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Abstract. OH and HQ concentrations were measured si- over the ocean, reflecting the domination of the inter-tidal
multaneously at the Mace Head Atmospheric Research Staregion as an iodine source at Mace Head, led to further im-
tion in the summer of 2002 during the NAMBLEX (North provement. The results are compared with previous measure-
Atlantic Marine Boundary Layer EXperiment) field cam- ments at Mace Head, and elsewhere in the remote marine
paign. OH was measured by laser-induced fluorescenceoundary layer.

employing the FAGE (Fluorescence Assay by Gas Expan-
sion) technique, with a mean daytime detection limit of
2.7x10° molecule cn1? (5 min acquisition period; signal-to- 1
noise ratio = 1). HQwas detected as OH following its chem-

ical conversion through addition of NO, with a mean detec- Hydroxyl radicals (OH) are the principal oxidising species in
tion limit of 4.4x 1Cﬁ molecule Cm3. The diurnal variation the tropOSphere’ and dominate the dayt|me removal of most
of OH was measured on 24 days, and that oblé@17 days.  yolatile organic compounds (VOCs) (Levy, 1971; Logan et
The local solar noon OH concentrations ranged between (33|, 1981). Reaction with OH thus governs the atmospheric
8)x10° molecule cm?®, with a 24h mean concentration of |ifetime of many species, and hence their potential to con-
9.1x10° molecule cnv3. The local solar noon HPconcen-  tribute to (for example) climate change and ozone depletion.
trations were (0.9-2.3)10% molecule cm® (3.5-8.2pptv),  The OH-initiated oxidation of hydrocarbons and CO in the
with a 24h mean concentration of 420" molecule cm®  presence of oxides of nitrogen also leads to the generation
(1.6pptv). HQ radicals in the range (2-3)L0" molecule  of ozone, a constituent of photochemical smog. Improving
cm~3 were observed at night. During NAMBLEX, a com- qur understanding of the abundance and distribution of OH
prehensive suite of supporting measurements enabled a dgs thus a key goal of atmospheric chemistry. As the reactivity
tailed study of the behaviour of HOadicals under primar-  of OH is high, its concentration is low (of the order of 0.04—
ily clean marine conditions. Steady state expressions ar@ 2 pptv in the sunlit troposphere) and its chemical lifetime is
used to calculate OH and HQoncentrations and to eval- short (0.1-1s); OH concentrations are therefore determined
uate the effect of different free-radical sources and Sinkay local chemical processes rather than transport' Compari_
The diurnally averaged calculated to measured OH ratio waggn of in situ measurements of KHO@H+HO,) with calcula-
1.04+0.36, but the ratio displays a distinct diurnal variation, tions and box model simulations constrained by observations
being less than 1 during the early morning and late after-f longer-lived species such as NQNO+NO), ozone and
noon/evening, and greater than 1 in the middle of the dayyOCs can thus be used to test our understanding of these pro-
For HO, there was an overprediction, with the agreement beesses, and to validate the chemical mechanisms included in
tween calculated and measured concentrations improved bytopospheric models. This paper describes observations and

including reaction with measured 10 and BrO radicals andsteady-state analyses of marine boundary layer OH ang HO
uptake to aerosols. Increasing the concentration of 10 radizoncentrations measured at Mace Head, Ireland.

cals included in the calculations to above that measured by |n the summer of 2002 the Universities of Leeds, York,
a DOAS instrument with an absorption path located mainly gast Anglia, Leicester, UMIST (now Manchester), Birming-
ham, Aberystwyth, Bristol, Cambridge, Edinburgh and the
Correspondence td. E. Heard National University of Ireland (NUI) Galway participated
(d.e.heard@leeds.ac.uk) in the NAMBLEX (North Atlantic Marine Boundary Layer
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1436 S. C. Smith et al.: OH and H@uring NAMBLEX

EXperiment) campaign, located at the Mace Head Atmo-spheric HQ for determination of the atmospheric oxidative
spheric Research Station, near Carna, County Galway on theapacity, improvements are required in our understanding of
west coast of Ireland (323 N, 9°54 W). The Mace Head the chemistry occurring in (nominally) clean environments
site has a clean air sector extending from 180 to°380- such as the remote marine boundary layer.
compassing the prevailing westerly winds, and the site expe- From the perspective of HOchemistry, the NAMBLEX
riences a range of clean and semi-polluted air masses arrivcampaign featured several improvements to the data cover-
ing mainly from the Atlantic but also from the Arctic, Europe age compared with previous studies at Mace Head and else-
and the United Kingdom (Cape et al., 2000; Simmonds et al.where in the marine boundary layer, notably measurement
1996). Further details of the NAMBLEX campaign and the of a more comprehensive suite of OH sinks, including pre-
Mace Head site can be found in the NAMBLEX overview viously unmeasured oxygenated VO@s\(OCs) (Lewis et
paper in this issue (Heard et al., 2005). al., 2005), the H@ co-reactants 10 and BrO (Saiz-Lopez
Mace Head has been the location for several previouset al., 2004a, b, 2005, 2006), and detailed aerosol chemi-
field campaigns at which OH and HChave been mea- cal composition and size distribution measurements (Coe et
sured (Creasey et al., 1997, 2002; Berresheim et al., 20023l., 2005). The OH and HOmeasurements were performed
and compared with simulations using constrained numeri-simultaneously rather than sequentially, permitting a more
cal box models. In particular, the NAMBLEX project fol- accurate constraint of the flux between the {&pecies. In
lowed on from the EASE96 (East Atlantic Summer Exper- contrast with the EASE96 and EASE97 campaigns, the mea-
iment) and EASE97 (Spring) campaigns during which the surements of radical species (Ql@H/HO,, ROy) were co-
University of Leeds FAGE (Fluorescence Assay by Gas Ex-located at the shoreline site, together with the aerosol, VOC,
pansion) instrument was also deployed for the measuremer®s; and meteorological measurements. Previously the instru-
of OH and HQ. During EASE96 and 97, OH and HGvere  ments had been separated by up to 200 m, leading to con-
observed with midday concentrations of (2.0-6.00° and  cerns that instruments may have sampled different air masses
(0.5-3.5%x 10° molecule cnT3, respectively (Creasey et al., following the formation of an internal boundary layer as the
2002). The OH concentrations correlated well with the OH oceanic air encounters the shoreline (Carslaw et al., 2002).
production rate from ozone photolysis during periods when This paper describes the NAMBLEX HGneasurements
clean air, originating in the arctic (low N@, arrived at Mace  and analyses of the OH and H@oncentrations using the
Head. Carslaw et al. (2002) used a constrained photochemsteady-state approximation. Comparisons of the measure-
cal box model based upon the Master Chemical Mechanisnments with the predictions of a constrained box model are
(MCM http://mcm.leeds.ac.uk/MCMCarslaw et al., 1999a; described in a separate paper (Sommariva et al., 2005). The
Jenkin et al., 1997) to simulate OH and bi@uring EASEQ7.  paper is structured as follows: The basic H@hotochemical
It was found, on average, that the model substantially over+elationships are given in Sect. 2, followed by a description
predicted OH and H&by factors of 2.4 and 3.6, respectively, of the experimental technique, including the calibration, pre-
for data obtained between 11:00 and 15:00 GMT. OH wascision and accuracy of the FAGE system, in Sect. 3. The
also measured at Mace Head by Chemical lonisation Mas®©H and HQ dataset is described in Sect. 4. In Sect. 5, the
Spectrometry (CIMS) during the PARFORCE experiment in relationship between OH and the rate of ozone photolysis
1999 (Berresheim et al., 2002). A mean daily maximum OH (j—(OD)) is considered (Sect. 5.1), followed by an exam-
of (2.6+0.5)x10° molecule cn® was observed, but calcu- ination of the ability of steady state expressions of increas-
lations using a simple box model overestimated OH concening complexity to simulate the measured OH (Sect. 5.2) and
trations by an average factor of 8.2. HO> (Sect. 5.3) concentrations. Finally, in Sect. 6, the results
HOx measurements at other remote marine boundarfrom NAMBLEX are discussed and placed in the context of
layer locations have tended to indicate typical maximumrelated analyses undertaken for similar environments.
levels of OH of up to (3.0-6.8)10° molecule cm®, and
HO; of up to (1.0-2.5% 10® molecule cnm? (ca. 4-10 pptv). _ _
Agreement between observed OH and calculations using Tropospheric HOx photochemistry
constrained box-models has been reasonably good with . . . .
model/measurement ratios of 1.15 (Cape Grim, Tasmania Ihe major OH production pathway in .the troposphere is
SOAPEX-2 — Sommariva et al., 2004), 1.17 (South Atlantic Photolysis of ozone at wavelength of light340nm, fol-
_ ALBATROSS — Brauers et al., 2001) and 0.80 (Christmas©"Ved by reaction of the resulting electronically excitetbO
Island, Pacific Ocean — PEM Tropics A— Chen et al., 2001)."’1.toms with we_lter vapour, In competmon.wnh their colli-
In contrast, for HQ, models have tended to overestimate theSIOnaI q.uer_mhmg.- This primary production rate for OH,
measurements, with reported model/measurement ratios cﬁ(OH)' is given by:
14 (SOAPEX-Z - Sommariva.et al., 2004), 0.8 and 2 (Oki- P(OH)=2f[03]j — (O'D) 1)
nawa and Oki Islands, respectively — ORION-99 — Kanaya et
al., 2001a) and 1.7 (Rishiri Island — Kanaya et al., 2002).where j—(OD) is the rate of @ photolysis by sunlight to
Given the importance of quantitative prediction of tropo- generate @D and f is the fraction of @D that reacts with
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water vapour to produce OH, rather than undergoing colli-3 Experimental
sional quenching with B O, or H,O to form CG*P:
OH and HQ radicals were measured using laser-induced flu-
= (2) orescence (LIF), via the FAGE (Fluorescence Assay by Gas

ko1p+H,0lH201 + korpn, [N2] + ko1p.1+0,[O2] Expansion) technique (Hard et al., 1984; Heard and Pilling,
Under normal mid-latitude marine boundary layer conditions2003). The instrument used was an improvement of that de-
f takes values of around 0.1-0.2 (minor quenching speciesployed in previous campaigns (e.g., Creasey et al., 2003),
such as C@, are neglected). with several significant modifications (described below), no-

