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Abstract. Fluorescence Assay by Gas Expansion (FAGE)for a further 23% of the H@loss at noon. Photolysis of HOI
has been used to detect ambient levels of OH and HO- and HOBr accounted for13% of the instantaneous OH for-
icals at the Cape Verde Atmospheric Observatory, locatednation. Taking into account that halogen oxides increase the
in the tropical Atlantic marine boundary layer, during May oxidation of NQ (NO — NOy), and in turn reduce the rate
and June 2007. Midday radical concentrations were highpf formation of OH from the reaction of HOwith NO, OH

with maximum concentrations of 910° moleculecmm®and  concentrations were estimated to be 9% higher overall due
6x10° molecule cn® observed for OH and HE) respec-  to the presence of halogens. The increase in modelled OH
tively. A box model incorporating the detailed Master Chem- from halogen chemistry gives an estimated 9% shorter life-
ical Mechanism, extended to include halogen chemistry, hettime for methane in this region, and the inclusion of halogen
erogeneous loss processes and constrained by all availabtdemistry is necessary to model the observed daily cycle of
measurements including halogen and nitrogen oxides, ha®3 destruction that is observed at the surface. Due to surface
been used to assess the chemical and physical parametdosses, we hypothesise that bi@ncentrations increase with
controlling the radical chemistry. The model was able to height and therefore contribute a larger fraction of thel®-
reproduce the daytime radical concentrations to within thestruction than at the surface.

1 o measurement uncertainty of 20% during the latter half
of the measurement period but significantly under-predicted

[HO2] by 39% during the first half of the project. Sensi- 1 |ntroduction

tivity analyses demonstrate that elevated [HCHOZ2 ppbv)

on specific days during the early part of the project, whichThe OH radical is one of the most dominant oxidants in the
were much greater than the mean [HCHO] (328 pptv) usedroposphere. It is most prevalent in tropical regions where
to constrain the model, could account for a large portion ofhigh levels of humidity and solar irradiance lead to high rates
the discrepancy between modelled and measuredb[ldO  of OH production:

this time. 10 and BrO, although present only at a few pptv,

constituted~19% of the instantaneous sinks for i@vhilst ~ O3 + hv(x <340 nm — Oz + o(D) (R1)
aerosol uptake and surface deposition to the ocean accounted

O(D) + H,0 — 2 OH (R2)
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Fig. 1. Chemical reaction scheme showing the reactions affecting OH anddd@centrations in the remote MBL. X=I, Br and R= alkyl
group.

Around 80% of methane, the third most abundant greenhousthe Atlantic Ocean (ALBATROSS) project held in Octo-
gas, is processed within the tropical troposphere by the OHber/November 1996 (Brauers et al., 2001). OH data were col-
radical with the tropical marine lower troposphere contribut- lected over the latitudinal rangé Bl to 40° S in the Atlantic.
ing ~25% to the total tropospheric methane removal rateOH displayed a distinct diurnal profile with a maximum
(Bloss et al., 2005a). The loss of methane is disproportion-around local noon of~7x10° moleculecnt3. A simple
ately high in the lower tropical troposphere compared to atphotochemical box model, containing just CO and methane
higher altitudes in the tropical troposphere owing to the largeas sinks for OH, on average underpredicted OH by 16%, but
temperature dependence of the reaction between methamveas within the combined calibration errors associated with
and OH; the reaction rate 1824 times greater at the surface the OH, CO and photolysis frequency measurements.
than at the tropopause in the tropics. In background marine airmasses, which are low in volatile
Despite the importance of the lower marine tropical tro- organic compounds (VOCs) and NOwith HOy generated
posphere, OH measurements in this region, and also thosaainly by Reactions (R1)-(R2) and removed primarily by
of HO,, which is closely coupled to OH through the reac- the formation and subsequent loss of peroxides, modelled
tion cycles shown in Fig. 1, are sparse. Aircraft measure-and measured OH concentrations are in reasonable agree-
ments of OH and H@ were made during the Pacific Ex- ment. In contrast to OH, however, models often signifi-
ploratory Missions (PEM) (Hoell et al., 1996, 1997, 1999; cantly overpredict HQin such airmasses when only this ba-
Raper et al., 2001), with OH midday concentrations betweersic chemistry is considered (Sommariva et al., 2004, 2006;
6—8x 10° molecule cn® recorded in the tropical marine Kanaya et al., 2007).
boundary layer (MBL) using the Selected lon Chemical lon- The Southern Ocean Photochemistry Experiment
isation Mass Spectrometer (SICIMS) technique (Mauldin Ill (SOAPEX-2) was held at Cape Grim, in North Western Tas-
et al., 1999, 2001). Modelling studies (using a photochemi-mania, Australia, in 1999 under extremely clean conditions
cal box model and a photostationary state point model) in{[NO]<3 pptv). Two chemical schemes were constructed
dicated that Reaction (R2) was the major source ofyHO to describe the free-radical budget; one containing just the
(OH+HQy) (contributing 81%), while the major sinks in- oxidation of CO and methane, the other also describing
volved the formation and subsequent loss of the peroxideshe oxidation of non-methane hydrocarbons (NMHC) that
of H,O, and CHOOH (Chen et al.,, 2001). The mod- were also measured (Sommariva et al., 2004). Box model
els under-predicted the measured MBL OH by 15-20%; nocalculations of [OH] using these two mechanisms agreed
halogen chemistry was included in these models. The prito within 5-10%, implying a minor role for NMHC as
mary focus of many of the PEM campaigns was the free-an OH sink, and both over-predicted [OH] by 10-20%.
tropopshere, and so measurements in the boundary laygHO2], however, was overestimated by up to 40%, but
were limited. OH measurements using Differential Opti- model agreement was improved by assuming an hifdake
cal Absorption Spectroscopy (DOAS) have been made oncoefficient to aerosol of unity (Sommariva et al., 2004).
board the R/V Polarstern, as part of the Air Chemistry andThis, however, is probably an unreasonable assumption, as
Lidar Studies of Tropospheric and Stratospheric Species omecent experimentally determined uptake coefficients for

Atmos. Chem. Phys., 10, 1558576 2010 www.atmos-chem-phys.net/10/1555/2010/



L. K. Whalley et al.: Chemistry of OH and HOadicals over the tropical Atlantic Ocean 1557

HO» on realistic aerosol surfaces range only from 0.01-0.1necessary to model adequately the daifyd@struction that
(Thornton et al., 2008; Taketani et al., 2008, 2009). Duringis observed at Cape Verde (Read et al., 2008).

the summer 2002 NAMBLEX project, which took place  For [NO]<~20 pptv, G, an important greenhouse gas in
at Mace Head on the West coast of Ireland, the role ofthe troposphere, is photochemically destroyed (Penkett et al.,
halogen oxides, specifically 10 and BrO, in the chemistry 1997; Lee et al., 2009b) (e.g. via Reactions (R1)—(R4) and as
of the MBL was confirmed (Bloss et al.,, 2005b; Som- shown in Fig. 1).

mariva et al., 2006; Smith et al., 2006). 10 and BrO react

quickly vﬂth HOy, Witlh r::;e cFefficients at 2« of 8.6 and O3+ OH—>HO2+ 02 (R3)
2.1x10 " molecule - cm® s~ for IO and BrO, respectively

(IUPAC, 2006). The HOI and HOBr formed may then either O3 +HOz —~ OH + 20, (R4)

undergo photolysis to yield OH (and a halogen atom) or\yhen halogen oxides are present, furthgd®struction may
be taken up onto an aerosol surface. Reaction of HOl angy..,r via the reaction of a halogen atom (X) with @nd
HOBr with halide ions in acidified aerosol can form volatile subsequent reaction of XO with HONO, or XO:

inter-halogen species (Vogt et al., 1996; Pechtl et al., 2007)

which photolyse in the gas phase allowing gaseous halogeX + O3 — XO + Oz (R5)
chemistry to continue. The inclusion of a halogen scheme
has been shown to improve the W@odelled to measured XO + HO2 — HOX + Oz (R6a)

agreement at a number of marine sites (Bloss et al., 2005b;

Smith et al., 2006; Sommariva et al., 2006; Kanaya et al., 10X+ hv— OH+X (R6Db)
2007), and could account for the model discrepancy reporte

during the SOAPEX-2 experiment if realistic HQptake g(o +NO— X+ NO, (R7)

coefficients were instead used (Haggerstone et al., 2005). y +10 = X + 0lO (R8)
At coastal locations such as Mace Head, the primary
source of 10 is the photolysis of molecular iodine (Saiz- X0 + XO — 2X + O, (R9)

