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Abstract. Measurements of significant concentrations of IO, 1  Introduction

I> and BrO in a semi-polluted coast environment at Roscoff,

in North-West France, have been made as part of the Read?esearch into tropospheric iodine and bromine radical
tive Halogens in the Marine Boundary Layer (RHaMBLe) species has been driven by their potential to influence impor-
campaign undertaken in September 2006. We use a ondant atmospheric chemical processes. These include chang-
dimensional column model, with idealisegddmissions pre- |ng the oxidative Capacity of the atmosphere via destruction
dicted using macroalgael maps and tidal data from the lit-Of 0zone in catalytic cyclesDavis et al, 1996 Read et al.
toral area surrounding Roscoff, to investigate the probable2008, and by altering the partitioning of NGand HQ, (Mc-
causes for these observations. The coupled microphysicdfiggans et al.200Q Platt and Hnninger 2003 Bloss et al,

and chemical aerosol model simulates mixed-phase haloge009; and the formation and growth of new particlétoff-
chemistry using two separate particle modes, seasalt an@ann et al.2003 O’Dowd et al, 2002 McFiggans et al.
non-seasalt, each comprising of eight size-sections. Thig004. Field measurements in the coastal marine bound-
work confirms the finding of a previous study that the BrO ary layer (MBL) have identified both bromine- and iodine-
measurements are most likely caused by unknown, locafontaining inorganic species (e.gllan et al, 2000 Saiz-
sources. We find that the remote observations of IO aadd ~ Lopez and Plane2004 Saiz-Lopez et al2004 Peters et a/.
best rep”cated using the |’ecyc|ing mechanism Suggested 2005 The main source of reactive bromine species in the
by previous studies, but that such a mechanism is not whollyMBL is likely to be sea-salt aerosoVggt et al, 1996 Sander
necessary. However in-situ measurements afan only be et al, 2003. In addition the direct emission of organohalo-
explained by invoking anplrecycling mechanism. We sug- 9ens and molecular iodine by macroalgae will also contribute
gest that focussed observations of the changes ip &@  significantly to halogen loading in the coastal MBL4rpen-
NOy concentrations, as well as changes in the nitrate fracter etal, 1999 Palmer et a].2003.

tion of the non-seasalt aerosol mode, in the presence of | The Reactive Halogens in the Marine Boundary Layer
bursts could be used to determine the atmospheric relevand®kHaMBLe) project at Roscoff, Brittany, was designed to in-
of the predicted recycling mechanism. vestigate Marine Boundary Layer (MBL) chemistry in semi-
polluted conditions. To investigate daytime tidal signature of
iodine photochemistry and new particle bursts. Roscoff was
chosen for its large tidal range and extensive, well mapped,
macroalgal beds; which indicated a good likelihood of sig-
nificant kb, emissions. Measurements were conducted during
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Remote measurements of BrO, 10, OIQ, NOs, and Leigh et al.(2010 used footprint concentration modelling
O3 were made using a Long-Path Differential Optical Ab- to investigate the local macroalgal emission contributions to
sorption Spectroscopy (LP-DOAS) instrumeMahajan et the remote and in-sity Imeasurements. Bathymetry and spe-
al, 2009ab). The light path of the LP-DOAS instru- ciated macroalgal distribution information is mapped onto
ment extended out to the North-West, with an optical patha two dimensional flat grid, Emission footprints were cal-
length of 6.7 km, crossing the inter-tidal zone at a heightculated for windspeed and tidal height, rotated due to wind
of 7-12m above mean sea level. Measurements of iodirection, and then applied to the emissions grid to calcu-
dine species showed a clear tidal relationship, high mix-late concentration footprints. Chemistry was not included,
ing ratios at low tide and vice versa. During the day however photolytic destruction of lwas considered, and
the maximum mixing ratios measured for and 10 were  a simple recycling parameter was included, simulating the
259+ 3.1 pmolmol! (measured on 19 September 2006) reforming of a certain proportion of the photo-dissociated
and 101+ 0.7 pmol mol! (9 September 2006), respectively 1,. It was found that reasonable correlations between mod-
(Mahajan et a].2009. No daytime measurements of OlIO elled concentrations and data from the LP-DOAS and in-
were above the LP-DOAS detection limit (4 pmol mé). situ BBCEAS instruments could only be obtained during
BrO measurements did not exhibit a tidal relationship; thethe day through the implementation of a simulated recycling
maximum mixing ratio measured by the LP-DOAS was scheme such that Is maintained at the level it would have
7.5+1.0 pmol mol! (Mahajan et a].20093. with approximately 95% slower photolysis, suggesting either

In-situ measurements of 10 were made with a Laser In-unmodelled local emissions were involved, or a significant
duced Fluorescence (LIF) instrumeltifalley et al, 2007 missing recycling or source component.
and a open-path cavity ring-down spectroscopy (CRDS) in- Mahajan et al(20093 used a gas-phase photochemical
strument Wada et al. 2007). During the campaign the box model to investigate the conditions in which more than
maximum IO mixing ratio measured by the LIF instrument 5pmolmot! of BrO can be generated in a mildly pol-
was 30+ 7 pmolmol?. 1, was measured in-situ with the luted environment. They found that the majority of bromine
BroadBand Cavity RingDown Spectroscopy (BBCRDS) in- would be in the the form of BrON®(=110 pmol mot? for
strument Leigh et al, 2010. In-situ I, mixing ratios were =5 pmol mol! BrO). They examined a number of scenarios
more variable than the 10 mixing ratios, reaching a max-— eliminating sea-salt and biogenic bromine compounds as
imum of 50 pmolmot? (at low tide in the early evening possible sources, instead suggesting that an unknown local
of 14 September 2006), but only rising above the detectiorsource was the most likely cause.
limit of the BBCRDS (10-15 pmol mot') on 4 out of the The aim of this study is to investigate the importance
10 days that measurements were taken. These differences gf vertical transport and chemical mixing for the observa-
maximum mixing ratios between the remote and in-situ in-tions of concurrent high halogen oxide and N@vels at
struments support findings made during the North Atlantica semi-polluted coastal location. Towards this end a sim-
Marine Boundary Layer EXperiment (NAMBLEX)Heard  ple one-dimensional column model has been developed treat-
et al, 2009 of spatial heterogeneity creating localised “hot- ing the evolution of the gas- and condensed-phase com-
spots” in which b mixing ratios were significantly greater position driven by vertical turbulent mixing and a highly-
than the path integrated values of the LP-DOAS instru-detailed representation of the multi-phase photochemistry.
ment Saiz-Lopez et al.2009. ) (NOs+N20s) was mea-  Although a reasonable multi-day simulation of the key pro-
sured in-situ during the night using the BroadBand Cavity cesses has been used to ensure the model approaches the
Enhanced Absorption Spectroscopy (BBCEAS) instrumentcoastline with representative gaseous and condensed phase
(Langridge et a].2008, reaching maximum mixing ratios of component loadings, the study focuses on detailed prediction
80—90 pmol mot? during the early part of the campaign.  of the coupled chemistry, microphysics and vertical transport

Three previous modelling studies have been conducted teéhat occurs as the emissions from the coastal zone mix into
examine iodine and bromine chemistry at Roscdifaha-  the background air. This then allows quantitative assessment
jan et al.(2009h used a one-dimensional gas-phase photo-of our understanding of the processes by comparison of the
chemistry and transport model (THAMO) to investigate the simulated behaviour with in situ measurements.