The major sinks for OH under clean conditions are CO, tably the use of two detection channels enabling simultane-
CH4 and VOCs, resulting in production of BCand other ~ ous (rather than sequential) measurement of OH and, HO
peroxy radicals (R®). HO; is also produced through reac- implementation of an all solid state laser system, and use
tion of OH with Oz and photolysis of HCHO, and is recycled Of a fibre-optic system for delivery of the UV radiation to
to OH through reaction with ©and NO. HQ chain termina-  the fluorescence cells. The instrument was housed in an air-
tion occurs via radical recombination reactions ¢+6810,,  conditioned 20 foot shipping container, fitted out as a mo-
HO»+RO, and OH+HQ) and by the reaction of OH with bile laboratory. The laser system, fibre launch optics, photon
NO,, the former dominating in clean air, the latter in polluted counting electronics, computer and pumping system were lo-
air. The lifetime of OH is typically less than 1s and con- cated inside the container whereas the fluorescence cells, de-
sequently OH rapidly reaches photochemical steady statd€ctors and gating electronics were housed in a weatherproof
given by: box on the container roof.

The FAGE system was located at the “shoreline” measure-

- 3) ment site at Mace Head, approximately 50 m horizontally
2_; korilil and 10 m vertically (inlet height) from the high-water mark.
where eacli represents an OH co-reactant. If @hotolysis A plan of the Mace Head site is shown in the NAMBLEX
is the only OH production mechanism, and reaction with COoverview paper in this issue (Heard et al., 2005), indicat-

kotp+H,0[H20]

rate of production
[OH] = o P2

and CH, are the only sinks, [OH] is given by: ing the relative positions of the various instruments. The
P(OH) fetch from the shoreline was unobstructed by buildings or
[OH],,= (4) other instruments. The container was mounted on a flatbed

kor+colCOI + komch,[CHal trailer, giving a sampling height ca. 5m above ground level.
Equation (4) can be extended to incorporate additional OHA schematic diagram of the overall layout of the instrument
sources (e.g., H&NO) and sinks (e.g., reaction of OH with is shown in Fig. 1.
H2, NO, and dimethylsulphide, DMS). Section 5 of this pa-
per assesses how comprehensive a selection of OH precu8.1 Instrumental details
sors and co-reactants is required to satisfactorily simulate
measured OH concentrations at Mace Head. The FAGE technique uses 308nm on-resonance laser-
Steady-state calculations of HG@re more complicated induced fluorescence to detect OH radicals, employing a
than those of OH, as they must take into account both the fadow-pressure gas expansion to extend the fluorescence life-
interconversion with OH, and the second orderH&moval  time and permit temporal discrimination between scattered
processes, H&XHO, and HQ+RO,. Expressions deriving laser light and OH fluorescence. The gas expansion also en-
a relationship between HGand the square root gf—(O'D) sures rapid refreshing of the gas in the fluorescence region,
have been used previously (e.g., Penkett et al., 1997), bugnabling use of a high pulse repetition frequency, low pulse
require assumptions regarding the $IRO, ratio and ne-  energy excitation laser which minimises any photolytically
glect certain HQ removal terms. In this work, we have induced interferences while giving the sensitivity necessary
adopted the cubic equation for H@eveloped by Carslaw to detect OH at ambient levels. In the Leeds system, ambient
etal. (1999b, 2002): air is expanded into two low-pressure fluorescence cells, one
_ of which is used for OH detection, and the other (through ad-
BIHO,I® + y[HOzJ? + 8[HO,] + £=0 G dition of NO, and hence conversion of ambient +0 OH)
whereg, y, 8, ands are derived from a reduced “mini” mech- for the detection of HQ.
anism of the MCM (25 reactions and 17 species), and con- During NAMBLEX, a novel all solid-state, Nd:YAG
tain measured concentrations of long-lived species, togethgpumped Ti:Sapphire laser was used to generate 308 nm ra-
with radiative and kinetic parameters (see Appendix A). Thediation used for OH excitation, in place of the copper vapour
“mini” mechanism was shown to be valid under clean con-pumped dye laser used previously. A full description of
ditions at Mace Head, with HOconcentrations calculated the laser system is given in Bloss et al. (2003); illustra-
from the solution of expression (5) being within 20% of cal- tive details will be given here. The pump laser is a diode-
culations carried out using the full, near-explicit MCM, con- pumped, intra cavity doubled, Q-switched, Nd:YAG laser
taining ca. 1500 reactions (Carslaw et al., 1999b, 2002).  (Photonics Industries DS 20-532), which produee0 W

www.atmos-chem-phys.net/6/1435/2006/ Atmos. Chem. Phys., 6, 1483-2006
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Fig. 1. A schematic of the FAGE instrument as deployed during the NAMBLEX campaign.

of 532 nm radiation at a repetition frequency of 5kHz. The bres, the light is collimated using a plano-convex lens, and
532 nm radiation is used to pump a water cooled Ti:Sapphirgpassed through the detection cells via baffled side arms, pro-
crystal, producing broadband near IR radiation in the rangeviding a 10 mm diameter laser beam in the excitation region.
690-1000nm. The Ti:Sapphire oscillator wavelength of The total light transmission through the fibre optic system
approximately 924 nm is selected using a diffraction grat-from the beamsplitter to the centre of the detection cell was
ing, with computer control of the grating angle. The fun- ~60%. After traversing each cell, the laser beam exits via
damental wavelength from the Ti:Sapphire is then passed second baffled side-arm and is directed onto a UV sensi-
through two non-linear harmonic generation stages consisttive photodiode, enabling the laser power in each cell to be
ing of two cerium lithium borate crystals, producing 462 nm monitored continuously for subsequent normalisation of the
and 308 nm radiation by second and third harmonic generOH LIF signal for any fluctuations in laser power. Typically,
ation, respectively. The beam profile produced by the lasethe laser power entering the OH and p@etection chambers
cavity design contains a number of longitudinal modes suchwas~20 mW and~5 mW, respectively.

that following harmonic generation, a spectral linewidth of ) ) ] ]
~0.065cnr? is produced, thus providing efficient overlap The .detectlon cells cpmprlsed 220 mm internal diameter
with the Doppler broadened OH spectral profile at 308 nmcy_llr_1dr_|cal cham_bers, with internal surfaces sand b_Iasted to
under the low pressure conditions of the FAGE instru- Minimise reflections. Each cell pressure was monitored by

ment (approximately 0.08 cmt). The Q(2) branch of the & capacitance manometer, and was independently adjustable
OH A2+ (v'=0) — X2II; (v=0) transition was excited at through butterfly valves located at the cell exit prior to the

307.999nm. Approximate0.002 nm) wavelength tuning roots/rotary pumping system. 'The nozzle .a.rr'angement dif-
is provided by splitting a small fraction of the second har- féred for OH and H@ to maximise OH sensitivity and HO

monic radiation into a wavemeter. Precise tuning to the peal€0nversion efficiency, respectively. For the OH cell, ambient
of the spectral line of OH is then achieved by use of a ref-aif Was expanded through a 0.8 mm flat nozzle, with a flow
erence fluorescence cell containing a high [OH] (produced &€ of ca. 4.8sIm, into the fluoresce_nce_ chamber held at a
by a microwave discharge of water vapour in ambient air atPréssure of 0.9 Torr. The gas expansion intersected the laser
57Torr). Upon exiting the laser, the UV radiation is passed@nd detection axes approximately 90 mm below the nozzle.
through a series of dielectric beamsplitters and split into threel "€ HC: cell had a reduced nozzle diameter of 0.6 mm (to-

fractions of 5%, 25% and 70% power. The 5% fraction of the tal flow rate into the cell was ca. 3.6 sm), an increased noz-
radiation is directed into the reference cell for wavelengthZl€ to laser-axis distance of 400 mm, and featured an NO in-

calibration. The 70% and 25% fractions are focussed intd€Ction ring positioned concentrically around the gas beam,

fibre optic cables (length=5m) for transmission of the light ~2°0 mm below the nozzle. The injection of NO well down-
into the OH and H® measurement cells, respectively, po- stream of the initial gas expansion (containing the supersonic

sitioned on the roof of the container. Upon exiting the fi- "€9ion) resulted in better mixing of the NO with the gas
stream, compared with injection directly beneath the nozzle.

