic flow and trajectories calculated using
2.1 Wind speed and direction ECMWF analyses, which must be considered carefully when

interpreting the observed concentrations of trace species.
Local wind direction and wind speed measurements were
made at Mace Head by the National University of Ireland 2.4 Species measured during NAMBLEX and data cover-
(NUI), Galway, the University of Leeds and the University age
of Leicester using standard meteorological stations (includ-
ing wind vanes and anemometers). The first of these tooklrace gas measurements included OH, ang,Hihd total
measurements from the top of the 10 m tower whilst the latterperoxy (hydro and organic) radicals H®XRO,, NOs,
two were positioned on the top of their respective containerdO, OIO, BrO, b, O3, NO, NG, ¥NOy (NO+NO;+NOs,
(5m height) (Figs. 1, 2) and so suffered some minor inter-HONO+HNQO;+HO,NO2+N2Os+PAN+organic  nitrates),
ference from the permanent buildings. For the most part thealkyl nitrates, PAN, speciated peroxides, HCHO, CO4CH
local wind direction was between 18and 300 except for  H>O, NMHC, and some selected 0-VOCs. Measurements of
a north easterly period from 31 July to 5 August, and a northspectrally-resolved actinic flux using a spectral-radiometer
westerly period between the 24 to 26 August. These periodsvere used to calculate photolysis frequencies. In addition,
are addressed in more detail in the discussion of trajectorieseveral of these species{CHCHO, NMHC, halocarbons,
in Sect. 6. The wind speed during the campaign varied fromand peroxides) were measured by more than one tech-
0.5to 15 ms?, with the highest wind speeds observed on thenique/group allowing intercomparisons to be made. Prior

11 August during a period of north westerly conditions. to this study little was known of the role of aerosols in
modifying the oxidative capacity through heterogeneous
2.2 Relative humidity and temperature uptake of free radicals, and detailed measurements were

made of aerosol size distribution, chemical composition and
Both relative humidity and air temperature measurementsondensation nuclei (CN) using state-of-the-art techniques.
were made by NUI, Galway from the 10 m tower (panel b, Table 1 lists all the species measured during NAMBLEX,
Fig. 1) using a Vaisala HMD-30YB humidity sensor. During including radiation and boundary layer structure, and the
NAMBLEX the campaign averageslo fortemperature and corresponding technique(s) used, with detection limits and
relative humidity were 1521.3°C and 85.48.7%, respec- integration periods. Figure 3 summarises the temporal
tively. These are consistent with the average measurementoverage of the measurements for each individual species
for relative humidity of between 80-85% and summer tem-throughout the campaign. Full data are available from
perature of 15C for Mace Head Http://macehead.physics. http://badc.nerc.ac.uk/data/namblex/
nuigalway.iej.

2.5 Modelling activities
2.3 Planetary boundary layer (PBL) structure

A key NAMBLEX objective was to compare measured con-
The height of the PBL over land displays a diurnal cycle centrations of the short-lived free radicals, for example OH,
due to changes in surface heating by the sun, and typicallyH02, HO,+X RO, NOs, IO and BrO, as well as longer-lived
is characterised by a maximum during the day and a mini-but photochemically generated species, for example HCHO,
mum, stable value at night. An Ultra High Frequency (UHF) with the predictions of zero-dimensional models that con-
wind profiler, four 3-axis sonic anemometers and a Dopplersidered only in situ chemistry and no transport processes.
Sodar (Sonic Detection and Ranging) provided vertically re-The model was constrained with a large number of trace
solved measurements of wind direction and wind speed frormspecies and radiative parameters, co-measured during NAM-
the surface to 3 km, which were used to derive a number oBLEX, which are either sources or sinks for these species,
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P
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Atmospheric
Research
Station

Fig. 2. (a) Aerial photograph, look-
ing north, of the Mace Head area (taken
by R. M. Purvis). (b): View, looking
west, of the shore site with Croagna-
keela island in the background, where
the DOAS retro-reflector was situated
(taken by D. E. Heard). From right to
left, the visible shipping containers are
numbers 1 (white), 2 (white), 3 (white),
4 (green), and 6 (white), as given in
Fig. 1. Shipping container 5 (green) is
directly behind container 6 and is not
visible.

and therefore define their budget. In this manner the accuracgnd composition measurements (Sommariva et al., 2005a).
of any chemical mechanisms could be tested. For the calcuThe free radical chemistry during both the night and daytime
lation of HQ,, ROy and NG, a number of “campaign tai- is discussed.

I(_)red" mechanisms of varying chemical cpmplexity, were d_e— The MCM was embedded into a trajectory model and used
rived from the Master Chemical Mechanism (MCM) (Jenkin {4 jnvestigate the contribution of secondary production of o-
etal., 1997), which in its full form consists 6f13500 reac-  yoCs to the concentrations observed at Mace Head during
tions and~5600 species and describes the oxidation of 135\aAMBLEX. The precursor NMHCs were initialised with an-
VOCs by OH, NQ and @ all the way through to C®and  thropogenic emissions representative of a continental land-
H20 vapour. The mechanism is explicit and does not luUmpmass and allowed to chemically evolve over a period of 10
species together, using structural activity relationships wherqjayS simulating the transport across the Atlantic (Lewis et
kinetic data are not available. The MCM has been used prey 2005). In this manner the fraction of the observed o-
viously for field campaigns in the MBL (Carslaw etal., 2002, yocs from in situ oxidation at Mace Head compared with
1999b; Sommariva et al., 2004). The mechanisms used vangng.lived transport could be investigated, although no ef-

from a simple mechanism considering only CO and4CH forts were made to reproduce actual concentrations.
oxidation, all the way through to the oxidation of all mea-

sured hydrocarbons and 0-VOCs, including the chemistry of Through the use of t_he ggs-ph_ase mc_easureme_nts Of. DMS
halogen monoxides (10 and BrO). (Sommariva et al., 2005aand methanol, in conjunction with their respective wind-

and 2005b; Fleming et al., 2005). A detailed and rigorousmduced turbulent gas transfer velocities calculated from a

methodology was developed to calculate the heterogeneourgi_'s't""?Ce fmotcri]el W'tthl'(n af phc:LOChelT'iil box model, Tm
loss rates, which made full use of the aerosol size-distributior Stimation for the uptake of methanol to the ocean was aiso
established (Carpenter et al., 2004).

www.atmos-chem-phys.net/6/2241/2006/ Atmos. Chem. Phys., 6, 22422006
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Fig. 3. Time-line showing data coverage for the NAMBLEX campaign, 2002.

A much simpler approach was used by Smith et al. (2006)sinks and used to calculate OH and FH&ncentrations. This
to rationalise the observed concentrations of OH and HO meant that the effect of individual species, for example reac-
radicals. A number of analytically explicit steady state tions of halogen oxides with HOor heterogeneous uptake
expressions were constrained by co-measured sources aid HO, onto aerosols could be investigated.
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Table 1. Species measured and instruments deployed during the NAMBLEX field experiment, Mace Head, Ireland, in July—September 2002.