LP-DOAS b and 10 measurements. They calculated the ra-

tios of the measure@:O concentrations, obtaining an aver-

age ratio of 3.8. Their modelled:10 ratio at the LP-DOAS 2 Model description

measurement height(L0 m) was too low without including

a reaction for recyclingyl— for this they used the reaction:  The one-dimensional column model used in this study is built

around the box-model MANIC (Microphysical Aerosol Nu-

merical model Incorporating Chemistnh)dwe et al, 2009,

with a rate of 55x 10~ cm® molecules® s~1 (Kaltsoyannis Whi_ch explicitly I_inks_ a_\erosol ch_emistry anql microphys_ics.

and Plang2008. A simple edgiy diffusivity model is L_Jsed to simulate vgrtlcal
transport, driven by turbulence profiles generated off-line (no

| +10NO; — 1, (R1)
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feedbacks between aerosols and heat fluxes are considerec
Operator splitting is used, with microphysical and chemi-
cal processes being calculated in a separate step for each
D column cell, followed by a vertical transport step for the
whole column. Fluxes of gases and seasalt aerosol particle: | ™™
from the sea surface are considered, as well as entrainmer
of gases from the free troposphere — the important processe
which are dealt with in the model are shown in Fig.
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2.1 Microphysics and chemistry

The chemistry scheme used is based on th&eudhtl et al. “wnaspees
(20006, with the updates detailed ihowe et al. (2009.
Non-ideality of the major ions in the condensed phasé-(H Fig. 1. Schematic of the major processes dealt with in MANIC-1D.
Na+-NHj{-HSO;-SOf[-NOg—CI‘) is treated using PD- An example, non-linear, vertical grid is shown on the left.
FITE (Partial Derivative Fitted Taylor Expansiomopping
et al, 2009. 1xOy chemistry has been included (Talle
based on the schemes 8&iz-Lopez et al.2008 Mahajan
et al, 20090 to simulate the conversion of reactive iodine
to 1203, 1204, and (irreversibly) 405, which are viewed as
likely candidates for new particle formation. Recent labora-
tory studies $aunders et 312010 have shown that nucle-
ation and growth of fine particles from gaseous iodine occur
without the involvement of @ (and that these most likely
form from the polymerisation oblD3 and bO4, without the
formation of gaseous0s). This has led to the development
of new chemistry models which do not use t +03 dFy _ -B2
reactions Klahajan et al.2010. The study of t?lee-)iorma- dreo 13735 rgg' (140.057r°4) x 10107 @)
tion and growth of ultrafine particles is, however, beyond the
scope of this paper. Furthermore, the choice of particle forwhere A = 4.7(1+ @rgo)*°~°17’§01‘44, B= %ﬁ‘m, u10
mation route does not have a large influence on the rest of thgs the wind speed (in nT$) at a height of 10 m above the
gas-phase chemistry (not shown). So, for the purposes of thiground, rg is the particle radius (in m) at RH80% and
study, we will use thedOy + Og reactions to simulate the loss - @ = 30 (afterGong 2003.
of reactive iodine to particle formation. Photolysis rates for
most species are calculated from actinic fluxes, which were2.2  1-D vertical transport scheme
measured at Roscoff during the RHaMBLe campaign using
a Metcon spectral radiometeE@wards and Monks2003. Vertical transport is determined by the diffusion equation:
We assume a quantum yield of 1.0 for the photolysis of OIO s S sc

(v)

(Gomez Marin et al, 2009. The photolysis rates fopOy, 5t = 52\ Kex:

laboratory data of particle production for droplets between
0.4-20 um radii to parameterise this process. Their scheme,
however, over-predicted production of seasalt particles with
radii less than 0.2 um when compared with field measure-
ments O’Dowd et al, 1997). Gong(2003 introduced a new
sparameter,@, to control the shape of the sub-micron size
distributions, extending the applicability of the scheme down
to dry radii of 0.02um. The particle number fluky, (in
particles nt?s~1) is given as

S(vTe)

1,03 and bO4 are not based on the measured actinic fluxes, 8z

but are instead based on estimates madélafiajan et al.  \yherec is concentration (either particles crhor molecules
(20099. cm3), ¢ is time (s) z is height (m) Ke is the eddy diffusivity
Further simplification of the treatment of aerosol is pro- (m2s-1), andwr is the terminal settling velocity (nT$). For
vided by not considering coagulation or any possible phasgyas-phase transport we assume that 0, while for partic-
separation, nor including organic aerosol components. Thegjlate transport it is calculated using the scheme frtoppel
condensed-phase is split into two separate populationset al.(2005. Equation ) is discretised following the formu-
seasalt and non-seasalt, each of which comprises 8 sizgation of ApSimon et al(1994, enabling the use of a non-
sections. This distinction is purely based on the aerosol oriyniform grid. A fourth-order Runge-Kutta method is used
gin — the same chemical reactions and microphysical protg integrate the diffusion equatioRiess et al 1989, taking
cesses are applied to each population during the model runimesteps of 0.05 sk is prescribed in the model input files,
Aerosol dry deposition is treated using the resistance modefhe vertical profiles used for this case study are described be-
of Slinn and Slin(1980; wet deposition is not considered.  |gw.
Seasalt aerosol particles are predominately generated by
bubble bursting during whitecap formation caused by sur-
face winds. Monahan et al(1986 used observational and
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Table 1. Additional IxOy chemistry.n is the order of the reaction. Reaction rates are given im@drn 51

