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Abstract. A modelling study of radical chemistry in the with the halogen monoxides dominated £b4-HO2-OH in-
coastal Antarctic boundary layer, based upon observationgerconversion, with associated local chemical ozone destruc-
performed in the course of the CHABLIS (Chemistry of the tion in place of the ozone production which is associated
Antarctic Boundary Layer and the Interface with Snow) cam-with radical cycling driven by the analogous NO reactions.
paign at Halley Research Station in coastal Antarctica duringThe analysis highlights the need for observations of physical
the austral summer 2004/2005, is described: a detailed zerggarameters such as aerosol surface area and boundary layer
dimensional photochemical box model was used, employingstructure to constrain such calculations, and the dependence
inorganic and organic reaction schemes drawn from the Masef simulated radical levels and ozone loss rates upon a num-
ter Chemical Mechanism, with additional halogen (iodine ber of uncertain kinetic and photochemical parameters for
and bromine) reactions added. The model was constrained timdine species.

observations of long-lived chemical species, measured pho-
tolysis frequencies and meteorological parameters, and the
simulated levels of HQ NOy and XO compared with those 1
observed. The model was able to replicate the mean lev-

els and diurnal variation in the halog('an'oxides IO and BrO, The chemistry of the sunlit troposphere is dominated by the
and to reproduce Nplevels and speciation very well. The yeactions of the hydroxyl radical, OH, which is responsi-

NOx source term implemented compared well with that di- pje for initiating the degradation of most hydrocarbons and
rectly measured in th_e course of th_e CHABLIS experiments.giher species emitted to the atmosphere. Knowledge of at-
The model systematically overestimated OH andH&-  mogspheric hydroxyl levels (OH), of related species such as
els, likely a consequence of the combined effects of (a) €SHO, (collectively HOy), and the chemical processes which
timated physical parameters and (b) uncertainties within thgyoyern their abundance, is central to explaining current at-
halogen, particularly iodine, chemical scheme. The principalygspheric trace gas distributions and predicting their likely
sources of HQ radicals were the photolysis and bromine- fre evolution.

initiated oxidation of HCHO, together with &) + Hz0. Interest in the chemistry of the polar boundary layer, and
The main sinks for HQwere peroxy radical self- and cross- the atmospheric chemistry above the surface of the polar ice
reactions, with the sum of all halogen-mediatedH08s  gheets and sea ice, has grown in recent years, driven in part
processes accounting for 40% of the total sink. Reactions,y interest in understanding atmospheric evolution through
measurements of trace gases in air trapped in ice cores and
firn. In addition to climatic information derived from long-

Correspondence td. J. Bloss lived tracers such as GQevels and various isotope ratios,
BY (w.j.bloss@bham.ac.uk) measurements of sulphur, nitrate and peroxide levels have
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all been used to infer historic atmospheric composition (e.g.NOy will drive radical cycling and H@ to OH conversion,
Wolff, 1995; Legrand and Mayewski, 1997); understand- potentially leading to ozone production, and heterogeneous
ing the chemical environment in which these species areHONO production followed by photolysis will result in a di-
deposited and incorporated in firn/ice, i.e. the backgroundrect source of both NO and OH (Grannas et al., 2007 and
chemistry of the polar boundary layers, is clearly importantreferences therein).
for such analyses. From the perspective of the modern at- Measurements of OH performed at South Pole (alti-
mosphere, interest in the polar boundary layer has also beetude = 2835 m) found much higher levels of OH than those
driven by the observation of periodic surface ozone deple-observed at Palmer Station; average OH concentrations of
tion events linked to bromine chemistry in the Arctic, and (2—2.5)x10°cm~2 were reported during the austral sum-
the recognition that snowpack can act as a source of nitromers of 1998 and 2000 (Mauldin et al., 1999, 2004). These
gen oxides NO and Ng&Xcollectively NGQ), HONO, HCHO  levels can be compared with the daily maximum levels
and peroxides, amongst other species, thereby modifying thé7 x 10° cm~2) from Palmer Station (similar solar zenith an-
boundary layer composition from what might be expectedgle). The South Pole OH data were consistent with rapid
for regions very remote from pollutant sources (Grannas etadical cycling driven by snowpack emissions of jJGhe
al., 2007). effect of which was enhanced by the low boundary layer
This paper presents a model analysis of boundary layeheight at South Pole station (Chen et al., 2001; Davis et al.,
chemistry based upon observations made in the coastal001). While agreement between observed and modelled OH
Antarctic boundary layer during the CHABLIS (Chem- and HGQ + RO; levels was satisfactory for moderate levels
istry of the Antarctic Boundary Layer and the Interface of NO (ca. 100 pmol/mol in this environment), at lower and
with Snow) campaign at Halley Research Station in coastahigher NO levels the model over predicted the observed OH;
Antarctica. A zero-dimensional detailed photochemical boxmoreover inclusion of measured HONO levels in the model
model is employed, constrained by observed levels of longded to a large overestimate of the measuredyNOH and
lived chemical species, meteorological and photochemicaHO2 + RO; levels (Chen et al., 2004). Subsequent obser-
parameters, to simulate concentrations of short-lived radicalations of HONO using a photofragmentation-LIF technique
species. A particular focus is the model’s ability to repro- found the HONO abundance to be much lower (by a factor
duce the levels and diurnal profiles of @nd NG, mea-  of 7) than mist-chamber/ion chromatography data suggested
sured during the austral summer, and the impact of halogefiLiao et al., 2006). Further measurements were performed
chemistry upon radical cycling and in situ chemical ozoneduring the 2003 ANTCI (Antarctic Tropospheric Chemistry
production/destruction. Investigation) project, finding comparable OH levels of typi-
cally (1.5-2.5)x 10f cm~3 (Mauldin et al., 2010), with even
higher NO levels (up to 1 ppb) than observed previously
2 Context (Eisele et al., 2008). Box model calculations of OH con-
strained by observations of longer-lived species systemati-
The first high latitude boundary layer measurements of OHcally overestimated the measured OH levels by a factor of 2—
were performed at Palmer Station, a coastal site on An-3 with no clear cause for the discrepancy identified (Mauldin
vers Island, located approximately halfway down the westerret al., 2010).
side of the Antarctic Peninsula (64, 64.7 S), during the HOy have also been measured above snowpack at Summit,
1993/1994 austral summer using Chemical lonisation MassGreenland: Sjostedt et al. (2007) used chemical ionisation
Spectrometry (CIMS; Jefferson et al., 1998). OH concentra-mass-spectrometry to measure OH radicals and the sum of
tions were low, ranging from (1-%) 10° molecules cm?. organic and inorganic peroxy radicalsilO, + RQ,) at the
Box model simulations, using a model constrained to ob-Summit research station (altitude =3200 m) during summer
served VOC levels (CO, CHand GHg were the only species  (June/July) 2003. Median radical levels of &40°cm—3
found to be important) and radiation agreed well with the OH (OH) and 2.%10°cm=2 (ZHO,+R0O;) were observed,
measurements, if NO levels of 1-5pmol/mol (ppt) (below much higher than the earlier South Pole observations, which
the detection limit of the monitor deployed) were assumed.can be explained in part by the lower solar zenith angles
Primary production, D) + H,0, was found to account for and higher humidity and ozone levels at Summit. Model
over 70 % of the total OH production over the diurnal cycle. calculations, constrained to observed radical sources includ-
Subsequent studies in the Arctic and Antarctic identifieding HCHO, H,O, and HONO were found to replicate the
the snowpack as a source of a number of reactive speciesibserved peroxy radical levels very well when the HONO
HCHO (Sumner and Shepson, 1999; Hutterli et al., 1999),source was removed, with a modest overestimate (27%)
NOy (Honrath et al., 1999; Jones et al., 2000) and potentiallywith the inclusion of HONO. For OH radicals however the
HONO (Zhou et al., 2001) and higher aldehydes (Grannasneasured values were found to be a factor of 2—3 times
et al., 2002). Such emissions will significantly alter the an- higher than those modelled, pointing to missing chemical
ticipated HQ levels: HCHO and higher aldehydes will act processes (OH sources and/or #iR0, — OH conversion
as HQ, sources upon photolysis (and as OH sinks), while processes). Sjostedt et al. noted that the model:observations
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(M/O) ratio was highest during periods of high wind, and 3 Measurement overview

when back-trajectory calculations indicated that air masses

had recently originated from the surrounding marine bound-The CHABLIS (the Chemistry of the Antarctic Bound-
ary layer, and hypothesised that halogen reactions may bary layer and the Interface with Snow) measurement cam-
responsible for peroxy radical to OH conversion and hencepaign was conducted at the British Antarctic Survey’s Hal-
the M/O discrepancy, although no halogen measurementley (V) Research Station, located on the Brunt Ice Shelf off
were available during the campaign. Model simulations of Coats Land, at 7535 S, 26 39 W. A full description of the
these observations (Chen et al., 2007) were able to repro€HABLIS project, site details and measurements performed
duce the observed peroxy radical (HHORO,) levels, but is given by Jones et al. (2008); pertinent details are sum-
again underestimated OH levels by a factor of 2. Primarymarised here. The base is located on a peninsula of the ice
HOx sources were found to be &) + H>O and photolysis ~ sheet, surrounded by the Weddell Sea to the North around
of HCHO and HO,, with snowpack emissions forming a (counter clockwise) to the South West, with the permanent
significant source of these, particularly fop®b, while the  ice front located 15-30 km from the base depending upon di-
dominant HQ sink was the HQ self-reaction. As the N@  rection; the base location is approximately 32 ma.s.l. During
levels were lower at Summit than South Pole, overallkHO the period of the observations used here (January—February
abundance was driven by the rates of primary production an@005), the sea ice cover had almost entirely dissipated. The

termination, rather than N@driven cycling processes. prevailing wind was from ca. 80 degrees, corresponding to a
A wide variation in radical concentrations, and the lev- uniform fetch of several hundred km over the ice shelf. The
els of related species with snowpack sources {(N&»O», measurement site, comprising a shipping container housing