Species measured Analytical technique

Temporal resolution  Detection limit

Measurement Uncertainty

Reference in this issue

OH Fluorescence Assay by Gas Expansion (FAGE) 30s x10Bmolecule cnr3 22% (t1o0) Smith et al. (2006)
(3005s), 0.007 pptv
HO» Addition of NO to convert to OH, then FAGE 30s «90°molecule cnt3 25% (t1o0) Smith et al. (2006)
(3005) 0.12 pptv
TRO,+HO, Peroxy Radical Chemical Amplifier (PERCA) 1min 0.4 pptv (10 min) 380Ad) Fleming et al. (2005)
NOs, 10, OIO, BrO, b Differential Optical Absorption Spectroscopy, optical path22 km 30min 0.5,0.8,3, 1, 5pptv 0.6,0.9,2.5, 1, 4.5pptv Saiz-Lopez et al. (20064, b)
NOg, 0IO, | Broadband cavity ringdown spectroscopy 1005, 10, 10 min 1,4, 20 pptv 1-2, 4-10, 20-40 pptv Bitter et al. (2095, 2006
Vertical profiles of NG Zenith-pointing DOAS and altitude retrieval 1 profile / day (1xipl3molecule cn2 Saiz-Lopez et al. (2006b)
Aerosol optical extinction at 660 or 570 nm Broadband cavity ringdown spectroscopy 2min x107§km 1 5x10"9cm1 Bitter et al. (20063
Photolysis frequencies, includimolD), j-(NOy) Calibrated filter radiometers 1min 12% and 11% 02%FA Heard et al. (2006)
Diode array spectral-radiometerx(r) 1min 14% and 13% 0-90SZA Heard et al. (2006)
O3 UV absorption spectroscopy 1s 0.6 ppbv (LeB@9Yet2.5 ppbv -107) Heard et al. (2006)
(Leicester} 10%+3.4 ppbv (1) Heard et al. (2006)
NO NO/O3 chemiluminescence detectors 10s 1pptv 25% at 450 pptv Heard et al. (2006)
NO, Photochemical convertor NO- NO 2pptv 25% at 450 pptv Heard et al. (2006)
ZNOy, Gold tube/CO converter NO—- NO 5pptv 15-20% at 450 pptv Heard et al. (2006)
H20,, CH300H Scrubbing/derivatisation, High performance liquid chromatography 8min 10 pptv Jackson et aP (2006)
H20,, £ ROOH Dual-channel fluorometric detector 20s 10 pptv Jackson et al. &008)
H,0 vapour IR absorption; from RH data, and Broadband cavity ringdown spectroscopy 10s 5ppmv 3% Heard et al. (2006)
Bitter et al. (2005, 2009
HCHO Fluorometric detection (Hantzsch reaction) 1min 50 pptv 1398 pptv 6% Still et al. (2005)
Selective trapping and gas chromatography/helium ionization detection 5.5min 42pptv
Speciated g-C; NMHC Automated GC/ flame ionization detection using 40min 1pptv <10pptv Lewis et al. (2005)
including isoprene, DMS programmed temperature injection
Seawater sampling using head-space GC
CH3OH, (CHz)2CO, CHCHO Gas chromatography with flame ionization detection, 40min 1pptv <20 pptv Lewis et al. (2005)
selective column for oxygenates
Peroxy acetyl nitrate (PAN) Gas chromatography / electron capture detection 5min 10pptv >19¢ty 11% Heard et al. (2006)
Alkyl nitrates Negative ion chemical ionisation 45min <0.1pptv G-C3, 30%
gas chromatography/mass spectrometry <0.5pptv G 50%
Reactive halocarbons Gas chromatography/mass spectrometry 40min <0.2 pptv 15% Carpenter et al. (2005)
Aerosol number and size Scanning mobility particle sizer (3-500nm), 1min Coe et al. (2005)
distributions (3 nm to 2@:m) range of optical particle counters (0.1-30@), CN counters, %3, 5, 10 nm)
Aerosol chemical composition, volatility Aerosol mass spectrometer (Aerodyne Inc},(Nh‘*, Cl—, SO%’) 0.05s 100 particles s(0.25..g m™3) Coe et al. (2005)
for a 3min ave
Aerosol time of flight mass spectrometer (TSI Inc.) 1h Dall'Osto et al. (2005)
Cascade impactors (filters) with ion chromatography 24h (component
dependent)
Vertically resolved wind-speed and direction UHF Wind profiler 0.2-5km, (Doppler radar) Sodar (10-200 m), tethered balloon 15 min Norton et al. (2006)
u, v, w wind velocity Sonic anemometers 0.1s Norton et al. (2006)
co GC/ hot mercuric oxide reduction gas detector coupled with 40 min 2% ) Heard et al. (2006)
UV detection GC/flame ionization detector
CO; (in situ) Non-dispersive infrared spectroscopy 2h
CFCs, HCFCs, HFCs Gas chromatography / electron capture detector / mass spectrometer 2h <1pptv
Ha Gas chromatography/hot mercuric oxide reduction gas 40 min Heard et al. (2006)
detector coupled with UV detection
CHy Gas chromatography / Flame ionization detector 40 min
co Fast response resonance fluorescence, 1s 1.5ppbv +B9% ( Purvis et al. (2005)
O3 UV photometric analyser, 1s 0.6 ppbv (DEFRAPb (+10) Heard et al. (2006)
Cp—-C7 NMHC and DMS WAS sampling with subsequent GC-FID 0.5-6 pptv <10pptv

8Uncertainty with respect to DEFRA instrument and a TEI-49C primary standard (PS), including a stability uncertainty of 2%.
bUncertainty with respect to DEFRA instrument and a TEI-49C primary standard (PS), including a stability uncertainty of 2%.
CUncertainty with respect to TEI-49C primary standard (PS) and including a stability uncertainty of 2%.

A gas and aerosol phase model of halogen chemistry is devironment, Food and Rural Affairs (DEFRA) measurements
scribed in Saiz-Lopez et al. (2006a, b), and used to calculatef Oz, and AGAGE measurements of CO, gahd H, were
the gas phase concentration of a number of halogen intermesollected from the top of the 10 m tower along with the CN
diates for comparison with field measurements. The modeblnd meteorological data. Both towers were within 100 m of
considers the impact of coastal emissions of molecular iodinghe ocean at high tide (Fig. 1). Measurements of short-lived
on O3 concentrations, and calculates the rate of nucleation ofree radicals were all made at the shoreline site via, custom-
iodine oxide nanoparticles and their subsequent growth bymade inlets localised at respective containers (see Fig. 1).
condensation and coagulation. The inlet for the Leeds peroxide instrument was also at the
top of the 10 m tower. Some measurements, HCHO (Leeds),
alkyl nitrates (UEA) and large-chain-(C7) VOCs (York),
were made in a third laboratory (Building C) situated 200 m

. . . east of the other measurements.
Figure 1 (panel b) shows the sampling positions of the mea-

sured species. The sampling inlet for the measurement of The Differential Optical Absorption Spectrometer
VOCs, aerosol, and reactive halocarbons was at the top ofDOAS) instrument was housed in Building A and an 8.4 km
the 23 m tower (panel b, Fig. 1). The Department of the En-path length was achieved by positioning a retro-reflector

3 Measurements of atmospheric composition
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Fig. 5. Correlation of all @ measurements made during NAMBLEX at Mace Head.

on Croaghnakeela Island, 4.2 km west of the site (panel aCambridge container (Bitter et al., 2005, 266

Fig. 1). The light path ran mostly over the ocean, at a height

of between 4 and 10 m (Saiz-Lopez et al., 2006a, b). The

Broad Band Cavity Ringdown Spectrometer (BBCRDS)

sampled via a similar (1Q km) effe_ctive abs_orption pat_h Igitter, M., Ball. S. M., Povey, I. M., Jones, R. L., Saiz-Lopez
length, but was achieved with a spatial resolution of 2m V|aA.’ and Plane. J. M. C.: Measurements of 4§, 0s, OIO, I, wa-

an open-path ringdown cavity positioned 90 cm above theter vapour and aerosol optical depth by broadband cavity ring down

spectroscopy during the NAMBLEX campaign, Atmos. Chem.
Phys. Discuss., to be submitted , 2006.
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31 & PSHLeicestex 1.065—0.93 ppb\before calibration (6)

As Oz is such a central tropospheric species, three indePSLeicestex0.999]—0.01 ppb\(after calibration )
pendent measurements were made during NAMBLEX and
these are shown in Fig. 4. Details of the three instrumentSHlLeeds<1.027]+1.68 ppbv (8)
are: (1) Department of Environment, Food and Rural Affairs
(DEFRA) Monitor Labs UV spectrometer (permanently in- Laboratory tests have shown the stability of the ozone instru-
stalled at Mace Head), which uses UV absorption at 254 niiiments to be<2% at all levels and this has been included into
to make measurements at a height of 3m above the grounthe uncertainties detailed in Table 1. However, even consid-
from the 23 m main tower, reporting ozone every 10s asering these uncertainties, after calibrations the three instru-
1 min averages for the entire campaign. (2) The Universityments report values which differ by up to 20%. Investigations
of Leeds TEI (Thermo Environmental Instruments Inc) 42C into this are on-going and so in the meantime the reason for
UV absorption instrument located at a height of 5 m from thethe discrepancy remains unknown.
ground reported 1 minute averages for the entire campaign, The Leeds measurements were used to constrain the mod-
and (3) The University of Leicester TEI 42C UV absorption els for the calculation of free-radical concentrations (Som-
instrument operated from building B (Fig. 1), sampling from mariva et al., 2005a, b) as the instrument inlet was posi-
a height of 4 m above the ground. This latter instrument wagioned closest to where the HOneasurements were made.
primarily deployed on the NERC Dornier 228-101 researchErrors resulting from ozone measurement uncertainty were
aircraft (Purvis et al., 2005), with measurements only madetaken into account in the final modelled free-radical concen-
at the Mace Head site at the end of the campaign (17—20 Autrations. The DEFRA data series, which was considerably
gust, 26 August—4 September). noisier, was used for the interpretation of sampled air masses
Figure 5 shows correlation plots with respect to the DE-and correlations with longer lived species. The Leicester in-
FRA measured @for the entire campaign from which the strument was used on the aircraft for a significant part of the
following best-fit linear regressions were found: campaign (Purvis et al., 2005) and so the time-series is more

. limited.
Leic(03)=[0.905 DEFRA(Og)]+3.4 ppbvk®=0.87 (1) The maximum and minimum 1-min averaged @ix-

Leed$03)=[0.812x DEFRA(O3)]+2.5 ppbvR?=0.75  (2) ing ratio using the DEFRA instrument was 53.4 ppbv
_ and 6.3ppbv respectively, with a campaign average of
During 17-20 August and 26 August-4 September whem29.0+6.5 ppbv, within error of previous average summer O
all three instruments were measuring simultaneously, theneasurements at Mace Head between 1988 and 2002 (Sim-
best-fit linear regressions were: monds et al, 2004; Monks, 2005; Simmonds et al., 1997).