Reaction n Rate Reference
I0+0I0— 1,03 2 15x10°10 Gbmez Martn et al.(2007); Saiz-Lopez et al(2008
OlO+0I0—> 1,04 2 10x10°10 Gomez Marin et al.(2007); Saiz-Lopez et a(2009
150p+03—>1,03+0, 2 1.0x10°12 Saunders and Plarf2005); Saiz-Lopez et al(2008
[903403—>1,04+0, 2 10x10712 Saunders and Plarf2005; Saiz-Lopez et al(2008
1204+03—12054+0, 2 10x 10712 Saunders and Plarf2009; Saiz-Lopez et al(2008
1,04— 2010 1 Q4 (at290K) Kaltsoyannis and Plan@008
1500 —> OIO+I 1 100 (at290K) Kaltsoyannis and Plan@2008
1,00—>10+10 1 004 (at290K) Kaltsoyannis and Plan@008
1,00 +hv—>10+10 1 006 (at midday) estimated byahajan et al(2009h
1,03+hv—>10+0IO 1 006 (at midday) estimated bylahajan et al(2009h
1004+hv—>0OIO+0IO0 1 006 (at midday) estimated iahajan et al(2009h
3 Case study setup Photolysis rates are calculated from solar irradiance mea-
sured on the day of 23 September 2006 under close to clear
3.1 1-D column layout and meteorology sky conditions.

The 1-D column is set to 1000 m height, divided into 25 lev- I_ncluded in the Supplement are the c_:qurm_n sect?on
els. The lowest 25 m of the column is split into 6 levels, with heights; pressure, temperature and eddy diffusivity vertical
boundaries at 1. 3. 6. 10 and 15 m profiles; and a plot of the solar irradiance.

Air pressure is assumed to decrease linearly with height
(with a pressure of 1020 mbar at the ground surface, an®.2 Trajectory configuration
a lapse rate of 0.113mbart). The temperature profile

follows a simple diurnal profile. During the day the ground 1,5 10 qef is given a 59 h spin-up period before the final hour
surface temperaturegls 2901K, decreasing at the dry ad'abat'ﬁpproaching the coastline, to allow the model chemistry to
lapse rate (36x 107" Km™) to the top of the column. At 4,1t more realistic and stable component loadings on the

night the ground surface temperature is 284 K, decreasing aly,,1nach to the coastline (in comparison to the rather sim-
the dry adiabatic lapse rate up to a height of 300m. Abovegsic initial conditions). One particular background sce-

tE'S he|g?tha|rtelmperatur|e |_ncrﬁase_3_ag_am, lto rleacg 28fK ario has been chosen to provide the most frequently ob-
the top of the column. Relative humidity is calculated on-line oo nolluted marine conditions encountered during the

from pressure, tempe_rature_ and thg)jnixing ratio. ) RHaMBLe field project. This entails running a background
A S'mp"f'ed eddy d'ff“S'V'tY pr_of|le is calculated off-_lmg marine airmass across the UK and then the Channel before
according to the parameterisation lyrup and Ranzieri  gnay arriving at Roscoff (an example trajectory of this type

(1976, assuming that the atmospheric conditions are neutraliS included in the Supplement).

K47 , z/zi <0.1 The first 48 h of the model run (starting at midnight) are
Ke= 14 kusz(L1-z/z;), 01<z/z; <11 3) across a clean marine environment, representative of condi-
0, z/zi> 11 tions above the Atlantic. The gas-phases of all levels in the

vertical column are initialised with the mixing ratios given in

wherez IS h_elght .Of column-sectlor] edgg (in "Y)' is the Table2 (fixed species are constant at the given mixing ratios
characteristic vertical length-scale (in m) (in this instance the

xed-| denth is the di ol K throughout the whole vertical column and model run). The
rrzlxet ) ay_erthepf ')Kt'ls el '”.‘f”?'on esls vonl aler%n CON" model is initialised with two aerosol modes — one seasalt,
stant. u 1S the friction velocity (in ms?), calcu ated US-  yhe other non-seasalt — with initial distributions which are
ing the ACASA (Advanced-Canopy-Atmosphere-Soil Algo-

ith del (d ived iPv] 2003 2004 for th also consistent throughout the whole column. The seasalt
rithm) model (described iRyles et al. 3 4 for the initial distribution is a pseudo-lognormal, bi-modal, distri-

lﬁweSt .70 m of the modell collrJ]mn. lAbove7(7)O M WE assumey, iony (Porter and Clarkel997), which is linearly scaled to
thatu, Is ‘?0”5“"”‘ (equa to t e value at 70 ). IS setto yield a dry mass of 15 uggﬁ (afterToyota et al,2001). The
300 m during the night, and is set to 900 m during the day.dry mass fractions used are994317 NaCl. (01491498
Dawn is at 06:30 LT (Local Time), dusk at 17:30LT, and the NaBr. 1372178x 10~ Nal. 4812565x 10_'7 NalOs, and
transition from day to night conditions is linear over the hour 004'176193 NaHCQ Thé n.on-seasalt initial distr,ibution
following dawn and dusk. is given in Table5. The initial dry mass fractions of the

Atmos. Chem. Phys., 11, 97994, 2011 www.atmos-chem-phys.net/11/979/2011/
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Table 2. Initial gas-phase chemical mixing ratios (given in Taple 3. Gas-phase source terms, in molecules@m The Sea

pmol mol-1). terms are used for the Atlantic and Channel legs of the model run
(and for the sea-section of the Roscoff leg). The Land terms are used
Species Mixing Ratio Reference for the UK leg of the model run — the NQerm is split between NO

and NGO based on the NIO, of the lowest level of the model

NO; 20 aftervon Glasow et al(2009 column at that point in time.
HCHO 300 aftewon Glasow et al(2002
PAN 10 aftervon Glasow et al2009 Species  Source Term  Reference
CcOo 70000 afteron Glasow et al(2002
HNO3 10 estimated Sea
SO, 90 aftervon Glasow et al(2002 NO 2x10®  estimated
DMS 60 aftervon Glasow et al(2002 NH3 4x10®  estimated
H,0, 600 aftervon Glasow et al(2002 DMS 2x10°  Quinn et al(1990; Sander and Crutze(1996
CoHg 500  aftervon Glasow et al(2002) S?HSLI iﬁgj xgg; 2: ::'8333
HCl 40 estimated CH,CII 2x107  Vogt et al.(1999
CHsl 2 aftervon Glasow et al(2002 CHol, 3x107  Vogt et al.(1999
C3H7l 1 aftervon Glasow et al(2002 CH,Brl 2x107  Vogt et al.(1999
NH3 80 estimated Land
. an

O3 40000 estimated NOy 610l estimated

NH3 1x10t  estimated

SO, 1x10t  estimated

co 2x10'2  estimated

non-seasalt mode ared® NHsNOs3, 0.18 NH4sHSO, and
0.36 (NH4)2SOy.