HCHO) is thus observed in overtly similar polar environ- the LIF instrument for HQ measurements, and an adjacent
ments, probably driven largely by differences in local dy- Clean Air Sector Laboratory (CASLab) housing the remain-
namical factors (stability/boundary layer height) and as aing instruments, was located ca. 1 km upwind of the other
conseqguence of processes within the snowpack leading to thgase buildings (and generators), at the apex of a clean air sec-
production of NQ, HONO and aldehydes amongst others; it tor encompassing the prevailing wind direction, within and
is within this context that the radical data from the CHABLIS above which vehicle and air traffic movements were prohib-
campaign in coastal Antarctica are analysed here. ited. Measurements were performed over a 13-month period
Halogen species are also known to be of importance infrom January 2004, with an intensive summer measurement
some polar regions, with bromine chemistry in particular in- campaign, January—February 2005, which included thg HO
volved in the surface ozone depletion events observed in theneasurements considered here.
coastal areas of both polar regions (Simpson et al., 2007 and The observations used in this analysis are summarised in
references therein). During CHABLIS, the halogen monox- Table 1. OH and H© radicals were measured by laser-
ides 10 and BrO were observed by DOAS (Differential Opti- induced fluorescence (LIF) spectroscopy, using the Fluores-
cal Absorption Spectroscopy) at levels of up to 20 pmol/molcence Assay by Gas Expansion methodology; full details of
(Saiz-Lopez et al., 2007a). Halogen chemistry is expected tdhe measurements are given in Bloss et al. (2007). The LIF
lead to direct catalytic ozone destruction, and will also per-instrument had a sampling height of 4.5-5 m above the snow
turb the NQ and HG cycles giving rise to indirect effects surface, and was co-located with inlets for measurement of
upon local oxidising capacity; Saiz-Lopez et al. (2008) usedhumidity and ozone levels. NO was detected by chemilu-
an unconstrained 1-dimensional model to calculate a chemminescence and N{Ovas measured following its conversion
ical ozone loss rate at Halley of up to 0.55nmol/moth to NO (photolytic converter) — Cotter et al. (2003)/Baugui-
(ppb 1), and substantially increased OH and reduced HO tte et al. (2009). The NQinstrument was housed within the
levels, by ca. 50% in each case. Subsequently, Bauguitte é€ASLab, and sampled from the laboratory’s main manifold,
al. (2009) have shown that the observedNé¥els are con-  with an inlet height approximately 8 m above the snow sur-
sistent with a NQ lifetime of the order of 6 h, shorter than face. Nitrous acid (soluble nitrite) was measured by scrub-
would be anticipated for such a remote location, thought tobing gas-phase HONO into aqueous solution in a mist cham-
be a consequence of the hydrolysis of halogen nitrates conber, followed by derivatisation to 2.4-DNPH and HPLC/ ab-
stituting a significant additional NQOsink. In this paper, sorbance detection (Clemitshaw, 2006). The halogen monox-
we extend these analyses using all the available observatioride radicals IO and BrO were measured by Differential Opti-
from the CHABLIS campaign to constrain the model simu- cal Absorption Spectroscopy (DOAS); the DOAS instrument
lations, with a particular focus upon H@s the species most and telescope were housed within the CASLab, while a retro
sensitive to in situ chemical processing within the Antarctic reflector array was positioned 4 km due East of the measure-
coastal boundary layer. ment site, with the beam path approximately 5 m above the
snow surface. The two species could not be measured simul-
taneously as they absorb in different spectral regions, and
the DOAS spectrometer covered a wavelength range of ca.
25nm at any given time. Further details of the instrument and
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Table 1. Observed chemical climatology of the Coastal Antarctic Boundary Layer during the CHABLIS summer measurement period
(January—February 2005).

Species Technique Observation Mean level Observed range
Frequency
OH, LIF 30s 3.%1Pcm3 <LOD-2.8x10° cm 3
HO» 0.76 pmol/mol <LOD-3.7 pmol/mol
NO Chemiluminescence, 1min 7.3 pmol/rhol <LOD—-42.6 pmol/mol
NO> photolytic NG, conversion 4.3 pmol/mél <LOD-34.4 pmol/mol
HONO Mist chamber/HPLC 15min 7 pmol/mol <LOD-38 pmol/mol
10 LP-DOAS 20-80min 3.3 pmol/mol <LOD-7.6 pmol/mol
BrO 2.5 pmol/mol <LOD-9.0 pmol/mol
NMHCs GC-FID Hourly Note 2 -
O3 UV Absorption 1min 7.0 nmol/mol 2.6-10.5 nmol/mol
CO VUV Fluorescence 1 min 34.4 nmol/mol 14.5-57.4 nmol/mol
HCHO Fluorescence/Hantsch 1min 127 pmol/mol <LOD-385 nmol/mol
CHgy Flask Analyses Monthly 1720 nmol/mol -
Ho 546 nmol/mol -
H,0 Dew point hygrometer 10 min 94106 cm3 (3.1-16.6x 106 cm—3
Actinic Flux ~ Spectroradiometer 1-2min  j(NOp): 9.4x10 3513 0.44-23.6¢10 3571
27, periodically inverted j(OD): 1.5x107°s713 0.0046-5.%105s1
Temperature  Met. Station 1min 268.1K 254.3-275.0K
Wind Speed  Met. Station 1min 5.2ms 0-18.8ms1

Notes: (1)NOy values exclude data affected by base generator exhaust, pollution events, (2) See Read et al. (2007) for details of NMHC data, (3) Values stated include
upwelling component.

I0/BrO observations are given in Saiz-Lopez et al. (2007a).have been determined using a SODAR array which was
VOCs (volatile organic compounds) were measured by gasinfortunately inoperable during the CHABLIS summer mea-
chromatography with flame ionisation detection (GC-FID): surement period; previous datadiig-Langlo et al., 1998;
ethane — benzene, DMS (Read et al., 2007, 2008). Formalde}ones et al., 2008) suggested a typical boundary layer height
hyde was measured via scrubbing into sulphuric acid fol-of 100 m, which is adopted as the initial estimate in this
lowed by the Hantsch reaction/fluorescence (Aerolaser 402Wwork; the sensitivity of the model results to this parameter
monitor; Salmon et al., 2008). VOCs and HCHO were sam-are evaluated.

pled from the CASLab inlet, 8 m above the snow surface. No

measurements of oxygenated VOCs (other than HCHO) werd.1  Data processing/base generator pollution events
attempted — the potential abundance of these species and their

influence is considered later. Levels of ¢kind H, at Hal- All observations were analysed on a 10-min timebase. In the
ley in January/February 2005 were 1720 and 546 nmol/mofcase of high-resolution measurements (180, HCHO,
respectively (NOAA Global Monitoring Division flask anal- photolysis frequencies, and meteorological parameters) the
yses). Ozone was measured by UV absorption (Thermdnéan of all observations Wi_thin each 10-min window was
49C) and carbon monoxide by VUV fluorescence (Aerolaserysed (where data were available). In the case of low fre-

AL5001, calibrated from &5% accuracy standard cylinder). quency measurements (VOCs; 60-90 min) the data were in-
terpolated. A pollution filter was then applied to all data:

Other environmental parameters used in this study in-Halley obtains its power from a set of generators which were
clude humidity, determined using a dew-point hygrometerlocated ca. 1 km from the measurement site. On occasion
(General Eastern 1311) and solar radiation: actinic flux wag10.0% of all observation points) the generator exhaust was
measured using a zZ-spectral radiometer (Meteorologie sampled at the CASLab site (identified from local wind di-
Consult GmbH), periodically inverted to determine the up- rection and N@ levels) and the data were flagged as po-
welling flux. Meteorological parameters were determinedtentially polluted. Such observations were excluded from
using Campbell Scientific weather stations at various loca-all model-observation comparisons reported below. In ad-
tions around the measurement site — the temperature usatition to the base sector pollution events, times at which
in the model analysis corresponds to the LIF instrument in-there were gaps in the dataseries for long-lived species
let height. Boundary layer structure and stability was to (NOy, O3, CO, HCHO, NMHCs, radiation measurements)
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due to instrumental difficulties were excluded from the kinetic parameters were taken from the literature, drawing
measurement-model comparison; in total 1963 10-min dataipon the NASA/JPL and IUPAC evaluations (Sander et al.,
points remained, representing ca. 55 % of all,Hfbserva-  2006; Atkinson et al., 2007) where possible. A number of
tions. the kinetic and photochemical parameters are either poorly
understood or simply unmeasured, particularly in the case
o of iodine chemistry; we have estimated these where neces-
4 Model description sary, as detailed in the notes to Supplementary Table S2, and

. . . . . considered potential variations in the rate and products of
The HO-NOx-XOy interactions were investigated using 4 some of the key processes in a sensitivity study, including

zero-dimensional box model, comprising standard inorgamcthe photolysis quantum yield for OIO (base case 5% I+ O

and organic reacti_on kinetics gnd photochemis_try taken fromalternate 100% | + ©); absorption cross sections for IONO
the Master Chemical Mechamsm.(M(.:M) version 3httif: 1,02, 1503, 1,04; kinetics/ products of 10 + CED, reaction:
//mcm.leeds.ac.uk/ The DMS oxidation scheme used by thermal stability of 4Oy, 1203, 1,04

Sommariva et al. (2006)/Carslaw et al. (1999) was added.
A halogen (iodine and bromine) reaction scheme was im-

plemented as described below. The model incorporated 4-3 Heterogeneous processes

simple representation of heterogeneous processes from the

perspective of loss of gas phase species, and dry depositioAerosol size distributions were not measured during
The model ran within the FACSIMILE integration package, CHABLIS, so the true surface area, and diffusion/transition
outputting species for comparison with observations on a 10+egime effects, cannot be calculated. Rather, heterogeneous
minute timestep, with a five-day spin-up period employed foruptake of reactive gas-phase species is simulated using the

each day simulated. free molecular approach, assuming an aerosol surface area
of 10~ ’cm?cm3, based upon typical remote marine lev-
4.1 Photolysis frequencies els (von Glasow et al., 2002; Saiz-Lopez et al., 2008); re-