Leic(03)=[0.905x DEFRAO3)+3.5 ppbwR®=0.87  (3) 3, o ang Y

Leed$03)=[0.903x DEFRA(O3)]+0.6 ppbvR?=0.82 (4
R0 (©a)] PP @ CO and B were measured by AGAGEhtp://agage.eas.

During NAMBLEX all three instruments were indepen- gatech.ed)/using a RGA3 (Residual Gas analyzer) hot mer-
dently calibrated on site by the National Physics Laboratorycuric oxide reduction gas detector coupled with UV detec-
(NPL) using a certified standard. This process corrects theaion. Alternate calibration and ambient air measurements
absorbance reading for the temperature and pressure mewere recorded every 40 min during the campaign except for
surement drifts within the respective instruments. All three a period between the 1 and 2 August and between the 17 and
instruments were within 10% of this calibration standard and21 August because of technical difficulties. For modelling
the calibration was applied to the entire dataset. In addition gurposes missing CO data at these times were inferred from
GAW O3 audit was carried out by EMPA Swiss Federal Lab- the correlation with acetylene (Smith et al., 2006):
oratories for Materials Testing and Research during the cam-
paign (21-26 August) and all three instruments were checkedCOI=270C2H21+68.88 ppb¥ Ripoje campaigi0-84  (9)

ggamst a TEI-49C .PS (Primary Standa_lrd'). While bOIh. .Le'An average of 91:818.9 ppbv was observed for CO through
icester and Leeds instruments were within GAW specifica- : . e .
the campaign with a minimum of 58 ppbv and maximum of

tions, they actually were not as well calibrated as they could : : . . .
have been — the factory settings for background and slop(:eL97 ppbv. A time-series for CO is shown on Fig. 6 along with

) . ) . . acetylene and DMS.
were a little different. The Leicester instrument was cali- . . . . .
. i . The time-series for bl a relatively minor contributor to
brated and the settings were adjusted to give more or Ies§n

. i e reactive loss of OH~6%) is shown in Fig. 7. The
perfect agrgement with the Prlmary Standard (Ps)' A!thoughcampaign average of 503]54240.)9 ppbv is slightlygllower than
the Leeds instrument was not adjusted, the calibration wag globally averaged value of 531 ppbv, but is consistent
applied to the final data. '

with the minimum at Mace Head occurring during Au-
PS=[DEFRAx1.011]—0.39 ppbv (5) gust/September (Novelli et al., 1999). The concentration of

www.atmos-chem-phys.net/6/2241/2006/ Atmos. Chem. Phys., 6, 22422006
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Fig. 7. Time-series for hydrogen at Mace Head during NAMBLEX.

Hs is lower in the northern hemisphere when compared tolonisation Detector (GC-FID) and are shown in Fig. 8,
the southern hemisphere except at very high latitudes, betogether with propane and CO. Although the lifetime forCH
cause in addition to reaction with OH the other main sink foris long (~9 years), correlations with NMHC for example
this species is uptake by soils which is larger in the northernpropane, (gHg), and also CO, are commonly seen (Methven

hemisphere (Simmonds et al., 2000). etal., 2001), and can be explained by changes in air mass ori-
gin, sources and photochemical history. For NAMBLEX, the
3.3 CHy following best-fit linear fits were obtained:

Atmospheric CH concentrations were determined by
AGAGE every 40min using a Gas Chromatograph-Flame[CH,]=850C3Hg]+1754 ppb\R2; /e campaign0-98  (10)
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[COJ=0.33[CH4]—517.8 ppbvRZ, e campaign 0-61 (11) 3.4 Non-methane hydrocarbons (NMHCs) and oxygenated
volatile organic compounds (0-VOCS)
CHg4 is an important sink for OH, and when Ghineasure-

ments were not available, concentrations were inferred fromA total of 23 G-C7; NMHC (including dimethyl sulphide

the correlation with propane (Smith et al., 2006). (DMS)) and three 0-VOCs, (methanol, acetone and acetalde-
hyde), were measured simultaneously with 40 min resolution
during the campaign using a newly developed automated
dual channel Perkin EImer GC-FID coupled to a thermal des-
orption sampling system. More details are given in Hop-
kins et al. (2002). Formaldehyde (HCHO) measurements

www.atmos-chem-phys.net/6/2241/2006/ Atmos. Chem. Phys., 6, 22422006
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are discussed in the next section. Figures 6, 8 and 9 showon, 2002). The measurements from NAMBLEX are dis-
time-series for some NMHC species during NAMBLEX, cussed in Jackson et al. (2086)

with excellent data coverage except for 13-16 August (failed

pump). The larger NMHC and-C3 oxygenates were also 3.7 Reactive halogen species (RHS)

measured using an Agilent 6890 GC with two independent

columns connected via a valve modulator device (Hamil-Reactive organo-halogens including &H (methyl
ton and Lewis., 2003). The NMHC data were used in con-iodide), GHsl (ethyl iodide), CHIC,Hs,  (1-
junction with observed Ck CO, NG, NOy and & data  iodopropane) and C#CHICH3z(2-iodopropane), CHICI

to produce a chemical climatology for the duration of the (chloroiodomethane), Cib (diodomethane), CyBr, (di-
campaign, which is discussed in Sect. 6. Possible sourceBromomethane), CHBEI (dibromochloromethane), CHBr

of NMHC include direct anthropogenic and biogenic emis- (bromoform), and CHGI (chloroform) were measured by a
sion, whereas for the 0-VOCs another source is oxidationGC-MS (Gas-Chromatography-Mass Spectrometry) system
of precursor NMHC along the sampled trajectory. For o- operated by the University of York (Container 2) (Wevill
VOCs, possible sinks include reaction with OH, depositionand Carpenter, 2004). CHBmeasurements made by the
to the ocean, and photolysis, and these points are discusseghiversity of York during NAMBLEX and during a 2.5 year
in Lewis et al. (2005). Methanol deposition to the ocean andperiod by a GC-MS system operated by the University of
DMS flux from the ocean during NAMBLEX have been dis- Bristol (Building B) are discussed in Carpenter et al. (2005),

cussed in detail in Carpenter et al. (2004). with evidence of a terrestrial source. In addition, both
instruments measured CHCland the good agreement
3.5 Formaldehyde (HCHO) between the concentrations is also discussed.

I2, OIO, 10, and BrO were detected using the UEA DOAS

HCHO was measured using two independent techniques du'ipstrument from spectra in the regions 535_57.5 nm, 535_
575nm, 430-460 nm, and 345-359 nm, respectively, with a

ing NAMBLEX and although the sampling position of the * luti £ 30 min. Th he f
instruments were 200 m apart, the campaign offered an opt—Ime res;) u.t|orr]]o mln.h ese represenét (he. 'Ls.t mtlefasure—
portunity for intercomparison. The University of Leeds de- ments of b in the atmosphere, a compound which itself may

ployed a Gas Chromatograph with pulsed discharge HeIiunPe _the m_ajor_ source of atmospheric ipdin_e in many coast_al
lonisation Detection (GC-pd-HID), with selective cryogenic regions rich in macro_-al_gae. First est|mat|oqs of 'ts_ CO”V"
trapping, which was situated in the laboratory at the top sitebutlon o the global iodine budget are cons!dered n Saiz-
(300 m from the ocean at high tide, 25 m a.s.l.), whilst UEA Lopez and Plane (2004) who show that this species may

used the Hantzsch method, utilising a glass coil scrubbe%’,"eII *?e aé%nn;:cznécomponent. BIAMBI.‘dElx \.Naj also 'the
with derivitisation of HCHO and UV fluorescence detection, Irst ime BrO had been measured in mid-latitude regions.

with the instrument deployed at the shoreline site in container-l_-he %res_enclf Of?l rI]O and fOIO n Ime_asurable concentra-l
5 (panel b, Fig. 1). The time-series for the two methods,t'ons uring the night was of particular interest, as previously

together with a model comparison, are discussed in Still eplscussed for NAMBLEX in Saiz-Lopez and Plane (2004)

al. (2005). The temporal variation of the two sets of measure—and Saiz-Lopez et al. (2004). A mechanism for the gas and

ments correlated closely, but an offset was observed betweeﬁeroso'l-phase chemistry of iodipe, .including.the pucleation
them (y=1.114-0.06)x+0.65-0.02) R=0.52). of particles, was dev_eloped and is discussed in Saiz-Lopez et
al. (2006a) and McFiggans et al. (2004).