During this ocean leg seasalt aerosol is emitted using
Eq. (1) and a wind speed of 5.25m% The composition macroalgae generated by a footprint emissions model for the
of this fresh aerosol is the same as that for the initial seasalmeasurement site at Roscofffejgh et al, 2010. This com-
distribution, given above. Gas emissions from the ocean surbines tidal data, macroalgael maps, and wind speed and di-
face are given in Tabl8, and the gas deposition rates used rection data taken at the in-situ measurement site during the
throughout the whole model run are given in Tadle RHaMBLe campaign.

Following the Atlantic leg the column is run across a pol- The Leigh et al.(2010 model has been adapted for this
luted land environment for 6h, representing passage ovestudy. For each 1-min model timestep, the emission foot-
the UK. Seasalt emissions are switched off, and the landprint applied was reduced to the width of a single model cell
based emissions given in TabBare used. These source (55m), and extended upwind from the measurement site to
terms were chosen to ensure the modelled,d@ncentra- the calculated sea edge; émissions within this footprint
tions were within the range of NQoncentrations measured were characterised by transport time to site, assuming a con-
at Roscoff during the RHaMBLe campaign. stant wind speed and direction along the trajectoryerhis-

A5 h run across a marine environment is made again, simsions were calculated for every 30's section of the trajectory.
ulating the air column crossing the English Channel. Seasalt For this study we have used two emission scenarios. The
aerosol and gas-phase emissions are the same as for the Airst is the back trajectory with the highest calculated total
lantic leg. A snapshot of the gas- and condensed-phase mix2 emission from the whole campaign, which we will use
ing ratios throughout the entire column is taken at the end offor comparing with the LP-DOAS measurements. This oc-
the Channel leg. This is used to initialise the 1 h Roscoff runscurred on the 10 September 2006, arriving at Roscoff at

which are discussed in this paper. 12:33p.m. For the purposes of this study, however, we
Plots of prognostic variables for the spin-up period haveassume that this airmass arrives into our model “Roscoff”
been included in the Supplement. at 12:00LT (blue line, Fig2). There are threeylbursts.
The first is from 11.7375 to 11.7875 h (lasting 3 min), with
3.3 Roscoff leg settings a peak emission rate of& x 10° molecules cm?s™1. The

second and third bursts are shorter, 1 and 1.25min long,
The model study presented in this paper consists of the lagtespectively, and starting at 11.9292 and 11.9792h. The
hour of the run, leading into Roscoff. Two scenarios are con-peak emission rates are also much lowef4k 10° and
sidered: high-tide, in which the model runs over the sea forl.95x 10" molecules cm?s1, respectively.
the whole hour (as for the Channel leg); and low-tide, which The second emission scenario has been chosen because
is part sea and part intertidal exposed shoreline. The exposetl has higher 4 emissions closer to Roscoff than the first
intertidal section has no aerosol or gas emissions (unlike thscenario. It will be used, along with the first scenario,
sea or UK sections) other than localisedemissions from  for comparison with in-situ measurements. This emission

www.atmos-chem-phys.net/11/979/2011/ Atmos. Chem. Phys., 1199492011
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Table 4. Gas-phase loss velocitiesy g, in cms

1. Representing

D. Lowe et al.: Multi-phase chemistry

Table 5. Parameters for the non-seasalt aerosol distribution used in

deposition at base of model column (estimated, consistent with esStudy. The total number densitytot, is given in cnm 3. The median

timations used in other models).

radius for the log-normal number distributioRy, is given in pm.
The log-normal distribution widthg, is dimensionless. The log-
normal particle number size distribution is calculated according to

Species vd,g - 2 _

o 04 dj(rff).=7In;v\t;tg.xexp<—'7('”;(“:’;§§’) ) whereN (r) is the number
H,0, 05 density for particle radius.

NO» 0.1

N>Os 1.0 Mode Mot RN o

HNO3 20 non-seasalt 300 0.088 1.29
NH3 0.1

HCHO 0.5

HCOOH 1.0

HCI 2.0 IR | | |

HOCI 1.0

CINOg 1.0 = J-LL

HBr 2.0 5

HOBr 1.0 § 4ol _
BrNOg 1.0 z

CH3SOCH; 1.0 2

SO 0.5 £

HoSOy 1.0 g 10° ¢

CH3SO;H 1.0 -:gj

HI 1.0 .

HOI 1.0 s ‘ ‘ 1. ‘
INO3 1.0 %15 11.6 1m7 11.8 1.9 12
|N02 1.0 Time [hours]

Fig. 2. Two l> emission scenarios used for the “low tide” model
runs. The blue and red lines are for scenarios calculated using back
o o trajectories from the Roscoff measurement site at 12:33 and 13:48,
scenario is also from the 10 September 2006, arriving atespectively, on 10 September 2006 (using an adapted version of the
Roscoff at 13:48 p.m. (again we assume that this airmassnodel ofLeigh et al, 201Q see main text for details).

arrives at our model “Roscoff” at 12:00 LT; red line, FR).

Again, there are three Ibursts. The first is from 11.8625

to 11.8792h (lasting 1 min), with a peak emission rate of4.1 Low tide base case

6.67 x 10° molecules cm?s~1. The second burst is shorter,

0.5min |0ng’ Starting at 11.8958 h, with a much lower peakAt the start of the Roscoff Ieg the air column is still over the
emission rate of @7 x 10’ moleculescm?s-1. The third sea. Strong vertical gradients in the mixing ratios of gas-
burst is the longest, 3min long, starting at 11.9292h. ThePhase halogen species and pollutants, such as3H{KNi@. 3)
peak emission rate is42x 10° molecules cm?s~1, are observed. These result from the source of fresh seasalt,
which maintains higher seasalt aerosol volumes in the lowest
10-20 m of the column (Figd). The largest seasalt parti-
cles experience rapid turnover at the base of the column, pro-
i ) ducing a strong gradient in composition across vertical- and
Here, the gas- and condensed-phase ch_em|cal behaymur Bze-space for seasalt particles (Fi§and6). The pH of the

the last hour of the model run approaching Roscoff is ex-|5rgest, and vertically lowest, seasalt particles is around 9—
amined in detail. .The model reaches Roscoff at m@daylo, as compared to a pH of 5-4 for the smallest, and highest
(12:00LT). The major gas- and condensed-phase species fQferically, particles. Likewise the Brcontent of the largest

the base case, low tide, model run are plotted below (Bigs. naricles at the base of the column is close to that of fresh
5, 6, 7.and8). Data from the other runs will be included ggaqait, while at a height of 650 m the mole fraction of Br
where relevant to the discussion, however plots of majori, the smallest particles has been reduced by a factor of 100.
phemlcal species data from all model runs are also includeg|- remains relatively undepleted in the largest seasalt par-
in the Supplement. ticles (the molar ratio of Cl to Na' is <0.8 for the three
largest size bins, indicating a loss of less than 20% of the ini-
tial CI~ content of these particles). TheCtontent of the
smaller seasalt particles is more depleted, and the pollutant