action probabilities used are summarised in Supplementary
Photolysis frequencies used in the model were taken from thegple S3. Uptake and subsequent hydrolysis of species such
direct observations in the casesj¢©'D) and(NO2) (Jones a5 |ONG and HOI upon aqueous aerosol ultimately leads
et al., 2008). Photolysis frequencies for other species wergg re-release of molecular (inter)halogen molecules such as
calculated following the algorithms of Hough et al. (1988) as |y and ICI (Vogt et al., 1999); the implementation of such
implemented inthe MCM (version 3.1), and were then scaledyrocesses in this model is however difficult considering that
by the ratio of the calculated and observANO>) values (1) we do not know the halogen source strength (precursor
(Sommariva et al., 2006). For species not included in thecompounds) in any case, so have to include a halogen source,
MCM (those listed in Supplementary Table S1 — iodine andhich cannot distinguish between snowpack and aerosol pro-
bromine compounds) photolysis frequencies were calculate@yction, (2) we do not have aerosol size distribution or com-
from the measured values g{NO,), using a scaling fac- position data to accurately simulate aerosol processes, (3)
tor determined as the mean ratio of the photolysis frequencynany of the relevant accommodation coefficients/ reaction
in question to(NO2), calculated using clear-sky actinic propabilities are not known and (4) given the uncertainties in
ﬂux data. from TUvV (Madl‘onich and F|OCke, 1998) a.Vera.ged many other parameters (eg gas_phase reaction and photo'y_
over the SZA range appropriate to the CHABLIS summer gjs frequencies) a more complicated treatment is not justified
measurement period, employing the cross sections/quantufiyr the purposes of this study. Uptake to the condensed phase
yields listed in Table S1. The uncertainty introduced by thisis therefore assumed to lead to permanent removal of the gas-
approach — using a single scaling factor for all solar zenithphase species: reactions in the condensed phase are not in-
angles — was less than 9% for all species listed in Table Skorporated. In the model the heterogeneous halogen source
(with the exception of HI, for which the error was 33%, a will be subsumed within the overall halogen source term;
consequence of the pronounced short-wavelength contribuan estimate of its maximum potential magnitude is obtained
tion to photolysis, but for which photolysis is a negligible py assuming that uptake to the aerosol is the rate-limiting
sink on the timescale of these Simulations). The error in'step for iodine recyc”ng, which then proceeds with unit effi-
troduced by this approach is minimised in this specific casesjency (see comments below). Dry deposition was included

as we are considering (local) summertime only at a high-for all non-constrained species with a deposition velocity of
latitude site above the Antarctic Circle, where the absoluteg 5cm st

variation in solar zenith angle is relatively small.

4.2 Halogen reaction scheme 4.4 Observational constraints

The model includes a detailed chemical scheme for halogefThe concentrations of species with a long chemical lifetime
(bromine and iodine) inorganic/organic reactions. Gas-phaseelative to HQ were constrained within the model to the
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observed levels —# CO, VOCs (CH, HCHO and NMHCs) b, respectively: all XO observations within the K@nea-

and Q; accordingly no entrainment or loss of these speciessurement period are shown. For 10, the data show a clear
from the boundary layer was considered in the simulationdiurnal cycle which is found to track th§NO,) photolysis

(the required entrainment which would be required to main-frequency strongly; the model simulation is able to capture
tain e.g. Q levels in a free-running simulation is considered both the magnitude and variation of the 10 levels. For BrO,
below), and the levels inherently incorporate the sum ofthe pattern shown by the data is less coherent, with a num-
advected contributions and local snowpack production ander of outliers apparent; nonetheless the model captures the

depositional loss. diurnal variation in BrO levels. As the model source is man-
ually adjusted to replicate the observed halogen monoxide
4.5 NOy and halogen source terms levels the general agreement for magnitude is unsurprising,

although itis interesting to note that the single, constant halo-
The model NQ source term (where used) was propor- gen source strength factor reproduces the XO observations
tional to the photolysis frequency of the nitrate anion, reasonably well throughout the measurement period.
J(NO3), which was determined as described in Baugui- Figure 2 shows the simulated time series together with
tte et al. (2009). There is evidence for HONO production all observations for OH and HOradicals. The direct in-
from sunlit snowpack (e.g. Honrath et al., 1999; Zhou et al.,fluence of solar radiation on the diurnal profile of H@
2001) and measurements of soluble nitrite/HONO were perclearly apparent, together with the sub>9@idnight solar
formed during CHABLIS using a coiled scrubber/ derivati- zenith angle particularly near the beginning of the data se-
sation/ colourimetry method, however the levels observedies. The seasonal evolution of OH (with concentrations de-
(mean 7 pmol/mol during the summer measurement periodgcreasing toward the end of the measurement period, as the
Clemitshaw, 2006) were not consistent with the,HID NO date moves away from the summer solstice) is also apparent.
observations — as HONO undergoes photolysis on a roughlyVhile the model captures the qualitative features of the data
10-min timescale to produce OH + NO, and theNifetime series, the absolute levels of KH@re significantly overes-
is of the order of 6 hours in this environment (Bauguitte et al.,timated. The correlation between modelled and measured
2009), HONO levels of 7 pmol/mol would lead to in excess values for OH and H® are shown in Fig. 3a—c. An un-
of 250 pmol/mol of NQ, over an order of magnitude greater weighted linear regression analysis of all data points returns
than the levels observed. We do not include a heterogeneousodelled:observed ratios of 370.2 and 2.6 0.1 with
HONO source in the simulation, although HONO production small positive intercepts of (34 0.7) x 10° molecule cnm3
from the snowpack may in reality contribute to a fraction of and (0.5+ 0.05) pmol/mol for OH and HQ respectively.
the NQ, source implemented, and also lead to OH forma-Forcing the analyses through the origin increases the mean
tion — see discussion. A halogen source was also requirechodelled:observed ratios to 4:10.1 and 2.5-0.05 for OH
to replicate the observed 10 and BrO concentrations; for theand HQ, respectively. For both species it appears from
purposes of this work the halogen source was the productiofFig. 2 that the level of agreement may improve towards
of iodine and bromine atoms from the photolysis of a con-the end of the time series — corresponding (on average) to
stant concentration of molecular iodine and bromine. Thelower temperatures, lower absolute humidity and lower radi-
source strengths (NGsource, and constant levels of Bry) ation levels. Regression of the modelled:observed ratio re-
were manually adjusted to replicate the observed levels — irvealed no significant trend for either OH or H@iith re-
the case of the NQsource, to replicate the local solar noon spect to temperature or humidity, but for radiation levels,
NO level (the NQ data were not used to constrain the NO measured ag(NO,), a positive trend (albeit with consider-
source), in the case of the IO and BrO data, to replicate theable scatter) was found for the modelled:measured OH ratio:
mean maximum XO level observed. OHmod/obs= (4804 320) x j (NOy)/st — (0.6+3.6). Uncer-
tainties aret20 and reflect precision only. While the HO
data display no significant overall trend, some structure was
5 Results apparent in the model-measurement ratio yNO>) corre-
lation plot, with the model performing better at the lowest
5.1 Constrained model simulations of HQ and halogen radiation values.
oxide levels In the case of OH, no relationship was apparent between
the modelled:observed OH ratio and wind speed, local wind
Simulations were performed with the full model to assess ourdirection, temperature, humidity, ozone or measured VOC
ability to reproduce the observed levels of OH, fHahd the  levels. No change in the modelled:observed OH ratio was ap-
halogen oxides 10 and BrO: case A1l. The model was conparent with NQ level, however it is noticeable from Fig. 3a,
strained to observed NQand the halogen source strength which is coloured by measured NQhat both measured and
was set to replicate the observed IO and BrO concentrationsodelled levels were higher at higher N@vels, reflecting
during the summer measurement period (values given in TaNO-driven HGQ to OH conversion. While the OH model and
ble 2). The results for 10 and BrO are shown in Fig. 1a andobserved data display no obvious structure, the; Hi@ta,
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Table 2. NOx and halogen source strengths, and corresponding surface fluxes, incorporated in model simulations.

Model source strength Peak surface flux 24-h mean flux
/pmol mol~ or /moleccnT3 X, or NOy/moleccn?s™1  /moleccnm2s~1

Case Al:

lodine Source 0.04 4010° 2.0x 10°
Bromine Source 0.07 1210° 6.0x 10°
Case B1:

NOx Source 3 1010 2.7x 10 6.5x 107
Case B2:

NOy Source 1.% 101 15x 108 3.7x 108
lodine Source 0.04 4010° 2.0x 10°
Bromine Source 0.07 1210° 6.0x 10°

Notes: NG production is implemented as [NCBource]x j(NO3). The halogen sources are implemented[¥s]/dt = j(X2) [X2 sourcd, With a constant value for Xsource the
“molecular halogen level” (given as a mixing ratio above). Surface fluxes are,f8r3 or NOx, and are calculated assuming a 100 m mixed layer depth, and that the contribution
from aerosol recycling is zero. See text for scenario definitions.

Fig. 3b and c, appear to fall into two distinct populations, 8
with one cluster close to the 1:1 line and a second, larger €)
group following a higher trend with some apparent curva- - 6
ture. No trends in the HPYmodel:observed ratios were ob- ¢
served with wind speed, temperature, humidity, ozone or %

VOC levels, however the data in the former (lower) group € 47
correspond to low N@levels and high solar insolation (the ~

data in Fig. 3b are coloured by N@evel), and only occurred e,

when the local wind direction was from the east-south sector

(i.e. the Clean Air Sector, corresponding to continental, ice 0 S
sheet direction), Fig. 3c. Whenever the local wind direction 10 15 20 25 30 35
was from the west (i.e. having recently crossed the Weddell Day of year, 2005
Sea, open at this time), the modelled:measured ratio lay in 10
the higher group. The relationships are not exclusive — that
is, low NOy and/or continental air seems to be a necessary
but not a sufficient condition for the modelled:observed ratio
to lie within the lower (better agreement) group. Most ob-

servations with northerly local wind direction are excluded

owing to base sector air pollution effects as described pre-
viously. The halogen monoxide observations are too lim-
ited to permit the equivalent correlations to be explored, but
we note that both the observed XO levels, and the halogen 0 T - T
source term in the model, scaled with radiatio(NO2) — 10 15 D 2(} 30 35 40
so the trends noted above may be a response to IO and BrO ay of year, 2005

chemistry, rather than directly to sunligbér se This pos- Fig. 1. (a) Observed and modelled 10 afi) Observed and mod-

sibility, together with other factors potentially affecting the o4 Bro mixing ratios as a function of day of year, 2005.
model:measurement ratio, is explored below.

BrO / pmol mol

The mean observed H@DH ratio of 46 was in good
agreement with the mean modelled value of 44 (values arelency for the modelled HOOH ratio to exceed that ob-
means of central 80% of all values). The correlation be-served with increasing NQ and a number of significant
tween the observed and modelled HOH ratio displayed model overestimates of the ratio at the lowestN@ixing
no significant dependence upon temperature, wind speedatios. The data in Fig. 3d are coloured by radiation level,
wind direction, humidity, ozone or VOC levels, but did vary measured ag(NO») — the model overestimates of the ob-
with NOy, as shown in Fig. 3d. There is a slight ten- served HQ:OH ratio occur almost exclusively at the lowest
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[OH] / 106 molec cm3
Lo =N whsr»uUu o N

HO, / pmol mol”!

