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Abstract. A coupled box model of photochemistry and  Detailed MBL mixed-phase chemistry has historically
aerosol microphysics which explicitly accounts for size- been studied using photochemical box models which treat
dependent chemical properties of the condensed-phase h#ise condensed-phase as a simple reactive volume, using
been developed to simulate the multi-phase chemistry ofepresentative aerosol microphysical properties to deter-
chlorine, bromine and iodine in the marine boundary mine gas-aerosol exchange rates but not allowing them to
layer (MBL). The model contains separate seasalt and nonevolve through time (e.g. Model Of Chemistry Consider-
seasalt modes, each of which may be composed of 1-1éhg Aerosols, MOCCASander and Crutzen996. Recent
size-bins. By comparison of gaseous and aerosol compowork to improve the treatment of the condensed-phase have
sitions predicted using different size-resolutions with bothfocussed on one of two aspects: either size-resolved chem-
fixed and size-dependent aerosol turnover rates, it was founibtry or size-resolved aerosol microphysics.

that, for halogen-activation processes, the physical property The first approach simply consists of increasing the num-
initialisation of the aerosol-mode has a significant influenceber of condensed-phases, giving each separate microphys-
on gas-phase chemistry. Failure to adequately represent thieal properties which relate to a size-resolved aerosol dis-
appropriate physical properties can lead to substantial errorgibution, but still without considering how these proper-
in gas-phase chemistry. The size-resolution of condensedies change with time (although replenishment of condensed-
phase composition has a less significant influence on gaghase chemical constituents by aerosol turn-over is generally
phase chemistry. incorporated). This method has been used in the study of
Pszenny et al2004), who adapted MOCCA to use 14 sepa-
rate condensed-phases, 7 seasalt and 7 non-seasalt; and that
of Toyota et al.(200]) using SEAMAC (size-SEgregated
Aerosol model for Marine Air Chemistry), which consists of
Recent measurements have shown that halogens can playSsseparate condensed-phases, all seasalt, and uses the ASAD
major role in the destruction of tropospheric ozone — causingchemical solverCarver et al.1997).

up to 50% of the ozone loss in the remote marine bound- The second approach involves overlaying the mixed-phase
ary layer (MBL) Read et a).2008. It has been shown chemistry scheme onto a full aerosol microphysical scheme,
that seasalt particles generated from the sea surface via win@hich is used to determine the aerosol properties needed
shear are the major source of inorganic halogen species iRy the chemistry scheme. This approach has been fol-
the MBL (cf. Keene et a.1999 Sander et a.2003 and  lowed byvon Glasow et al(2002, who created their 1-D
size-segregated measurements of aerosols in the MBL haveolumn model MISTRA-MPIC (Microphysical STRAtus
shown that most seasalt aerosol particles have a pH of 3.5model — Max-Planck-Instituttir Chemie version) by com-

4.5, Varying across the partide size_rangeéne etal.2002 blnlng a detailed chemistry scheme with the aerosol mi-
2004. It may be expected then, that to investigate thecrophysical model oBott et al.(199§. Condensed-phase
causes and impacts of such variations in composition, a sizechemistry is calculated using two sections, one seasalt and

1 Introduction

resolved aerosol model must be used. one “sulphate”; the microphysical properties of each being
determined by combining the properties of all aerosol sec-
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Fig. 1. Comparison of the moments (number, surface area and volume) of the seasalt mode, uBioigethand Clarkg€1997) based
distribution, when using the three different initialisation methods (NV, NS and SV). Blue, red and black lines represent the 16-, 4-, and 1-bin
distributions, respectively.

The aim of this paper is to investigate the relative im- several separate sections; which, during the chemistry step,
portance of size-resolution of both condensed-phase chenenly interact via the gas-phase. These sections can be or-
istry and aerosol microphysics to the chemistry in the remoteganised into a number of completely separate modes; or into
MBL. A previous modelling studyToyota et al. 2001 has  one, or more, series of particle-size defined sections between
shown that gas-phase chemistry is dependent on the sizavhich condensed-mass can be moved due to particle growth
resolution of the aerosol mode but it is unclear from thator physical processes. The microphysical properties of each
work if the dependence is due to microphysical or chemi-condensed-phase are re-calculated for every internal time-
cal influences. An intention of the current work is to clarify step taken by the Rosenbrock solver. For this study we will
the causes of this dependence. represent the condensed-phase using two externally mixed

aerosol modes, each of which could have a variety of differ-
ent size resolutions: either 1, 2, 4, 8, or 16 size-bins.