Atmos. Chem. Phys., 6, 1435453 2006 www.atmos-chem-phys.net/6/1435/2006/
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NO was injected with a flow of 140 sccm into the beam, re-3.2 Calibration

sulting in conversion of approximately 75% of the ambient

HO, to OH. The OH and H(é)ce” inlets were Separated hor- [OH] Sampled atthe nozzle is direCtIy related to the observed
izontally by approximately 70 cm. The LIF signal from the signal,S, by a calibration constanfon, and the laser power,
HO, channel arises from OH converted from ambient,HO P:
plus ambient OH.

The fluorescence collection axes, perpendicular to the
laser beam, comprise collimating lenses, a narrow band¢qy cannot be calculated accurately as it depends on param-
width interference filter (transmission50% at 308 nm, eters that are hard to measure such as the optical collection
FWHM=8.0nm) and focussing lenses to direct the 308 nmand sampling efficiencyCon was therefore determined em-
radiation onto the 8 mm diameter photocathode of a chanpirically using the HO photolysis/Q actinometry method
neltron photomultiplier (CPM). The solid angle of fluores- (Schultz et al., 1995). Briefly, synthetic air with a known
cence collected was approximately doubled using a sphericoncentration of HO (determined by an infra-red absorption
cal mirror mounted opposite the collection optics. The CPM spectrometer with a precision and accuracy of 0.02% v/v, and
was switched off-2 us before the laser pulse using a gating a response time of 5s), was flowed at 12 sim through a quartz
system developed at Leeds (Creasey et al., 1998) to providow tube (0.6 m long, 22 mm internal diameter) held verti-

a +100V potential difference on the cathode relative to thecally above the inlet nozzle. The air was exposed to 184.9 nm
channeltron body. The CPM is held in this low gain state radiation from a mercury pen-ray lamp with an axial irradia-
until ~100 ns after the peak of the laser pulse. The CPM istion zone of length 23 mm. The centre of the irradiation zone
then switched back to the high gain state in order to collectis 64 mm above the inlet nozzle, with a transit time to the noz-
the OH fluorescence signal. The CPM signal is amplified andzle of ca. 0.1 s. Photolysis of water vapour at 184.9 nm leads
recorded using photon counting techniques, during a 500 ngo the production of OH radicals and H atoms. @dicals
wide integration window, commencing 100 ns after the peakare rapidly formed by the reaction of H atoms with ambient
of the laser pulse. A second integration window, delayedO,. The OH and H@ production was quantified relative to
50us after the laser pulse with a width ofS, was used  the concomitant formation of £¥ollowing the photolysis of

to measure the signal from solar scattered light entering the, :

chamber through the nozzle, for subsequent subtraction.

= ConP[OH] (6)

The computer controlled data acquisition sequence in thé120 +hv — OH+H (R1)
OH cell is as follows: (1) The centre of the;@) line is
located by scanning the laser wavelength across a 0.005 anF\' +02+M — HO; + M (R2)
region encompassing the peak of the line whilst recordlng >+ hv — 20 (R3)
the reference cell signal, and then adjusting the Wavelength
to the line peak (such that the reference cell signal reache¢o + 0, + M — O3+ M) (R4)

at least 90% of its maximum). (2) The wavelength is then

kept constant for a period of 200 s (consisting of 10 points,Approximately 4.8 sIm of the calibration gas was sampled
where 1 data point is acquired every 20 s), during which thethrough the inlet nozzle (3.6 sIm in the case of thex+@ll),

sum of laser scatter and OH fluorescence signal (with thewith the remaining gas forming an excess flow, in which O
contribution from solar scatter subtracted) is recorded. (3)was measured using a UV photometric detector (precision
The wavelength is then stepped down by 0.005nm, so thaand accuracy of0.6 ppbv and detection limit of 0.4 ppb for
the laser is no longer on-resonance with the OH spectral linel min averaging), enabling [OH] and [BDto be calculated
allowing the signal solely due to laser scattered light to bethrough knowledge of the relevant quantum yields and cross
collected for subsequent subtraction. This background sigsections:

nal is collected for 100 s (5 points of 20 s averaging). (4) The

OH fluorescence signal is then normalised to laser power usfOH] = [HOz] =
ing the signal from the UV photodiode situated after the exit

arm of the cell. For the H@cell, the data acquisition se- wheregon=¢Ho,=1 and¢o,=2 are the quantum yields for
guence is the same as for the OH cell, but NO is added to th@roduction of OH, HQ and G, respectively. The ozone con-
chamber. The flow of NO is switched off part way through centration used to calculate the OH level at the inlet nozzle,
the background points (laser not on resonance with OH) tovia Eq. (7), was corrected by a profile factor, which accounts
check for any increased background due to the presence dbr the variation in axial velocity across the laminar flow in
NO (which was not observed). A smalk§%) correction the calibration tube, defined as {[xcesé[O3lcentre Which

was required as the “HD cell signal contains a contribu- was determined experimentally to be H4®107. Several
tion due to ambient OH; this was subtracted using the OHstudies have shown that the effective absorption cross sec-
concentration determined in the other cell, adjusted for thetion of O, at 185 nm depends on the individual photolysis
relative OH sensitivities between the cells. lamp used (and its operating conditions) and thec@umn

[O3][H20]0184.9 nm(H,0)PHO,
[O2]o1849 nm(0,) P04

@)

www.atmos-chem-phys.net/6/1435/2006/ Atmos. Chem. Phys., 6, 14832006
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through which the radiation propagates (Cantrell et al., 1997:The corresponding mean values for [blJ@vere found to be
Creasey et al., 2000; Hofzumahaus et al., 1997) and as a ré2.94+1.05)x 10° molecule cnt3 (0.11 pptv) during the day
sult o149 nmo,) Was measured for the actual lamp and oper-and (1.02:0.39)x 10° molecule cnt? (0.04 pptv) at night.
ating conditions used in the field calibrations. The accuracy in the reported measurements is determined
OH and HQ calibrations were carried out daily during by the calibration factors and is 22% and 25%, respectively,
the NAMBLEX campaign. The calibration constants for (1o) for OH and HGQ. The precision of the instrument
both the OH and H® cells were insensitive to changes (quoted as a percentage) depends upon the signal magnitude
in water vapour under the (moist) conditions typically ex- (i.e. upon the concentration measured), and is determined
perienced at Mace Head £{8=0.5-2.2% v/v). As a by fluctuations in the background signal (solar and laser-
result, the daily calibrations were carried out using ainduced). The standard deviation of the background signal
H>O mixing ratio of ca. 0.7% and £-2.5ppby, result- was 2.6counts s, and hence for [OH]=810° molecule
ing in [OH] and [HO] levels of the order of 1®molecule  cm™3, the precision is 20%, giving a total uncertainty
cm3. In separate tests, multipoint calibrations, involv- in quadrature of 30%. For [H&=1x10® molecule cnt3
ing attenuation and measurement of the relative 184.9 nn{4 pptv), the corresponding-luncertainty is 28%.
flux, and carried out at constant {B], have demon-
strated that the instrument has a linear response to [OH]
and [HQ] in the range 16-10° molecule cm3, and thus 4 Results
the daily calibration was applicable to atmospheric lev-
els of [OH] and [HQ]. During NAMBLEX, the mean 4.1 Overview of the HQ data set
OH calibration constanCon was (1.76:0.38)x10 cts
moleculetcm®s Imw~-1. The analogous H®calibra- During the NAMBLEX campaign OH measurements were
tion constantCHo, was (3.28:1.21)x 108 cts molecule?! made on 24 days between 25 July and 1 September 2002,
cm®s I mw-1 (where the mea€oy for the HO, cell was  whilst due to technical difficulties HOwas only measured
(4.30+0.84)x10 8 cts molecule! cm®*sImw-1). The on 17 days, between 31 July and 1 September. Figure 2
difference arises as a consequence of the incomplete corshows the time series of OH and KH@br the entire cam-
version of HGQ to OH, and the differences in expansion jet paign. Each measurement is an average of 10 adjacent
geometry between the cell6€no, was determined either by 20s data points within a 5min data collection cycle (tak-
converting the OH in the calibration flow-tube to Hi@a the ing into account the background period of 5 adjacent 20s
addition of CO, or by measuring the additional OH LIF sig- data points). The corresponding valuesjef(O'D) aver-
nal when NO was added to the H@ell, giving very similar  aged over 5min are also shown. OH has a clearly defined
results. diurnal profile with absolute daytime maxima around local
Assuming Poisson statistics, the lower detection limit for solar noon (12:45 GMT at Mace Head) varying between (3—
OH is given by (Stevens et al., 1994; Holland et al., 1995): 8)x10° molecule cn3. Figure 3a shows the average diur-
nal profile of OH over the entire measurement period. The
_S/N 1 1 24 h mean OH concentration (derived from hourly means)
[OH]mi”_c_p (_ _>U” ®)  Wwas found to be 9:£10F molecule cm®. A diurnal pat-
tern is again exhibited for H§) although on some days it is
1 less pronounced (for example, Fig. 2, 21 August). Daytime
op = \/; (Sib + Ssp + San) (9)  maxima varied between 0.9-210® molecule cnr3 (~3.5—-
8.2 pptv). Data taken on the night of 31 August—1 Septem-
whereS/N is the signal-to-noise ratic? (mW) is the laser  ber (Fig. 2) provides significant evidence to support the pres-
power, m is the number of data points of OH signal,is ence of night-time HQ radicals, with observed concentra-
the number of background data points(s) is the averag- tions of (2-3) 10’ molecule cn® (0.8—1.2 pptv) (c.f. mean
ing time for each data point, arfl,, S, Ss (ctss1) are  HO, night-time detection limit of 1.8 10° molecule cn®
the background signals due to laser scatter, solar scatter ar{6.04 pptv)) as observed previously at Mace Head (Creasey
the PMT dark count, respectively. The detection limit was et al., 2002; Salisbury et al., 2001). Figure 3b shows the
calculated for each day on which measurements were madaverage diurnal profile of H9Y The 24 h mean H@concen-
using Egs. (7) and (8) witl§/N=1, r=20s, S4,=0, m=10, tration was found to be 4:210” molecule cnt (1.7 pptv).
n=5, actualS;, and S;;, from around solar noon, an@on Both the OH and H®24 h mean concentrations include rela-
from the most recent calibration. These daily detection lim-tively few night-time observations, however their abundance
its were then averaged to give the mean daytime detectiois expected to be dominated by daytime values. Analysis of
limit for [OH] of (1.91:0.64)x10° molecule cm® over a  the dependence of the ratio of [HZJOH] on NO was car-
300 s data collection period. At night, the detection limit im- ried out using three NO bins of 0—10, 10-30 and 30-500 pptv
proved asSy;,=0 and so the mean night-time detection limit for which the ratio [HQ]/[OH] was found to be 119, 73
for [OH] was found to be (6.082.75)x 10* molecule crs. and 53, respectively. This behaviour is quantitatively similar