Day of year, 2005

Fig. 2. Observed and simulated times serie¢a)fOH concentrations an@h) HO, mixing ratios. Open circles: all H9observations. Filled
circles: observations for which all other data present, as used in model-measurement comparisons. Blue line/red lines: model case A; black
lines: model case C.

values of j(NO). This would correspond to more rapid at- over G in size. For model B, the VOC scheme was reduced
mospheric H@-to-OH conversion than is predicted at times to CHy-only degradation reactions (plus inorganic/halogen
when NG levels are low, and when solar radiation is low chemistry), and the CHinput level was increased (by a di-
(i.e. when NQ tends towards N&. The modelled and ob- urnally varying amount) such that the total OH reactivity
served (local) noon HQlevels are compared in Table 3, was maintained, i.e. extra GHvas added to replicate the
which is further subdivided into all data (with available sup- magnitude of the total NMHC OH sink — this represented an
porting observations), and the subset of those data for whiclincrease of approximately 550 nmol/mol on top of the true
10 was directly observed (i.e. as shown on Fig. 1). The val-level of 1720 nmol/mol. Under this scenario, the maximum
ues reflect the behaviour apparent in Fig. 2; while the mod-OH and HQ levels calculated from the simple model (B)
elled:observed ratio shows some improvement for the subsetere within 6 and 2% respectively of those calculated using
of observations for which 10 measurements were availablethe (mean) full set of NMHC species observed with model A
this reflects the fact that the distribution of these was biased- reflecting the minimal contribution of NMHCs to the total
towards the end of the campaign, where the overall agree©H reactivity sum (CH, CO and H comprised over 96%

ment was better. of the total measured OH sink). The model was constrained
to the mean diurnal profiles of long-lived species (HCHO,
5.2 Radical budgets: factors controlling NG and CO, 03, H20 vapour), temperature and photolysis frequen-
HOy levels cies obtained from the summer measurement period.

In order to investigate the dependence of the results upos.2.1  Diurnal NOy profile and halogen influence on
the chemical (kinetic and photochemical), physical (aerosol NOy lifetime

surface area, boundary layer height) and model assumptions,

and to try to identify those factors which might have the Figure 4 shows the mean diurnal observedyNé&vels, and
greatest bearing upon the model overestimate of ld€els, the results from two model simulations. The observed
a number of sensitivity studies were performed. To simplify NO and NQ levels follow a sinusoidal profile, varying
the scenario considered samplified mode(B) was used in  from 1.9 pmol/mol at night to a maximum value of around
which the VOC scheme was limited tg Gpecies (methane 14.1 pmol/mol during the day for NO, and from 3.0 pmol/mol
and its degradation products), rather thanftiemodel (A, in the early morning to 12.8 pmol/mol in the evening for
as used to generate Figs. 1-3). The principal motivation beNO,. The first model simulation (case B1) included a,NO
hind use of the simple model was to simplify the budget anal-source manually tuned to replicate the mean NO level ob-
ysis and sensitivity studies, while a further consideration wasserved at local noon), but no halogen source. The resulting
that kinetic data are simply unavailable for most of the radi- simulations failed to capture the N@iurnal profile; the cal-

cal —radical reactions involving halogen species and organicsulated NQ lifetime was much longer than that observed.
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Table 3. Comparison of modelled and observed mean daily maximum OH andvdiDes

OH/1Fcm™3 OHM/O HOy/nmolmotl HO,M/O

Whole Timeseries

Observed 0.980.30 1.16+0.33

Model A 3.7+1.21 3.8 3.12:0.79 2.8
Model C 2.24:0.77 2.3 2.26:0.58 2.1
10 Observations Only

Observed 0.840.22 1.3G+0.38

Model A 2.77+0.51 3.3 2.840.49 2.0
Model C 1.70£0.25 2.0 2.310.56 1.8

Uncertainties are-1 0.

Inclusion of a halogen source with a magnitude manuallymay be overestimated in Fig. 5a, as £ldvels have been
tuned to replicate the mean 10 and BrO levels, and associatedrtificially elevated by ca. 20% above their true level in
readjustment of the NEsource (case B2), resulted in a much this scenario, although higher alkyl nitrate yields would be
better replication of the diurnal N(profile (Fig. 4), asacon- expected for larger NMHCs in the real atmosphere.
sequence of the much shorted f{fetime (ca. 6 h, domi- The integrated loss of NOfrom heterogeneous loss and
nated by the heterogeneous hydrolysis of iodine and bromingjry deposition of the halogen nitrates is 1.4 times that from
nitrate — Bauguitte et al., 2009). The N@nd halogen source  formation of HNQ; that is, the presence of the halogen
strengths as implemented in the model under the various simspecies reduces the lifetime of active nitrogen species by
ulations, and equivalent surface fluxes, are summarised ifnore than a factor of 2. This result highlights the impor-
Table 2. tance of the rates of photolysis and thermal decomposition

The principal sources and sinks of NQdefined as for the XNO, XNG;, XONO, species for quantitative pre-

NO +NOy) in the model are shown in Fig. 5a (correspond- diction of NO and NQ levels in high halogen — low NO

ing to case B2, with halogens). The halogen reaCtionse.nvironments such as Halley. Figure 5 also shows how the

dominate the NQfluxes — in particular, the removal of NO sink for NQ<.is domingted by the conventional formation
through formation of iodine and bromine nitrite and nitrate. of HNQ3 during the middle of the day (a_lt least, When S0-
The photolysis of ION@and BrONG forms NO; (Supple- lar zenith angles are lowest and photolysis frequencies high-
mentary Table S1; Atkinson et al., 2007; Joseph and Plane?_St)’ but at “night” the halogen spgcies_ dominate.tha( NO
2007), accounting for the major NQproduction term from smk_ — reflecting the greater reduction in OH at h|gh_ solgr
NOj3 photolysis apparent in Fig. 5a. The impact of the halo—zgn'th gngles compared with 1O and BrO which are (in this
gen species as a permanent,Nak, rather than reservoir, is sw_nulann at least) produced from long-wavelength _photol-
determined by the removal rate of (in particular) the halogen>'S of molecular haloge_n compounds_ —other potential halo-
nitrate species through heterogeneous reaction and depoﬁ-en sour_ce _compounds n t_he Antarctlc_ poundary layer, such
tion. This is shown in Fig. 5b, showing the major sources &S alkyl iodides, are also likely to exhibit the same depen-
and sinks for N, defined here as NG NO +NO, + NOs dence upon visible/ long wavelength actinic flux. The in situ
+2N,05+ PNA + HONO +RNG + RO;NO, + XNO+XNO, chemical ozone loss rate calculated under scenario B2 ranged

+ XONO2(HNO3 is excluded as its (gas-phase) chemical from 0.03|/to 1|.r:TLi1nmoI/m<?I’nl, With; 24_'h mgat\)n \./a(l;.]e of
lifetime is long compared with the duration of the simula- 0.51 nmol/mol fr. Ozone loss was dominated by iodine re-

tions). The role of HONO may be underestimated here actions (72%) followed by bromine (28%). The in situ chem-
the model only includes that formed through termolecularical ozone loss calculated is smaller than the depositional loss

OH +NO recombination, with no snowpack HONO source rate (e.g. a mean loss rate of }.2 nmol/mot lis calculatgd
(see above) — however introduction of such a source woul ora 100 m boundary layer height and a 0.5 cth deposi-
offset the model NQ source shown as the dotted line tion velocity).

in Fig. 5a and b, and cause further overestimate off HO

levels. The heterogeneous (and deposition) sinks may b&.2.2 Diurnal HOx profile and halogen influence
overestimated as loss to aerosol is assumed to be irreversible on HOx levels

here while in reality recycling mechanisms exist; however

given that both the aerosol surface area and boundary layerhe simulated mean diurnal H®rofiles under scenario B2
height are estimated a more sophisticated treatment is ndaignificantly overestimated the observed mean levels, by fac-
warranted here. Finally, the importance of £&BNO, tors of 1.1-7.7 (mean 4.8) and 2.2-3.7 (mean 2.9) for OH
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Fig. 3. (a) Modelled vs. observed OH, coloured as f(JO(b)
Modelled vs. observed Hf) coloured as f(NQ); (c) Modelled vs.

observed H® coloured by wind direction (legend denotes centre

of 45° sector, expressed in degrees from North) éfidRatio of
modelled to observed HOOH ratio as a function of Ng@ coloured
according toj (NO»).
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Fig. 4. Mean diurnal measured NO (blue circles) and N@reen
squares) together with modelled equivalents under case B1 (bro-
ken lines; no halogen chemistry) and case B2 (solid lines; halogen
source added). In each case the modelkNOurce strength was
empirically optimised to replicate the peak NO level.

and HQ, respectively, as shown in Fig. 6a. In both cases,
the model performed best when photolysis frequencies were
lowest. The individual production/ loss terms were evalu-
ated for each of OH and HQand for the wider HQ family.
Supplementary Figs. 1a and b show the modelled OH and
HO, production/removal fluxes for the B2 scenario. For OH,
production is dominated by photolysis of the hypohalous
acids HOI and HOBt, followed by reaction of HQwith

NO, and primary production, D) +H,0. As the source

of HOI and HOBFr is I0/BrO +HQ@, OH production pro-
cesses are dominated (90.0% of the total) by radical cycling
from HO,. OH sinks are reaction with G CO, H, and
HCHO, followed by reaction of OH with OIO (which under-
goes photolysis with a 5% quantum yield in the base-case
simulation/ halogen mechanism — see discussion below). In
the case of HQ production is dominated by reaction of
OH with CO, followed by CHO + O, (i.e. OH-initiated ox-
idation of CH; followed by CHO» + NO, plus a contribu-
tion from CHsOOH photolysis). HCHO is major source
of HO,, with bromine-initiated formaldehyde oxidation a
significant contributor (of the HCHO-related H@ources,
Br+HCHO accounts for 35% of the total; when considered
as an overall HQ source, Br+ HCHO accounts for 46% of
the total HCHO-related radical production). Photolysis of
peroxides provides a further significant contribution to,HO
production. The major sink for HEs overwhelmingly reac-
tion with 10 (63% of the total), followed by reaction with
BrO and NO, and the termination peroxy self- and cross-
reactions.