4 Results and discussion
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Fig. 3. Mixing ratios of major gas-phase chemical species at different levels through the model column for the base case, low tide, model
run. Black, red, blue, green, and purple lines represent mixing ratios at heights of 0.5, 8, 60, 250 and 650 m.

o Seasal At 11:43 h the air column crosses from the sea to the
beach. This stops the injection of fresh seasalt into the model
column, halting this source of halogens, and leading to a re-
duction in seasalt aerosol volume and surface area {fig.
due to sedimentation. The effects of stopping this seasalt
source term can been seen almost immediately in the gas-
10 Non-Soasa phase (Fig3). The mixing ratios of halogen species in the
‘ lowest few sections relax back towards the mixing ratios ob-
served higher in the model column; as do the mixing ratios
of HNO3 and . The increase in HN®mixing ratio is the
result of the decrease in seasalt aerosol mass, and the rapid
e m7 ms e w acidification of the largest seasalt particles (F3j. in the
lowest sections of the column; diffusive mixing then reduces
Fig. 4. Total dry volume for the seasalt and non-seasalt modes athe vertical gradient in mixing ratio. Chlorine and bromine
different levels through the model column for the base case, lowSPEeCies reactions to the switching off the seasalt source term
tide, model run. Black, red, blue, green, and purple lines represenare mixed. The mixing ratios of Br, BrCl, BrO, and HOBr
mixing ratios at heights of 0.5, 8, 60, 250 and 650 m. drop, mostly due to vertical mixing bringing these species
closer to the mixing ratios of the main body of the column.
Conversely, the mixing ratios of BrONQHBr, CIONO,,
(NO3 and sulphate) content of these particles is much higheryc|, and CIO increase. This is likely to be due to a reduction
due to their higher surface area to volume ratio (and so highejn gerosol processing (due to loss of Gind Br-, and re-
gas-aerosol transfer rate compared with total mass). Th@uction in surface area) for the halogen nitrates, while the in-
non-seasalt mode exhibits marked vertical-dependence, bigreases in the chlorine species will also be due to the release
little or no size-dependence, in composition (Figend8).  of chiorine from the largest seasalt particles as they become
pH decreases with height, as the relative humidity decreasesyych more acidified (the drop in pH is matched by a reduc-
The HSQ:SO; ratio changes with pH. NDand CI™ con-  tion in the CI":Na" ratio from~0.95 to~0.8).
tent increases with height. Brand I~ content is minor at all At 11:74, 11:93 and 11:98h there arg bursts, sim-

heights. ulating iodine emissions by macroalgae (F&. In the
lowest level (0—1m) thesl mixing ratios reach a maxi-
mum of 2100 pmol mot! during the first burst (Fig9).
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This maximum drops off sharply with height, down 780pmolmot? in the lowest level (and 1300 and 550 in
to only 520 pmolmot? in the next level (1-3m), and the second level), respectively. Vertical mixing leads to the
25 pmol mot® by the fifth level (10-15m). The mixing ra- dispersion of these species fairly evenly over the lowest 60—
tio of I, quickly becomes negligible once it's source term is 100 m of the column, at mixing ratios of 100-50 pmol mbl
switched off again (as we would expect without any recycling The LP-DOAS lightpath runs at an average of 8-10m
processes). The reactive iodine species, I, 10, and OIO arabove mean sea level. Comparisons with the model col-
almost as short-lived (Fig8 and9), although their vertical umn should therefore focus on levels 4 and 5 (6-10m and
gradients are not so drastic. Most iodine from the bursts be10-15 m), although variations in topography along the light-
comes IONQ and kOy, which reach maxima of 1600 and path means thaplsources could be anything from 2-3m to
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15-20 m below the lightpath. The model IO mixing ratios simply because there is a largerGleservoir in the seasalt
peak between 50—20 pmol mdlin these levels; 5-2 times mode (which is hardly reduced by the iodine burst).

the maximum measured 10 mixing ratios. The modehlx- The first iodine burst also leads to the destruction of
ing ratios peak between 70-20 pmol mblin these levels; around 20% of the @in the lowest level, and consumes
3.5-1 times the maximum measurednixing ratios. OIO  practically all HG as well as~1200 pmolmot? of NO.
was not measured above the detection limit during the dayThese perturbations are also short-lived, though, with mixing
however the modelled OlO mixing ratios peak between 12—replacing the majority of the lost£and NQ,. HOy are in-

4 pmol molt in these levels, only 3-1 times the detection creased after the burst, boosted by the decrease jridv@ls
limit (4 pmol moi~1). The LP-DOAS measurements are av- (Fig.3). The NG; content of the non-seasalt mode increases
eraged over a path of 6.7 km, heterogeneity in the distribuduring the lodine bursts (Fi@), presumably driven by het-
tion of species across the path could mean that local maxim@rogeneous reactions of ION®vith the non-seasalt mode,
are much higher than the measured levels. The differencegithough it should be noted that the N©f the seasalt mode
between the modelled and measured mixing ratios could bejoes not increase at the same time (B)g.