m n
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Fig. 2. Time-series of OH (blue) and HQ(red) concentrations during NAMBLEX. Each point represents a 5min collection period com-
prising 10 adjacent 20 s online data points with a consecutive background period consisting of 5 adjacent 20 s data points. 5min averagec
j—(0OD) (black) as measured by a spectral radiometer, are also shown.

to that seen during the EASE97 field campaign which tookof increasing importance as sources of OH and the relation-
place at Mace Head when the [HJJOH] ratio was seen to  ship between OH ang—(O!D) becomes more complex.
reduce from 80 to 34 as the average NO level increased from In their analysis of OH data acquired at a rural site in
42 to 279 pptv (Creasey et al., 2002). The data from the camGermany, Ehhalt and Rohrer (2000) have shown that for a
paigns clearly illustrates how the ratio [HJJOH] falls as particular NQ level the dependence of OH upgr-(0D)
NO increases due to the increased rate of recycling of HO can be better described by an expression of the form
to OH. OH=ax j—(O'D)?, where the non-unity exponential param-
eterb incorporates the influences of for exampje;(NOy)
and j—(HONO) upon OH production, via H&NO and

5 Data analysis and interpretation HONO photolysis, respectively. This analysis was subse-
quently applied by Berresheim et al. (2003) to OH data ac-
5.1 j—(O'D)dependence of OH quired during the MINOS campaign on the North Eastern

coast of Crete in 2001, where=1.39-2.2 and=0.68, was

The dependence of OH upon the rate of production of elecfound to describe their data well.

tronically excited oxygen atomsi—(O'D), depends upon At Mace Hegd, radical production from .MOnitiated
the chemistry dominating OH production. In the absencehydrocarbon oxidation and alkene ozonolysis has been ob-

of NOy, primary production via © photolysis and the sub- served previously (Salisbury et al., 2001), consequently we
sequent BD+H,0 reaction is expected to dominate, and have examined the use of a modification to the expression

OH should show an approximately linear relationship with US€d by Berresheim et al. (2003) to include an intercept,
j—(O'D), with some deviation due to H®Os. At higher which can account for non-photolytic OH production:

NO levels, the HG+NO reaction and HONO photolysis are
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& 14 2 Power (green line) and (3) Power with intercept (blue line). See
g lo7s = text for details.
© 09 =)
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S 04 L0300 T Table 1. Fitting Eq. (10) to OHj—(OlD) data for the entire cam-
T paign, uncertainties arelo.
0.1 ‘ ‘ ‘ -0.18 -
00:00 06:00 12:00 18:00 00:00 Fit a b c P2
Time / GMT (b)
1 Linear 1.6240.02 1 (fixed) 0 (fixed) 0.404
2 Power 1.980.02 0.59:0.02 O (fixed) 0.470

Fig. 3. (a)Diurnal profile of all OH data (200s averages) for the
campaign (light blue circles), together with a 40 point running mean
of the OH data, (dark blue lines) and a campaign averadgd®1D)
(grey line). (b) Diurnal profile of all HG, data (200 s averages) for
the campaign (pink diamonds), together with a 40 point running
mean (red line) and a campaign averagedO!D) (grey line). The dependence of OH upgn-(O'D) is itself dependent
upon NQ, as noted by Ehhalt and Rohrer (2000). During
NAMBLEX, the envelope of N@ (ca. 5-2000 pptv) encom-
[OH]/10° molecule cm3=a x <j_(01D)/10—55—1)b+c (10) passed the range from “clean” to “polluted” conditions, such
that single values fat, b andc are not necessarily applicable
. ) .. to the entire dataset. We have therefore repeated the fitting
Inclusion of the intercept should allow a better description analysis, with the data in three NO bins, covering 0-10, 10—
qf the data during twilight and overnight; al§o determina- 30 and 30-500 pptv (the latter bin approximately equivalent
t!on of the par.ameters, b andc from predo_mmantly day- {5 the conditions during MINOS). The resulting optimised
time OH andj—(O'D) data could constrain the levels of parameters are given in Table 2.
OH anticipated overnight, if the nighttime production mech- In all cases addition of the power-dependence upon
anisms continue during daylight hours — as expected fOTj_(OlD) results in a better fit than the simple linear
alkene ozonolysis but not NO'The coefficients in Eq. (10) expression, with the improvement most marked in the
were optimised by least-squares fitting to the observed Oty £ ppt NO bin, which corresponds to “intermediate”
concentrations ang—(O'D) values, the latter measured by NOy conditions, with recycling of H@ to OH mediated
a 2+t spectral radiometer (see Heard et al., 2005, this issuemy the HQ+NO reaction, and deviation from a simple
for further details). Fits were performed for a linear form of OH/j—(O'D) correlation is expected. In general the expo-
Eq. (10) 6=1,¢=0) (1), a simple power functioa£0) (2), or = anty is less than 1, corresponding to a “concave” fit to the
a power fu_nctlon with an intercept (3), as shown in Table 1'data, and reflecting the fact that OH rises more rapidly than
The egperlm_enta_l scatter plot of [OH] vgrsp;(olD) and j—(O'D) (on average) at low—(O'D), possibly due to con-
associated fits with Eq. (10) are shown in Fig. 4. While the iy, tions to HG from photolysis of reservoir species such
improvement in correlation coefficient{) between the suc- as HONO and/or HCHO, which will have relatively higher

cessive fits is modest (partly reflecting the high scatter of thephotonSiS rates at high solar zenith angles (SZA) than for
data when all plotted together), visual inspection of the scat-yzone.

ter plot shows that fits (2) and (3) clearly better describe the
data than the simple linear fit (1).

3 Power/Intercept  1.470.08 0.84:0.05 0.44£0.06 0.476
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In comparison with the results of Berresheim et al. (2003)
during the MINOS campaign (a marine environment on
Crete), we find the value @fto be lower for the 30-500 pptv
NO bin which is most comparable to the MINOS condi-
tions (during which N@ ranged from 60—1040 pptv): NAM-
BLEX, »=0.56+0.03; MINOS,»=0.68+0.01, but the value :
of a to be slightly higher (NAMB!_EX,a:Z..Z&tO.Q4; M- '1)Linear 143003 1 (fxed) 0 (ixed) 0.519
N.OS,a=1.39, 1.71 and 2.20 for different time periods). The 5o " 164005 071005 0 (fixed) 0.593
difference in values ob suggests that non-primary produc- 3 power/intercept  0.820.09 153014 058006 0576
tion of OH was more important for Mace Head during NAM- i)

BLEX than for Crete during MINOS (also reflected in the 1 Linear 1.680.02 1 (fixed) O (fixed) 0.462
much higher scatter apparent in Fig. 4, compared with the gggwg:ﬂmerce t 11-9:18-83 g-gig-gg 8g:;%dg)7 Sﬁff
equivalent plot for the MINOS dataset). The parameter i pt L R T '
relates the steady-state OH level to the solar intensity; dur- 1 inear 1.820.04 1(fixed) O (fixed) 0.389

ing NAMBLEX, typical ozone levels were less than MINOS 2 Power 2.290.04 0.56:0.03 O (fixed) 0.509
(approximately 30 vs. 60 ppbv) while the conversion 600 3 Power/intercept  2.380.33  0.54:0.09 —0.08+0.30 0.509

to OH was roughly equivalent, thus observation of a com-

parable value for may suggest that the OH reactivity (the

rate at which it is removed by sinks) was rather higher in

the Mediterranean environment of MINOS than in the North 5.2 Steady state calculations of [OH]

Eastern Atlantic environment of NAMBLEX.