2 Methods
The size-bins of each mode are defined using the “dry”

In order to address these questions a highly detailed aerosqlarticle radius (calculated from the total particle mass ex-
model (MANIC: Microphysical Aerosol Numerical model cluding the BHO). The dry-radius is used in order that par-
Incorporating Chemistry) has been developed, which carticle composition can be tracked independently of changes
treat both condensed-phase chemistry and aerosol micran RH. Growth of aerosol particles is dealt with using the
physics at a high-resolution. MANIC is a zero-dimensional Moving Centre methodJacobsonl1997. The edges of the
aerosol model designed for studying multi-phase chemistrysize-bins are fixed, and evenly distributed in logarithmic dry-
The Kinetic PreProcessor (KPP) prograba¢nian et al. radius space (the size range of each mode is independent of
2002 is used to construct a system of ODEs representinghe other, and the two may overlap). Processes such as par-
the chemical continuity equations which are solved using theticle emission and deposition can be treated as if the size-
3rd order Rosenbrock solver (RODASSandu et a).1997) structure is fully-stationary; no new size-bins need be cre-
packaged with KPP. All gas- and condensed-phase chemicalted to accommodate the new particles. The particles in each
reactions are solved in the same time-step; avoiding any ersize-bin are assumed to have the same radius, which is used
rors associated with operator-splitting (&portisse 2000). to define the “centre” point of the size-bin. This centre point
For this same reason the physical processes affecting theoves within the size-bin as the particles grow during the
condensed-phase are solved within the same time-step as tlshemistry phase. At set time intervals the size-distribution is
chemistry. The condensed-phase can be duplicated to formecalculated, where the centre point of a size-bin has passed
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Fig. 2. Comparison of ozone destruction rates (in percentage loss of total ozone per hour) for the 16-bin S/V initialised seasalt mode, and
the 1-bin N/S, N/V, and S/V initialised seasalt modes. These are represented by the black, green, blue and red lines, respectively. The seasa
aerosol turnover rate is fixed at 0.57 days (see text).

outside the bounds of the size-bin the particles are moved tand adjusted for time of day using a simple scheme included
the appropriate adjacent size-bin and added to any particlewith KPP.

already there. This preserves the total particle number and The physical properties of the particles are calculated di-
mass, from which a centre-point radius is calculated for therectly from the condensed chemical species. Aerosol “dry”
appropriate size-bin. The size-distributions are recalculateanass (total mass excluding,8) is calculated as the sum
every 5min of model time (the internal time-steps of the of all condensed-phase species. Dry density is fixed at
Rosenbrock solver are allowed to grow up to this limit). 2000 kg nT3. These dry physical properties are only used for

The multi-phase chemistry scheme is based on that ofletermining the distribution of particles across the size-grid,
Pechtl et al.(2009, with several updates (see supple- 85 described above. The aerosol “wet” mass is the dry mass
mentary materialhttp://www.atmos-chem-phys.net/9/4559/ Plus the mass of fD. The KO condensed-phase concentra-
2009/acp-9-4559-2009-supplement)pdf The kinetics of ~ on for each size-bin is calculated using the formulation of
gaseous halogen reactions are the subject of substantial o2veri et al.(2009; which uses the same condensed-phase
going research, but any changes to the scheme used hef@jor ions as PD-FITE. Wet density is calculated using the
will not substantially change the conclusions of the currentcondensed-phase major ions, which are anion/cation paired
work. The condensed-phase major ionsh@at-NH - 10 form inorganic solutes with known densities, the rela-
HSO‘—SO?‘—NO‘—CI—) are treated in a non-ideal 1nan- tive concentrations of which are determined using the mixing
ner dsing 4PD-Fi'IgE Topping et al. 2009 to calculate the sghgme oReilly and Wood(1969. Using t.he mass fraction
vapour pressures of HNO HCl and Nk as well as the mixing rule ofTang(1997), we can determine an average so-
activity coefficients for the dissociation of H§Cand the lution density based on the relative concentrations of these
aforementioned condensed-species. All other condensecffOIUteS as descr_lbed N more detailTopping et aI.(ZO(_)S. .
phase species are treated in an ideal manner (as is the aboy, ese wet physical properties are used for all particle-size
system for solutions with a pH greater than 7). Midday determined physical processes, such as condensational parti-

photolysis rates are taken froBander and Crutze1996, cle growth and aerosol turnover rates, as described below.

www.atmos-chem-phys.net/9/4559/2009/ Atmos. Chem. Phys., 9, 45332009
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Fig. 3. Comparison of gas-phase mixing ratios for ozone, the major halogen species, and the nxegmdH\ species for the 16-bin S/V
initialised seasalt mode, and the 1-bin N/S, N/V, and S/V initialised seasalt modes. These are represented by the black, green, blue and re
lines, respectively. The seasalt aerosol turnover rate is fixed at 0.57 days (see text).