The Broadband cavity ringdown spectrometer (BBCRDS),
developed by Cambridge University (Container 6, Fig. 1b),
was deployed for the first time during NAMBLEX, and
Speciated peroxide measurements were also measured By discussed in Bitter et al. (2005). The technique uses
two instruments positioned in close proximity at the shore-3 Nd:YAG pumped modeless dye laser with broad spec-
line site (panel b, Fig. 1). UEA (Container 5) used scrub-tral output which enters a high-finesse cavity containing
bing of peroxides into solution followed by the catalysed highly reflecting mirrors. Measurements of OIO and |
reduction of peroxides by para hydroxyl phenyl acetic acidwere performed with a spatial resolution of 2 m by recording
(POPHA), followed by fluorescence detection of the prod-wavelength resolved ringdown times around 570 nm using
ucts formed. Reaction with the enzyme catalase, which seg clocked charge coupled device (CCD) camera. Exchang-
lectively removes HO; prior to measurement, enables spe- jng the cavity mirrors and laser dye enabled measurements
ciated measurements of total peroxide an®pl The Uni-  of the NQ; radical and its reservoir compounch®s to be

versity of Leeds (Building A) deployed an instrument which performed around 660 nm. Aerosol optical depths and wa-
scrubbed peroxide into solution using a nebulisation reflux

concentrator, followed by separation by High Performance = 2jackson, A., Morgan, R. B., Mills, G., et al.. Gas phase
Liquid Chromatography (HPLC) and postcolumn enzyme hydroperoxide measurements at Mace Head, Ireland, during the
derivatisation with fluorescence detection (Morgan and JackNAMBLEX campaign, in preparation, 2006.

3.6 Inorganic (HO2) and organic (CHOOH) peroxides
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D. E. Heard et al.: Overview of NAMBLEX 2255

ter vapour concentrations were also measured in both waveguoted in Brough et al. (2003) and are reproduced in Table 1.
length regions (Bitter et al., 2085
Peroxy acetyl nitrate (PAN) was measured by a stan-
3.8 NO; dard GC-ECD (Gas Chromatography-Electron Capture De-
tection) method. A 2 ml sample of air, dried with a Nafith

NO= was measured during the campaian using both th dryer, was injected onto a 10 m length and 0.53 mm diameter,
3 9 baig 9 SMXT-200 column (Thames Restek Ltd) and separation was

DOAS_techn_|qge (with t.he telescope and receiving optics si isothermal at 15C with nitrogen as the carrier gas. Detec-

uated in Building A (Fig. 1) and the long-path almost en- .

. o . tion was by ECD and the duty cycle of the instrument was

tirely over the ocean) and the in situ BBCRDS technique, . oo : . .

situated in Container 6 (Fig. 1), sampling on land but CIOSe10 min. Calibrations (using the acetone/air/NO photolysis
g- ), biing method) were usually performed twice a day at single PAN

to the shore. The two time-series for N@rovided a unique .
. . . . . . _.,_concentrations and blanks were performed every few days
opportunity to examine horizontal gradients in the radical's, . . . . . .
by inserting a length of stainless steel tube into the inlet line

ncentration in air adv r he lan n interf . oo
concentration in air advected across the land/ocean inte a%nd heating to 12@. Full calibration curves were performed

. . o : a
as discussed in Bitter et al. (2086)n addition a vertically- at the start and end of the campaign. A detection limit of

95 pptv (s/N=3) was achieved with an estimated total uncer-
tainty (based on NO standard, NO conversion efficiency, gas
flows and instrument precision) ef16%.

the slant column density (SCD) variation of N@s a func-
tion of the solar zenith angle (SZA) during sunrise, from

which vertically resolved N@ conc_entranons in the MBL At the beginning of the campaign the measurement of NO
and free troposphere were determined. ThesN@e-series . fortunately compromised by local
from the DOAS and Zenith sky spectrometers, and a dis:cus?md Nq.’ species were unfortunately P y ;
sion of night-time chemistry, are presented in Saiz-Lopez et;:ontz?\mlnatlon problems. This gave rise to large excursions in
he signals of NO, N@and NG,. The NQ; and NQ, datasets
al. (2006b). ) I .
were flagged prior to submission and the contaminated data
was removed prior to plotting, analysis, or averaging. The
3.9 NO, NQ, total NG, PAN, alkyl nitrates, and HN® origin of the spikes is unknown (e.g. electronic or contami-
nation), and they were classified using local wind direction,
Measurements of nitric oxide (NO), nitrogen dioxide (NO  wind speed and CPC counts. Some were not correlated at all
total NG, and total NQ minus nitric acid (HNQ@) were  with particle count from the CPC, suggesting it is not a site-
made by a 4-channel analyser which detected the chemiluwide meteorological feature. In addition these were large and
minescence produced upon reaction of NO with Before  of very short duration€3 data points), and hence extremely
detection, NQ was first converted to NO using a photoly- easy to identify and remove. Others which were not as in-
sis converter consisting of a Peltier cooled quartz cylindricaltense and longer in duration (but still less than a minute or
cell (Bauguitte, 2000) which gave a stable conversion effi-so), were correlated with CPC count, suggesting a site-wide
ciency of around 35%. The stability of this system relies onmeteorological event. However, they were quite obvious and
the lamp which has a 500 hour lifetime and when degradedas they were not representative of the general NO levels over
is replaced. NQ measurements were made with a gold con-that period were not included in the modelling, or for calcu-
verter which reduced all NPspecies including PAN, N§&) lating average values for that period. Following the removal
HNOg, and organic nitrates to NO before detection. The con-of flagged data, the remaining Ngodata should be of high
verter was run at 30 in the presence of carbon monoxide quality and can be used without undue concern. Figure 10
(CO). Nitric acid was determined by subtracting the signalshows a plot of NO, N@and NG, expressed as hourly aver-
from two identically specified NQconverters, the only dif- ages after removal of contamination.
ference being that one had a length of nylon tube between the The nitric oxides NO and N®(NOy) are converted into
inlet and the converter to remove the HilRefore detection.  more highly oxidised forms in the atmosphere such as EINO
The converters had previously been validated in the laboraPAN and organic nitrates. The total amount of oxidised nitro-
tory with both instruments in the same set-up. In additiongen present is referred to as N@&nd NQ (NO,=NOy-NOy).
nitric acid permeation tubes were used to check the agreeA good test of the performance of the N@strumentation
ment between the conversion efficiency of HN@h the con- s to compare the measured N6ignal with the sum of NO,
verters and to ensure that the nylon denuder removes all th’lO,, HNO3 and PAN, most of which are determined inde-
HNOj3 before the sample air stream reaches the hot gold surpendently. This is shown in Fig. 11 where the two quantities
face. Direct measurements of the nylon tube efficiency wergNOy measured and N@calculated) are shown to coincide
not done although thought to be greater than 95%. Comthroughout the campaign.
parative experiments with HNEfilter pack measurements The sum of HN@ and PAN also coincides with the
showed excellent agreement (Gradient 1.03;:0R99) indi- NO; signal calculated from NENOy throughout much of
cating a very high efficiency for this removal. Full details the campaign (not shown) suggesting that the total organic
of the instrument with detection limits and uncertainties arenitrate signal ERONQO,) is small. Figure 12 shows a
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dation (PAN+HNQ) is approximately 50% of the NOon

plot of NOy, HNO3 and PAN for the NAMBLEX cam-

paign. The sum of the two products of atmospheric oxi- many occasions. In cleaner air however the two products can
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dominate, as is shown towards the end of the campaign. Theific photolysis frequency and is calibrated by actinome-
small amount of NQ present in clean air is very likely pro- try (see Monks et al., 2004). The spectroradiometer uses
duced from decomposition of the PAN, or possibly a minor a single imaging spectrograph and a diode array detector
contribution from local soil emission; the NQvill then be  to spectrally resolve sunlight in the range 285-710 nm, and
quickly converted to HN@by reaction of NQ with OH, and  raw intensities are converted to actinic fluxes (F) using pri-
HNO3 will be rapidly removed by dry deposition to any sur- mary irradiance standards (NIST) (see Hofzumahaus et al.,
face including the sea. Investigations into this process ar&004). Photolysis frequencies are then calculated using these
on-going, but the combination of these data with other Macefluxes and tabulated absorption cross-section and photo-
Head datasets for these species will allow the budget of reacdissociation quantum yield data, as described in Monks et
tive nitrogen in marine boundary air, over the North Atlantic, al. (2004). Of particular interest during NAMBLEX aje

to be assembled for all types of conditions experienced dur{O'D), j-(NOy), j-(HCHO), j-(CHzCHO), j-(CH3COCH),

ing this campaign. J-(HONO), j-(H202), j-(CH3CO2H), j-(HOI) andj-(HOBY).
Figures 13a and b show correlation plots of SR ver-
3.10 Photolysis rates sus FR measuref(O'D) andj-(NO,), respectively. For