Lopez and Plane, 2004) and, to a smaller extent, iodocarbons

(Chameides and Davis, 1980; Carpenter et al., 1999), whiclSurface deposition of £may also contribute to its destruc-
are released by macro-algae exposed at low tide. The iodingon in the BL. At higher levels of NO the regime switches to
atoms generated react rapidly with @ generate the IO rad- a net Q production via the following reactions:

ical. At coastal sites where macro-algae are exposed, 10 fol-

lows a distinct diurnal profile, with concentrations peaking 102 +NO — OH+ NO; (R10)
with low tide during the daytime (Alicke et al., 1999; Whal-

ley et al., 2007). The impact of halogens on troposphericROZ +NO—~ RO+ NO, (R11)

oxidants in regions without tidally exposed macro-algae, forNO2 + hv(x < 420 nm) — NO + O (R12)
example the open ocean, which covefg0% of Earth’s sur-
face, was until recently, unconfirmed. A number of theoreti-0 + 0, + M — O3+ M (R13)

cal and observational studies had inferred indirectly the pos-

sible global impact of halogens (Dickerson et al., 1999; VogtRead et al. (2008) reported a consistent daytigel€struc-

et al., 1999; Galbally et al., 2000; von Glasow et al., 2002;tion cycle at the CVAO with an annually averaged loss of
von Glasow et al., 2004), but observations in the remote3.3+2.6 ppbvd?l. In this paper, we present OH and HO
MBL were limited (Allan et al., 2000; Leser et al., 2003). measurements made at the observatory as part of the Reactive
In 2006/2007 an 8 month measurement series of 10 and BrGHalogen in the Marine Boundary Layer (RHaMBLe) project
at the Cape Verde Atmospheric Observatory (CVAO) was re-(Lee et al., 2009a). The contribution towards the overall O
ported (Read et al., 2008), exhibiting broad diurnal profilesdestruction from the reactions of OH and Lfadicals with
following light intensity; with typical peak concentrations of Oz is determined directly. A detailed model is used to in-
~1.4 and 2.5 pptv, respectively. CVAO is thought to be rep- vestigate the impact of the reactions of H®ith BrO and
resentative of the open ocean tropical MBL; ship and aircraftlO, and the subsequent recycling to OH via the photolysis
measurements confirm that the measurements at the site aoé HOBr and HOI. Of interest is the contribution of halo-
representative of the surrounding area (Read et al., 2008; Legen chemistry to the rate of photochemical destructionpf O
et al., 2009a) and hence these observations suggest a poteamnd the budgets of OH and H®adicals. The significance
tially global presence of halogen oxides. Although IO and of halogen chemistry for the global oxidising capacity and
BrO are present at much lower concentrations than observetlence the removal rate of methane is also examined.

at coastal sites, for example Mace Head ([Br&¥6.5 pptv;

Saiz-Lopez et al., 2004, and [Ig3x~30 pptv; Commane,

2009) and Roscoff, France ( [I@dx~28 pptv; Furneaux et

al., 2009), the inclusion of bromine and iodine chemistry was
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Fig. 2. Schematic of the FAGE laboratory set-up during RHaMBLe (see text for details).
2 Experimental subsided. Tuning the laser away from resonance with the
OH transition (online), to a wavelength where OH does not
2.1 Measurement of OH and HQ radicals absorb (offline), allows the signal contribution of the laser

scatter to be determined.

Fluorescence Assay by Gas Expansion (FAGE) provides a Ambient OH and HQ measurements have been made us-
powerful method for the detection of tropospheric OH anding the University of Leeds ground-based FAGE instrument
HO, radicals (Heard and Pilling, 2003). The technique since 1996 (Heard and Pilling, 2003). Details of the instru-
utilises the strong Ax+ (v'=0)«X2I1;(v"=0) Qi(2) tran-  ment have previously been reported (Smith et al., 2006), and
sition at 308 nm for OH laser excitation. H@an also be are only considered briefly here. The operating conditions
detected by this method following initial chemical conver- encountered at the CVAO were challenging and a modified
sion to OH by adding NO and subsequent detection. Laseroperating procedure was necessary. The instrument is housed
induced fluorescence experiments of this type are conducteth an instrumented 20 ft sea container (Fig. 2), and comprises
at low pressures~133 Pa) to extend the fluorescence life- a laser system, an OH reference cell for calibration of the
time of the OH radical sufficiently to allow the fluorescence laser wavelength, fluorescence cells which are housed on the
to be discriminated from the more intense laser radiation.roof of the sea container at a height of 3.5 m, and data acqui-
This is achieved by temporal gating of the detector; a chansition and calibration systems.