Interestingly, addition of the third, intercept paramater 5.2.1 Assuming production from ozone photolysis and loss
results in little or no improvement to the fits, suggesting that by reaction with CO and Cldonly
non-photolytic radical production was relatively unimportant
over this time period at Mace Head. In the case of the lowIn the simplest case, considering only primary production
NO bins, 0—10 and 10-30 pptv, addition of this third param- (Os+hv—O(D)+H,0) and loss through reaction with CO
eter results in a reverse of the curvature of the#fit{). It ~ and CH, OH concentrations are given by Eq. (4), as outlined
is likely that the intercept (equivalent to 5—-&10° molecule  in Sect. 2. OH observations were compared with steady-
cm~3) is higher than the true value of [OH] at night for these state OH concentrations calculated from Eq. (4) for 200s
conditions, which during NAMBLEX, was measured below data averaging periods from 17 days of the campaign, the
6.09x 10* molecule cnm3. Hence the parametgiis too high,  period limited by the co-availability of OH, CO and GH
being a mathematical consequence of the contributions telata (Heard et al., 2005). The number of days on which
radical production at lowj —(O'D from species which un- steady state OH calculations were possible was increased to
dergo photolysis at longer wavelengths than fdiDQpro- 21 by inferring CO and Chilevels from their correlations
duction from ozone. This unphysical situation appears towith acetylene and propane measurements (obtained by GC-
preclude the use of Eq. (10) to estimate nighttime OH lev-FID; Lewis et al., 2005), as a strong correlation was observed
els from predominantly daytime OH data; rather, direct mea-between these species throughout the campaign (Heard et al.,
surement at night is required. 2005). The CO/acetylene relationship was determined to be

An alternative to the empirical relationship between [OH] (CO/ppbv)=0.27(gH,/pptv)+68.88 (2=0.84), from the pe-
and j—(O'D) is to consider the relationship between [OH] riod 20 h prior to and 22 h subsequent to the gap in the CO
and the rate of primary production of OH, P(OH) (defined in data which ran from 04:28 GMT 17 August to 12:40 GMT
Eqg. 1) during the campaign. If the formation of OH is dom- 21 August. The same method was applied to calculate
inated by ozone photolysis, and the OH removal rate is conCHs from propane data for the interval from 04:27 GMT
stant, reflecting constant chemical composition (usually with17 August to 09:09 GMT 19 August, using the relationship
low NOy and VOC levels, where OH removal is dominated (CHa/ppbv)=0.85(GHg/pptv)+1754 (2=0.58).
by reaction with CO and CJJ, a linear relationship between Figure 5 compares the observed OH concentrations with
OH and P(OH) is expected (Eq. 4). Use of P(OH) ratherthe steady-state values calculated via Eq. (4), for two repre-
than simply;j —(O'D) incorporates variability in the primary  sentative 48 h periods of the campaign. Figure 6 shows the
production rate of OH due to changing ozone and water conhourly average calculated/observed OH ratio for 8 days (10,
centrations, and also temperature/pressure. Analysis of [OH15-21 August) which are used to compare [OH] calculations
versus P(OH) for 22 days during the NAMBLEX campaign throughout Sect. 5.2 due to the co-availability of data for
resulted in correlation coefficients?) ranging from 0.13 (21  calculations using Eq. (12) (Sect. 5.2.2). Figure 6 displays
August, daily average NO=108.4 pptv) to 0.85 (9 August, a distinct diurnal profile in which OH is under-predicted
daily average NO=18.0 pptv), with an average of 0.57 (cam-early in the morning and in the late afternoon/early evening
paign average NO=31.8 pptv). (high SZA) and over-predicted in the middle of the day. An

Table 2. Results of fitting Eq. (10) to OH/(OD) data sorted
into NO bins i) NO=0-10 pptv, ii) NO=10-30 pptyv, iii) NO=30-
500 pptv.

Fit a b c r2
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5 5.2.2 Adding other OH sources and sinks to the steady state
19/08/02 .
expression for [OH]

The steady-state prediction of OH levels can be made more
realistic through inclusion of additional OH sources and
sinks. Equation (4) was extended to include OH production
through reaction of HQwith NO and with G, and OH loss
through reaction wittv-VOCs methanol, acetaldehyde and
acetone. These species were selected for inclusion on the ba-
sis of Rate of Production Analyses (ROPAS) carried out using
600 1200 1800 0000 0600 1200 1800 the MCM (Sommariva et al., 2005) and by simple kinetic cal-
Time | GMT @) culations using measured hydrocarbons adDCs (Lewis
et al., 2005). The ROPAs identified the three main sources
of OH, on average, as H®NO (41%), GD+H,0 (31%)
and HQ+03 (24%). Calculation of the mean pseudo-first-
order loss rates for OH due to reactions with various species
showed that on average, CO (44%), SH6%) and»-VOCs
(including only acetaldehyde, methanol and acetone) (17%)
were the major sinks during NAMBLEX, with non-methane
hydrocarbons being less important (Read et al., 2003; Lewis
et al., 2005). The OH steady-state expression was extended
to incorporate these species, resulting in Eq. (11), given be-
low:

[OH] / 10° molecule cm™

20/08/02 21/08/02

<o
1

N
I

[OH] / 10° molecule cm™®
[}

0600 1200 1800 00:00  06:00 P(OH
i (OH) + X
Time / GMT (b) [OH]ss — % (11)
Fig. 5. Diurnal profiles of measured OH (blue diamonds), OH cal- h
culated using the simple steady state expression Eq. (4), which inwhere

cludes primary production from4{Pphotolysis; and loss by reaction .
of CO and CH only (pink line), and OH calculated by a more com- X=(kH0,+03[03] + kHo, +NO[NOD[HO:].

plex steady state expression (Eq. 11), which also includesHNIO
and HQ+03 as OH sources, and also OH loss by reaction with

0-VOCs (orange line) for representative 2-day perio@s:16-17  ,/_, COl+k CH k VOCS]
August(b) 2021 August. oH+colCOl+koH+cH,[ 4]+Z OH+ovVOCslo |

The 0-VOCs included are acetaldehyde, methanol and ace-
example of the early morning/late afternoon under-predictiontone.
of OH can be seen on 16 August (shown in Fig. 5a), when the The co-availability of data limited the use of Eqg. (11) to
calculated/observed OH ratio is less than 1 at the beginnind.0 days of the campaign, between 10 August and 1 Septem-
and end of the diurnal. It is unlikely that over-prediction of ber. Plots of the results of these calculations for the periods
OH sinks gives rise to the underprediction at high SZA, as16-17 and 20-21 August are shown in Fig. 5. The hourly
Eqg. (4) only includes loss of OH by reaction with CO and averaged calculated/measured [OH] ratios for the 8 compar-
CH4. Rather, this behaviour indicates the presence of adison days are shown in Fig. 6. Figure 5 shows that inclusion
ditional OH sources at these times that are missing in theof additional reactions has made little difference to the calcu-
simple expression, for example recycling of Hitbrough re-  lated/measured [OH] ratios on 17 and 20 August, indicating
action with @ and NO, and photolysis of HONO. OH may that the additional sources and sinks are small on these days.
also be formed through the reaction of @ith alkenes, al- However, there are notable differences between [OH] calcu-
though this is unlikely to be significant under the relatively lated using Egs. (4) and (11) for 16 and 21 August. Consid-
clean conditions encountered during NAMBLEX (Salisbury ering the campaign averaged calculated/measured [OH] ratio
et al., 2001). Figure 6 also clearly demonstrates the generathown in Fig. 6, the additional OH production terms have
trend for the simple steady state Eq. (4) to over-predict [OH]resulted in better agreement in the early morning and late af-
between 09:00 and 17:00 GMT, where the campaign hourlyternoon/evening; although there still appears to be a source(s)
average calculated/measured ratios varied between 1.00 amdissing at these times. The photolysis of HONO is a candi-
1.69. At these times the majority of OH is formed from pri- date, but as HONO was not measured during NAMBLEX, it
mary production which is included in Eq. (4), whereas thereis difficult to speculate on this.
are OH sinks, in addition to CO and GHwhich are not in- On 16 August between 10:00 and 14:00 GMT, the average
cluded in this expression. calculated/measured [OH] ratio increases from an average of
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Table 3. The range, mean andr1standard deviations in the calculated/measured [OH] ratios for calculations carried out with Eq. (4),
Eq. (11) with various modifications to include loss of OH to Nénd both NQ and HCHO and Eq. (12). All the data shown are from
calculated from 522 data points (200 s average) on 8 days (10 and 15-21 August).