explained by this heterogeneity, however th#Q ratio dur-

ing the b bursts is only 1.6-0.8 at these levels, much lessg 2 |, recycling

than the average ratio of 3.8 tHdahajan et al(2009h cal-

culated from thg LP-DOAS measurements. A ratio qf 4is Mahajan et al(20091 reported an increase in NGnixing
reached at a height of 1-3m above thesburce, at which ratios, to~10 pmol mot %, when using thezl recycling reac-

the b an_d 10 are 20-30 times h'gher Fh"_in the measurements;q, (ReactiorR1). Without this reaction an increase in NO
suggesting that strong, but spatially I|m|te§_jsburces could s gpserved in the current work, but only tal pmol mol-2
reproduce the LP—.DOAS measurements if only a couple Of(Fig. 9). Reaction R1) has been included in the current
metres below the lightpath. model to examine the changes in iodine compound mixing
Mixing ratios of reactive chlorine and bromine species ratios and to investigate if other changes in the mixed-phase
drop precipitously within theslbursts, as they are converted chemistry occur. This version of the model was used to sim-
to ICl and IBr by cross-reactions, before increasing equa||yu|ate low tide at Roscoff, initialised from the same starting
markedly at the end of the bursts (Figsand9). The in-  mixing ratios as the base case Roscoff runs.
creases in gas-phase mixing ratios are driven by the extrac- |, mixing ratios were found to be higher than the base
tion of CI~ and Br from the condensed phase, both from case (reaching 2500 pmolmdl in the lowest level), and
the seasalt mode (Fig) and, less importantly, from the non- tail off more gently after the end of the lburst. This
seasalt mode (Fid), by iodine. The increase in gas-phase increases 10, OIO, andy®y mixing ratios (Fig. 10),
chlorine species is more marked than that of bromine speciewhile peak IONG mixing ratios drastically decrease to
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Fig. 9. Mixing ratios of lp, 10, OIO, IxOy, NOgz, and ratio of $:10, Fig. 10. Mixing ratios of b, 10, OIO, kOy, NOg, and ratio of

in the lowest five layers of the model column for the base case, lowi,:10, in the lowest five layers of the model column for theré-

tide, model run. Black, red, blue, green, and purple lines representycling, low tide, model run. Black, red, blue, green, and purple

levels with their centres at 0.5, 2, 4.5, 8 and 12.5m, respectively. lines represent levels with their centres at 0.5, 2, 4.5, 8 and 12.5m,
respectively.

~210 pmol mot? (see Supplement). At the column height
of 6-15 m peak |0 increases to 65—-45 pmol opeak b to Supplement). The decrease in ION@ixing ratios also
220-140 pmolmot!, and peak OIO to 20-10 pmol mdi. reduces the depletion of Cland Br- from the condensed-
12:10 ratios at this height increases to 3.5-3, which dropsphase via heterogeneous reactions. The reduction of these
away to 2-1 after thelburst. This is much closer to the LP- heterogeneous reactions also decreases the accumulation
DOAS measurements, as found Mghajan et al(20098. of NO3 in the non-seasalt mode during thebursts. This

NOs3 increases to~10pmolmot?, consistent with reduces the peak NPdry mole fraction from 0.13 to 0.11
the finding of Mahajan et al. (2009, and may (Figs.8andl1l), and so reduces the growth of the non-seasalt
be a measurable diagnostic fop Irecycling in the mode due to the uptake of nitrate (Figsand 11). Our
ambient atmosphere. This increase changes the responseodel does not, however, deal with the condensation of
of NO, mixing ratios to the 4 burst, which dramatically 14Oy species, the increase of which could compensate for
increases by 500 pmol mot during the burst, rather than this reduction in particle growth. However it should also be
decreasing by 100 pmol mot as the basic model does (see noted that nucleation, which is thought to be an appreciable
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Fig. 11. Non-seasalt aerosol properties for therécycling, low

tide, model run. Top panel is the dry mole fraction of Nat  Fig. 12.Mixing ratios of b, 10, OIO, kOy, NOg, and ratio of :10,

a height of 0.5m. Bottom panel is total dry volume of the non- in the lowest five layers of the model column for the two low photo,

seasalt mode at heights of 0.5, 8, 60, 250 and 650 m (black, redow tide, model runs. Dashed and solid lines are, respectively, for

blue, green, and purple lines, respectively). the standard chemistry scheme and theetycling scheme. Black,
red, blue, green, and purple lines represent levels with their centres
at0.5, 2, 4.5, 8 and 12.5m, respectively.

sink of the kOy species, is also not accounted for in the

model. range of the peak IO mixing ratios at higher photolysis rates;

similarly the mixing ratios of OlO at these levels (13-6 and
18-11 pmol mot?, respectively for the standard chemistry

and b recycling schemes) are much the same as they are for
The testcases presented above all use near clear-sky congfe higher photolysis model runs.

tions — the weather conditions at Roscoff were more mixed, The increase inlleads to an increase ip:1O ratio: reach-

however, so we have conducted an investigation into the in-Ing maximum values in levels 4 and 5 of 4.2—2.3 and 5.8-6.5
qu_ence of photolytic rates on the iodine chemistry. To studyip the standard chemistry angflecycling testcases, respec-
this effect we have chosen to use the photolysis data fromiyely. This increase brings the:IO ratio of the standard
14 September 2006, when cloud cover reduced the aC“”'%hemistry testcase close to that reportedMhajan et al.
flux by 40-50% between 11:00a.m. and 12:00 p.m. (see Sup2009. The peak 410 ratio in the b recycling testcase is
plement for the actinic fIL_Jx diurnal profile for_thls day). We 3t the higher end of the reportesliD ratios. As before this
have also reduced the midday peak photolysis rates@y,1  atio drops off more slowly than in the standard chemistry

1203 and bO4 by 50% to 0.03 to match the reductions in the testcase, remaining above 2.5 after the fisgidrst (and be-
rest of the photolysis rates. We have rerun both the standargyeen 4.5-3.0 for the majority of this period).

chemistry and thexlrecycling schemes for the low tide test-
case with these new photolysis rates. 4.4 Comparison with in-situ measurements

Reducing the photolysis rates leads to increases andl
NOz mixing ratios, while the mixing ratios of 10, OlO, and The k emission scenario used for the low-tide model runs
|xoy have decreased (See F]@) These Changes are most above is most useful for studying the LP-DOAS measure-
pronounced in the lowest model level for all of these speciegnents because of the strong, concentragdslifst. However
except b, for which the proportiona| Change increases with it is not as useful for Comparison with the in-situ measure-
height (this is to be expected, as it is thesource term  ments of IO Whalley et al, 2007) and b, (Leigh et al, 2010
which most determines it's mixing ratio in the lowest level, because of weakness of the twoemission bursts close to
while for the other species the reduction of their production Roscoff (blue line, Fig2) — our model does not consider the
rates from, ultimately, the photolysis of Will greatly re-  local mixing of air masses that is included in footprint emis-
duce their mixing ratios close to the $ource). At levels 4 sion models (cf. Leigh et al, 2010, which would smooth
and 5 the peak mixing ratios of have increased to around out local variations ind emissions. For example, the sec-
120-55 and 320—210 pmol mdi for the standard chemistry ©ond model trajectory chosen for this study (red line, 2ig.
and b recycnng schemes, respective]y_ These mixing ra_WhiCh arrives into Roscoff jUSt over an hour later than the
tios are some 100-50% higher than thentixing ratios first trajectory, has far higher emissions close to Roscoff, due
at higher photolysis rates. Conversely, the peak 10 mix-to & combination of the direction of trajectory and the spa-
ing ratios at these model levels are around 40—25 and 501ial variation of seaweed beds around Roscoff. Local mixing
35 pmol mot1, respectively for the standard chemistry and Of air masses would smooth out the differences in chemical
I, recycling schemes. These mixing ratios are within thecomposition between the two model trajectories.