A clearer picture of the balance between initiation, propa-
gation and termination steps is obtained from consideration
of the major sources and sinks for all short-lived HO
species and their temporary reservoirs. As the halogen
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els. Mean diurnal observed and modelled OH concentrations (blue
Fig. 5. Diurnal variation in modelled production and loss {aj) squares, left axis) and HOmixing ratios (red circles, right axis)
NOx and (b) NOy. Panel (a), major source and sink processestogether with model simulations for scenarios B2 (solid lines) and
for NOx (here defined strictly as NG=NO+NO, only) for C (dotted lines); see text for detailgh) Modelled HOy + BrO,
model case B2. The N§contribution (red dashed line) arises production and removal fluxes. Dotted lines indicate processes in-
here from photolysis of ION® and BrONG, offsetting their ~ volving halogen species.
sink role, rather than N&+ O3 reactions. Panel (b), major
source and sink contributions to NQalculated for model sce-
nario B2, plus net N production/removal (dashed line). NO  sjgnificant HG sinks through reactions of OH with HOI and
defined as NQ=NO+NO, +NO3+2N05 + HONO +PNA+  \yith 010 (7 and 9% of the total sink, respectively). If the
CH3NO3 + CHz0,NOz + XNO + XNO + XNO3. CHz30, + 10 reaction were to produce non-radical products,
this process would represent an additional {H€ink of
comparable magnitude to the HQelf-reaction, while the
and HQ, chemistry are closely coupled, the pertinent OlO levels simulated (and hence flux through the OIO + OH

chemical family to consider is HOr BrO, radicals (iodine ~ reaction) are strongly dependent upon details of {@ |
species do not react with stable hydrocarbons and so déPhoto)chemistry — both possibilities are discussed below.
not provide an additional source of KQadicals; rather

they affect the speciation of compounds within the HO 5.3 Sensitivity to model kinetics and photochemistry

and BrQ families, in addition to influencing levels of

NOy, Og etc.). For a HQ+BrOy family, which we define A number of aspects of the halogen chemical kinetic and
as (OH+HQ+CH3z0O,+HONO+PNA+HOI+2HOBr+  photolytic scheme are rather uncertain, as a consequence of
BrxOy), the production/ removal budget is shown in Fig. 6b. a paucity of/disagreement between the available laboratory
Production is dominated roughly equally byDj + H,0, studies. A sensitivity study was performed to examine the
HCHO photolysis and Brphotolysis (Br+ HCHO); removal dependence of the model outputs upon selected aspects of
by the conventional (low-NQ termination routes of peroxy the halogen, particularly iodine, chemistry, and other model
radical self- and cross-reactions together with a number oparameters/conditions (e.g. boundary layer height, aerosol
halogen-mediated processes which cumulatively represergurface area). Individual aspects of the chemical scheme
ca. 40% of the totaHOy sink: loss of HOBr through were altered in isolation, thus the results do not determine the
deposition and reaction with OH accounts for 11 and 5%overall uncertainty but rather indicate which of the processes
of the total loss respectively. lodine species also provideconsidered to be least well defined actually have significant
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leverage upon the simulated radical levels. The parameheight changes had minimal impact upon modelled OH and
ters investigated were selected on the basis of either theiHO, levels, unsurprisingly given their short lifetimes and the
known measurement uncertainty (or absence), such as thfact that the simulations were constrained to observed levels
aerosol surface area, or the existence of major uncertaintiesf longer lived species, however modelled ozone loss (which
in laboratory measurements of the kinetics and photochemincorporated deposition) was increased.
istry. Recent studies of the rate constant and products for the
The simplified model (B) was used, constrained to ob-10 + CH3O; reaction are in disagreement, with the rate vary-
served diurnal mean levels of CO3OHCHO, H0O, and ing by a factor of 30. Changing from the base-case scenario
physical/ meteorological parameters, together with the obfor the reaction (slower kinetics, products representing rad-
served NO and N@ This allows the use of simple met- ical cycling and ozone destruction i.e. @b +10 — —
ric (observed vs. measured KOto assess the impacts of HCHO +HQ, +1) to the faster rate and formation of stable
changes to the chemical scheme, disaggregating this from eproducts (e.g. HCHO + HI + §), resulted in a 30—-40% re-
fects of changes in the NO and N@vels. For each run, the duction in calculated OH and HOlevels, arising from a
halogen source strengths were re-adjusted to replicate the olgombination of the direct removal d8HOy and the pro-
served mean diurnal 10 and BrO profiles, and the change irduction of HI, acting as an OH sink. We note that some
levels of OH, HQ and in situ ozone loss rate at local solar care is needed to interpret the results with respect to ozone
noon were determined. In a second set of experiments, thas for example details of the photolytic fate of OIO will
halogen sources were not adjusted from their nominal valueghange the impact of producing OIO vs. 100 from this re-
(Table 2, case 2), and the effects upon predicted ozone lossction. The OIO photolysis quantum yields exerted a mod-
rate for each change was determined. The first approach coerate influence upon the modelled KH@vels (a variation
responds to a measure of the uncertainty in modelleg HO of 4- 10%) but dramatically increased the calculated instan-
levels (and ozone production/loss) which would result fromtaneous chemical ozone destruction rate, when halogen lev-
a situation in which inorganic halogen species concentrationgls were constrained by source strength rather than by XO
are known (e.g. 10 and BrO levels), while the second case aslevel, by up to 145% for the change frofy o, =0.05 to
sesses the confidence in predicted ozone loss rates for a scé- Recent laboratory data indicate that the high | atom yield
nario in which just the halogen source strength is known (e.qgis likely to be correct (Bmez-Martin et al., 2009), imply-
from measurements of halogen precursor abundance), i.e. thag that rather large changes in calculated ozone loss rate
uncertainty resulting from limitations in our understanding of may result from similar model analyses, depending upon the
the in situ processing rather than of the simulation boundarydata available regarding the halogen abundance (XO levels or
conditions. halogen source strength). Increasing photolysis frequencies
The changes tested were model physical conditiongor IONO, and the higher iodine oxides made little differ-
(boundary layer height (BLH), nominally 100 m, and aerosol ence under the conditions of these simulations (constrained
surface area (ASA), nominally:10~7 cn? cm~3, variations  to observed N@), the former parameter in particular would
in the rate constant and products for the IO +{CH reac-  be expected to strongly affect N@and hence HQ) levels
tion (nominally 2<10~12 molec *cm®s~! and formation of  in a NO,-source-constrained scenario. Similarly, altering the
CH30 +100, assumed to lead directly to HCHO + H®I thermal stability of $0, and bO4 did not significantly affect
in the boundary layer environment — see Supplementary TaHOy levels or calculated ozone loss rate.
ble 2, Note 7), the quantum vyield for | atom production
from OIO photo-absorption (base ca®de, o, = 0.05,Poi0
= 0.95), photolysis frequencies for IONQI2O,, 12003 and 6 Discussion
1,04 (all assumed to be equal t{IONOy), as determined
using Joseph et al. (2007) absorption cross sections in th.1 Modelled — observed HQ trends and correlations
base case) and thermal decomposition rates fGp land
1,04, for which the base case rate constants were 1@ad The base-case model was able to replicate the observed vari-
0.1s ations in the halogen oxides 10 and BrO quantitatively well,
The changes and results obtained are summarised in Tand reproduced the qualitative behaviour of OH and,HO
ble 4, and plotted on Fig. 7. It is apparent that signifi- including the diurnal and seasonal trends, but significantly
cant changes in HQlevels result from increasing the model overestimated the observed levels. The observed:modelled
aerosol surface area (adjustment 2), through increased he®H ratio showed some correlation with radiation levels, with
erogeneous loss of HOI, HOBr and H@Fig. 6d). Sim-  the model performing better at lower values {NO,) —
ilar conclusions would follow from increasing the reaction also apparent as the model performed better towards the end
probabilities for heterogeneous loss of these species, whicbf the time series. The model performance for OH did not
are poorly known (Supplementary Table S3). The calcu-vary with NO; levels, with the observed trend of higher
lated ozone destruction rate also decreases, as the rates ©H observed at higher NQlevels simulated. For H&)
the XO + HO catalytic cycles are reduced. Boundary layer the modelled:measured correlation plots display a set of data
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Table 4. Model sensitivity study.

Number Change Percentage change in. ..
OH HO, —d[O3]ldt —d[O3]ldtFS
0 Reference Run 0.0 0.0 0.0 0.0
1 ASA=108cm1 2.6 1.0 2.4 5.0
2 ASA=10"6cm™1 -30.8 -274 —4.9 -194
3 BLH=50m —-0.5 —-0.5 52.5 52.5
4 BLH=150m 0.1 0.2 -17.7 -17.7
5 |0+CH302,—HCHO+HO,+-010 —-0.3 0.5 —0.6 —-0.6
k=2x10"12moleclecm3s~1
6 |0+CHgOp—HCHO+HI+05 -56 -5.4 -0.5 -05
k=2x10"12moleclcm3s?
7 |O-+CH30,—>HCHO+HO,+1 129 215 6.1 6.1
k=6x10"moleclcmds1
8 |0+CH302,—HCHO+HO,+-010 4.2 19.1 4.5 -2.3
k=6x10"moleclecm3s~?
9 |0+CH302—>HCHO+HI+0, 354 -29.7 -1.7 -1.7
k=6x10"moleclcm3s?
10 ®(0lO+hv—1+05)=0.0025 ~105 -3.7 0.2 -25.1
11 ®(010+hv—14+0,)=0.005 -94 -55 3.0 —-23.3
12 ®(010+hv—[+0,)=0.5 10.2 1.3 3.1 96.0
13 ®(0O10+hv—14+05)=1 10.9 2.1 2.4 145.0
14 7(IONO2) x 10 0.0 0.0 0.1 0.1
15 j(1202)x10 0.0 0.0 0.1 0.1
16 j(1,03)x 10 07 -33 2.9 2.9
17 j(1204)x10 01 -31 34 3.4
18 k(1202—10+10)=5s"1 -03 0.9 -05 -05
19 k(120,—10+10)=20s"1 01 -05 0.5 0.5
20 k(104—0lO+010)=0.05s"1 -0.1 2.1 —21 —21
21 k(1,04— 0l0+010)=0.2 51 00 -33 3.6 3.6

Notes: FS=Fixed Sources, i.eNOy and halogen sources held constant, not re-optimised to reproduce the CHABLIS observations.