nel photo multiplier (CPM) (Perkin Elmer C943P) is used. During the RHaMBLe project, the instrument was located
Switching the CPM off during the laser pulse also helps toat the CVAO (16.85N, 24.87 W), at Calhau on a northeast
prevent detector saturation (Smith et al., 2006). OH fluores{facing rocky foreshore on the island o&& Vicente within
cence and scattered light (laser and solar) are recorded bythe Cape Verde archipelago. The island shores shelve steeply
gated photon counter (SRS SR400) during a 500 ns integraand very little tidal variability is apparent near to the site.
tion period (Gate A), commencing approximately 50 ns afterA detailed map of Cape Verde and the layout of the site
the end of the laser pulse (FWHM5 ns). A small fraction can be found in Lee et al. (2009a). The site is adjacent to
of the total laser scattered light, along with solar scatteredhe ocean, the University of Leeds ground-based FAGE in-
light and detector dark counts constitute a background signastrument was approximately 50 m from the water’s edge and
to the OH fluorescence in gate A. The contribution of the so-the inlet was positioned approximately 3.5 m above sea level
lar scattered light and dark counts can be determined using éa.s.l.). A wavelength tuneable Nd:YAG pumped Ti:Sapphire
second photon counting gate (Gate B), delayed by 50 us fronfaser (Photonics Industries DS 20-532) was used to gener-
the first, at a time when the fluorescence and laser pulse havate UV light at 308 nm. The Nd:YAG produces9 W of
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532 nm radiation at a pulse repetition rate of 5kHz, andGold™ series), fibre optic (Elliot Scientific) and collimation
is used to pump a Ti:Sapphire laser which generates up tassembly (Oz Optics), and 19% to an OH reference cell, de-
1.6 W of broadband near-IR radiation. Selecting a wave-signed to aid the precise tuning of the laser wavelength to
length close to 924 nm, by changing the incident angle ofthe peak of the 2) OH transition. A large concentration
an intra-cavity diffraction grating, and frequency tripling, by of OH is generated by the pyrolysis 068 vapour, using a
passing the light through two non-linear harmonic genera-flow of humidified air over a heated filament. Light exiting
tion stages, generates the required radiation close to 308 nitie reference cell was directed on a UV sensitive photodiode
for OH excitation. The time taken for the Ti:Sapphire laser to (New Focus 2032) to determine the laser power for subse-
build up sufficient gain for laser output was found to changequent normalisation of the ambient LIF signal; a cut-off filter
significantly in this campaign. When optimally aligned, the was placed in front of the photodiode to prevent visible light
delay between the 532 nm pump pulse and the Ti:Sapphireeaching it. The remaining UV light (1%) was directed onto a
laser output can be as short as 200 ns, but as laser optidast photodiode (Hamamatsu, S6468 series), which was used
become damaged or alignment shifts (possibly due to temas input to the counter-timer to correct for any drift in the
perature changes) this delay can increase. The time betwedaser timing.
the Ti:Sapphire laser pulsgps, and the time when the fluo- The laser light entered the detection cell on the roof of
rescence photons are counted (beginning of gate A) is critithe container via a baffled side arm and intersected the am-
cal, and must be maintained constant to ensure that the irbient air stream, drawn through a 0.8 mm diameter nozzle
strument sensitivity and background laser scatter does nagat on a 25 mm turret, on an axis perpendicular to the fluo-
change. A counter timer (Agilent Technologies, 225 MHz rescence detection axis containing the CPM. The laser light
universal counter) triggered at the same timg @s the laser, then exited the cell via a second baffled side arm and was re-
and coupled to a photodiode (Hamamatsu, S6468 seriesjlected onto a second UV sensitive filtered photodiode (New
which monitors the onset of the pulse of frequency tripled Focus 2032), the output of which was monitored to check
308 nm light ¢308), was implemented during this project to good laser alignment was being maintained through the cell.
measure the delaypg— 1o . This system allowed any driftin ~ Ambient temperature fluctuations can cause the voltage out-
t308— o to be directly monitored in real time and a correction put from photodiodes to drift, this precludes the use of the
added to or subtracted from the time of the trigger control-detection cell photodiode (located on the roof) to normalise
ling the start of the fluorescence photon counting gate A. Thehe LIF signal to laser power. High solar intensities were
correction was applied prior to the beginning of each data acexperienced at the Cape Verde site (the solar zenith angle at
quisition cycle, which lasted-450s. solar noon in June at the site wa$°) leading to a large
During this campaign a number of the optical coatingsamount of solar scattered light detected within the cell by
within the laser became damaged as a result of the high inthe CPM. A solar shade, consisting of a sheet of black alu-
tensity laser beam hitting dust or sea-salt particles that haeninium (10 cmx 10 cm) was placed 15 cm above the nozzle,
deposited on the optics. Although this problem occurs, to awhich reduced the solar counts that reached the detector by
certain extent, in all environments, the effect was particularlyan order of magnitude. Without the shade, solar counts at
exacerbated at the CVAO, which is exposed to the elementsolar noon could reack 200 countsst, the random fluctu-
being close to the water's edge and subject to wind-speedations of which are larger than the typical signal from OH,
regularly in excess of 10 m$. The resultant optical damage making measurements extremely difficult. The windspeed at
led to a reduction in laser power at 308 nm frerdO MW  the site was~10ms ™! (and rarely dropped below 5m$),
to <20 mW as the project progressed. The stability of thethus the average time an air parcel spent under the shade was
delay timerzpgg— 79 was significantly worse than had been ~0.01s, much shorter than the lifetime of either OH orHO
observed previously (or since). In addition, tuning the laserradicals, and should not perturb their concentrations.
wavelength by 0.006 nm (the interval between the online and Normally, the University of Leeds ground-based FAGE in-
offline positions) significantly changegos— 0 and hence strument utilises two fluorescence cells for simultaneous OH
the position of gate A relative to the laser. As a result, theand HQ measurements (Smith et al., 2006). Due to low laser
laser power and hence the laser scattered light changed sigower, coupled with a CPM failure in the OH cell, however,
nificantly between the online and offline positions. The tim- only one cell was operable during the project and was used
ing drift precluded OH measurements during the first halfinstead to make alternating sequential measurements of the
of the project, and the HOmeasurements were subject to two radicals. This set-up has been successfully utilised on
a larger uncertainty during this period. The timing problem a number of previous field projects, for example during the
was eventually ameliorated by reducing the interval betweenrecent CHABLIS project (Bloss et al., 2007). Signals from
the online and offline wavelengths to 0.004 nm, for which thethe photon counter were integrated for 1s periods. Online
change irrzpg— ro was much reduced. data were acquired for 200 s and consisted of 100 s of fluores-
Upon exiting the laser, the light was split by a dielec- cence from OH, followed by 100 s of fluorescence from both
trically coated beam-splitter (CVI Optics Ltd). 80% was OH and converted HO(NO added to the cell). The offline
directed to a fluorescence cell via a fibre launcher (Elliotsignal was then collected for a further period of 100s, with
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NO added after 50 s to measure any additional signal causedompared with the remainder of the flow (excess) that is sam-
by the addition of NO, for example from enhanced scatteringpled by the @ analyser from regions of the tube with a lower
(there was no extra signal). The [OH] did not vary signifi- velocity. This radial flow distribution leads to more @ the
cantly during a single data acquisition period, and, thereforegxcess air relative to that in the FAGE sampled air at the cen-
the signal due to H&could be determined by subtracting the tre. Any variability in the flux of the 184.9 nm light across the
OH online signal from the HQonline signal. In total, one tube can also perturb thes@nd radical profile in the tube.
data acquisition cycle (including the time taken to find the The profile factor, defined a®=[O3]excesd{O3]centras has
peak of the OH transition) took450s. been experimentally measured as %5709 (Smith, 2007),
Calibrations were performed every two to three daysand is used in Eg. (1) to calculate [OH] and [L]O
throughout the campaign. A zero air generator (EcoPhysics The sensitivity of the cell towards OH and HQn units
PAG 003) was coupled to a zero air trap (Megatech CE-of cts s’ mw~1molecule’l cn?, is given by:
500KF-0-4R Gas Purifier) which reduced the levels ofdNO S S
VOCs and CO to<lpptv and following humidification Cgon = __JOH __oHO:
in a liquid water bubbler, this flow was directed down a [OH] x Puwr [HO2] x Pwr
60 cm long quartz glass tube (internal diameter 22 cm) past &5, and Sho, are the measured fluorescence signals
Hg pen-ray lamp (LOT Oriel model 6035), under roughly (ctss1) due to OH (in the absence of added CO and
laminar flow conditions (Reynolds Number = 646). The NO) and HQ (in the presence of added CO and NO),
184.9 nm radiation emitted by the pen-ray lamp photolysedrespectively. Pwr is the laser power entering the cell
H20 vapour, generating OH and H@n the presence of§  in mW, which decreased from-19 to ~7mW during
in equal quantities. A few ppbv ofvas generated from©  the RHaMBLe campaign. The average instrument sen-
photolysis and the subsequent :#®@combination reaction,  sitivity was 1.1x10~/ ctsstmw-1[OH]~! for OH and
and this was used as a chemical actinometer for the 184.9 nm.4x 1078 cts s 1 mW—1[HO,] 1 for HO,, with the 20 un-
flux. When calibrating for H@ a 100sccm flow of CO  certainty estimated as40% for OH and H@ (Smith, 2007).
(BOC, 1% CO in N) was added to the humidified air flow The cell pressure was optimised for OH detection rather than
to rapidly convert all OH radicals to H~2.5x10"3sOH  for conversion of HQ. The detection limit (LOD) is given
lifetime). Approximately 5sIim of the central portion of the by:
flow within the tube was drawn into the detection cell, via
the 0.8 mm sampling nozzle, the excess flewr §Im) was SNR 1 1\ Sback
directed towards an £analyser (Thermo Environmental In- LOD = PwrxC < T ) P
struments — TEIl — 42C) and Dewpoint Hygrometer (General
Eastern 1311DR sensor). Determining{®] and [Qs] en- where SNR is the signal-to-noise ratio (1), is the num-
abled the radical concentration to be calculated using: ber of online data points (100) is the number of of-
fline points (50), Spack iS the background signal com-
[O1{H20lo,00Ho, (2) prising laser scattered light~@Q0ctss?), solar scattered
[O2lo0,$0, P light (max. ~20ctss? at noon) and CPM dark counts
where on,0 and oo, are the 184.9nm absorption cross (Octss1) and ¢ is the integration of each data point
sections of HO vapour and @, determined exper- (1s). Using the above values afdvr = 9 mW, LODs of
imentally to be (7.£0.2)x102moleculelcnm? and  1.1x10° molecule cn® and 2.8<10° molecule cn® were
(1.3740.14)x 10~ 29 molecule L c?, respectively, for the calculated for OH and HE) respectively.
same pen-ray lamp used during the field measurements. )
#no,=1 is the quantum yield for production of OH or H® 2.2 Ancillary measurements
the absence of added CO, afydo, =2 for HO; in the pres-

andCxo, =

)

®3)

m n

[OH] = [HO2] =

A number of ancillary measurements were made to permit a

ence of added CQ® is the profile factor, which is discussed detailed ch terisati f the at heri i t
further below. With the pen-ray lamp switched off ([KHIS0) ctailed characterisation of the atmospheric composition a
the site and to constrain the box model. Details of these

it was found that there was no additional signal above the N listed in Table 1 and di df
background when NO was added to the FAGE cell, ruling outMeasurements are listed in fable 1 and are discussed fur-

the presence of any significant artefact due toxHy@duc- thertm Lee et tal.f(2(|)09a)t. Th% r?ajo?ty 0; theset.meaSlfre-t
tion either directly from photolysis of impurities (e.g. HN¥PO Ments are part of a long term dataset made continuously &

in the NO, or from the photolysis of species desorbed fromthe Cape Verde Observatory smce_October 2006. '_I'he hal_o-

the walls after exposure to NO. gen oxide meas_urements made using Long Path-Differential
A correction needs to be applied to account for the Optical Absorption Spectrqscopy (LP.' DOAS) were part of

parabolic distribution of radial flow velocities across the cal- an 8 month dataset, covering the period November 2006 to

ibration tube under laminar flow conditions. The central por-‘]une 2007 (Read et al., 2008).
tion of the flow sampled by the detection cell has a higher
velocity and hence spends less time in the photolysis region
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Table 1. Listing of the concurrent measurements made during the RHaMBLe project and used to constrain the box model.

Measurements  Instrument Typical noon Averaging LOD Reference
value Time (20)
O3 TEI 42c, UV absorption 35 ppbv 1min 1 ppbv (Lee et al., 2009a)
Cco Aerolaser, VUV resonance fluorescence 104 ppbv 1min - (Lee et al., 2009a)
CHgy Flask Samples, Gas Chromatography analysis 1821 ppbv - - (Lee etal., 2009a)
NO Chemiluminesence detector 2.3 pptv 1lh 1.5 pptv (Lee et al., 2009b)
NO> Chemiluminesence detector 11 pptv 1lh 4.1 pptv (Lee et al., 2009b)
Ethane Gas Chromatography- Flame lonisation Detection +28%ptv 1h 2.5 pptv (Read et al., 2009)
(GC-FID)
Propane GC-FID 581.7 pptv 1h 2.5pptv (Read et al., 2009)
Iso-butane GC-FID 220.2 pptv 1h 2.5 pptv (Read et al., 2009)
n-butane GC-FID 3420.3 pptv 1h 2.5 pptv (Read et al., 2009)
Acetylene GC-FID 1193.3 pptv 1h 2.5 pptv (Read et al., 2009)
Ethene GC-FID 211.4 pptv 1h 2.5 pptv (Read et al., 2009)
Propene GC-FID 220.9 pptv 1h 2.5 pptv (Read et al., 2009)
Isoprene GC-FID 161.0 pptv 1h 1.0 pptv (Read et al., 2009)
Acetaldehyde = GC-FID 826137 pptv 1h 18 pptv (Read et al., 2009)
Methanol GC-FID 742115 pptv 1h 7 pptv (Read et al., 2009)
Acetone GC-FID 48F45 pptv 1h 3 pptv (Read et al., 2009)
10 LP-DOAS 1.3 pptv 20-30min  0.3-0.5pptv  (Read et al., 2008)
BrO LP-DOAS 2.9 pptv 20-30min  0.5-1 pptv (Read et al., 2008)
HCHO LP-DOAS 328 pptv 20-30min 200 pptv (Mahajan et al.,
2010)
J(O'D) Filter Radiometer 3410 °s 14 1 min - (Lee et al., 2009a)
Aerosol Scanning Mobility Particle Sizer (SMPS) & x10~%cm?cm™3  30min - (Allan et al., 2009)
Aerosol Particle Sizer (APS)
Relative Campbell Met Station 76% 1min - (Lee et al., 2009a)
Humidity
Temperature Campbell Met Station 296K 1min - (Lee et al., 2009a)
Pressure Campbell Met Station 1016 hPa 1min - (Lee etal., 2009a)