The use of only the major ions for determining the wet Henry constant (mol m® Pa1). The mass transfer for each
density and HO mass is only valid if the mole fraction of species is split into its constituent forward and backward re-
these ions is close to unity. In this study both the seasalactions and solved in the same time-step as the chemistry (cf.
and non-seasalt modes are both initialised with composition&Kerkweg et al. 2007). In keeping with the Moving Centre
which give total “dry” mole fractions of the main ions of methodk; ; is calculated only for the “centre” radius of each
>0.99 (see below). By the end of the model run this molesize-bin, and is defined aS¢hwartz 1986):
fraction has reduced to 0.90 for aerosol particles (both seasalt
and non-seasalt) with “wet” radii less than 1 um, but has re- 72 A -1
mained at 0.99 for the particles with “wet” radii greater than ke = (5 + %) ’
1um. This shows that our methods will give reasonable ap- §
proximations of the actual wet density and®imass. wherer is the wet droplet radiusD, is gas-phase diffu-

Changes in concentra‘uon of a gas-phase chemical speciegyity, approximated ad, ~ A9/3 () is mean free path
(cq, molecules crg]r) due to exchange with the condensed- |ength), mean molecular speed: VBRT/(Mn) (M is mo-

@)

phase are given as (Gander1999 lar mass), and: is accommodation coefficient.

"y Particle formation and coagulation are not treated in the
dcg = _ Z [k”. (Licg _ _Cai )} 1) current model. Particle turnover is simulated using a de-
ot =L ku RT position rate, which can be size-dependent or not, matched

exactly by an emission rate — so preserving aerosol num-
ber. The size-dependent turnover rate) 1, is estimated
according to deposition processes:

wheren,, is the number of aerosol size-bins,; is the mass
transfer coefficient (s' cm3, cmz ), L; is the dimensionless
liquid water content (Cljh cm;?), andc, ; is the concentra-
tion of the chemical species in the condensed phase (alsoin  _; (me)‘l + (twed~
— Twe

®3)

molecules crij® for computational ease) of bin kg is the )=
M
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Fig. 4. Comparison of pH and nitrate, sulphate and halogen molalities (m,_p]Ing)f the 1-bin S/V, N/V and N/S initialised, and 2-, 4-, 8-,
and 16-bin S/V initialised seasalt modes. The seasalt aerosol turnover rate is fixed at 0.57 days (see text).

after Toyota et al.(2001). Zmp is the height of the MBL  of 40 nmolmot? is used, while all other gas-phase species
(=1000m), and the size-dependent dry deposition velocityare assumed to have the same mixing ratios as in the MBL.
vy, IS based on the model &linn and SIlinn(1980 (assum-  The gas-phase physical removal processes, expressed as ve-
ing 9m s surface wind speed and neutral static stability). locities, are shown in Tablg. These are used principally to
The second term in Eq.3) above represents a first order represent deposition at the sea surface, except for the case of
continuous process, analogous to dry deposition, but usedzone, where the loss term is the sum of deposition to the
to represent aerosol loss due to other processes, such as wata and entrainment from the free troposphere. Without a
deposition. It is recognised that wet removal will comprise condensed-phase, these representations of physical transport
sporadic events, but this is simply used in order that we carplus conventional odd-hydrogen photochemistry produces a
match aerosol deposition rates with emission rates in a condiurnal ozone profile with night-time maxima, and day-time
sistent manner. The particle lifetimeyet, is set to 8 days minima, of 34 and 32 nmol mol-1, respectively (not shown).

after Toyota et al.(2001). Temperature, pressure, and rela-  The non-seasalt mode used in this study is a simple log-
tive humidity are held constant throughout all model runs atpormal distribution, with parameters given in Tadleand
values of 285.15 K, 1014 hPa, and 894%, respectively. has a dry Composition of 32%\'H4)2$O4, 64% NH4HSO4