which are close to agreement, and which are only found ahario has no directional dependence to the halogen source, so
lower NO; mixing ratios, and when the wind is from the may underestimate the halogen influence when air originated
easterly, continental direction, and a second, larger grougrom a westerly or northerly (marine) direction, and overes-
which follow the general trend of significant model overes- timate the true levels during easterly and southerly flows (as
timate, and which include data for all wind directions but was observed for the full-year iodine and bromine monox-
at largely higher N@ levels (in the context of Halley, high ide data series by Saiz-Lopez et al., 2007). As the major
is over 15pmol/mol). At the measurement site, westerlymodel sink for HQ is reaction with 10, followed by BrO

and northerly air will have been exposed to the Weddell Seaand NO, the true halogen levels being higher that those sim-
(15-30 km distant), which was open water at the time of theulated under maritime conditions could account for some of
measurements, while easterly and southerly directions correthe model overestimate of HQand would support the pro-
spond to the Brunt ice shelf, and eventually (at a distance oposed marine source for these species (Saiz-Lopez and Boxe,
several hundred km) the continental rise. Marine sources ar2008). The mean modelled HDH ratio is close to that ob-
anticipated for DMS and its degradation products (shown toserved (44 vs. 46), suggesting that the (ratios of) model OH —
be a minor contributor to OH reactivity, 1% — Read etal., HOy interconversion fluxes are approximately correct. These
2008), and potentially for the halogen species (Simpson etre dominated by OH+ CO/ OH + GiHand the HQ + 10,

al., 2007). The observed NQevels did not display any sta- HO,+BrO and HQ + NO reactions (Fig. 6b). The ratio of
tistically significant variation with local wind direction (after modelled to observed HOOH ratios increase at low NO
filtering to remove base air contamination). Our model sce-levels (that is, the model performs less well, simulating too
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150 - 57 would become 3.0 1Q5 atoms cn3s 1, equivalent to 76%
HO, of. the.model source implemented. ConS|der|_ng the uncer-
1004 ° d[051/dt 4 tainty in the heterogen.eogs uptake rates, estimated aerosol
-d[051/dt source fixed o surfa_c_e area and_ the likelihood of some degree of hal_ogen
50 4 amplification (as is known to occur in the base of bromine;

Vogt et al., 1999), aerosol-mediated halogen recycling may
in fact be the dominant source of the halogen species ob-

Percentage change

0ff.mmmg * 9 g bdanpponvsp served at Halley, if it proceeds with sufficiently high over-
8 §° all efficiency. Previous studies have determined that the
-0 timescale for halogen release is sufficiently rapid (10—15 min
100 in the case of sea-salt aerosol; McFiggans et al., 2000). The
- T T T T T T

o 2 5 5 B A 18 o calculated Iifetime for the gas-phase inorgan_ic iodine species
under the chemical scheme adopted here is of the order of
Perturbation reference No. 10 min (a mean value of 820 s calculated, although this varies
significantly with the overall halogen level through the day as
Fig. 7. Percentage change in modelled maximum OH (blue circles)y consequence of non-linearities in the 10/010 recombina-
and HQ (reo! squares) levels, and ozone loss rate (green trlanglesgion chemistry), dominated by the flux through ta®} + Os
for perturbations 1-21 (Table 4) of the model scheme, and changgg » oy This is substantially shorter than the lifetime with
in ozone loss rate under the assumption of a fixed halogen source o
strength (open circles); see text for details. respect to dry dep.OS'tlon (5'.5h caIcuIateFi here) and T““Ch
shorter than the distance/ airmass transit time from likely
coastal halogen sources, indicating that either large iodine
high an HGQ:OH ratio; Fig. 3d), possibly suggesting that SOUrces exi_st I_ocal to_the Halley site, orthatasubstantia_l frac-
the halogen-mediated processes play a larger role than {#0n Of the iodine which ends up agQs and larger species
simulated at low NQ levels, and fitting with the pattern of May in fact be readily recycled to gas-phase inorganic iodine.
HO, modelled: observed ratio NGdependence mentioned This in turn may mean that local wmd dlrectlo'n.mlg.ht pe ex-
above — although a direct response to e.g. halogen nitrat@ected to bealesg dominant factor in determining iodine Iey-
stability is unlikely as the model was constrained to repro-€IS at the Halley site —counter to the arguments above. Saiz-
duce the observed XO levels. The relatively lowiOH ra- ~ LOPez et al. (2008) have applied a 1-dimensional model to
tio demonstrates the role of XO radicals driving p#@-OH  the CHABLIS halogen observations, and draw similar con-
conversion: in other low-N@environments, rather higher clusions regarding iodine sources and recycling: they were
ratios have been reported, e.g. 76 and 90-137 in the Weste/@Pl€ to reproduce the summertime 10 and BrO abundance
Pacific boundary layer (Kanaya et al., 2001) and Pacific freg/ith_iodine and bromine source strengths of10° atoms
troposphere (Tan et al., 2001), respectively, while lower vaI—Cm_zs__1 and 2<10° molecules_cmzs—l, factors of 4 and 3
ues have conventionally been associated with polluted envif€Spectively lower than those implemented here. The differ-
ronments (e.g. 15— New York City, Ren et al., 2003; 15-200,€NCe€ is likely to be largely a consequence of the higher as-

Mexico City; Shirley et al., 2006). sumed photolysis rate fop®,/I203/I204 in the Saiz-Lopez
et al. study, and differences in model constraints and ap-
6.2 Halogen abundance and sources proaches to vertical mixing/ boundary layer height estimates.

The model was able to replicate the general observed di6.3 NOy abundance and snowpack flux

urnal variation in the halogen oxides, 10 and BrO, reason-

ably well (particularly for 10, for which the data is less scat- The model is able to replicate the diurnal variation in,NO
tered, and which exerts the larger influence upon OH andevels very well. The NQ lifetime is substantially reduced
HO,) although the dataset is too sparse to test the wind diby the halogen reactions, as a consequence of deposition
rection dependence postulated above. The model approadnd heterogeneous loss of bromine and iodine nitrate. The
neglects halogen recycling via aerosol: under the condition$alogen reactions lead to an increased NO-toNGnver-
used, if we were to assume aerosol-mediated halogen recysion, dominated by the 10+ NO and BrO + NO reactions for
cling proceeded with 100% efficiency at a rate limited by which the mean fluxes are factors of 1.16 and 0.96 times that
uptake of the gaseous halogen species (i.e. ugQg ih this through the NO + @reaction. Overall the halogen chemistry
scheme), we would obtain mean iodine and bromine sourcesesults in an increase in NO-to-N@onversion of a factor

of 5.0x 10* and 8.9x 10* halogen atoms cm?s 1, equiv-  of 2.3 — clearly reflected in the observed NO and Név-
alent to 13 and 75% respectively of the implemented modekls (Fig. 4). The calculated mean N@ource strength of
source strengths. Including those iodine species assumed &7 x 108 moleccm?s™! (case B2) is in reasonably good
partition directly to aerosol (R+Ply, see Supplementary Ta- agreement with values measured during CHABLIS for spe-
ble S2), the calculated mean aerosol iodine source strengttific 24-h periods of 1.7, 2.2 and 3:410° moleccm?s1
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(Bauguitte et al., 2009), although the value reported hereerrors in the model chemical scheme/ conditions, and errors
depends directly upon the assumed boundary layer heightn the observations. We consider each in turn below.
and is in good agreement with explicit model simulations
of snowpack nitrate photochemistry (Boxe and Saiz-Lopez6-4.1 HG sources and sinks
2008). The NQ source strength is in excellent agreement
with model-derived (3.2—4.2 10° moleccnt?s™1; Wanget  The principal OH sources are the photolysis of the hypo-
al., 2008) and measured (3x910° moleccnt?s!; Oncley  halous acids HOI and HOBr, whose steady-state concentra-
et al., 2004) NQ fluxes for South Pole, and is comparable tions depend upon the GB»-HO,-HOy cycling simulated
with the NQ,+ HONO flux of 2.98x 1 moleccnm?s™1  within the model. The principal overall HOsources are
measured at Summit, Greenland (Honrath et al., 2002). Ouphotolysis of HCHO, photolysis of ozone, and the reaction
approach does not consider snowpack emissions of HON®@f Br atoms with HCHO - if higher OVOCs are included,
(or rather, these are implicitly incorporated within the NO e.g. CHCHO, the Br+ aldehyde HEsource becomes dom-
flux). The calculated HONO mixing ratios (0.22 pmol/mol inant, similar to conditions modelled above the Arctic bound-
maximum; 0.1 pmol/mol diurnal mean) reflect the steady-ary layer during ozone depletion events (Evans et al., 2003).
state obtained from the gas phase OH + NO reaction sourcAs the measurements of ozone, humidity, HCHO and pho-
alone. These levels are much lower than observations of soktolysis frequencies should be reliable, and OVOCs are if
uble nitrite reported using an aqueous stripping/ derivatisa-anything under-represented in the simulations, it seems un-
tion/ colourimetry, with mean mixing ratios of 7 pmol/mol likely that the HQ source has been significantly overes-
reported (Clemitshaw, 2006). In common with other studies,timated. The Br+HCHO source, constrained by the ob-
we cannot reconcile such levels with the observedM®  served BrO levels, is the least certain parameter, but even
HOy data to within even order-of-magnitude accuracy (Chensetting this to zero would only reduce the overall modelled
et al., 2004; Liao et al., 2006). If a proportion of our snow- HOx source by approximately 31%, insufficient to account
pack NG source were in fact nitrous acid, this would also for the overestimate. As noted above, no snowpack HONO
contribute to OH production, and would further worsen the source is included in these simulations; addition of such a
model-measurement H@omparison. source (offsetting part of the NGsource) would worsen the
The calculated in situ chemical ozone destruction (mearmodel/observation discrepancy.
rate 0.51nmol/molhl) is comparable with the value of HOy sinks: in principle any measurement of ambient
0.55 nmol/mol ! calculated by Saiz-Lopez et al. (2008), VOCs is likely to under-determine the true VOC popula-
although for somewhat higher halogen monoxide mixing ra-tion, and hence the true OH reactivity/ sink. Addition of
tios (10 pmol/mol); in both cases iodine is found to dominate unmeasured VOC species will increase the OH sink, and re-
ozone destruction (although attribution is complicated byduce modelled OH levels; however unlike polluted urban or
coupling through e.g. the 10 + BrO reaction, and effects uponforested environments where significant unmeasured OH re-
HOy and NQ). These values would correspond to bound- action partners might reasonably be postulated (e.g. Lewis
ary layer ozone lifetimes of the order of 1 day, however et al., 2000; Di Carlo et al., 2004) limited additional VOC
no pronounced ozone depletion events were observed dusources are anticipated for the Antarctic coastal boundary
ing the summertime CHABLIS measurement period (Jan-layer. As a sensitivity test, the observed £&hd CO lev-
uary/February 2005) considered here — rather ODEs havels were doubled (CO and GHepresent 87% of the ob-
been historically apparent in the early spring (September-served VOC sink), resulting in a reduction in peak OH levels
October) when halogen monoxide levels peak (Jones et alQf 31% with a concomitant 13% increase in blin previous
2008; Saiz-Lopez et al., 2007). We conclude that mixingstudies, oxygenated VOCs (e.g. acetaldehyde, acetone) have
of ozone from the free troposphere is necessary to offsebeen found to comprise a significant fraction of the total OH
the chemical loss (and deposition) — or that the iodine andsink (Lewis et al., 2005). No OVOC measurements were at-
bromine measured were released locally to the measuremetgmpted during CHABLIS (other than formaldehyde), how-
site and insufficient time had elapsed for significant ozoneever higher aldehydes have previously been observed in the
loss, although this is unlikely given the short halogen life- Arctic boundary layer (Boudries et al., 2002; Houdier et al.,
time (above) and uniformity of the Halley ice sheet location. 2002), and in conjunction with firn air observations suggest
Dilution from the free troposphere further implies that the a net snowpack source to the overlying atmosphere (Guim-
calculated halogen and N@roduction fluxes (Table 2) are baud et al., 2002), potentially originating from the organic
lower limits. matter within snowpack (Domine et al., 2010). Laboratory
experiments have shown similar production of acetaldehyde
6.4 Model — measurement OH and HQ overestimates from South Pole snow (Grannas et al., 2004) and a similar
mechanism might be expected to operate in other, related
The model simulations substantially overestimated the ob-environments, i.e. at Halley. Acetaldehyde and other car-
served OH and H®levels. Potential reasons for the discrep- bonyl species would affect the local radical chemistry, both
ancy include missing HEsinks, overestimated HGources,  through photolysis leading to radical production, and through
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direct reaction with OH providing an additional OH sink (and from alternative channels of the IO + GB> reaction. These
peroxy radical source). For example, if acetaldehyde waspecies have lifetimes of a day/ several hours respectively
present at the levels observed in the Arctic (29-459 pmol/molko may potentially accumulate in the boundary layer — en-
during the 24-h daylight period — Boudries et al., 2002), thehancing the impact of added aldehydes, and of changing the
total OH sink would be increased by between 3 and 48%products for the 10 + CkO, reaction (below).