stream scattering model (Hough, 1988) and assuming clear-
sky conditions. Under cloudy conditions calculatéd/al-

ues were scaled to the ratio of obseryg®!D) to clear sky

A box model was used to calculate OH and H€on- j(O'D). Dry deposition terms for kD, (1cmst) (Junker-
centrations, and contained a near explicit chemical schemé,a1n and Stockwell, 1999), RE (0.9cms?) (Junker-

for the oxidative degradation of C1-C5 hydrocarbons, €X-mann and Stockwell, 1999), HN@0.8 cm s'1) (Ganzeveld
tractgd from the Master Chemical Mechanism. (MCM) and Lelieveld, 1995), CEDH (0.09cms?) (Carpenter et
version 3.1 (Saunders et al., 2003). The entire MCM g 2004) and HCHO and aldehydes (0.33 cgBrasseur
treats the degradation of 135 VOCs and considers oOxitg|, 1998) were included in the model. The model was con-
dation by OH, @ and NQ. The degradation contin-  girained to hourly measurements of a number of VOCs (listed
ues until CQ and HO vapour form as t_he _f|nal oxida- explicitly in Table 1), NQ, Os, CO, CH, j(O'D) and me-

tion products. Complete details of the kinetic and photo-teqyglogical parameters. The midday concentrations/values
chemical data used in the mechanism are available at thgf these model constraints are given in Table 1 for informa-
MCM website (MCM,http://mem.leeds.ac.uk/MCM/home  ton: there were, however, some deviations from these typical
A halogen chemical scheme (listed in supplementary in-migqgay values in the hourly measurements that were used as
formation: http://www.atmos-chem-phys.net/10/1555/2010/ ;o el inputs. The halogen scheme was constrained using
acp-10-1555-2010-supplement.pdfas added to the MCM  measurements of the diurnal cycle of [I0] and [BrO] aver-
to assess the effect of 10, BrO and_ related species on thﬁged for May 2007. It was necessary to use an average be-
budgets of OH, H@and G concentrations. The mechanism ¢4y se of incomplete data coverage primarily arising from 10
contains photolysis of § NOz, HOI, HOBr, 10, aldehydes,  anq BrO being detected by DOAS in different wavelength
ketones, HO, and organic hydroperoxides (BB), butonly  regions and, therefore, not being measured simultaneously.

measurements qf(QlD) were used to constrain the model. A W, concentration of 500 ppbv was used, similar to that
The other photolysis rates were calculated based on a two-

2.3 Box model using the master chemical mechanism
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measured in the remote MBL at other locations, for exampledry aerosol distribution was determined. At an average am-
during SOAPEX-2 at Cape Grim (Sommariva et al., 2004), bient humidity of~80% the radius of sea-salt aerosols are
and used in OH model calculations during the ALBATROSS expected to grow by a factor of1.4 (Allan et al., 2009),
campaign (Brauers et al., 2001). A constant HCHO con-leading to an ambient aerosol surface area of roughly a fac-
centration of 328 pptv was assumed in the base-case modebr of 2 (radiug) larger for this size range. A strong gradi-
scenario, based on average [HCHO] measured by LP-DOA&nNt in the aerosol surface area at the ground to a height of
during May at the observatory (Mahajan et al., 2010). Devi-~12m has recently been recorded at the site (von Glasow,
ations from this background [HCHO] used (and the impact2009). Itis estimated from these gradient measurements that
upon HQ levels) are considered in Sect. 3.4. The unmea-the aerosol surface area is approximately a factor of 2 greater
sured intermediate species, generated from the oxidation odit the height of the FAGE nozzle-B.5m) compared with
VOCs and other species used to constrain the model, werthe aerosol surface area at 30 m. To account for the differ-
initialised at zero. The simultaneous rate equations wereence in sampling height and aerosol growth factors an aerosol
solved using the FACSIMILE integrator (Curtis and Sweet- surface area of 410-%cm? cm=2 was used in model cal-
enham, 1987). The model was allowed to run to steadyculations. An uptake coefficienyj of 0.1 was used based
state (+4 days) to stabilise the concentrations of any unmea-on recent recommendations (Taketani et al., 2008). Sensitiv-
sured intermediate species, e.g. alkyl nitrates, unmeasureity analyses have been performed on the aerosol uptake (see
carbonyls and peroxides, before the OH andoHbdelled  Sect. 3.4 for further details).
data were compared to the measurements. A surface deposition term for HOwas also considered.
The rate of heterogeneous loss of #HCand a  The deposition velocity {p) of HO, was estimated using
number of halogenated species (supplementary inthe NOAA/COARE air/sea gas exchange parameterization
formation: http://www.atmos-chem-phys.net/10/1555/2010/ (Fairall et al., 2007). The deposition velocity of H@ re-
acp-10-1555-2010-supplement.pdto aerosol surfaces lated to the flux £) of HO, at a given height above the sur-
has been included in the model. A simple scheme was usedace () by:
based on a first-order loss to aerosol surfaces (Ravishankara,

1997): F = —Vp x [HOz],) (6)
Kloss= cgdy (4) Vp can be determined given knowledge of the sum of air-side
4 (Ry) and water-sideR,,) resistances (Fairall et al., 2000):
wherec, is the mean molecular speed of the gas molecules
(cms™1), calculated using Eq. (5): Vo — ( 1 ) e
|8 RT Ra+ (Rw/a)
9= My (5) whereq is the dimensionless solubility (a function of species,

L ) temperature and salinity). The air-side resistaig repre-
K'loss i the heterogeneous loss rat,is the aerosol sur-  sents the sum of the aerodynamic resistaried and gas-
face area per unit volume; is the uptake coefficient? is  phase film resistanceRg). Assuming that the atmospheric

the universal gas constar, is temperature andfy is the  gyrface layer is neutrally stable th& can be determined
molecular weight of the gas. More recently, this schemeysing Eq. (8):

was extended by Sommariva et al. (2006) and Haggerstone et

al. (2005) to incorporate loss rates that were dependent upon U 1 Z

the measured aerosol size-distribution, using an expressioﬁ1 = uZ = ,(_u*ln<_> ®)

which incorporated the transition between control by gas-

phase diffusion and molecular uptake (Sander, 1999). In thavhere U, is the mean wind-speed at heigh),(« is the

background marine environment, the particle diameters ar&on Karman constant (0.4}, is the friction velocity, and

small. Under such conditions, mass transfer is limited byzo, is the aerodynamic roughness length (Stull, 1988). The

interfacial mass transport and Eq. (4) provides a reasonablgas-phase film resistancg) is determined by Eq. (9):

estimation of the aerosol uptake coefficient (Haggerstone et

al., 2005). Ry— > 523 ©)
The particle radius and number population, used to de- U

termine the aerosol surface area, were measured with fiheresc is the Schmidt number.

Scanning Mobility Particle Sizer (SMPS) (0-1pm) and a = tpo \yaterside resistancery) can be determined by
Aerosol Particle Sizer (APS) (1-10 um) (Allan et al., 2009) g (10) (assuming the influence of turbulence is negligible

at a height of 30m. The "",Vefage aerogol surface _are"f’elative to chemical reaction time-scale of K@ water):
observed at the CVAO at this height during the project

was ~1x10-8cm?cm3. For particles of 0-1 pm diame- 1
ter (which encompasses the bulk of the aerosols at the site) Bw= JaDw

20

(10)
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Fig. 3. Panel(A): Time-series ofi(O'D) (black line) and CO (blue line) from the HGneasurement period (gaps in data are due to power
failures). Pane{B): Time-series of NO (lime line), N®(green line) and @(red line) from the HQ measurement period (gaps in data are
due to power failures or instrument down-time). P&t Time-series of measured B molecule cnt?3 (pink line) with the 2> standard
deviation shown. PangD): Time-series of measured OH in moleculeTr(purple line) with the 2 standard deviation shown. All data
are hourly averaged.