j-(O'D) the agreement is reasonable, with the observed
Photolysis frequencies were measured using p(¢O,) scatter attributable to inadequacies in both jt©!D) FR
fixed-bandwidth radiometer (FR) (above Container 5,and SR measurements. The slight curvature at low ele-
Fig. 1b), two j-(O'D) fixed-bandwidth filter radiometers vation sun, high solar zenith angles (SZAs), correspond-
(above Containers 1 and 5, Fig. 1b), and a spectroradiomeing to low values ofj-(O'D) highlights the shortcomings
ter (SR) (above Container 5, Fig. 1b) by the University of of filter radiometers at high SZAs, where the path length
Leicester (Edwards and Monks, 2003) and the University ofthrough the atmosphere is longer, and as a consequence,
Leeds. All instruments used an upward pointings2 (ster-  shifts the wavelength dependent spectral distribution of
radians) integrating spherical dome made of ground-quarti-(O'D)(c03(A) xpo1p(L)x F(1), see for example Monks
with an artificial horizon and all instruments had an integra-et al., 2004) to longer wavelengths (Bohn et al., 2004;
tion time of 1 min. The fixed-bandwidth radiometers mea- Hofzumahaus et al., 2004). In addition, the single spectro-
sure solar radiation using a PMT after transmission throughgraph spectroradiometer used here inherently suffers from
optical filters that mimic the wavelength-dependent productstray light effects (see Edwards and Monks, 2003, for de-
of the absorption cross-section)(and photo-dissociation tails), which can have a significant effect on the measured
quantum vyield ¢) of either @ or NO,. Thus, the out- actinic flux at short wavelengths (towards the 290 nm cut-off
put signal of the filter radiometer is proportional to the spe-region) at all SZAs. A significant amount of scatter will be
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Fig. 13. (a) Correlation plot forj-(O1D) measured using the University of Leicester’s filter radiometer (FR) and diode array spectro-
radiometer (SR)(b): Correlation plot forj-(NO,) measured using the University of Leicester’s filter radiometer (FR) and diode array
spectroradiometer (SR). The two Julian day ranges refer to data from the first and second halves of the campaign, respectively.

observed due to the modification of the spectral actinic fluxuncertainties. Previously;values other thai(O'D) and
by clouds not being factored into the filter radiometer cali- j-(NO,) had to be calculated frofa(O'D) and/orj-(NO,)
bration (Monks et al., 2004). Fgr(NO>) there is excellent  whilst making assumptions about attenuation factors at dif-
agreement between the SR and FR data. The slight curvatuferent wavelengths (Carslaw et al., 2002, 1999a).

at high SZAs seen in Fig. 13a f¢(O'D) and the signifi-

cant scatter at all SZAs are both absent, because the action

spectrum fo-(NOy), (ono2(X) X po3p(r) x F (X)) occurs at

longer wavelengths (290-420 nm) compared with thaj-for o

O!D (280-320 nm), and so is much less affected by changeg"11 OH, HQ and (HG+XR0O,) free-radicals

in absorption from variations in the overheag €élumn, in-

creased optical path-length at high SZAs or modifications by

clouds. .
OH and HGQ measurements were made simultaneously

Uninterrupted measurements over 39 days were recordedyith 30 s time-resolution using two independent fluorescence
however, some short term gaps in the SR measurements Ogg||s, and are discussed in Smith et al. (2006). The FAGE
curred owing to instrumental problems. For the constrained(pmorescence Assay by Gas Expansion) (Hard et al., 1984)
box modelling studies, missing SR data were estimated Ustechnique uses laser-induced fluorescence spectroscopy at
ing the FR measurements using the correlation method agyy-pressure and the instrument was located in Container 1
described in Sommariva et al. (2006b). Figure 14a shows ac(rig. 1, panel b), with considerably improved detection lim-
tinic flux, and Figs. 14b and ¢ diurnal variations fe(O'D), its compared with previous deployments at Mace Head (Ta-
J-(NO2), J-(HONO), j-(HCHO) (radical H+HCO and non-  pje 1). Measurements of the sum of li@nd ZRO; (where
radical CO+H channels)j-(CH3CHO) and-(CH3COCHs), R represents an organic group, for examplesLCere re-
all calculated from the actinic flux, for 18 August 2002, ported with 1 min time-resolution by a dual channel PERCA
which was typical of the clean conditions encountered. (PEroxy Radical Chemical Amplifier). Full details of the

The structure in the mornings is due to the presence oPERCA instrument can be found in Fleming et al. (2005),
clouds which attenuate the radiation (Monks et al., 20@4). with the major improvement from previous deployments be-
(HCHO_NR) (non-radical), angt(HCHO_R) (radical) show ing the addition of a second channel which enables a contin-
wider profiles compared with(O'D) because absorption oc- uous measure of the background signal, improving signal-to-
curs at longer wavelengths. The measurement of a widenoise ratios. Comparisons for OH, Hand HQ+X RO, are
range of photolysis frequencies compared with previousmade with the calculations of a detailed model based on the
campaigns at Mace Head has assisted enormously with thRICM in later papers of this issue (Sommariva et al., 2005a,
quantification of the budget for many species, especially2006b; Fleming et al., 2005). Further discussion of the cou-
free-radicals, and has enabled photolysis frequencies repling observed between the H@nd XQ, families can be
quired by the model to be inputted directly, reducing modelfound in Bloss et al. (2005).
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Fig. 14. (a) Actinic flux, (b): j-(NO2) andj-(HONO), (c): j-(01D), j-(HCHO)NR (non-radical, HCHO+hw H»+CO),j-(HCHO)R(radical,
HCHO+hv—->HCO+H—->HO,+HO,+CO),j-(CH 3CHO), andj-(CH3COCHj) for a clean day 18 August 2002.

3.12 Measurements of aerosols parameters. Number densities of aerosols as a function of
their dry and wet diameters from 3nm to 2th diameter

3.12.1 Aerosol size- and number-distributions and hygro-Were made at several heights using a scanning mobility par-
scopic growth factors ticle sizer (SMPS), a Grimm optical particle counter (OPC),

a differential mobility particle sizer (DMPS), a forward scat-
As can be seen in Table 1, a wide range of instrumentatiorjfering spectrometer probe (FSSP) and other optical particle

was deployed during NAMBLEX by NUI, Galway, TNO counters, and are discussed in full by Coe et al. (2005). Most
Holland and the Universities of Manchester, Birmingham, measurements were made at two heights (7 and 22 m) using

Edinburgh, and Leeds to measure a large number of aerosél home-built sampling manifold attached to the 23m tower
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(Fig. 1). Coe et al. (2005) also investigate if the aerosol size3.12.2 Aerosol composition as a function of size. Real-
distribution is affected by local effects induced by changes time and off-line methods
in tide height. Aerosol optical depth was measured us-
ing BBCRDS by the University of Cambridge and reported Perhaps the most exciting addition to the arsenal of aerosol
within Bitter et al. (2006). The sea spray source func- Mmeasurements compared with previous campaigns at Mace
tion, describing the amount of sea spray aerosol producediead was the deployment of two complementary aerosol
at the sea surface as a function of environmental conditionsnass spectrometers. The first, an Aerodyne Inc. aerosol
is highly uncertain. To better constrain these, a sea spraynass spectrometer (AMS) was used to make composition
flux package was used. Vertical wind speed was measurefieéasurements in real-time of aerosols as a function of size
with a sonic anemometer. Concentrations of particles largeffrom 40nm to 1um). Aerosol size is related to the ar-
than 10 nm were measured with a CPC. Size segregated me#val time of particles at a heater on which they are flash
surements of sea spray aerosol were made with an opticafolatilised, and the non-refractory components are analysed
particle counter with an inlet heated to 8@which effec-  Using a quadrupole mass spectrometer. Various mass-to-
tively removed all volatile aerosol components other than se€harge (/2 ratios are used to identify specific constituents
spray, as confirmed by inlet temperature scans up t6@00 within the aerosol (nitrate, sulphate, ammonium, organic,
Due to losses in the inlet system, only submicron particleschloride), and the signals at thesézratios are calibrated us-
were retained. Their concentrations were binned in a few sizéng ammonium nitrate particles of a known size (Allan et al.,
ranges. The covariance of particle concentrations and verti2003). Hence quantitative information is gained on compo-
cal flow velocity provides the sea spray fluxes (De Leeuw etSition, but averaged over many aerosols of a given size. The
al., 2003) and the total aerosol fluxes (Nilsson et al., 2001second, a TSI Inc. Aerosol Time-of-Flight Mass Spectrome-
Geever et al., 2005) which are further analysed as a functer (ATOFMS, Model 3800-100), uses laser-scattering at two
tion of (micro-)meteorological and oceanographic parame_pOSitionS within the aerosol sampling inlet to determine the
ters to further constrain the source function. Cloud condendiameter of a given aerosol via its velocity, and the same
sation nuclei (CCN), a subset of condensation nuclei “CN”, aerosol is then vaporised and ionised using a pulsed YAG
provide surfaces upon which water vapour can condense t&ser, followed by measurement of the mass spectrum of pos-
create cloud droplets, are formed from a variety of nucle-itive and negative ions using a time-of-flight mass spectrome-
ation sources including dust, pollen, smoke, sea-salt aerosok€r. Hence the composition of a single particle is determined,
from ocean spray and sulphate aerosols. Three sizes of CNith peaks at specifim/zratios used to identify various con-
were measured during NAMBLEX using CPCs (TSI 3025, stituents. The ATOFMS was deployed between 1-21 Au-
>3nm, TSI 3010 CPE5nm, and TSI 3010 CP€10 nm). gust and can determine the composition of aerosol particles
Similar to previous campaigns the number concentrationdn the size range 200 nm+3n. As discussed in Dall'Osto
(cm~3) for >3 nm particles correlated with tidal height with et al. (2004, 2005), a very large number of constituents
enhanced numbers of particles (particle bursts) occurring aan be identified (including a wide range of metals), in-
low tides during the daytime, particularly in air which had cluding refractory materials (so useful for sea-salt aerosols).
approached the site along the coast, and hence had been &kerosols were also trapped onto filters using either a Micro
posed to the inter-tidal region for longer periods (north westOrifice Uniform Deposit Impactor (MOUDI) impactor or a
or south west air masses) (Grenfell et al., 1999). In Saiz-Hi-Vol sampler for a period of 24 h and subsequently anal-
Lopez et al. (2006a) a model involving nucleation of iodine ysed using ion chromatography for various species over a
species is developed to predict the formation of CN. limited range of aerosol diameters. Comparisons of compo-
A model of heterogeneous uptake (Schwartz and Freiberggition (e.g. for aerosol SP) were made between the mass
1984) that takes into account mass transfer to the particle suspectrometers and the MOUDI impactor/Hi-Vol instruments.
face as well as mass accommodation at the surface has beéwso, comparison of ATOFMS single-particle composition
calculated for a range of accommodation coefficients that ar@nd impactor (averaged) data gives information on whether
representative of key species in the MBL (Bloss et al., 2005;the aerosols are internally mixed (composition of all particles
Coe et al., 2005). The use of real-time measured size- ané$ the same) or externally mixed (composition of different
number-distributions represents a considerable advance oparticles is very different). The use of aerosol composition
merely using the total aerosol surface area to calculate he@s @ tracer of air mass history is also discussed in Coe et
erogeneous loss rates, and the model considers explicitly thal- (2005). Filter samples were also used subsequently to the