The model is initialised with the gas-phase mixing ratios and 4% NHNOs;. For the seasalt mode a pseudo-lognormal,
shown in Tablel; of these species only NHs fixed. The  bi-modal, distribution I(’orter and Clarke1997 linearly
gas-phase source terms (TaBJeepresent two separate pro- scaled to yield 1pg malr of particulate NaCl (aftefoyota
cesses: emission of gas-phase species from the sea-surfa&t;al, 2001) is chosen. This represents a seasalt loading typ-
and the entrainment of air from the free troposphere into thecal of higher wind-speed conditions close to the sea surface
MBL. The source terms for the iodine compounds represen{cf. Graedel and Keend 995, chosen in order to exagger-
the former process. Entrainment from the free tropospherate the magnitude of any size-resolution dependent effects
is used for the ozone source term, at a prescribed velocity ovhich may occur. The dry composition of the seasalt mode is
1.3cms'1; afixed ozone mixing ratio in the free troposphere 99.4317% NaCl, 0.1491498% NaBr3¥2178<10-°% Nal,

www.atmos-chem-phys.net/9/4559/2009/ Atmos. Chem. Phys., 9, 45332009
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Fig. 5. Comparison of gas-phase mixing ratios for ozone, the major halogen species, and the myasgodH\L), species for the 16-, 8-, 4-,
2-, and 1-bin S/V initialised seasalt modes. These are represented by the black, green, blue, red, and purple lines, respectively. The sease
aerosol turnover rate is calculated on-line for each different size-resolution.

Table 1. Initial gas-phase chemical mixing ratios (given in

pmol mot~1).
Species mixing ratio Table 2. Gas-phase emission fluxes, ,, in cm~2s™%. The
O3 flux is calculated from a free troposphere mixing ratio of 40
ugao 3%% nmol mol~1 and entrainment velocity of 1.3 criv&.
PAN 10 -
co 70000 Species Je,g
ggzos 95(; O3 1.326 x 1012
NO 15x 10°
SHSSCW Ggg CH3SCHy 2 x 10°
CZHZ 200 CHgl 6 x 10°
HZC| 6 100 CaH7l 1 x 107
CHal ) CH,CII 2 x 107
C3H7| 1 CH2|2 3 x 107
NO 10 CHyBrl 2 x 10
NHs3 50 I 40 x 107
O3 20000

aZafiriou et al.(1980 b Quinn et al.(1990; Sander and Crutzen

2 aftervon Glasow et al(2002; P estimated. (199 € \Vogt et al.(1999 Y estimated afte€arpenter et a(1999
€ estimated afteMcFiggans et al(2002
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Fig. 6. Comparison of gas-phase mixing ratios for ozone, the major halogen species, and the mapmdHQQ, species for the 16-,
and 1-bin S/V initialised seasalt modes. These are represented by the blue and red lines, respectively. The seasalt aerosol turnover rate
calculated on-line for the 16-bin seasalt mode, for the 1-bin seasalt mode the turnover rate is fixed at 0.57 days.

4.812565<10°% NalOs, and 0.4176193% NaHGO Or- distribution for each of these initialisation types are shown
ganic aerosol constituents are not included in this study, butn Fig. 1 and given in Tablé. The differences between ini-
MANIC may be expanded to incorporate treatment of repre-tialisations for the 16-bin distributions are of the order of a
sentative organic material on the availability of the extendedfew percent, and so we shall treat these as an accurate ref-
PD-FiTE thermodynamic module (Topping et al., 2009). The erence representation of the continuous distribution. As the
condensed-phase chemistry scheme is simplified by lumpingize-resolution of aerosol phase is reduced these discrete rep-
together all (unreactive) cations asN&/on Glasow et aJ.  resentations become less realistic. For the N/V initialisation,
2002. Similarly the initial composition of the seasalt mode the seasalt dry surface area is too large and it is expected in
has been simplified by not including sulphate (which is as-model runs using this initialisation that chemical exchange
sumed to be unreactive), although sulphate is still allowedbetween the gas- and condensed-phase would be too fast. For
to condense onto the this mode. These simplifications, howthe N/S initialisation the seasalt dry volume is too low, re-
ever, will not affect the conclusions of this study. ducing the total aerosol mass. It may be expected that this
To generate the various discrete aerosol distributions usewill reduce the halogen source from the condensed-phase.
from these continuous distributions the given number distri-For the S/V initialisation the total particle number is too low;
butions are first discretised into 128 bins. The (dry) surfacehowever this has no influence on the processes under investi-
area and volume for each bin are then determined and recongation in the current work. It may therefore be expected that
bined to create the 1-, 2-, 4-, 8-, or 16-bin distributions. Only this will have no effect on the model runs.
two of the three moments (number, surface area, and mass) All model runs are started with the initial conditions de-
of the aerosol-distribution can be preserved when calculatingcribed above, and given 10 days spin-up time, which is the
these reduced resolution distributions. Thus there are threerder of time scale required for all processes to stabilise to
possible initialisation types: those preserving number andgive a steady state diurnal profile. Whilst it is recognised that
volume (N/V); number and surface area (N/S); and surfacethis is a somewhat unrealistic tropospheric residence time,
area and volume (S/V). The differences in the seasalt sizei is required because all processes initiate a perturbation at