whereuq is the reaction time-scale for Hn water (assumed by elevated levels of CO130 ppbv); CO levels dropped to
to be sufficiently fast that turbulence is neglected) apgdis ~100 ppbv during the day on 24 May and remained at this
the diffusion coefficient of H@in water. level for the remainder of the radical measurement period
Many of the variables in Egs. (7)-Eq. (10) can be esti- (Fig. 3a). Back trajectory analysis for this period indicates

mated by the NOAA/COARE algorithm given an input of a switch in air-mass origin (Lee et al., 2009a). From 21—
boundary layer depth~1000 m) (Read et al., 2008), atmo- 24 May, the air intercepted had originated (at a low altitude)
spheric pressure~(1010mbar), wind-speed (0—20 m'3, over the western north Atlantic and continental America be-
height of wind-speed data (10 m), Henry’s law coefficient fore being transported at a higher altitude over the ocean
(1.2x103Matm™! (Schwartz, 1984)) and rate coefficients and descending close to the Cape Verde islands. From 26—
for reactions of HQ in water (ionisation of HQ form- 29 May the air sampled originated over Southern Europe and
ing O, and Hf; Bielski, 1978, and chemical reaction of the Mediterranean (usually within the boundary layer), be-
HO. with O, forming HQ, ; Bielski, 1978, were consid- fore passing near to the Canary Islands on its way to Cape
ered). The water-side Schmidt number and diffusion coef-Verde. [CO] remained at background levets100 ppbv)
ficient were assumed to be similar to those af (00 and  between 26-29 May suggesting that this air-mass was not
1.2x10~9m?s~L; Chang et al., 2004). The HQvater-side  strongly influenced by anthropogenic emissions from Eu-
reaction rate was varied from 301(P s~ to determine the rope. From 30 May onwards, the CVAO largely sampled
sensitivity of Vp to it. For HOp, the solubility is sufficiently ~ air that was mid north Atlantic in origin, passing close to the
large that the deposition velocity is essentially air-side con-Canary Islands before approaching Cape Verde from a North
trolled and the flux is insensitive to the water side turbulenceEasterly direction. Throughout the measurement period the
and reaction rate. maximum noontime (O1D) levels were relatively constant,

at 3.5¢10°s71 (Fig. 3a) with very little cloud cover ob-

served throughout the campaigrng €ncentrations between
3 Results 35-40 ppbv were recorded (Fig. 3b) (Lee et al., 2009a).

Figure 3 shows the values g{O'D), CO, NO, NQ, O3, 3.1 Daytime measured and modelled OH and H®

HO, and OH measured at the CVAO during the summer 2007

campaign. OH measurements were made on 5 days (28 Maluring 3 out of the first 4 days of measurements BHO
to 2 June) and H®on 11 days (21 May to 2 June). From was elevated relative to data taken later in the campaign,
21 May-24 May, the air-mass intercepted was characterisedorresponding to the elevated CO during this time, with a
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Fig. 4. Panel(A): Time-series of measured H@n molecule e (pink line) with the 20 standard deviation shown and MCM calculated
[HO5] (base-case scenario, see text for details) (black line). RBjeTime-series of measured OH in moleculeti(purple line) with

the 20 standard deviation shown, and MCM [OH] calculated (base-case scenario, see text for details) (black line). All data representa 1 h

average.

maximum of~6x 10% molecule cnm® (~24.5 pptv) recorded  under-predicted [OH] on average by 18%, although again
on 24 May (Fig. 3c); [NQ] were elevated on this day and this is within the 1o measurement uncertainty.
may indicate a local pollution source. MCM model es-
timates of [HQ] over this period are also elevated rela- 3.2 Nighttime measured and modelled HQ
tive to model estimates for later in the campaign (Fig. 4a),
although peak MCM modelled [H£ from this period is  Low concentrations~0.6 pptv) of HQ were measured on
only ~3x108 molecule cn3, suggesting either a missing two nights (24 and 25 May); due to the instrumental diffi-
source of HQ, or an over-estimation of the HGOsinks in culties, outlined in Sect. 2.1 no nightime OH measurements
the model; the modelled [Hf] estimates are-39% lower  were made. Model estimates of nighttime H&gnificantly
than those measured during this phase (falling outside the&inder-predict the observations, however (Fig. 5). As reported
1 o measurement uncertainty). The daily variability ob- by Read et al. (2008) a daily{Qlestruction cycle is observ-
served in [HQ] during this period is also not captured by the able at the CVAO, with the majority of this loss due to pho-
model; on 22 May, measured [HDwas significantly lower  tolysis of Q3 and subsequent reaction of ‘@) with H,O
at ~3x10° molecule cnm3, but this drop in [HQ] was not  vapour and via catalytic cycles involving 10 and BrO. The
reflected in the model. The lack of variability in the modelled O3 concentration is replenished during the night by entrain-
HO, may be due, in part, to the use of a constant average diment of air from the free tropopshere that is richer ig, O
urnal cycle for 10 and BrO, constant heterogeneous lossefollowed by advection to the site (Read et al., 2008). The
and/or constant [HCHOQ]. Sensitivity analyses of [fJ@o HO, concentration was observed to decrease to a minimum
each of these modelled parameters have been performed amdi~21:30 and then slowly increase throughout the remainder
are presented in Sect. 3.4. of the night, analogous to the observed nighttimep@file,
After 26 May the peak measured [HPwere lower~2—  suggesting that the entrained air during the night is providing
4x10° molecule cnt®, and are mirrored by the model. The a source of radicals.
model is in much better agreement with [Elneasurements The nighttime generation of OH and HGn the MCM
during this phase, overestimating [HI®y 16% on average; box model is from reactions of Owith alkenes, specifi-
this is within the 1o measurement uncertainty of 20%. cally propene £72%) and isoprene and its oxidation prod-
OH measurements were also made during the sectcts (~25%). The reaction of N@with alkenes is not a sig-
ond measurement period (Fig. 3c). Peak concentrationsificant source of HQ, unlike Mace Head (Salisbury et al.,
of 6-9x10° moleculecnt® were recorded; the midday 2001). The OH generated fromg® alkene reactions reacts
[OH] gradually decreasing over the 5 days. The modelwith acetaldehyde and methane, leading to the formation of
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Fig. 5. Time-series of nightime [Hg] measured on two consecutive nights. The red line represents the measurediti@nhe 20 standard
deviation shown. The grey and black lines represent modelleg[M@en the model is left unconstrained to PAN and when [PAN] is held
at 100 pptv respectively.

peroxy radicals, which in turn, through self reaction or reac-Whilst cruising a maximum of 500 km west of the African
tion with NO generate H@ Alternatively, OH reacts with  coast, corresponding to 2W-15 E, (CVAO is ~500 km
CO, generating H@directly. The OH and H@radicals are  west of the coast) PAN concentrations north of NQ(CVAO
strongly coupled at night with~-37% of OH formed from is at 16 51'49) only dropped below 100 pptv on two days.
the G;+HO, reaction. The model underestimation of p& In contrast to these findings, Gallagher et al. (1990) found
night may derive from an unmeasured alkene, possibly onghat between N-64° N and 20 W-50° W in late summer
that is biogenic in origin. Phytoplankton in oceans are knownthat PAN concentrations in the north Atlantic ranged from
to produce a large suite of VOCs (Moore et al., 1994; Shaw<1 pptv—40 pptv. Similarly, Muller and Rudolph (1992) did
etal., 2003). Itis likely, however, that this source would also not measure PAN above the LOD of 10 pptv in the tropics
be present in the daytime, and so would have to be included30® N-3C S) when crusising at 30V. The proximity of the
as an OH sink. measurement sites to the African coast seems to strongly in-
The entrainment of peroxyacetyl nitrate (PAN) may also fluence the PAN content of the sampled air-masses (Jacobi
act as a nighttime (as well as daytime) source of radicals. Iret al., 1999). Trajectory analysis from the RHaMBLe cam-
the modelling presented thus far, PAN is unconstrained in thepaign indicated that for 21-25 May (during which time the
model, and the modelled concentration peaks- 400 pptv  nighttime measurements of H@vere made) the air-masses
at ~15:00, corresponding to the peak in N@nd then de- intercepted at the CVAO were influenced by the US conti-
creases to~10 pptv during the night. The thermal decom- nent. In such air-masses the PAN content may have been
position lifetime of PAN is just 20 min at 300K (Bridier et enhanced, and, therefore, could act as an important radical
al., 1991), and entrainment of air from the cooler free tropo-source. Measurements of PAN at the site are necessary to
sphere (where the PAN lifetime will be much longer) could confirm this hypothesis.
lead to the rapid decomposition of the molecule, leading to
an additional source of radicals. To test this hypothesis, the3.3 Rate of production and destruction analysis
PAN concentration was constrained in the model to a con-
stant 100 pptv (during both the day and night). RunningFigure 6 shows the instantaneous rates of production (ROPA)
the model with constrained PAN improves the modelled toand rates of destruction analyses (RODA) for OH ang 4O
measured HQ throughout the day and night (Fig. 5). Ja- solar noon (averaged for the period 12:00-13:00 LT — local
cobi et al. (1999) have reported PAN concentrations meatime) as determined by the MCM. The ROPA and RODA
sured during a cruise of the R/V Polarstern from Cape Townare averaged over all days for which there are respective
(South Africa) to Bremerhaven (Gemany) in May/June 1998.measurements of OH and HOFigure 7 shows the diurnal
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Fig. 6. Pie-charts showing the MCM (base-case scenario, see text for details) average diurnal modelled OH andrek3 and sinks
between 12:00-13:00.