mass transfer limitation for gases with high accommodationNAMBLEX campaign to trap atmospheric molecular iodine,
onto coarse mode aerosol. and following analysis could be compared to the measure-

ments using DOAS and BBCRDS (Saiz-Lopez et al., 2006a).
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Table 2. Meteorological summary from (Norton et al., 2006).

Period Date Conditions
1 1-5 August Complex meteorology, weak winds from the north east
2 6-11 August  Westerly/north westerly wind
3 12-17 August  Azores high retreated south and depressions crossed Ireland from West
4 18-27 August  Stagnant, anti-cyclonic conditions until 27th
5 28-30 August  Return to westerly wind and unsettled weather

3.13 Supporting measurements using an airborne platfornability of measurements of atmospheric composition (Der-
during NAMBLEX went and Davies, 1994; Lewis et al., 1999). Such an analy-
sis combined with a knowledge of the atmospheric lifetime
An aircraft campaign SNAP (Supporting NAMBLEX from of the trace species in question enables allocation of possi-
an Airborne Platform) was run concurrently with the ground- ble source origins. Trajectories arriving at the site during
based campaign in order to determine if the compositionNAMBLEX were calculated using winds from the opera-
of the air sampled at Mace Head was representative of théional atmospheric analysis produced by the European Centre
coastal and open ocean region. A total of four flights werefor Medium-Range Weather Forecasts (ECMWF, 1995). The
carried out using the NERC Dornier 228-101 research air{atitude, longitude and pressure coordinates for a given air
craft. Two flights have been reported, the first on the 8 Au-parcel were calculated every 30 min, but the trajectory points
gust 2002, when the aircraft was flown in a North-South di- are only plotted every 6 h in Fig. 17. Back trajectories were
rection along the coastline centering on Mace Head at varinitiated from a column of points above Mace Head at hourly
ious levels between 390 m and 3.2km, and for the secondhntervals. Generally for these analyses only trajectories from
flight on 10 August 2002, the aircraft flew320km west  the 500 m level are used. This level was chosen because it
from the Mace Head observatory to the continental shelf re-usually lies within the daytime boundary layer (see Figs. 7—
gion of the Atlantic Ocean at a height of 3km and returned at10 in Norton et al., 2006) and therefore in rapid contact with
a height of 400 m. @and CO concentrations were measured the surface through turbulent mixing, but is more representa-
in situ on both flights whilst Whole Air Sampling (WAS) tive of the average resolved-scale flow advecting air into the
flasks were filled in-flight for the subsequent measurementace Head area.
of C,-C7 NMHCs and DMS concentrations using a GC-FID
system on the ground. The data obtained on both flights wag 1 consistency of trajectory analyses and local meteoro-
compared to the simultaneously obtained ground measure- logical measurements
ments and the results are discussed in Purvis et al. (2005).

Norton et al. (2006) compared observations of wind speed
and direction from anemometers on the mast and from a
wind profiler with ECMWF analyses at 10m and 1100 m.
Throughout most of the NAMBLEX campaign there is re-

In the following paper of this issue, Norton et al. (2006), markably good agreement between the analyses and obser-
have interpreted synoptic charts and meteorological meavations. In addition, during the westerly Periods 2, 3 and 5
surements in order to divide the NAMBLEX campaign into (S€e Table 2) the wind direction at 10m is almost the same
five periods of similar synoptic type, as summarised in Ta-2S at 1100 m explaining the insensitivity of the trajectory ori-
ble 2. This meteorological climatology aids interpretation of 9ins to the choice of arrival level. However, on some oc-
the chemical and aerosol measurements, and is complemef@sions the local winds were decoupled from the synoptic

tary to the chemical climatology presented in Sect. 6 below. Sc@le flow (during Periods 1 and 4), when the arrival direc-
tion of the back trajectories following the flow resolved in

the ECMWF analyses were not in agreement with the mea-

5 Trajectory analysis of air masses arriving at Mace  sured wind direction at the site. This observation has been
Head during NAMBLEX attributed to the presence of weak sea breezes as evidenced

by the diurnal variation of wind direction and speed observed
Back trajectory calculations, usually for a period of 5 days, between 7 m and 24 m on the met mast. However, at 1100 m
provide information about the evolution of the position and the ECMWF analyses were in good agreement with the wind
altitude of the sampled air prior to sampling at the site, andprofiler retrievals. The sea breeze occurs in a shallow layer
are very commonly used to aid interpretation of the vari- that grows throughout the afternoon but never exceeds 800 m

4 A climatology of the meteorological conditions for the
duration of the campaign
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Height = 10m insensitive to the choice of level between 10 m and 800 m.
Except for pressure (Fig. 16c), the plots rely on the mea-
Marth . . .
-"'I"I. surements made at the site during the campaign. Care must

show the concentrations measured at the site as a function of
where the air mass has originated from, and injections into

o : ’ be taken when interpreting these plots (Figs. 16d—f) as they
Q’ ')
o0

o the air mass may have occurred at any time along the trajec-

P B | - o
s e tory, not only at the origin (Methven et al., 2001).
"_ll": {q‘-";l
. [t i 5.3 Sampling of clean air versus polluted air
o= Al

As in previous campaigns at Mace Head the “clean” air sec-
tor was defined as between 28&hd 300, occurring on av-
erage 52% of the time (Jennings et al., 2003), and during
NAMBLEX local wind direction measurements gave a con-
L L ! I siderably higher value of 80% in this sector. The polluted air
—010 =005 0.od a9.a5 a0 sector is defined for a wind direction data betweets® and
Froction of compaign peried <13%. Non-methane hydrocarbons (NMHC) have widely
varying anthropogenic and biogenic sources ardatio-