Lower Upper Mean StDev

Eq. (4) 001  11.07 124 062
Eq. (11) 012 1090 1.38 0.45
Eq. (11) inc OH+NQ 011 1083 1.34 0.6
Eq. (11) inc OH+NQ and OH+HCHO  0.11 955 124  0.39
Eq. (12) 009 793 094 0.39

Eq. (12) excluding isoprene and DMS 0.10 8.68 1.13 0.36

1.10 for calculations made using Eq. (4) to 1.85 for calcula-a very high variability during the campaign on account of
tions made using Eq. (11), attributed mainly to the addition oftheir specific localised sources (Lewis et al., 2005; Heard et
the HO+NO reaction, which increases the calculated [OH] al., 2005), and if they are not included as OH smg,%,tot

(NO levels are high — up to 355pptv). Including the reac- drops to 0.0853. Inclusion of the additional sinks results
tion OH+NQ;, (NO; levels are up to 690 pptv) as a loss for in a modified steady-state expression:
OH only has a small effect (OH is still over-predicted by an

average factor of 1.79 between 10:00-14:00 GMT), suggestioy = — P(OH) + X (12)
ing other sinks need to be included during this polluted pe- ; K’

riod. For 21 August, the shape of the OH profile is calculatedyhere,

more accurately, with a peak in [OH] predicted just before

10:00 GMT when NO, and hence the rate of OH production X =(kHo,+03[03] + kH0,+No[NO])[HO2]

from the HGQ+NO reaction, is at a maximum. The inclu-

sion of production of OH through HE-03 and HGQ+NO, and
and loss of OH through reaction with thevOCs, has mixed  ;/ — xq,,, co[CO] + komcH,[CHal +

results for the steady-state calculation of [OH].
koH+ovocs[oVOCS] + kon+No,[NO2]+
Figure 6 illustrates that the net effect of the additional Z rOVIRS N

!
source and sinks increases [OH] and hence improves the cal- kor+HcHO[HCHOI + k¢ 1ot

culated/measured rfatio at the beginning (before 09:00 GMT)rpg resyits of calculations of [OH] carried out using Eq. (12)
and end (after 18:00 GMT) of the day. However, in gre shown in Fig. 6. Inclusion df,. ,,, resulted in a fur-
the middle of the day (between 09:00 and 18:00 GMT), {her 169 reduction in the calculated/measured [OH] on av-

the net effect of additional sources and sinks has Wors'erage, now being 0.940.39 for the 8 days (522 data points,

ened the model/measured [OH] ratio, and hence the averygg g gverage) for which all measurements were available.
age model/measured [OH] ratio (for the 8 comparison days)t p\s and isoprene are not included, this average ratio is
has increased from 1.24.62 to 1.38:0.45 for Eas. (4) 1 1310.36. Figure 6 also shows that calculations of [OH]

and (11), respectively. Addition of the OH+NQ@eaction 4 ried out using Eq. (12) are closest in both magnitude and

(Fig. 6) improves the agreement by ontyd%, but ad-  4file shape to measured [OH]. A summary of the results of
dition of OH+HCHO leads to a significant improvement 4 (oH] steady state calculations can be found in Table 3.

(1.24+0.39). See Table 3 for a summary of the results of | sommariva et al. (2005) of this issue, [OH] is calculated
all steady state [OH] calculations. using a box model incorporating the MCM that is constrained
As mentioned above, non-methane hydrocarbonsby the full suite of measured OH sources and sinks, includ-
(NMHC) are not yet included as sinks for OH. Using ing halogen species. The period for which OH can be calcu-
the campaign averaged concentration of NMHC speciedated by the full MCM is more limited (availability of data),
measured during NAMBLEX (Lewis et al., 2005, this and the average model/measured [OH] is £064. For the
issue), with kinetic data taken from Sander et al. (2003)equivalent period the corresponding ratios using Egs. (4) and
and Atkinson et al. (2002), an average loss rate for OH by(12) are 1.1#£0.69 and 1.120.53, being within 10 and 5%
reaction with all other hydrocarbons was calculated to beof the MCM model, respectively. Although the simple ex-
K}y 10i=0-17 s and was included as an OH sink, together pressions perform well, on average, additional OH sources
with NO, and HCHO. Dimethyl sulphide (DMS) and and sinks can sometimes balance one another out, and close
isoprene, which are both highly reactive towards OH, areagreement with the measured OH may not imply a thorough
included in this calculation. Their concentrations displayedunderstanding of the processes controlling the chemistry of
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available. Uncertainties are omitted for clarity. The mean calcu- © ' ‘ ' ‘ ‘
06:00 12:00 18:00 00:00 06:00 12:00 18:00

lated/measured OH ratios for all calculations are summarised in Ta-

ble 3. Time / GMT (b)

Fig. 7. Diurnal profiles of measured HQO(red line), and steady-

OH, and a full mechanism is necessary. Several groups aralate calculated H®derived using Eg. (5) (navy blue diamonds)
’ and several modifications which also include: loss by reaction of

.nOW directly measlurlng th.e total r(?act|V|ty .Of OH, throu.g-h HO, with measured IO (green triangles), loss by reaction obHO
its totallloss rate in tr_le f|elq, which provides an additional with measured 1@ 10 (light blue triangles), uptake of HCoNto
constraint for comparison with models. aerosol (black squares), both loss of By reaction with 10 and
by uptake onto aerosol (yellow circles with or without black bor-
der) and both loss of H9by reaction with 10<10 and uptake onto

. . N aerosols (pink circles). The data shown are fi@n15-16 August
5.3.1 Solution of the cubic Eq. (5) for the “mini” mecha- (1) ang 19-20 August. It was not possible to calculate,H@-

nism tween 11:57 and 15:26 GMT on the 15 August asdata adjacent

i _ tothe FAGE instrument were not available.
Steady-state H® concentrations can be calculated using

the cubic expression (5) (Sect. 2) developed by Carslaw et

al. (1999b). In this section we compare observed §H@th the OH+H reaction was found to only make a small contri-
those calculated using Eg. (5), and a modified form incorpo-bution of 4.2% to HQ production. Equation (5) was solved
rating the reactions of HOwith halogen monoxide species iteratively following computation of the parameters (see Ap-
and also loss to aerosol, which have been advanced prevpendix A) from measured co-reactant concentrations (CO,
ously as possible explanations for model overpredictions oHz, HCHO, CH;, NO2, NO, O3, P(OH) andj—(HCHO))
HO, measurements made in the MBL (Kanaya et al., 2002;and literature rate coefficients. The results of the pHEal-
Sommariva et al., 2004; Haggerstone et al., 2005). Steadgulations from four representative days of the campaign (15—
state HQ calculations were possible on 9 days of the cam-16 and 19—20 August) are displayed in Fig. 7, and the hourly
paign, maximised by using CO-acetylene andsGifopane  averaged calculated/measuredHatios for 6 days (13, 15—
correlations to fill gaps in CO and GHlata. There were 16, 18-20 August) which are used for comparison of calcu-
also two short intervals for which4+measurements were not lated [HO] throughout Sect. 5.3 are shown as a function of
available, the first from 06:38 GMT 10 Augustto 15:56 GMT time-of-day in Fig. 8.

13 August, and the second from 05:48 GMT 17 August to Figure 7 illustrates that Eq. (5) (no halogen chemistry
14:39 GMT 21 August, for which BHlevels were interpo- or aerosol loss included) significantly overestimates the
lated from adjacent measurements. This method for inferobserved H@. Over the 9 days for which calculations of
ring Hy levels was considered to be viable as the variation[HO2] were possible the cubic expression over-predicted
in the mixing ratio of kb was small throughout the NAM- HO, by an average factor of 421.6 (Iv). Using co-
BLEX campaign (overall range of 460—610 ppbv) and alsomeasurements of 10 and BrO made during the NAMBLEX

5.3 Steady state calculations of HO

Atmos. Chem. Phys., 6, 1435453 2006 www.atmos-chem-phys.net/6/1435/2006/
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45

Table 4. The range, mean andr1standard deviations in the cal-

401 culated/measured [Hf ratios for calculations using Eq. (5) with
3.5 various modifications to include loss of H@: 10, IOx 10, uptake
807 /\\/ onto aerosolHo,=1.0), 10 + uptake onto aerosato,=1.0) and
25 I0x10 + uptake onto aerosoy (jo,=1.0). All the data shown are
204 calculated from 281 data points (200s average) on 6 days (13, 15—

T N

-\_\/

15 1 16 and 18-20 August).

1.0

05 Lower Upper Mean StDev

Calculated / Measured [HO;] ratio

0.0 : : : Eq. (5) 1.16 6.93 322  0.69
06:00 09:00 12:00 15:00 18:00 Eq. (5) + 10 1.00 6.17 2.79 0.57
Time / GMT Eq. (5) + (I0x10) 046 468 160 0.39

Eq. (5) + aerosols 0.47 5.27 2.03 0.71

Fig. 8. Campaign average of the hourly averaged calcu- Eq. (5)+ 10 + aerosols 0.46 4.9 1.87 061

lated/measured [H) ratio using Eq. (5) (navy blue diamonds) and  Eq. (5) + 10x10 + aerosols  0.35 4.74 1.29 0.36
several modifications which also include: loss by reaction obHO
with measured 1O (green triangles), loss by reaction obhiith
measured I 10 (light blue triangles), uptake of HQGnto aerosol
(black squares), both loss of H®y reaction with 10 and by uptake .
onto aerosol (yellow circles) and both loss of piBy reaction with ~ POINtS could be matched to the ZOQS avgragedz Iﬂ@g-
I0x 10 and uptake onto aerosol (pink circles). The graph is con-surements. The loss of H(by reaction with 10 was in-
structed from 28% 200 s averaged data points on 6 days (13, 15-16,cluded in the steady-state analysis by adding, 0 (using
19-20 August) when all co-reactant data were available. Uncertainkpo,+10=1.4x 10~ texp>¥T; Knight and Crowley, 2001)
ties are omitted for clarity. The mean calculated/measured HO to the loss term (B) for calculating, y, § ande (see Ap-
ratios for all calculations can be found in Table 4. pendix A and Carslaw et al., 1999b, for a full description of
the expression and all of its terms). Solution of this modified