variation of the MCM calculated rates of production and The reactions of OH with CO and acetaldehyde are the ma-
destuction of OH and H®&for different chemical processes, jor OH losses £28% and~25% respectively). The source
again averaged over the days when there are radical measuref acetaldehyde at remote marine locations, such as Cape
ments. It should be noted that several of the pathways servierde, has not been determined conclusively and remains
to inter-convert OH to H@, or vice versa, and so, overall, do subject to debate. Acetaldehyde is formed by the oxidation
not lead to an increase or decrease in the total.HO of primary hydrocarbons, it may derive from direct terres-
The photolysis of @ and subsequent reaction withp® trial emissions or from the photochemical degradation of or-
vapour represents the dominant OH source, accounting foganic matter in the oceans (Singh et al., 2001 and references
~76% of its production at solar noon. The photolysis of therein). Singh et al. (2003) have inferred from aircraft mea-
H,0O, and CHOOH are much smaller OH sources3% surements of acetaldehyde that the surface waters of the Pa-
combined); at steady state these peroxides reach levels eific are greatly supersaturated with acetaldehyde and may
~500 pptv and~1 ppbv respectively in the model, similar in act as a large oceanic source. Read et al. (2010) suggest that
magnitude to observations of peroxides at Cape Grim (Ayersin oceanic flux of acetaldehyde is a likely source of the ob-
et al., 1996; Monks et al., 1998) and also in the Cape Verdeserved acetaldehyde concentrations in the Cape Verde region
region during the ALBATROSS cruise (Weller et al., 2000). also. In contrast to acetaldehyde, the other oxygenated VOCs
The recycling of HQ to OH, via reaction with NO and £§) that were measured (acetone and methanol) play only a mi-
also act as small additional OH sources. The hypohalougor role as an OH sink (contained within “other” in Fig. 6).
acids, HOI and HOBr, which are generated by the reaction ofOther sinks include reaction with methaney, D3, HO,,
HO, with 10 and BrO respectively (Fig. 1), may be photol- HCHO and peroxides. Reaction of OH with NOC—Cs
ysed to OH or taken up on aerosol surfaces. An uptake coefaydrocarbons (NMHC) and MCM calculated chemical inter-
ficient for HOI and HOBr loss onto aerosols gfox=0.061  mediates from OH oxidation of NMHC (oxygenated VOCs
was assumed, consistent with experimental data (Mossingexnd organo-nitrates) all account for a small fraction of the
and Cox, 2001). Under this scenario, the photolysis of HOIOH loss, and are contained within the “other” segment also.
and HOBr contributes-13% to the instantaneous OH forma- HO» sources are dominated by the reaction of OH
tion. There is some uncertainty in thgox assumed, with  with CO (~41%) and, to a smaller extent, G& with
some studies speculating that it may be an order of magO, (~16%); the source of C{D is the reaction of
nitude higher in the MBL (Abbatt and Waschewsky, 1998; CH3O, with NO. The presence of a small quantity of
Wachsmuth et al., 2002). The sensitivity of the modelledNO (~1.5 pptv) at the site serves to slightly enhance;HO
[OH] to this parameter is investigated in Sect. 3.4.2. levels overall, because although bHNO removes HQ
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Fig. 7. Left: Diurnal variation of the rate of OH production and loss calculated using the MCM. Right: Diurnal variation of the rate of HO
production and loss taken from the MCM (base case, see text for details).

(Reaction R10), this is offset at these low levels of [NO] HOz + HO2 — H207 + O2 (R16)

by a larger overall rate of RONO — RO+NQ, (fol-

lowed by rapid HQ production from RO+Q) leading to  Heterogeneous loss to aerosol and surface deposition ac-

a net production of H@ (Reactions R11 and R14) (Poppe, counts for~23% of the HQ loss at noon-time.

1999). If NO concentrations were to increase further, Over a 24 h period, the relative contribution of the HO

[RO;] would decrease (Fleming et al., 2006) and H8O  sources and sinks remains fairly consistent, as shown in

(Reaction R10) would begin to dominate over ROO Fig. 7. There is some deviation from the trend discussed

(Reaction R11) (a%10=8.9x10 *2moleculecm®s™ is  above, and displayed in Fig. 6, for example the reaction of

>k11=7.7x10"?molecule’* cm®s~! (IUPAC, 2006)). Un-  OH with CHsCHO and reactions involving HENO, peak

der this regime, reactions involving NO would act as arHO in the afternoon, reflecting the afternoon peak in the concen-

sink rather than a source. The sensitivity of the radicals totrations of CHHCHO and NG as measured at the site. In

NOy levels is further discussed in the subsequent sectionhe morning and evening (when the concentration ob KO

(Sect. 3.4.2). low) the reaction of H@ with O3 dominates over the HO
self reaction promoting radical recycling rather than radical

RO+ Oz — Aldehyde+ HO; (R14) termination. 'Iehe reac'gon of HQNit% IO%nd BrO exhibits

The reaction of HCHO with OH, combined with the photoly- & broad diurnal cycle that reflects light intensity.
sis of HCHO, can contribute close to 20% of the i solar
noon. Other smaller HOsources include OH+H OH+0;, 3.4 Sensitivity_analysis of modelled OH and H@
CH3OH+OH, j(CH3CHO), OH+H0, and HGQNO, ther- concentrations
molysis.

The reaction of H@ with IO and BrO accounts for a
combined, instantaneous, Hss of~19%, despite these

The mean diurnal profiles of the observed and modelled
[OH] and [HO,] has been calculated (Fig. 8) over all days

species only being present-at.4 pptv and~2.5 pptv (peak for Which_there were respecti\_/e_ me_asurements_ of OH and
daytime levels) respectively. The major H®ink is the re- HO,. Owlng to instrumental d.lffICU|tIeS outlined in Sect. 2

action with RQ (R=CHs—CsH11) (Reaction R15), typical of only daytime OH data are available. In general good agree-
low NOy environments (Carpenter et al., 1997; Penkett et al. Ment between the modelled and measured [OH] profile is

1997), which together with the self reaction (Reaction R16)achieved (Fig. 8a and C). The model under-predicts [OH]
accounts for over 40% of the total H@pss. in the mid-morning, and during the very late afternoon and

evening, although for the latter, OH levels are close to the
HO,; + RO, — RO;H + Oy (R15) LOD of the instrument. HQwas measured on 11 days and
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Fig. 8. Panel(A): Average diurnal [OH] calculated for the 5 days of measurements (data on an hourly time-scale); the error bars represent
the standard deviation of the data that were averaged (purple points and line). The modelled average diurnal (averaged over the 5 days of O
measurements) is also shown (MCM= grey line). P&Bgl Average diurnal [HQ] calculated for the 11 days of measurements (data on an
hourly time-scale); the error bars represent the standard deviation of the data that was averaged (pink points and line). The modelled averag
diurnal (averaged over the 11 days of pi@easurements) is also shown (MCM= black line). P4@gl Solid line, with black squares
represents the (OH MCM modelled)/(OH measured) ratio averaged for 1 h over 24 h. (Pangblid line represents the (HOMCM
modelled)/(HQ measured ratio) averaged for 1 h, for a 24 h period. Red line in panels C and D represents modelled : measured ratio of 1.

2 nights, enabling a complete 24 h average diurnal profile tadetermine the impact of these on the modelled $H@nd

be built up. Excellent agreement between observed and modOH]) and to assess whether varying these parameters could
elled [HO] is achieved (Fig. 8b and d) during the daytime; account for the daily variability in the observations. Table 2
during the nightime the [Hg] is replicated when the model lists the changes made and their impact on modellecb,]JHO

is constrained to a constant [PAN] of 100 pptv (Sect. 3.2).and Fig. 9 shows the impact on the diurnal variation of the
As highlighted in Figs. 3 and 4 (and discussed in Sect. 3.1)modelled-to-measured ratio of [HD The uptake coeffi-
significant variability was observed in the measured dailycient of the hypohalous acids has also been varied, in accord
peak [HQ], certainly when different air-masses were inter- with reported literature values, to determine the sensitivity of
cepted; this variability was not replicated in model simula- [OH] (and [HO;]) to this:

tions to the same extent and so the agreement between the

modelled and measured [HDn Fig. 8 may be slightly for- 3.4.1 HCHO

tuitous. It should be noted, however, that owing to the more

extensive data coverage during the latter half of the measure®s discussed in Sect. 3.3, the reaction of OH with HCHO
ment period, when the agreement between the daily modand HCHO photolysis are sources of biCrhe model thus
elled and observed [HE was at its best (Fig. 4), the di- far has been constrained to a constant HCHO concentration
urnal profiles will be more heavily weighted to this phase. ©f 328 pptv, which is the mean HCHO concentration ob-
Several key modelled parameters that control the productiof$erved during May 2007, as measured using the LP-DOAS
and loss of H® have been identified in Sect. 3.3, a num- during its 8 month deployment at the observatory. It should
ber of which were either held at constant values ((HCHO] Pe noted, however, that throughout the 8 months [HCHQO]
and heterogeneous chemistry) or used a constant diurnal prévere variable, dropping below the LOD of the LP-DOAS
file ([XO]) within the model. A number of model scenar- (~200pptv) at times and elevated in polluted air-masses.

ios in which these parameters are varied have been run tiecent analysis of the HCHO data during the RHaMBLe
measurement intensive has highlighted that [HCHO] were
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Table 2. List of parameters that have been varied to optimise the M@delled to measured agreement. The daytime % change was averaged
from 08:44-19:44; the nighttime % change was averaged from 19:44-08:44.