Fig. 15. Wind Rose showing the frequency of different wind direc- SPheric lifetimes with respect to reaction with OH (assum-

tions for the local measurement from the met mast (red) and for thdng [OH]=1x10° molecule cm3), ranging from~2h for
ECMWF analyses at 10 m (dashed). isoprene kon=1.01x10"%cm® molecule's™1) (Atkinson

et al., 1997) to~1 month for ethanekpy=2.68x 1013 cm?
molecule? s~1) (Atkinson et al., 1997), making them par-
(on 4 August in Fig. 7 of Norton et al., 2006). Interestingly, ticularly useful indicators of air mass history (Jobson et
the “sea breeze periods” (2—-4 and 26—27 August) occur wherl., 1998). Figure 16e shows the origin-averaged plot for
the flow above the boundary layer (as seen around 1 km bybserved acetylene, emitted almost exclusively from vehi-
the wind profiler and in ECMWF analyses) is northerly to cle exhausts and so is a tracer for anthropogenic pollu-
northeasterly. It is likely that the Connemara Mountainstion. Considering this map there were three areas show-
(about 30 km northeast of Mace Head with peak heights ofing high concentration, (i) Northern Europe, (ii) Canada and
700-800 m) block the low level flow and cause air to ap- (i) Greenland, however to reiterate, this is not necessarily
proach the site from the east or northwest depending on timavhere the acetylene measured at the site was originally pro-
of day, instead of from the north (Fig. 15). As a result, the duced, only where the 5-day trajectory originated. Figure 16f
local wind direction measured on the mast was never fromshows the origin-averaged plot for DMS, having a sole
the North during NAMBLEX. source from the breakdown of phytoplankton in the ocean.
Lifetimes of these species with respect to removal by OH
5.2 Densities of origin for the sampled air at Mace Head ([OH]=1x 10° molecule cn®) are two days and two weeks
during NAMBLEX for DMS and acetylene respectivelyogi, pms=6.3x 10712
andkop,c2r2=8.2x10~ 3 cm?® molecule 's1) (Atkinson et
Methven et al. (2001) describe the use of back trajectoriesal., 1997). Figure 6 showed time-series for these species and
to create density of origin maps for a given campaign, andhighlights the existence of a strong anti-correlation in their
are shown for 5 and 10 day back trajectories for NAMBLEX concentrations throughout the entire campaign. It is clearly
in Figs. 16a and b, respectively. It is clear that although theevident when the air was of marine or continental origin.
spread of origins increases for 10 day trajectories, the change
is not large from 5 days indicating that these low level trajec-
tories meander a great deal: they do not systematically comé An air mass classification based on chemical measure-
from further south or west, except over Northern Canada. It ments
is difficult therefore to solely use these plots as a means of
classification. However, the analysis does illustrate that durAlthough rather subjective, the behaviour of NMHC species
ing NAMBLEX the site experienced a high proportion of air such as acetylene and DMS considered alongside those of
masses which had originated in the west. Figures 16¢c—f showCH4, CO, NG, NOy and & can provide further clues as to
similar plots of origin-averaged fields calculated for origin the distribution of emission sources before or during the 5
pressure (i.e. pressure at the beginning of the trajectogy), O days prior to sampling. This analysis can be used to pro-
acetylene and DMS. Trajectories from the 500 m level wereduce a chemical climatology for the duration of the cam-
used to calculate these although the origin averages are quitgaign (Evans et al., 2000) to be used in conjunction with

L 1"- &
- -
'\ xl-u.-_,-""‘\_-'\-\.."ll', -
h R
.

“a
~J
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(a) Density of origin (T=5 days)
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Fig. 16. (a) Density of origin plot for 5-day back trajectories from 500 m above Mace Head during NAMBBXAs (a) but for 10 days,
(c): Origin-averaged pressure at origin of air mgg; Origin-averaged ozonge): Origin-averaged acetylenff): Origin-averaged DMS.

(c—f based on 5-day trajectories).
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Fig. 17. Trajectories illustrating air flow during some periods of the 6 classifications. In all panels the colours correspond to time during
the period (every hour) moving through the rainbow from blue to red. The classifications are based on the final day of the trajectories:
(a) 00:00 UT 6 August—18:00 UT 8 August (Second W perigd), 12:00 UT 24 August-18:00 UT 26 August (Third NW period))

18:00 UT 31 August—00:00 UT 6 August (NE perioddl) 12:00 UT 12 August—18:00 UT 17 August (First SW perio@) 18:00 UT

17 August-18:00 UT 20 August (Cyclonic perigd) 18:00 UT 30 August—00:00 UT 4 September (Anti-cyclonic period).
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the meteorological data and back trajectories classifications,
Other approaches have been to perform cluster analyses ¢
the trajectories (Cape et al., 2000a) which are then used tc
bin chemical concentrations by air mass, rather than by con-
centrations of species. These are however, calculated withou
any consideration of the chemistry and so often lead to over-
lap in the classifications.

The chemical climatology analysis coupled with the
ECMWF back trajectories (2 days before arrival), led to six
classifications with the frequency of occurrence in parenthe-
ses: West (3), North West (3), North East (1), South West  west 26%
(2), Cyclonic (1) and Anti-cyclonic (1), which are described
in subsequent sections below. The 6 classifications are shown
in Fig. 17, and annotated labels for each air mass (W, NWgig. 18. The distribution of trajectory classifications during NAM-
NE, SW, C, AC, respectively) have been added above theBLEX.
time-series in Figs. 4, 6, 7, 8, 9, 10, 11, and 12. Figure 18
shows the fraction of the NAMBLEX campaign for which

each classification of air mass was experienced. similar to previous campaigns (Simmonds et al., 1997) and
is illustrated by the blue/green trajectories on Fig. 17a.

anticyclonic 11%

~ 0
northwest 23% northeast 14%

cyclonic 8%

southwest 16 %

6.1 Westerly 6.2 North westerly

There were no measurements of the parameters used for the-cording to trajectories late on 28 July, the air swung round
meteorological classification (Norton et al., 2006) prior to 1 {g\wards the north to give a more coastally influenced north
August, however with the use of the trajectory calculations,yesterly air flow. The air was still fairly clean during this
local wind speed and wind direction data in conjunction with time with characteristically similar drops in the concentra-
measurements of NHMCs, GHCO, NQ,, NOy and @, it tions of long-lived species to those observed in the westerly
was possible to classify the air experienced by the site beperiods (Figs. 6 and 8). Due to its northerly coastal approach
tween the 24 July and the 28 July as being of westerly ori-hoyever, the air also showed evidence of localised pollution,
gin. In addition, westerly conditions dominated between theyanifested as “spikes” of high concentration visible partic-
6 and _the 8 August (in agreement wit_h the meteorologicalma”y in ethene and propene which peaked at 157 pptv and
analysis (Norton et al., 2006), and again between the 27 ang pnty, respectively (Fig. 9). Isoprene was present in this air
the 30 August. During all three of these periods DMS con-mass with maximum concentrations in the mid-afternoons,
centrations were the highest observed during the campaigfgicating that this biogenically produced species may have
(up to 1.9 ppbv, Fig. 16f) whilst the concentrations of other 5 source close to the site, consistent with previous campaigns
NMHC were at their lowest (Figs. 6, 8 and 9, 16€). The (carslaw et al., 2000). Similar north westerly conditions
average [DMS] of 18&112 pptv was higher than previous \yere observed between 8 and 12 August and also between
observations at this site (Lewis et al., 1997), consistent withyhe 24 and 27 August with correspondingly similar chem-
the suggestion that the “cleaner” marine-influenced air dom-cy| signatures in these species. During this latter half of
inated during NAMBLEX. 26 August much higher acetylene concentrations were mea-
Longer-lived species such as ethane, propane; @l sured (Sect. 5.3, and Fig. 16e). Red trajectories in Fig. 17b
CO show large drops to close to their minimum concentra-correspond to this “pollution” event, originating from cities
tions during these periods supporting the assumption of thearound Lake Superior between 6 and 6.5 days prior to Mace
air being clean and well-processed (Figs. 6 and 8). Simi-Head (Fig. 16b).
lar to previous campaigns at this sitez Behaves in a com-
parable way, displaying concentratiord5 ppbv, reflecting 6.3 North easterly
photochemical loss in humid air and deposition to the ocean
(Fig. 4). In addition, during these periods there were very fewAlthough the meteorology for the period between 1 and 5
contaminant peaks recorded in the NO/N@ata (Fig. 10), August implies weak north-easterly winds, the high con-
and concentrations were similar to those measured previeentrations of VOC species (benzene and toluene are up to
ously at Mace Head in air classified as clean in the sum-170 pptv and up to 201 pptv, respectively) and CO (up to
mer 1996 and in the spring 1997 ACSOE EASE deploymentsl67 ppbv) at this time strongly indicates that the air received
(Carslaw et al., 2002). During these low concentration peri-at the site had been influenced by the continent. Indeed the
ods the 5-day back trajectories show that the air has beeback trajectories show origins in Northern Europe (Fig. 17c).
transported from latitudes as far south as the Azore3N30 In addition, the NO/NQ data pattern is very similar to other
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(a) Densit%of origin (T:?d@ys) (b) Dens‘wtx of origin (T:5\’dgys>

ster”

Fig. 19. Density of origin plots using 5-day back trajectories for EASE96 (lgff)and NAMBLEX (right) (b).