4.3 Low photolysis

www.atmos-chem-phys.net/11/979/2011/ Atmos. Chem. Phys., 1199492011
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We have used these two emission scenarios for making a o .
comparison with the in-situ measurements of 10 gnahdde %
at Roscoff. We have run the model along the second emis-
sion trajectory with both the standard chemistry scheme, and
with the b recycling reaction, as well as with both the high
photolysis rates from the 23 September 2006, and the lower %
photolysis rates from the 14 September 2006. The vertical oo
profiles of 10, b, OIO, and)_(NO3+N20s), up to a height *
of 20 m, at the end of the model runs for these four model se- _*
tups, as well as those for the equivalent four model setups run%"’
over the original 4 emission trajectory, are shown in Fit. s

The mixing ratios for all these gas-phase species are high- o8> ~_- Ll b - 2
est for the second emission scenario, with theecycling i oo o) iing ato ool mo )
scheme (green lines). The highest mixing ratios for 10, OIO
and Y (NO3+N20s) occur in the high photolysis scenario

15
£
Z10
3

2

5

Fig. 13. Mixing ratios of b, 10, OIO, and}_NO3+N»Os in the

- . . . . lowest 20 m of the model column (data points indicate the centres
(green dashed lines), while the maximumrhixing ratio of model levels). Dashed and solid lines indicate, respectively, the

ocgurs in the low photolysis scenario (green solid Ilne).. In standard and low photolysis testcases. Black and blue lines indicate
neither case, however, does the model match the maximurghe based emission testcases; green and red lines indicate the closer

measured mixing ratios ogland |0 from the RHaMBLe |, emission testcases. Red and black lines indicate the standard
campaign, which were 50 pmol mdi and 30 pmol mot?, chemistry testcases; green and blue lines indicatestihecycling
respectively KcFiggans et a.2010. Indeed the maximum testcases.
modelled mixing ratios are only reach 30-60% of the maxi-
mum measured mixing ratios. Incorporation of local mixing o ] .
into the model, to smooth the heterogeneity of the seaweed 2-(NO3+N20s) mixing ratios are above the detection
beds, would help increase the modelled mixing ratios, butimit of the BBCEAS instrument (0.09-0.25 pmol mdl
probably not by the factor of 2-3 needed to match the maxi--angridge et al.2008; though no daytime measurements
mum measured values. were made during the RHaMBLe campaign, so we cannot
The I, mixing ratios in the standard chemistry model runs Make comparisons with in-situ measurements. sBo-
(red and black lines) are very low; without the recycling tolyzes rapidly, so for most model setups the mixing ratio
mechanism4 does not persist for long, and so thenhix-  ©f 2. (NO3+N20s) is higher in the low photolysis scenar-
ing ratio at Roscoff is zero for the second emission scenarid®S (Solid lines). For the second emission scenario, with the
(red lines), while the mixing ratio for the first emission sce- |2 recycling mechanism (green lines), we observe that the
nario (black lines) reaches 5 pmol mélin the lowest model 2~ (NO3+N20s) mixing ratio increases with increasing pho-
level (dropping away sharply above that level) only becausé°|y$'5 rate;. Th!s suggests that we .sljould c_)bsgrve quite large
of the small b source immediately before Roscoff. With the daytime spikes iy _(NO3+N2Os) mixing ratios if the pro-
recycling mechanism the Imixing ratio for the first emis- P0S€d  mechanism is in operation.
sion scenario (blue lines) does increase, to 5—-6 pmotol
above the bottom few metres of the column; however this
is still below the detection limit of the BBCRDS (about 10—
15 pmol mot™t). This variability in b loadings fits well with
the l, measurements made at Roscoff — whermixing ra-
tios were above the detection limit of the BBCRDS on only 4
out of the 10 days of measurementéofiggans et a)2010. (Mahajan et al.20093. In the base case simulation most
IO mixing ratios show less vafiation between the. different gaseous bromine in the model is in the form of BrN@.6—
r_nodel runs. The mc_>de| runs using the second emission proy g pmol mot1) and BrCl (1-1.2 pmol moft), with the ma-
file (gregn and rgd Ime;) are h|gh§r than those of the ,mOdefority of the rest in BrONQ and HBr, at 0.12—-0.2 and 0.07—
runs using the first emission profile (blue and black Ilnes);o_16 pmol mot 1, respectively (Fig3). The total bromine in

butin all cases the mixing ratios are higher than the detection, . gas-phase ranges from 6.0—6.4 pmolmhohaving ac-
I|_m|t of”thg EASE LIF (about 0.3 pmol mgll)(.j Th|s ahgam cumulated gradually over the Channel run as fresh seasalt
f'ts. well with the 10 measureme.nts made during t € CaM-comes into contact with polluted air (condensed-phase
paign, where there was less variation than in thenixing bromine content is 0.14 pmol mol immediately above the

ratios, and 10 mixing ratios were above the detection limit ., ¢\ (face dropping to 0.0002 pmol mowith height, and
for 14 out of the 20 days of measurements (with a high de-, .o over tr,Ie exposed intértidal region) '

pendence on the wind directidhcFiggans et a).2010).

4.5 Simulated BrO concentrations

BrO mixing ratios are very low throughout the model run
at around 2—410-3pmolmotl. Most measurements of
daytime BrO made during the RHaMBLe campaign were
around 1-2 pmol mof* with a maximum of 7 pmol moit
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Fig. 14. Mixing ratios of O3 and the major bromine compounds, in the lowest five layers of the model column. Black, red, blue, green, and
purple lines represent levels with their centres at 0.5, 2, 4.5, 8 and 12.5m, respectively. Solid and dotted lines represent mixing ratios from
the model runs with a sea basedBiource (solid lines are for the low-tide scenario, dotted lines for the high-tide scenario). Dashed lines
represent mixing ratios from the low-tide model run with a beach basgd®nce.