Model Parameter Parameter Change Av. % Change Av.% Change Av. % Change
inHO > (day) in HG, (night) in OH (day)
HCHO 328 pptv— 100 pptv -8 0 +2
HCHO 328 pptv— 2000 pptv +60 +1 -9
Halogen chemistry XO chemistry switched off +12 +2 -12
Halogen chemistry (modified  XO chemistry switched off +18 0 -9
[NOy] & [NOy] — doubled
Hypohalous acid chemistry  yox=0.061— 0.61 -2 0 -4
Aerosol uptake Includee> Not included +29 +59 +7
Surface deposition Includeé Not included +9 +16 +2
Heterogeneous losses No heterogeneous loss, +52 +104 -3
& halogen chemistry no 10 chemistry, [BrQlL.4
25-
—»—base case
[HCHO] = 100pptv
o 20 [HCHO] = 2000pptv
o —v—no halogen chemistry
> .
2 no halogen chemistry
g (modified [NO ])
~ 1.5 no aerosol uptake
(@) "
T A no surface deposition
=
2 .
% 1.0 4 =g —n—{r—rn—n—g ]
£ g
ON
T ol A
0.5 \/"
0000 0400 0800 1200 1600  20:00 2400

Time (GMT)

Fig. 9. (HO> MCM modelled)/(HQ measured) ratio for a number of different model scenarios. Black line = base case scenario (with
[PAN]= 100 pptv) , all other scenarios are based on this model with the specified (see legend) parameters adjusted. Red line represents a
(HO2 MCM modelled)/(HQ measured) of 1. See text and Table 2 for further details.

extremely elevated~2 ppbv) on the 23 and 24 May (and increases by-60% on average from the base-case scenario.
also on the 27 and 28 May, although bl@ata is limited  Approximately a 140% increase in the base-case model is
during this second period due to power cuts). These largeequired to match the elevated [Hf®bserved at the begin-
excursions from the more typical [HCHO] used in the model ning of the measurement period. This remaining discrep-
could account for the model’s failure to replicate the elevatedancy may indicate that the model is missing other additional
[HO2] observed at the beginning of the measurement periodHO, sources at this time or potentially that the F6€inks
(Fig. 4). are over-estimated by the model at this time (see Sect. 3.4.2
Two model runs whereby [HCHO] was reduced to and 3.4.3). During the ALBATROSS cruise, up to 1 ppbv of
100 pptv (Fig. 9, grey line) and increased to 2 ppbv (Fig. 9,HCHO was observed in the tropical mid-Atlantic (Brauers
pink line) have been performed. Reducing the HCHO et al., 2001) and-750 pptv was recorded in the Cape Verde
concentration from 328 pptv to 100 pptv decreases JHO region (Weller et al., 2000). At Cape Grim, Tasmania during
by ~8% during the daytime, but does not effect the night- the SOAPEX-2 campaign, during clean conditions, [HCHO]
time levels of HQ (Table 2); at [HCHO] of 2 ppbv, [HE) was measured around noon from 217-352 pptv (with 50%
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error) (Sommariva et al., 2004). The source of the highKeene et al. (2009) report a reduction in [OH] in a modelling

[HCHO] observed during RHaMBLe may be caused by long- study when halogen oxide chemistry was included as a con-
range transport of polluted air from America; this will be sequence in the reduction in the secondary formation of OH
further investigated in future publications (Mahajan et al., via Reaction R10 (Keene et al., 2009). Modelling studies

2010). indicate that NQ levels could approximately double in the
) absence of halogen oxides in environments similar to Cape
3.4.2 Halogen chemistry Verde (Keene et al., 2009). To simulate the overall impact

. . . of halogen oxides, taking into account that N@vels may
The inclusion of a halogen scheme has been shown to 'Mpe significantly perturbed due to the presence of halogens,
prove the HQ modglled to measured agreement ata num-5 mogel run, initialised with no halogens and a factor of
ber of marine I'ocatlons (Bloss et al., 2005b; Smith et al..y jhcrease in the N@Qconcentration, has been performed.
2006; Sommariva et al., 2006; Kanay_a etal., 2007). Som'In contrast to Keene et al. (2009), OH concentrations were
mariva et al. (2006) report that combined, 10 and BrO ac-¢, \nq tg he 996 larger in the presence of halogen oxides com-

counted forN.E'O% Ofc;hf HQ Iossdtemg)d_tging the SNAMh pared to in the absence of halogen oxides (but with double
BLEX campaign at [I0]=4 pptv and [BrO]=6.5 pptv. Switch- NOy]) (Table 2); the perturbation of the N&@hemistry by

ing the halogen chemistry off in the Cape Verde model serve alogen oxides offsets the instantaneous OH formation via

to increase [HQ] by ~12% during the daytime and2% HOI and HOBr photolysis by~3%. Keene et al. (2009) con-

d:Jring thefnigh(;. r[]OH]hdecre(;is"esdbylZ%. Son;mariva el sider the impact of BrO and CIO only; no 10 measurements
al. (2006) found that the modelled to measuredsHQree- were made. The rate coefficient for reaction of CIO with

ment could be improved further during the NAMBLEX cam- HO, (5x 10~ 2molecule e s~L; IUPAC, 2006) is a fac-

paign by .ma'king the assumption that' the source of 10 yvas nofor of two times smaller than the rate coefficient for reaction
evenly distributed over the DOAS light-path, rather it was of ClO with NO (1.7x 10~ molecule: cm3s~L; IUPAC

concentrated by the shore close to thegH'x’_AGE measure- 2006). Depending on [HE and [NOJ, the presence of CIO
mhents, anq TS a Cﬁnsequence [1C] walslo t|m§sdh|gher bi; hcan effectively lead to a reduction in [OH], as presented by
the FAGE inlet. There are no macro-algae beds around thg e g g, (2009). Conversely, the rate coefficient for reac-
Cape Verde islands unlike Mace Head that could be acting a8on of 10 with HO, (8.4x 10~ 2 molecule cmds1; 1U-

a source Of 10 and soitis “”"k,e'Y that there is a hotspot OfPAC, 2006) is larger than the rate coefficient for reaction
10 production by the CVAQO; this is supported by the good of 10 with NO (1.96<10~ molecule crs~1; IUPAC

modelleg t?] mera]lsu:%d I_-igcagretlam:je_nt t_gat inSrfs Whﬁn it ii 2006) and so the presence of 1O, in low Nénvironments,
assumed that the [I0] is evenly distributed throughout t €serves to increase [OH]. The absence of IO chemistry in the

DOAS Iightpath_, rgpre;entative of an oce_an!c source. Ifthere?nodel used by Keene et al. (2009) could account for the dif-
were some variability in the oceanic emissions from day 0o ances in the modelled impacts of halogens on [OH]. The
day this could account for some of the variability observed gifrerence between the two model scenerios in which halo-
in the :.OZ conc(jeqtratlons. h i ¢ hal gen chemistry is switched off and N@hemistry is (a) con-

As Iscussed in Sect. 3.3, the overa .|mpact OF Nalo-girained to observations and (b) is doubled, allows the im-
gen chemistry on the OH concentration will be dependen act of variable [NQ] upon [OH] and [HO] to be assessed.
upon the uptake coefficient assumed for the hypohalous acigh | average, modelled [OH] and [HDincreased by a fur-
sr?emes. To mvesUga:je ;[he sen5|t|V|tyfof [OI(;|]_ and _ﬁi@J ther 3% and 6% respectively via increases in Reactions (R10)
this parameter, a model run was performed in whiglx nd (R11) when [NEJ was set to twice the observations. As

was increased 10 fold from the base—case. run (see Table 2 sgeq above, halogen oxides can perturb this chemistry
The [OH] was found to decrease by 4% during the day and SQnd need to be condsidered alongsideyxN@ predict how

under this scenario the impact of halogen oxides upon [OH] otential chanaes in ING mav impact [HG] in this envi-
and on the oxidising capacity is reduced, although the pho—p ¢ (N& may impact [HG]

X Y : s ronment.
tolysis of HOI and HOBr is still acting as a significant OH
source. '_I'he HQ QUrlng the daytime is also reduced _by 2_% 3.4.3 Heterogeneous losses of HO
under this scenario as a consequence of the reduction in the

rat_?hof reaction of ]PhH IW'th CO‘_ d | i Heterogeneous loss of HOacts as a large HO sink
e presence of halogen oxides not only serves to mo Ify(Sect. 3.3). If the uptake onto aerosol surfaces is assumed

f[he HO chgmigtry, but also the N)_Cchemistry by accelerat- negligible, modelled [H@] increases by 29% during the
ng NO". oxidation through Reactions (R_7) and (R17). Thus daytime and by 59% at night, leading to a large modelled
far, thg |mzact of10 a':]d Bro on rl]\Lahe!’nlstr_y has not bein HO, over-prediction. A change in the aerosol surface area
cr?n5| e_re ' yet. arl;y ¢ hangg N the NO'N?“O can pertur and/or composition could account for some of the daily vari-
the OH:HG ratio by changing the rate of Reactions (R10) ability observed in H@. Thornton et al. (2008) report that

and (R11). the uptake coefficient for HOmay vary considerably with
XO + NO2 + M — XONO,; + M (R17) changes in aerosol composition. Certainly, if heterogenous
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)