www.atmos-chem-phys.net/9/4559/2009/ Atmos. Chem. Phys., 9, 45332009
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Table 3. Gas-phase loss velocitiesy 4, in cm s 1. Principally
describing deposition at the sea surface (after Kanakidou, M., per-
sonal communication, 2008), ozone loss also includes entrainment
to the free troposphere, the velocity of which has been listed sepa-
rately to the ozone deposition velocity (the total ozone loss velocity
being the sum of these two).

Species Vi, g

O3 (entrainment) 1.3
O3 (deposition) 0.15

H20, 0.5
NO3 1
N2Og 1

HNO3 0.7

HNO4 0.5

HCHO 0.5

ROOH 0.5
HCl 2

HOCI 0.2
HBr 2

HOBr 0.2

CH3SOCH; 0.5

DMSO, 0.5

SO, 0.87

HoSOy 1
HI 1
] 10.2 104 10.6 10.8 11 HOI 1
Time [Days] | N03 1
INO2 1
Fig. 7. pH and nitrate, sulphate and halogen molalities (m(ﬂjl&g HCOOH 1

for the 16-bin S/V initialised seasalt mode. The seasalt aerosol
turnover rate is calculated on-line.

) o Table 4. Parameters for the non-seasalt aerosol distribution
timer=0, hence the model initialisations are far from steady-used in study. Nt is in cm3 and Ry in pm. The

state. This is not the case in the real atmosphere, where @g-normal particle size distribution is calculated according to
steady-state would be achieved in a much shorter time scalelNG) _ _ Nt exp(— (nr—In RZN)2>_
The trends in all species are similar after, say, 3 or 4 days; - "inov2r 2(no)
but full stability in the results is exhibited after 10 days.
For all simulations described below a 1-bin, S/V ini- Mode Mot Ry o

tialised, non-seasalt mode, with a size-independent turnover non-seasalt 237 0.088 1.29
rate of 7 days! is used. Model runs have been made to
examine the influence of size-resolution in the non-seasalt
model on the testcase results. For these clean marine con-
ditions, however, the resolution dependence of this mode ig1ario showing a comparison of the three different initialisa-
minimal (not shown), and so for the discussion below focusedion techniques for the 1-bin seasalt mode and the S/V ini-
purely on the seasalt mode. tialised 16-bin seasalt mode (all model runs are made with

the same S/V initialised 1-bin non-seasalt mode). The dif-

ferences in gas-phase composition between the different ini-
3 Results and discussion tialisations methods for the 16-bin seasalt mode are minor

(<2%, not shown), supporting the assumption that using a
3.1 Aerosol initialisation, size resolution and chemistry ~ 16-bin resolution is a reasonable representation of the con-

interactions tinuous distribution.
The differences in gas-phase chemistry between the S/V