. . g. (5) results in steady state HH@oncentrations which re-
campaign, Bloss et al. (2005a) and Sommariva et al. (2005 lect the maximum possible effect of the RO reaction,

have inves_tigated the impact of halogen mono>_<ides on the,g photolysis of the resultant HOI to produce OH, which can
concentrations of OH and HQhrough the following reac- then be recycled to HEby reaction with CO and § is not

tions: considered. The revised steady-state;ldOncentrations are
hown in Figs. 7 and 8, with inclusion of B®IO signifi-
HO; + XO — HOX + O Rs) S
2+ - &2 (RS) cantly reducing the calculated/measured pH@tio whilst
HOX + hv — OH + X (R6) §t|ll re_talnlng the shape of the Hﬁhumal profile. Reduc-
tions in the calculated/measured bi@tio compared to the
HOX -+ aerosol— loss (R7) original calculation from Eq. (5) range from 0.5 to 39.1%,

with an average of 1#5% (o). Despite the significant re-

Sommariva et al. (2004) and Haggerstone et al. (2005) havduction, there is still a general over-prediction of H@ith
examined the impact upon H®udgets from the heteroge- calculated to measured ratios ranging between 1.0-6.2 with
neous uptake of HYonto aerosols, concluding that the up- &N average of 2:80.6 (see Table 4 for a summary of these
take of HQ onto sea-salt particles plays a crucial role. Dur- '€SUltS).

ing NAMBLEX, 10, BrO, aerosol number density and size ~ The above analysis uses IO concentrations averaged over
distribution were measured together with OH andHor ~ the DOAS beampath. If the principal iodine sources at
the first time in the MBL, permitting a more quantitative eval- Mace Head are dominated by local, coastal seaweed emis-

uation of OH and H@ budgets. sions of alkyl iodides and molecular iodine, rather than be-
ing open ocean in origin, then the 10 concentrations at Mace
5.3.2 Impact of halogen monoxides Head may be significantly higher than the beampath average,

while those over the open-ocean portion are correspondingly
I0 and BrO were measured using long-path Differential lower. Saiz-Lopez et al. (2006), provide compelling evi-
Optical Absorption Spectroscopy (DOAS), as described bydence that the iodine activity is concentrated in a 400 m wide
Saiz-Lopez et al. (20044, b, 2005, 2006). Briefly, the anal-zone next to the shoreline, indicating that the local, Mace
ysis light path was directed from Mace Head to Croaghna-Head 10 concentrations are likely to be up to a factor of 10
keela Island, 4.2 km offshore to the West of Mace Head, anchigher than those returned by the DOAS system. Adding
back via a retro reflector to the receiving telescope and opiO concentrations at a level of ¥0that measured by DOAS
tics, giving a total beam path of 8.4 km, approximately 10 m (10x10) to Eq. (5) resulted in the calculated/measured ra-
above sea level. Seven days with 69 hourly averaged 10 datto being decreased by an average of a further 7% (1o),
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with a calculated/measured H@atio of between 0.5 and 4.7 onto aerosols and that none is photolysed. This assumption
and an average of 14.4 (see Figs. 7 and 8). Thus by in- is more valid in the case of HOBr than for HOI, as the rate
cluding loss of H@ by reaction with 1O at levels a factor of photolysis of HOBr is a factor of 4.5 lower than that for
of 10 higher than the DOAS measurements there is a signifHOI. The lower rate of photolysis of HOBr results in a re-
icant improvement in the average calculated/measureg HOduced buffering of the H®loss through the recycling of the
ratio, although for some time points the increased IO causesesultant OH (by reaction with £and CO) compared to that
the steady state calculations to underpredicb®as much  seen through photolysis of HOI.
as 50%. This may arise as a consequence of the omission
of the buffering of the additional HOloss through photol- 5.3.3 Impact of HQ uptake to aerosol
ysis of HOI, and recycling of the resultant OH to H®ia
reaction with @ and CO. In addition, HO may not be in  Another possible cause for over-prediction of the observed
photochemical equilibrium if the HPlifetime (1-2min) is  HO- levels is the omission of the uptake of HGnto aerosol.
comparable with the transport time of the sampled air overThe lifetime of HG in the clean MBL air is of the order
the relatively narrow iodine emission region prior to reach- of 1-2min, and so the heterogeneous uptake of ld@to
ing the FAGE instrument. Box model simulations of the im- aerosols has the potential to significantly influence thg HO
pact of 1O upon H@ during NAMBLEX (Sommariva et al., budget. During NAMBLEX, detailed measurements of the
2005), found that using 20I0 resulted in good agreement size-dependent chemical and physical properties of particles
with the measurements on most days. were made (Coe et al., 2005) and these data were used to
The conversion of H@ to HOI results in an additional calculate pseudo-first-order rate coefficients for the uptake
source of OH from HOI photolysis. The OH steady state of HO, onto aerosol particles (Sander, 1999; Haggerstone et
Eg. (11) was modified to include an additional OH produc- al., 2005; Sommariva et al., 2005; Bloss et al, 2005a), HO
tion term, accounting for HOI photolysis: aerosol uptake rates(, ) were derived from ambient hu-
Rate of production of OH from HOI photolysis midity aerosol size dlstrlputlpns (from I_Slnm to 30 microns,
) assembled from a combination of mobility, backscatter and
- (kHoz+|o[H02][|O])ﬂ (13) forward scattering measurements) considering mass transfer
J — (HODK in the transition regime, and using a reaction probability of
where j—(HOI) is the rate of photolysis of HOl anid isthe ~ yHo,=1.0 (theoretical maximum). There is a large variation
pseudo-first-order rate coefficent for loss of HOI to aerosol,in the available literature values for the H@ptake coeffi-
using an HOI uptake coefficient of 0.6 (Sommariva et al., cient upon wet sea-salt aerosol (Thornton and Abbatt, 2005),
2005). Including OH production from HOI photolysis in- leading to a large source of uncertainty in the calculated rate
creases [OH], averaged over 24 h, by 39%, very similar toof HO, uptake and hence we usgi0,=1.0 to investigate
the results of Bloss et al. (2005a) and when HOI photoly-the maximum possible impact of heterogeneous chemistry
sis is included in the full model (Sommariva et al., 2005). upon HGQ concentrations. The Hloss term used to cal-
The effect on [OH, is dependent on the time of day, being culateg, y, §, ande (see Appendix A) was modified using
considerably larger early and late in the day, when photoly-1475k,, ., data points calculated on a 30 min time basis
sis of j—(HOI) is relatively more important as an OH source and matched to the 200 s H@nheasurements.
as values ofi—(O'D), and hence P(OH), are reduced. Dur-  The effect of including aerosol uptake is shown on Figs. 7
ing the middle of the day, 09:00-16:59 GMT, the effect onand 8. There is a significant reduction in the calcu-
[OH],, is on average 23% (20% at noon itself). lated/measured Hfratio, ranging from 12 to 72% with an
The reaction of BrO with H@ has the potential to re- average reduction of 3812% (lo) compared to the origi-
duce the calculated HQn a qualitatively similar way to 10.  nal calculations using Eg. (5). Similar to the results found
DOAS measurements of BrO were made on 6 days of thdor addition of the HQ+IO reaction to Eq. (5), it is clear
NAMBLEX campaign, with a maximum daytime concentra- that uptake of H@ onto aerosols alone cannot account for
tion of 6.6 pptv seen on 4 August. (Saiz-Lopez et al., 2004b).the over-prediction of H@ with an overall mean H®cal-
Matching of the 63 hourly averaged BrO data points to theculated/measured ratio of 2:0.7 (o). The exception oc-
200 s HQ data allowed HQ to be calculated using Eq. (5), curs on the morning of 16 August when the addition of
modified to include the H*BrO with kno,+8ro (Bloss et uptake of HQ onto aerosols to Eq. (5) results in an av-
al., 2002; Sander et al., 2003), although HBeasurements erage calculated/measured pH@atio of 1.0+0.3 (o) be-
were only made on one of these, namely 10 August. On thisween 06:40 and 09:03 GMT. The addition of uptake of
day the calculated/measured bifatio was seen to decrease HO, onto aerosols generally causes a greater reduction in the
by between 1.8 and 10.5% with an average reduction of 6.2%alculated/measured [Hratio than that seen on addition
compared to the original calculations of [H[carried out  of the HO+IO reaction, the exception to this being on 18
using Eq. (5) (excluding BrO). Again, these calculations only August when the campaigh maximum IO were measured (up
demonstrate the maximum possible effect of loss ob ki@ to 5pptv). Inclusion of the uptake of HGpnto aerosols in
reaction with BrO, as we have assumed that all HOBr is lostEq. (5) causes an average of an additional 23% reduction in
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the calculated/measured [H[Dratio compared to that found elled/measured H®ratio is 2.43:0.82, averaged between
on inclusion of HQ+IO. Uptake of HQ onto aerosols ap- 15 and 20 August, which improves to 1:80.42 if uptake
pears to play an important role in the free-radical chemistryto aerosol ¢Ho,=1.0) and the reaction H@10 is included.
of the MBL, but further studies of the physical and chemical Further to this Sommariva et al. (2005) find that if the hypoth-
properties of aerosols and, in particular, the rate coefficient®sis that the IO concentrations at the H®easurements site
for the heterogeneous uptake of Lbl€adicals onto realistic  are a factor of 10 greater than those measured as the average
aerosol surfaces are required to further our understanding adicross the DOAS light-path (Saiz-Lopez et al., 2005), then
the HQ, cycle in this environment. YHO, i likely to be significantly smaller than 1.0 (consistent
with the findings of Thornton and Abbat, 2005) as otherwise
5.3.4 Combined effect of halogen oxides and aerosol upHO, would be significantly underpredicted by the model.
take upon HQ