O3 destruction at the surface O3 destruction above the surface

I (O'D) + H,0
I OH + O,
[ HO,+ O,
I (O
I BrO

Fig. 10. Pie-charts highlighting the key parameters that cause the dgitjeStruction that is observed at the CVAO both at the surface (left
panel) and at the top of the MBL (right panel). TotaJ @estruction calculated using 12 h averaged, daytime, data-dapbv at the surface
and~3.5 ppbv at the top of the MBL.

loss processes to aerosol surfaces were lower during the irin continental regions where NOs elevated, whereas in
terception of the long-range transported airmass comparethe remote tropical marine boundary layes ©© destroyed
with loss processes during the interception of tropical At- primarily through photolysis and subsequent reaction of the
lantic marine air then this (combined with elevated [HCHO]) excited state oxygen atom with,B vapour (Read et al.,
may account for the model under-prediction of [fJ@t the  2008). During the RHaMBLe project at the CVAO, a daily
beginning of the campaign. Furthermore, the sensitivity of Oz loss was observed of the order-e8.5 ppbv d®. Taking
modelled [HQ] to aerosol uptake, coupled with the steep the daytime average concentrations for the relevant measured
gradient in aerosol surface area from the ground to a heighspecies from the period 21 May—2 June 2007, the relative
of 30m (Sect. 2.3) suggests that [biCould vary signifi-  contributions to the observed chemical loss were calculated
cantly with altitude within the BL. (concentrationx rate coefficient), as shown in Table 3 and
In addition to heterogeneous loss to aerosols, surface dé=ig. 10. The photolysis of @and subsequent reaction with
position of HQ to the surrounding ocean also contributes to H20 (Reactions R1 and R2) accounts fe40% of the daily
the total HQ sink within the model, albeit to a smaller ex- Oz destruction. The reaction of Qwith OH (9%) (Reac-
tent, and may also promote variability in [H{with altitude.  tion R3) and HQ (12%) (Reaction R4) also contributes to
Without a surface deposition term, modelled [H@ ~9% its loss, owing to the relatively high concentrations of the
higher during the daytime and16% at night. Prior to reach- radicals at the site, and reaction with 10 (22.5%) and BrO
ing the FAGE cell, the sampled air passed ovB0 m of surf ~ (16.5%) also destroy £(Reactions R5—-R9). Table 3 high-
zone and rocks, in addition to the open ocean, and as thifights the relative importance of the reactions which con-
area is likely to have an increased surface roughness, leadirigibute to the chemical destruction oOWhen combined,
to higher turbulence and hence contact with the ground, thérO and IO together destroy1.5 ppbv d1, whilst the loss
surface deposition assuming loss to the ocean only is likelydue to the combined reaction with OH and Hi® just under
a lower limit for this region. The uncertainties in the mag- 1 ppbv d1, in good agreement with estimates reported by
nitude of the surface deposition term could affect the overallRead et al. (2008) for the month of May. Read et al. (2008),
magnitude of the modelled [H} but are unlikely to account however, used a box model to calculate OH ancHi the
for the daily variablility in the measurements at the ground. purposes of calculating the rate of @estruction, rather than
using the measured values directly in the field, as presented
here.
4 Discussion and implications for MBL photochemistry Aircraft measurements of ©Pmade above the CVAO
during the RHaMBLe project (Read et al., 2008) demon-
Tropospheric @is an important greenhouse gas, providing a strated that the ©destruction observed at ground level oc-
similar radiative forcing to methane, an®5% of that dueto  curs throughout the entire MBL, which typically extends to
CO; (Forster et al., 2007), and in the troposphere forms via~1 km altitude. The IO and BrO, observed by the LP-DOAS
the catalytic oxidation of CO, methane and other VOCs inat the site, originate from the photolysis of organo-iodine
the presence of NO Oz production predominantly occurs compounds volatilised from the ocean and the acid-catalysed
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Table 3. The rates of the rate-limiting £destruction steps and their percentage contribution towagate€truction both in the surface layer
and at the top of the MBL (1 km), see text for details.

O3 destruction Contribution to ©destruction Contribution to ©
rate determining at the surface  destruction at the top of the
step (moleculecm®s™1) BL (molecule cnt3s™1)
O!D+H,0 9x 10° (40%) 9% 10° (45%)
OH+03 2.1x10° (9%) 2x10° (9%)
HO,+03 2.6x10° (12%) 3.8<10° (18%)
|0+10 7.2x10% (3%) 0%
|0+HO, 3.6x10° (16%) 0%
|I0O+NO 2.7x10% (1%) 0%
|O+Bro 1.1x 10° (5%) 0%
BrO+BrO 1.4x10% (1%) 2.7x10% (1%)
Bro+HO, 2.1x10° (10%) 4.5¢10° (22%)
BrO+NO 6.7 10% (3%) 9.4x10% (5%)
Total 2.210° (3.91ppbvd?l)  2.0x10° (3.59 ppbvd?l)

activation of bromine from sea-salt aerosols, respectivelyentrainment of @, which can modify the overall £destruc-
(Read et al.,, 2008). There is some evidence to suggedion, this work demonstrates the increase inHhd BrO
that [BrO] may increase with altitude in the MBL (von concentrations is sufficient to compensate for the loss of 10
Glasow et al., 2002) owing to an increase in the acidity ofat the higher altitudes. Aircraft measurements of;H@ade
sea salt aerosols with altitude which enables acid catalysedver the Pacific during the Transport and Chemical Evolu-
bromine activation to occur more efficiently (von Glasow tion over the Pacific (TRACE-P) campaign (Cantrell et al.,
and Sander, 2001). It is uncertain, given the surface sourc2003) provides some evidence that H€bncentrations in-

of organo-iodine compounds and the short atmospheric lifecrease over the first couple of kilometres. However, it is
time of 10 (~50s), whether this molecule also prevails difficult to draw strong conclusions from the dataset due to
throughout the MBL. The rate of heterogeneous loss 0 HO the limited number of boundary layer observations that were
by uptake to aerosol surfaces and by surface deposition tsmade. Leser et al. (2003) have reported MAX-DOAS mea-
the ocean (and/or rocky foreshore) will be at a maximumsurements of BrO taken onboard the R/V Polarstern north of
at ground level. The H®measurements were made just the Canary Islands. Significant boundary layer BrO was ob-
3.5ma.s.l. and, as discussed above, heterogeneous losse=rved, of the order of 1 pptv, although the vertical distribu-
could reduce [H@)] at the ground by~38% during the day- tion within the boundary layer cannot be determined. Future,
time. As a consequence of this, the p€ncentration could simultaneous observations oOHO, and halogen oxides
increase with altitude in the boundary layer, and hence thdrom 0-1 km from an aircraft platform, therefore, would be
rate of destruction of @by the HQ+0O3 reaction will also  extremely beneficial.

increase with altitude. Further increases in [Hi®ith height Methane is removed from the atmosphere through oxida-
may be_ expected as a consequence of a reduction in the [IGjon by OH (Levy, 1971) with~25% of this removal oc-
with height. curring in the tropical MBL (Bloss et al., 2005a). In this

A model scenario in which [I0], and heterogenous losseswork the important parameters which control the OH con-
are set to zero and [BrQ] is increased by a factor of 1.4centration in this region have been quantified, a number of
to simulate chemistry at the top of the MBL predicts that which, until recently, have been overlooked, for example
[HO2] could be 52% higher than at the surface during thechemical processes involving halogen species. Although the
daytime (Table 2). Table 3 and Fig. 10, right panel, high- vertical extent in the MBL of the impact of halogen oxides
light the impact these changing parameters may have upoon the HG and G budgets, particularly for 10, remains
O3 destruction. A reduction in temperature3° C) is also  uncertain, these species constitute a significant source of
considered as this has a small effect on the rate coefficient®H. Photolysis of HOBr and HOI lead to an increase in the
used. An Q loss rate 0f~3.91 ppbvd? is predicted at the OH concentration of~12%, although this increase is off-
surface and an ©loss rate of~3.59 ppbvd?! at the top  set slightly ¢3%) by the perturbation of the NOchem-
of the MBL (~1km). Although these analyses only con- istry (lowering [NO]) by halogen oxides as discussed in
sider the chemical processes that lead to a losszira@  Sect. 3.4.2 Overall, this work suggests that the methane life-
neglect physical processes, such as surface deposition artimne is reduced by~9%, due to the presence of halogen
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oxides leading to an increase in [OH]. In the current atmo-profiles of the concentrations of |10, BrO, OH, H@nd G
sphere, one added methane molecule absorbs infra-red rare needed to discover if halogen chemistry has an impact
diation ~25 times more efficiently than one additional €O on the budgets of OH, Hand G throughout the boundary
molecule (Lelieveld et al., 1993) as GGs approximately layer.

200 times more abundant in the atmosphere and, as a conse-

guence, many of its absorption bands are saturated. CurremcknowledgementsThe authors would like to thank P. Halford-
estimates suggest that methane contributes a radiative forédaw and staff of the mechanical and electronic workshops within
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halogen oxides, particularly 10, extend. To fully determine

the global impact of the halogen oxides on the oxidising ca-Edited by: R. von Glasow

pacity of the tropical BL, manifested through their effect on
[OH], the vertical profile of these species in this region is
required.
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