giving a considerable reduction in the OH lifetime. This

possibility was investigated using acetaldehyde as a proxy.4.2 Model conditions and chemistry

for all C, and higher OVOCs; CkCHO was added to the

model following a diurnal profile (tracking(NOy) as re-  The sensitivity study identified a number of factors which
ported by Boudries et al.), with a mean (24-h) mixing ratios could affect the modelled HQOevels, and over which there
of 166 pmol/mol. Such levels are considerably higher thanis significant uncertainty. Inspection of Fig. 7 indicates that
those calculated to form in the course of gas-phase degrawo key factors are the kinetics/products of the 10 +4CHl
dation of the measured NMHCs (maximum gEHO mix- reaction, and the aerosol surface area. 10 sGfHcom-

ing ratio 9.8 pmol/mol) implying a strong snowpack source petes with the peroxy-radical termination reactions, and
if the chemical conditions are otherwise comparable. Thewith the CHO, + NO propagation step; laboratory measure-
simulated peak OH levels were reduced by 28%, whileHO ments of the rate constant for this reaction vary by a fac-
rose by 5.9%. While agreement with observedH&vels  tor of 30, from the “slow” results of Dillon et al. (2006),

is improved, inclusion of CECHO also affects the bromine & =2x10"2molec lcm®s1, to the faster data from Bale
chemistry — the model bromine source had to be increaseeét al. (2005) and Enami et al. (2007), both givihg: (6—7)

by a factor of 5.3 relative to the iodine source change (thex 10~ molectcm?®s~1 (298 K values). For typical peak 10
Br+ CH3CHO rate constant is a factor of 3.75 times larger levels observed of 6 pmol/mol, these correspond to pseudo-
than that for Br + @, and leads to HBr formation, effectively first-order rate constants for GB» loss by reaction with
bromine loss on the timescale of these simulations/ boundaryO of 3.2x10~* and 0.015%, respectively, which may be
layer residence). In this scenario, the overall model brominecompared with the equivalent rates for ¢by+NO and
source required is much larger than that required for iodineCH30, + HO, of 3.2x 103 and 2.8x 10 %s™1 — i.e. the
(factor of 9.3, constrained by the observed XO levels), im-range of measured kinetics alters the 401J fate dramat-
plying that either dissimilar iodine and bromine sources areically, from reaction with NO dominating (radical propa-
present, and/or that aerosol (or snow surface) recycling of iogation, ozone production) to reaction with 10 being domi-
dine is much more efficient than that for bromine — which is nant (potentially more rapid radical propagation and ozone
in keeping with our current understanding of these processedestruction). The trend in HOOH ratios with NQ sug-
(von Glasow and Crutzen, 2007). Saiz-Lopez et al. (2008)gests that the role of the halogen species may be underes-
have also shown that aerosol recycling reduces what wouldimated in the model at low levels of NG- an increase in
otherwise be pronounced vertical gradients in BrO at Hal-the CHO, +10 rate constant could account for this trend,
ley, in keeping with observations in the Arctic (e.g. Avallone as this reaction will be in competition with G, + NO.

et al., 2003), although their simulations did not include sur-We preferred the Dillon et al. rate constant a priori as stud-
face fluxes of HCHO, CEICHO etc. which would also con- ies of complex radical-radical reactions typically suffer from
tribute to offsetting the bromine vertical profile. However, secondary processes contributing to removal of the (mon-
the Br+ CHCHO reaction also causes deviations from theitored) reactants, correction for which is complex — con-
observed diurnal variation in BrO, introducing a substantialsequently all other things being equal the lower rate con-
midday “dip” which is not observed (Fig. 1b; Saiz-Lopez et stant was preferred. The products of the |0 +Oil reac-

al., 2007a), indicating that either GBHO levels mustbe be- tion have not been confirmed; GB +100 might be antic-
low ca. 50 pmol/mol, and/or the levels do not follow a diurnal ipated by analogy with the NO reaction, while theoretical
variation, and/or the bromine source follows an even strongestudies suggest that the @8+ OlO channel may also occur
diurnal variation than that implemented here (which substan{Drougas and Kosmas, 2007) and formation of non-radical
tially worsens the model agreement for NOThese interac-  products (HCHO +HI+ Q) is thermodynamically feasible
tions may introduce the possibility of constraining bromine at A, H (298 K) =—207 kmot! (Bale et al., 2005) if mech-
chemistry using OVOC observations, or vice versa, in futureanistically less likely given the transition state required. The
measurements. While inclusion of acetaldehyde, at levelsdentity of the products of the 10 + G, reaction will ex-
and with the diurnal variation observed in similar environ- ert a major impact upon the modelled iodine andtGem-
ments, improves the model performance for OH, the reducistry. As the CHO, + HO, reaction dominates the HG&ink

tion is not sufficient in isolation to explain the discrepancy (Fig. 6a), if modelled organic peroxy radical levels were
from the observations, and significantly worsens the modelunderestimated, this could go some way to explaining the
performance for BrO. Hydrogen halides are another potentiamodel — measurement discrepancy; however the additional
sink for OH, and hence HQ HBr formed from the reaction halogen monoxide — Rreactions shown to be of signifi-

of bromine atoms with aldehydes, and HI potentially formed cance in this coastal Antarctic environment would seem to
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indicate that organic peroxy radicals are a less importanering CIO removal by reaction with itself, 10, BrO, HO
HOy sink than is the case in other low-N@nvironments. NO and NQ, steady-state CIO concentrations of &30°
Aerosol surface area was not measured during CHABLIS;molecules cm? are obtained (CIO removal dominated by the
the geographically closest measurements published were pewell-constrained CIO + NO reaction). At a typical peak H+10
formed from a research ship in the adjacent Weddell Sealevel of 2 nmolmot?, the flux through the H&+ CIO reac-
some tens of km distant from the Halley V site, and a num-tion is 3x 10~%nmolmot-th=1, which is approximately a
ber of years earlier (Davison et al., 1996) obtained a valuefactor of 130 less than the main OH production and,H&
of 3x10-8cm™1 for a subset of the full size distribution, moval rates (Fig. 6b). It is therefore unlikely that chlorine
comparable with our estimate of 10cnm? cm=3. Local pro-  chemistry is having a significant impact upon either thegHO
duction and oxidation of DMS, accelerated by BrO (Read production or partitioning in this environment.
et al.,, 2008) and the new particle production which would
result from sustained levels of 10’s of pmol/mol of iodine 6.4.3 Observations
monoxide (McFiggans et al., 2004) indicate that substantial
local sources may exist. The MCM version 3.1 (as used hereYhe fundamental observations which this analysis is based
does not include the minor channel of the $##ONO reaction ~ upon are the measurements of J@e halogen monoxide
producing HNQ (Butskovaya et al., 2007); inclusion of this species, VOCs (Ck CO, HCHO), @, HxO, photolysis fre-
reaction following the expression recommended by IUPACquencies and OH/ H®9 The NO chemiluminescence mea-
reduced HQ levels by 0.6%. surement should be robust — the N@vels are low, but
Chlorine chemistry could contribute to VOC oxidation and are not in the single-ppt range which become marginal for
HO radical production, and alter the partitioning of KO such instruments. The observed halogen monoxide levels
and NQ, species. No measurements of gas-phase chlorin@re direct absorption measurements, whose systematic error
species were made during CHABLIS, but some constraintgs limited by the literature absorption cross sections, of the
may be obtained from VOC ratios. Using NMHC mea- order of 10-15%. The DOAS beam path was entirely uni-
surements obtained during CHABLIS, Read et al. (2006)form over the ice sheet, so heterogeneity should not be an

estimated mean Cl| atom concentrations from X1 T0°— issue. The number of observations over the measurement
3.4x 10*cm~2 during local spring ozone depletion events, period is limited (Fig. 1) so the assumption that these are
and a longer-term (springtime) value of %30%cm3. representative may be incorrect (although the data available