tracers of anthropogenic emissions such as propane (Figs.®5 Cyclonic

and 10) with higher values during this period. The pollu-

tion is also clear in the origin-averaged map for acetyleneCyclonic conditions dominated the period between the 17
(Fig. 16e), and reflected for (Fig. 16d), whose maxi- and 21 August, when a region of low pressure caused the air
mum concentrations are for air originating in Europe with to spend at least 5 days circling over the ocean (Figs. 16c and
additional formation of @ from precursor NMHCs and CO  17€). This period proved to be a good case study for inves-
en route to Mace Head. The concentrations of long-livedtigating DMS flux from the ocean and methanol deposition
species such as methane, ethane and propane are unlikely the ocean as the successive trajectories showed a varying
to be influenced by local emissions during periods of weakwind speed throughout this period (Carpenter et al., 2004a;
winds close to the site, and so the trajectory analysis is valid-€wis et al., 2005).

for these species. The local meteorology and sea breeze ef- The sustained period of air originating from the clean
fects will, however, impact the concentrations of shorter lived0ceanic sector, combined with generally sunny weather en-
species, for example alkenes, all of which showed higher@bled a long time-series of OH, H@nd HQ+XRO; to be

variability at this time (Fig. 9). measured, together with a comprehensive suite of supporting
measurements to constrain zero-dimensional models. For ex-
6.4 South westerly ample, it was possible to compare modelled and measured

concentrations for all these species continuously for daylight
Between the 6 and 17 August the analysis of the back trahours on 7 consecutive days between 15-22 August (as well
jectories was in agreement with the meteorological analysisss other days) (Sommariva et al., 2006b; Fleming et al., 2005;
(Table 2) (Norton et al., 2006). A south westerly classifica- Smith et al., 2006).
tion is given for the period between the 12 and 17 August and
also for a period occurring later in the campaign, between thes.6 ~ Anticyclonic
21 and the 24 August, for which unfortunately there are lim-
ited wind profiler data. During these periods the air was gen-The end of the campaign (30 August-3 September) was in-
erally clean (Sect. 5.3), with high DMS and low acetylene fluenced by the build up of generally anticyclonic conditions
concentrations (Figs. 6, 16e and f) and similar to the northover Ireland and the UK following the passage of a depres-
westerly classified periods, isoprene was also observed. Orsion on 30 August. The hydrocarbon concentrations showed
served [Q] and [CO] were lowest during these periods par- @ strong increase (Figs. 6, 8 and 9) as the trajectories de-

ticularly at times corresponding to the blue trajectories onVeloped anticyclonic curvature bringing air from SE Green-
Fig. 17d. land over the UK and mainland Ireland before reaching Mace

Head (yellow to red in Fig. 17f). It is these trajectories that
account for the high values close to Greenland in the origin-
averaged acetylene (Fig. 16e) and to a lesser extengin O
(Fig. 17d). The pollution is not carried from Greenland but
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Fig. 20. CO versus @ for a “polluted” period (1-3 August in red) a “clean” westerly period (6—7 August in purple), and for a “cleaner
south westerly period (12—13 August in blue) during NAMBLEX 2002.

is picked up over the UK and Ireland. This type of transport (170 ppbv) leading to high levels of photochemically pro-
is similar to a sustained pollution event that was observedduced Q (50 ppbv), were reported to be present in polluted
during EASE96, and is probably the most common type ofeasterly anti-cyclonic air masses at Mace Head, during which
polluted back trajectory from Mace Head (Methven et al., time Oz production was estimated to be more than 10 ppbv
2001). per day (Evans et al., 2000). Derwent et al. has also used
models to calculate Pproduction from CO at Mace Head
and found that during summertime there are clear frequent
7 A comparison of conditions encountered during  episodes of regional scale photochemicalpBoduction oc-
NAMBLEX with the EASE 96 summer campaign  curring particularly in polluted European air masses (Der-
held at Mace Head went et al., 1994, 1998). However, during periods of high
] [CO]in similar air masses during NAMBLEX, i.e. between 1
The EASE96 campaign took place at Mace Head betweenyq 3 August when values reached 170 ppby] f@mained
the 8 July and 8 Augu_st 1996_, f_aIIing3 weeks earlier than \uithin the error of the average value, at 34@6 ppbv (aver-
NAMBLEX. The density of origin plots for 5-day back tra- 546 29.@-6.5 ppbv) which may indicate that photochemical
jectories for both campaigns are shown in Fig. 19. Generally,oquction was low at this time (Fig. 4). The 5-day back tra-
the types of conditions experienced by the site were similafiectory shows that during this episode continentally polluted
between the two campaigns, with classifications of easterly; from Europe loops to the north before approaching Mace
fa\n'ti—cyclonic flow, south westerly flow and'westerly flow eX- Head and so has a long passage over the sea. Considering
isting for EASE96 (Evans et al., 2000). Differences arose inpjs it is likely that G loss via deposition to the ocean over
fche frequency of conditions with the S|_te suffering much lessine |ast few days prior to sampling offsets any photochemical
influence from the north and east during NAMBLEX, dom- yroqyction that may have occurred closer to the source, lead-
inated instead by clean, westerly air. In addition, the spreacﬁqg to a lower observed concentration. Derwent et al. used
of 5-day trajectory origins is less in the NAMBLEX illustrat- plots of CO versus @(for which the slope is a crude mea-
ing that the a_lir generglly travelled a shorter distance over thgy e of Q production) to further demonstrate photochemical
5 days than it did during EASE96. production (Derwent et al., 1994). A similar plot is shown
Both [CO] and [Q] were lower than those measured iy Fig. 20 which although indicates that under these condi-
during EASE96, showing values of 91 and 29 ppbv com-tions a 37 ppbv increase ingds associated with a 70 ppbv

pared to 125 and 34 ppbv, respectively (Evans et al., 2000)ncrease in CO, this may also be as a result of air mass mixing
Models for EASE96 demonstrated that high levels of CO
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Fig. 21. Map of origin-averaged ozone. Plots showing average ozone data (DEFRA) for every hour during EASE $6amnl [ISAMBLEX
on right which are used to label the origin of the 5 day back trajectory from Mace Head.

and models including other compounds are needed to reasherefore, the fluctuations in concentration are better related
sure this assumption. From the maps of origin-averaggd Oto air mass origin than they were during EASE96. This is in
for both campaigns (Fig. 21) it appears that periods of highpart due to a more distinct difference between polluted and
O3 (=45 ppbv) only in fact occurred during EASE96 (blue unpolluted or clean events during NAMBLEX.

areas) and were not a feature of NAMBLEX.

Under “clean” westerly conditions during NAMBLEX s
(e.g. between 6 and 7 August) when the air has not had an§ ummary

continental influence for at least 5 days, levels af ere In this overview paper, the NAMBLEX field campaign was

lower but there is also a small positive correlation between : : . o .
. placed in the context of previous intensive field campaigns
CO and Q. Long-range transport in the form of perturbed ! ; . .
X X . ._in the marine boundary layer (MBL), in particular those held
CO/Q; ratios, can allow pollution signatures to be seen in

air received at Mace Head even after 5 days. There was at Mace Head. NAMBLEX represented one of the most de-
similar findina during the ICARTT Laaran ign- experiment filed studies of the MBL, and chemists, physicists and me-

X 9 9 ) agrang P teorologists worked closely together to deploy a wide range
carried out over the Atlantic ocean in July 2004, when the

. . . . of instrumentation and models for the measurement and in-
same air mass was sampled at 5 points along its trajector

. erpretation of trace gases and aerosols. A detailed listin
(pers. comm. Methven, 2005). Figure 20 also shows the C P ; 9 . ) . 9
. g . of the deployed instrumentation was given, and species data
versus Q correlation for an even “cleaner” south westerly

period. Along with G and CO, CH and NMHC concentra- coverage, together with a summary of the operational details

. . X for each instrument. For measurements not considered in
tions measured at the site were generally at their lowest dur-

. ) : . . tail in other rs in this i time-seri fm re-
ing south westerly periods with campaign minima for H deta other papers > 1SSUE, fiMe-Series of measure

of 1730 ppbv for EASE96 and 1746 ppbv for NAMBLEX. ments were presented and discussed, a_nd interpreted in terms
of classifications based on calculated air-mass back trajecto-

The percentage of concentration variance in the observe@es. The conditions encountered during NAMBLEX were

time-series that can be explained by the average relationshigompared with the EASE96 campaign, which took place at
between chemical composition and trajectory origin is alsopmace Head at a similar time of year.

a useful metric, and can be estimated following Methven et

al. (2001), and is given by the rank correlation squared be-

tween the observed time-series and its origin-averaged timeAppendix A

series (Fig. 21). During EASE96 this parameter was calcu-

lated for @, CO and CH and gave values of 42%, 41% and Papers in the NAMBLEX Special Issue

50%, respectively (Methven et al., 2001). The same analy-

sis was performed for NAMBLEX with values of 41%, 63%  Heard, D. E., Read, K. A., Methven, J., et al.: The North
and 57% calculated for the same species. For CO ang CHAtlantic Marine Boundary Layer Experiment (NAMBLEX).
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Overview of the campaign held at Mace Head, Ireland, inradical chemistry in the marine boundary layer during the
summer 2002. NAMBLEX campaign.
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