With an average daytime maximum BrO mixing ratio in mixing ratio with time (with a vertical gradient) when the
of only 3x 10-3pmolmol?, it is a factor of 1000 less Br, source is active, but then drop off when the source is
than the BrO observations made at Roscolflahajan et  switched off (as vertical mixing becomes the dominant pro-
al. (20093 observed that the measured BrO mixing ratios cess and brings their mixing ratios in line with the bulk of
could be replicated in a polluted environment if there wasthe vertical column). The majority of gas-phase bromine is
a total bromine loading of 200 pmol mdl, otherwise cur-  still locked up in BrNQ, which reaches 500 pmol ol in
rent chemistry schemes could not explain the BrO obserthe lowest level after 5.5h of Bremissions, and increases
vations. They used a simple gas-phase box-model for thisapidly to 400 pmol mot! when the beach Brsource term
study, forced with an initial content of 100 pmol molBrs. is switched on.

To investigate what kind of bromine sources needed to repli- The | bursts have a very strong effect on the BrO mixing
cate the BrO measurements three testcases were performeatios, reducing BrO by 5pmol mot within the centre of
with Br, sources. The first two use aBsource term from  the burst. The rapid response of BrO to changes in source
the sea of % 10'*°molecules cm?s~1 (which runs fromthe  term, as well as to changes in halogen chemistry, suggests
start of the Channel leg and across the sea-section of ththat a very localised reactive bromine source is needed to
Roscoff legs), one using the Roscoff high-tide scenario, theexplain the observations.

other the low-tide scenario. The third testcase is initialised

using the same Channel leg as the original testcases, but ,

has a constant Brsource term across the intertidal zone ° Conclusions

of 5x 10*°molecules cm?s~1 (using the low-tide scenario
only).

Ozone and bromine compound mixing ratios for the low-
est 5 levels from each of the three model runs are show
in Fig. 14. Bry mixing ratios are, as would be expected,
higher in the beach Brsource term scenario. BrO mixing
ratios are, however, very similar between the two different
source terms, around 8—15 pmol mblin the lowest level,
and 2—4 pmolmot! between 8-15m height. This is due
to the build up of reservoir bromine compounds during the
Channel leg with a sea Bisource term. The responses of
Bry, Br, and BrO to changes in the Bsource term are very
rapid. All other bromine compounds show a steady increase

LP-DOAS IO and OIO observations (or lack thereof) are
likely the result of localised emissions from macroalgae,
which are diluted with cleaner air to get average mixing ra-
Yios. LP-DOAS b observations can be explained with current
chemistry schemes, if the source term is strong and within

a few metres of the LP-DOAS lightpath. However the ob-
servations are better matched by the model using a recycling
reaction to convert ION®back into b. Additionally, the in-

situ measurements of made during the campaign can only
be explained by incorporating a recycling mechanism for |
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Targeted observations should be able to distinguish beEdwards, G. D. and Monks, P. S.:

tween these two scenarios. Duringdursts in the polluted

marine environment, it would be expected that localised in-

creases injand 10, coupled with decreases in the NO:NO

ratio and growth of non-seasalt aerosol volumes would oc

cur. If Reaction R1) is atmospherically important, N{and
NO, mixing ratios would markedly increase, while N@nd

D. Lowe et al.: Multi-phase chemistry

Performance of a single-
monochromator diode array spectroradiometer for the determi-
nation of actinic flux and atmospheric photolysis frequencies, J.
Geophys. Res., 108, 8546, doi:10.1029/2002JD002844, 2003.

Gbmez Marin, J. C., Spietz, P., and Burrows, J. P.: Kinetic and

mechanistic studies of the/D3 photochemistry, The journal
of physical chemistry. A, 111, 306—20, doi:10.1021/jp061186c,
2007.

NOy would not change greatly. If recycling does not play Gomez Marin, J. C., Ashworth, S. H., Mahajan, A. S., and

an atmospheric role then a small increase igN&zcompa-
nied by a drop in N@ and NQ, and a substantial increase
in NOy (mainly attributable to an increase in ION®hould

Plane, J. M. C.: Photochemistry of OIO: Laboratory study
and atmospheric implications, Geophys. Res. Lett., 36, L09802,
doi:10.1029/2009GL037642, 2009.

be observed. At the same time a substantial, and measufGong, S. L.: A parameterization of sea-salt aerosol source function
able, increase in nitrate fraction, and greater increase in mass for sub- and super-micron particles, Global Biogeochem. Cy., 17,
loading, of the non-seasalt aerosol mode would occur. 1097, doi:10.1029/2003GB002079, 2003.
LP-DOAS BrO measurements are higher than could be exHeJardJ‘ '?]' E., Rgadp' K}'D_ﬁ_" M‘T\;h"Je”‘SJ"I?"Ha};d%\r; SS" B_t'ﬁsz Vc\:’
plained purely with a sea-salt bromine source. Unknown, ex- = =°nnson. &. 7., Filing, M. J, seakins, = W., smil, >. &,
; . . . Sommariva, R., Stanton, J. C., Still, T. J., Ingham, T., Brooks,
tremely localised, emissions of reactive bromine could be the

B., De Leeuw, G., Jackson, A. V., McQuaid, J. B., Morgan, R.,
source for these measurements. Smith, M. H., Carpenter, L. J., Carslaw, N., Hamilton, J., Hop-
kins, J. R., Lee, J. D., Lewis, A. C., Purvis, R. M., Wevill, D. J.,
Brough, N., Green, T., Mills, G., Penkett, S. A, Plane, J. M. C,,
Saiz-Lopez, A., Worton, D., Monks, P. S., Fleming, Z., Rickard,
A. R., Alfarra, M. R., Allan, J. D., Bower, K., Coe, H., Cubison,
M., Flynn, M., McFiggans, G., Gallagher, M., Norton, E. G.,
O’Dowd, C. D., Shillito, J., Topping, D., Vaughan, G., Williams,
P., Bitter, M., Ball, S. M., Jones, R. L., Povey, I. M., O’Doherty,
S., Simmonds, P. G., Allen, A., Kinnersley, R. P., Beddows, D.
C. S., Dall'Osto, M., Harrison, R. M., Donovan, R. J., Heal, M.
R., Jennings, S. G., Noone, C., and Spain, G.: The North Atlantic
Marine Boundary Layer Experiment(NAMBLEX). Overview of
the campaign held at Mace Head, Ireland, in summer 2002, At-
mos. Chem. Phys., 6, 22412272, doi:10.5194/acp-6-2241-2006,
2006.

Supplementary material related to this
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