In the two preceding subsections it was shown that the reg Discussion

action of HQ with 10 or the uptake of HQ onto aerosols

cannot in isolation account for the over-prediction of HO 6.1 HQ, observations

when using Eq. (5). Hence, in an attempt to more accu-

rately predict HQ, both loss mechanisms were included in Concentrations of OH measured during NAMBLEX are in
Eg. (5), and HQ was recalculated in the manner described good agreement with those measured previously at Mace
above. This allowed calculations of H@o be made on 6 Head (Creasey et al., 1997, 2002; Berresheim et al., 2002),
days of the campaign, several examples of which are showalthough significantly lower than the levels observed by
in Fig. 7, with the hourly average calculated/measuredfHO Berresheim et al. (2003) at a coastal site in Crete during
ratios for the 6 comparable days in Fig. 8. Addition of both the MINOS campaign, where levels of N@ere consider-
loss of HQ via reaction with 10 (using DOAS measured val- ably higher. There was a good correlation between [OH] and
ues) and uptake onto aerosols resulted in reductions in thg(O!D) (Figs. 2 and 4), but not as good as observed during
calculated/measured H®atio of between 13 and 72%, with  MINOS or SOAPEX-2 (Cape Grim, Creasey et al., 2003),
an average reduction of 430% (1) compared to the orig-  because of more short-term variability in the OH concentra-
inal calculations carried out using Eq. (5). However, eventions, probably due to more local variability in co-reactant
with the cumulative effects of the addition of both loss of concentrations at the Mace Head site. The 24 h average
HO> via reaction with 10 and uptake onto aerosols the mod-OH concentration, 9:210° molecule cn®, agrees well with
ified Eq. (5) still over-predicts the observed b0y a factor  estimates for the northern hemisphere troposphere derived
of 1.9+0.6 (o). Itis only on addition of both IG:10 and  from methyl chloroform data (e.g. Prinn et al., 2001; mean
uptake of HQ onto aerosols that agreement (within uncer- OH=(8.98+2.02)x 10° molecule cn3).

tainty) between the calculated and measureg Eidhcentra- The daytime HQ levels were also comparable with those
tions is achieved, with an average calculated/measured ratiheasured previously at Mace Head (e.g. Creasey et al.,
of 1.3£0.4 (In). 2002). Measurements of total [RPby the PERCA (PEr-

In order to consider the additional reduction in the cal- oxy Radical Chemical Amplifier) technique during NAM-
culated HQ levels due to reaction with BrO in addition to BLEX indicated that HQ@ comprised between 20 and 40% of
reaction with 10 and heterogeneous uptake, it was necessame total RQ radicals during the daytime, falling to ca. 15%
to determine typical BrO levels (simultaneous DOAS mea-overnight. The R@ radical measurements, and specifically
surements of 10 and BrO were not possible due to the dif-the HQy/total RO, ratio, are described in more detail in
ferent spectral ranges of their principal absorption features)Fleming et al. (2005).

Hourly averages of BrO between 10:00 and 14:00 GMT were

determined over the whole campaign, and were used along.2 OH steady-state analysis

with the hourly averages of all other necessary parameters

for the 6 comparable days in order to calculate new valuesThe gross features of the dataset of OH concentrations could
for B, y, 8, ande such that loss of H@via reaction with 10,  be replicated using a very simple steady-state expression in-
BrO and uptake onto aerosols were included in Eqg. (5). Uscorporating only primary production from ozone photoly-
ing these typical BrO levels it was found that inclusion of the sis and loss by reaction with GHand CO. Including the
reaction of HQ+BrO only reduced the calculated/measured reactions of H@ with NO and G as an OH source and
[HO2] ratio by a further 3.41.0% (1) on average. The re- the reactions of OH witlh-VOCs, HCHO, NQ and non-
sults of calculations of H@using Eqg. (5) with various loss methane hydrocarbons improved the agreement, with an av-
schemes are summarised in Table 4. erage calculated to measured OH concentration o££0939

In Sommariva et al. (2005) of this issue a box model us-(1.13+0.36 if isoprene and DMS are not included). This ra-
ing the MCM was used to calculate [HD Using a scheme tio is consistent with the value of 1.60.64 obtained us-
which does not include halogens/aerosol uptake the moding the box model employing the MCM (Sommariva et al.,
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2005), and also with the predictions of a global chemistry-7 Conclusions

transport model (GEOS-CHEM), which overestimated the

observed OH by 25% for the NAMBLEX campaign (Bloss OH and HQ radicals have been measured at the Mace Head
et al., 2005b). Despite the average ratio being close to unityAtmospheric Research Station during July and August 2002
examination of Fig. 6 clearly shows that the calculated toby laser induced fluorescence. OH was measured on 24 days
modelled OH ratio displays a considerable diurnal varia-and showed a distinct diurnal profile, strongly correlated with
tion, with steady-state calculations underestimating OH inj—(O'D), with maximum OH concentrations observed at
the early morning and evenings, and overestimating OH durnoon of (3-8x 10° molecule cn3. HO, was observed on 17

ing the middle of the day. The overestimation is not too days, with maximum mixing ratios in the range 3.5-8 pptv.
surprising as not all OH sinks are included in the steady-A simple steady-state expression was used to calculate OH
state expression. The underprediction at higher SZA sugWhich included loss by reaction with CO, GHFHCHO, NG,
gests that other sources are missing in the analysis, for exanftethanol, acetaldehyde, acetone and an average total loss by
ple photolysis of suitable precursors at longer wavelengthdeaction with non-methane hydrocarbons, and production by
than required for @ photolysis. The reaction of Owith Oz photolysis and the reactions of HQvith NO and Q.
alkenes is not a Signiﬁcant source of daytime)(l—[LDder the An average ratio of OH calculated using this expression to
relatively clean conditions experienced during NAMBLEX measured OH was 0.94€.39. Inclusion of the oxygenated
(Sommariva et al., 2005). HONO was not measured, and s§Pecies, which had not previously been measured at Mace
the net result of HONO photolysis to give OH and its for- Head, improved the agreement considerably. Although the
mation from the OH+NO+M reaction has not been evaluatedaverage ratio is close to unity, the ratio displayed a distinct
but under the predominantly low N@nvironment of Mace  diurnal variation, with the model overpredicting in the mid-

Head is not expected to be significant source of OH (Carslawfle of the day and underpredicting in the early morning and
etal., 2002). late afternoon/evening. HQzoncentrations were calculated

using a cubic equation which is an analytic solution to a sim-

ple chemical mechanism previously developed for the remote

MBL. The calculation overestimates H(but the agreement
6.3 HGQ; steady-state analysis with measurement is improved considerably by the inclu-

sion of heterogeneous loss of K@ aerosol, and reaction

of HO, with the halogen oxides IO and BrO giving a calcu-

Using HG» data from the NAMBLEX campaign we have lated/measured [HE]ratio of 1.29+0.36.
been able to test the ability of a cubic expression, Eq. (5),
derived using a reduced mechanism of an MCM model tai-
lored to conditions at Mace Head (Carslaw et al., 1999b),

to predict HQ. The calculations are able to capture the aq giscussed in Carslaw et al. (1999b, 2002), a reduced
general features of the HQliurnal profiles, but fail to ac-  «yini» mechanism, consisting of 25 reactions and 17 species,

curately predict the absolute concentration of £1@ith a |54 to the following cubic equation for the concentration of
mean calculated to observed [KHQatio of 3.22£0.69. Ad- HO,:

dition of HO; sinks in the form of reaction with 10 and up-

take onto aerosols reduces this value to 881 for the  B[HO2I3 + y[HO2]? + §[HO,] + & = 0 (A1)
6 days over which co-reactant data were available. Includ-
ing loss of HQ by reaction with 10 times the 10 measured where,

by DOAS, accounting for the non-uniform distribution of i0- g = 2k (k73B + kr1A) (A2)
dine species thought to be present along the DOAS beampath

at Mace Head (Saiz-Lopez et al., 2006), together with uptake
of HO, onto aerosols, gave a further agreement to give a ral = 2k73kr2J1 + 2k13k,5[NOIB + 2k72k ,4{CH4]B
tio of 1.29+0.36. The analysis does not include buffering + k7[NO2lkr2B + 2Akr1k,5[NO] (A3)
of the loss of HQ through photolysis of HOI (formed by

HO,+10) and recycling of the resultant OH through reaction § = 2ky3k ,5J1[NO] + 2k72k paJ1[CHal + k7 J1[NO2]k72
with Oz and CO back to H@ In this manner OH could be

increased on average by 43% in the early morning/late after- Fhr BINO2lkpsINOI = (1 + J2) Akr (A4)
noon and on average by 23% in the middle of the day. Also,e = J1k7[NO2]k,5[NO] — (J1 + J2) Ak ,5[NO] (A5)
the fetch over the shoreline region which acts as the major io-

Appendix A

dine source is of the order of 400 m and transport times ove!'Nere:

this region may be comparable to the lifetime of HA- 7, — p(OH) = 2/[03]j — (O'D) (A6)
2min), and thus H® may not be in photochemical steady

state, as is assumed in the derivation of Eq. (5). Jo =2j — (HCHO — 2HO,)[HCHOQ] (A7)

Atmos. Chem. Phys., 6, 1435453 2006 www.atmos-chem-phys.net/6/1435/2006/



S. C. Smith et al.: OH and HOduring NAMBLEX

A = kco+oH[CO] + kn,+on[H2] + khcHo+ron[HCHO]
+ kcHy+0oH[CHal + kno,+-0HINO2] + kog+oH[ O3]
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