These absolute [CI] levels are uncertain, being dependendo bracket the time period). The DOAS BrO observations
upon assumed airmass processing times, and were derivéd particular are variable, and the observed high variabil-
for a different season to the measurements considered ity in HCHO indicates this variability may be typical of the
the paper, but may be used to crudely constrain the posummer measurement period, as reaction with Br accounts
tential effects of chlorine chemistry here. At the higher for ca. 45% of the chemical HCHO loss rate (Salmon et al.,
Cl level determined by Read et al. (3«410*cm™3), con-  2008). A sensitivity test in which the source strengths were
sidering only reaction with Cl Cl-initiated VOC oxi-  adjusted to (arbitrarily) halve the 10 and BrO levels resulted
dation would correspond to an RQproduction rate of in changes to OH and HOof + 18 and—32%, respectively,
9.6 x 10* molec cnT3s71, respectively. This (effectively 24- but also resulted in the model failing to capture the observed
h average) values may be compared with (24-h mean) calcuNO and NQ diurnal profiles (Fig. 4), indicating that the ob-
lated HQ, production rates from GD)+H,0 and HCHO  served XO levels are in fact representative. The HCHO mea-
photolysis of 9.7 10* and 1.2510° moleccnt3s™1, re-  surements were a factor of 3—4 times lower than those ob-
spectively (Fig. 6b). It is therefore possible that Cl chem- served at Neumayer station previously (Reidel et al., 1999),
istry made a measureable contribution to radical produc-butitis not clear why the levels should be dramatically differ-
tion, worsening the model — measurement disagreemengnt from those at Halley — if anything, higher halogen levels
if the elevated levels observed during Aug-Sept were alsgnight be anticipated for the coastal Neumayer site resulting
present during the summer. An argument against this ign reduced HCHO (Salmon et al., 2008). Increasing HCHO
the pronounced seasonal cycle in sea salt aerosol observédyy a factor of 4 increased simulated OH by 40 % and dou-
at Halley (Wagenbach et al., 1998), which maximises dur-bled the modelled HQ Measurements of £and HO were

ing spring (when Read et al. performed their NMHC ra- performed by well-established methods using calibrated in-
tio analyses) and minimises in the summer (when thg HO struments, and would have to be greatly in error to account
observations were made), indicating that the actual Cl lev-for the model-measurement discrepancy. Photolysis frequen-
els present are likely to be significantly lower than the val- cies were derived from a calibrated spectral radiometer, and
ues noted above. The second potential impact of chloringhe j(O'D) data obtained were in agreement with those mea-
chemistry arises through perturbations to,H§cling anal-  sured by an adjacent filter radiometer (Bloss et al., 2007).
ogous to the 10 and BrO reactions discussed. Taking the An obvious explanation for the model — measurement
higher [CI] noted above (3410* cm~3) and the measured HOy discrepancy is the accuracy of the k@bservations.
mean Q level to derive a CIO production rate, and consid- The measurement approach is explained in detail in Bloss et
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al. (2007), which includes a derivation of the estimated mea-for the discrepancy — this suggestion is consistent with our
surement uncertainty (27%, 1 standard deviation, combinedesults, where 10 and BrO have been shown to overwhelm-
known systematic factors and precision), and the interferingly dominate HQ-to-OH conversion. Sjostedt et al. re-
ence tests performed during the campaign. The model ported a wind-speed dependence to the modelled:observed
measurement discrepancy observed here (Table 3) is sul®®H ratio — we found no such correlation between wind-
stantially greater than this, indicating that either there arespeed and model:measured OH or H@tios, possibly sup-
unidentified problems with the HOmeasurement, or with  porting the alternative explanation of a windspeed-dependent
the other observations and model approximations adoptedneasurement artefact at Summit. In their model analysis of
The instrument performance, as assessed by the calibratioBouth Pole H® data recorded during ISACAT 2000, Chen
factor, was approximately constant over the duration of theet al. (2004) found a substantial model overestimate of OH
campaign, and the calibration conditions (temperature, huand HQ levels when measured HONO was used as a con-
midity) bracketed the ambient conditions encountered. Westraint; excluding HONO data resulted in a modest model
are unable to identify any specific problems with the ,HO overestimate of the observed OH and Hi@vels, by 20—
measurements, which would not also be apparent in other erb0%. Chen et al. reported a significant dependence of the
vironments, where the instrument (and other analogous sysnodel OH overestimate upon NO levels, while in this work
tems) have performed well (e.g. Bloss et al., 2004). A re-the model:measured OH ratio was independent of NiDt
cent blind intercomparison of OH and H@neasurements some NQ dependence was apparent for H@hich we ten-
(Schiosser et al., 2009; Fuchs et al., 2010), between instrutatively attribute to a local wind direction dependence of the
ments very similar to that used here, has shown good agreectual halogen levels, manifested through changed competi-
ment for OH (relative range up to 1.13) but substantial vari-tion between NO and 10/BrO in driving HCcycling. The
ability for HO» (relative range up to 1.45) for chamber exper- NOy levels at Halley were much lower than those at South
iments where homogeneity of sampled air is guaranteed. Th&ole, likely a result of the low boundary layer height in the
latter value is somewhat larger than the known measuremeriatter case as the surface N@uxes derived are very sim-
uncertainty for the HQ data discussed here would indicate, ilar, and consequently the loss/recycling of Nf&@servoirs
and may indicate that additional sources of measurement eisuch as PNA and HN$) critical in the South Pole environ-
ror are present — but would not in isolation account for thement, were less important at Halley. The role of the halogen
model — measurement discrepancy found here. We canndatpecies (plus lower NQevels compared to the case of South
identify any cause for such a significant measurement probPole) is the principal difference between the Halley data and
lem, hence also consider other potential explanations for the¢hat from South Pole and Summit, and as has been demon-
discrepancy considering the known uncertainties within thestrated above the identified uncertainties over the physical
chemical and physical parameters — additional unknown un€onditions during the CHABLIS campaign, and within the
certainties may of course also be present, in both model antialogen chemical kinetics and photochemistry, can bring the
measurements. modelled HQ levels close to those observed.

In a final simulation, as a test case for the potential com- Comparing the derived HOsources and sinks between
bined impact of model conditions and chemical scheme the “polar” boundary layer measurements at South Pole, Hal-
the fast kinetics and non-radical products for 10 +40H ley and Summit reveals significant differences between these
were adopted and the aerosol surface area increased tocations: At both South Pole and Summit, H@roduc-
3x 10" cm2cm~2 — this simulation is shown as case C tion was found to be dominated by photolysis of snowpack-
on Figs. 2 and 6a; modelled OH and bi@ere reduced on derived HCHO and KO,, and OtD) + H,O, while at Hal-
average by 46% and 37%, respectively — still a substantialey, the analysis presented here identifies a major role for
model overestimate but indicative of the variation accessiblebromine-initiated oxidation of aldehydes, accounting for
within the uncertainty of the constraining parameters. Inclu-about 30% of the measured KQource strength, poten-
sion of additional OH sinks — for example modest OVOC tially more if higher aldehydes are also present. yHihks
(CH3CHO) would further improve the model performance were dominated by HO+ HO, at Summit, and by NQ
for OH, but at the expense of worsening performance for BrOrelated processes such as PNA and HN@mation and re-
and hence for NQ moval, together with OH + H@reaction, in the South Pole

Analyses of HQ measurements in related environments case, while for Halley the major terms were found to be
have also encountered difficulty in reconciling observa-HO;+ CH3z02 and HG + HO,, with halogen-mediated pro-
tions with model predictions. Model analyses of OH and cesses accounting for ca. 40% of the,H@ss under the base
HO, + RO, data measured at Summit Greenland were ablecase model scenario, with this fraction potentially increas-
to replicate the observed peroxy radical levels, but sub-ing dependent upon assumptions within the iodine chemical
stantially undelestimated observed OH levels (Sjostedt et scheme. At South Pole, elevated Ni@ad to local chemical
al., 2007; Chen et al., 2007). Sjostedt et al. suggesteazone production at rates of 1-6 nmol/mol dayChen et
that (unmeasured) halogen chemistry may provide an addial., 2004; Crawford et al., 2001), while at Halley the halo-
tional RGQ/HO, to OH conversion mechanism, accounting gens result in net local chemical ozone destruction at rates
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equivalent to 8-12 nmol/mol day. The transition between modifying the base case halogen chemical scheme, within
these environments will be determined by the geographic exthe uncertainty of the available laboratory studies. The model
tent of influence of the halogen species — satellite observaeould also be brought into better agreement with the observa-
tions indicate these are associated with sea ice cover (Saizions through the addition of (unmeasured) chemical species,
Lopez et al., 2007b; Sémhardt et al., 2008), indicating that in particular OVOCs such as acetaldehyde, but at levels com-
conditions similar to those considered here (Halley) may beparable with those observed elsewhere the predictegd HO
representative of a substantial area of the Southern Hemilevels were still higher than those observed, while agreement
sphere boundary layer. for BrO was worsened. As the GB» +HO, reaction was
a dominant H® sink, a model underestimate of organic per-
oxy radical levels could contribute to the discrepancy with
7 Conclusions observations; measurement of atmospherie RBundance
would assess this possibility. The analysis highlights the
A detailed photochemical model has been used to simulatgeed for observations of physical parameters such as aerosol
coupled HQ, NOx and halogen chemistry based upon ob- syrface area and boundary layer structure to constrain such
servations performed in the coastal Antarctic boundary layekalculations, and the dependence of simulated radical levels
during the CHABLIS campaign at Halley research station. and ozone loss rates upon a number of uncertain kinetic and
The model NQ source required to replicate observed NO photochemical parameters for iodine species, in particular re-
and NG levels was in very good agreement with that di- |ating to the fates of iodine nitrate and higher iodine oxides,
rectly measured during CHABLIS, and with values obtainedand halogen oxide — peroxy radical reactions.
elsewhere, if the substantial HONO flux implied by observa-
tions of soluble nitrite were discounted. The model was ableSupplementary material
to replicate the diurnal variation in NO and M®©@oncentra-  related to this article is available online at:
tions, using a simple source expression which assumed thittp://www.atmos-chem-phys.net/10/10187/2010/
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