In Figs. 2 and 3 the percentage ozone lost via autocatalytic initialised 1-bin and 16-bin seasalt modes are generally mi-
halogen cycles, and gas-phase mixing ratios of key speciesor (Fig. 3), with ozone levels within the 1-bin model
are respectively shown for the fixed aerosol-turnover sce~0.05% greater than those of the 16-bin model. The
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observed changes in the gas-phase chemistry for the N/S in’
tialised seasalt mode are, as may be expected from a lowe _ 32
seasalt mass loading: decreased gaseous mixing ratios !
chlorine and bromine compounds (due to the lower mass o
the seasalt source for these compounds) and increased leve
of gaseous iodine compounds (due to the reduced size of th
aerosol sink for iodine). These changes lead to a slight de
crease in ozone destruction (ozone levels~ap&o higher). ‘ ‘ ‘ ‘
Likewise the changes in gas-phase chemistry for the N/V 10 102 104 106 108 1
initialised seasalt mode are, as might be expected from in NO:NO,
creasing the surface-area across which the gas and condens ‘ ‘
components interact: levels of gas-phase active chlorine an o8|
bromine compounds are higher — owing to increased rates c
outgassing from the seasalt source term and also higher rate
of heterogeneous processing. Active iodine compound level:
are also slightly increased, again resulting from the increaser  0.2r
processing rates. These changes lead to a marked increase 0 ‘ ‘ ‘
ozone destruction (ozone levels ar8% lower). 10 10.2 104 10.6 108 1
The size-dependence of the major components of the OH:HO,
seasalt mode is shown in Fig. Of the 1-bin seasalt rep-
resentations it is evident that the S/V and N/V initialisations
best replicate the composition of the bulk mode of the higher
resolution seasalt modes. As the size-resolution of the seasé*
mode is increased the development of size-dependent stru
tures in the seasalt composition become apparent. This i
distinguishable in the 4-bin model, but best resolved in the 95 e o e e 1
8- and 16-bin model runs. The developing features of the Time [Days]
size-dependent composition are as expected; with the high-

est mixing ratios of those species which condense from the-g g comparison of the gas-phase mixing ratio for ozone, and the
gas-phase (i.e. sulphuric and nitric acids, and iodine) in theyo:NO, and OH:HG ratios for the the 16-, 8-, 4-, 2-, and 1-bin
smallest particles, while those species whose main sourceNn/V initialised seasalt modes. These are represented by the black,
term is the seasalt mode (i.e. chlorine) are most concentrategreen, blue, red, and purple lines, respectively. The seasalt aerosol
in the largest particles. In this context bromine is a specialturnover rate is calculated on-line for each different size-resolution.
case — its main source term is the seasalt mode; but, once
a steady state has been reached, the bromine content of the
gas-phase is greater than that of the condensed-phase. ThisThe differences in gas-phase chemistry between the differ-
gas-phase bromine reservoir reinforces the Condensed-pha@@t 1-bin aerosol initialisations, and the Slml'arlty between
source term at the centre of the seasalt distribution, leading the 1-bin S/V and 16-bin models, shows the importance
a maximum in bromine mixing ratios during the day at these©f capturing the important physical characteristics of the
sizes of the distribution. This distribution pattern of bromine @erosol phase. This is more important than capturing the
is only observed in the size-independent turnover scenarioSize-resolution of the condensed-phase chemistry for the
When more realistic turnover rates are used these, as will bépecies important to halogen cycling. However, the differ-
shown below, dominate the distribution of bromine across theences observed in the gas-phase HNO3 mixing ratios be-
particle size-range. tween the 1-bin S/V and 16-bin models suggest that size-
Gas-phase nitric acid mixing ratios are not so well cap-resolved chemistry is important for acid-uptake by the seasalt
tured using the 1-bin seasalt modes, even when using th&10de.
S/V initialisation (Fig.3). However this discrepancy disap-
pears when seasalt modes consisting of 2 or more bins ard.2 Aerosol microphysics, size resolution and chemistry
used (not shown). It is postulated that this difference occurs interactions
because the uptake of HNGs strongly dependent on the
acidity of the solution, and in the higher resolution seasaltModel behaviour with more atmospherically realistic size-
modes is slowed by increasing acidity of the smallest seasaliependent turnover rates for the seasalt mode is now
particles (Fig4). In the 1-bin model, however, the bulk of investigated. Figuré&s shows the gas-phase halogen com-
the seasalt mode absorbs the increase in acidity, so that theositions for the S/V-initialised 1- to 16-bin seasalt modes,
uptake of HNQ is not slowed. where the seasalt turnover rates are calculated on-line using

mixing ratio [pmol mol

ratio
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Fig. 9. Comparison of gas-phase mixing ratios for ozone, the major halogen species, and the nyegmdH\GL; species for the 16-bin S/V
initialised seasalt mode using the Base, Toyota, and Low accommodation coefficient settings. These are represented by the green, blue an
red lines, respectively. The seasalt aerosol turnover rate is calculated on-line.

Eqg. 3). Ozone destruction is generally less for the lower res-bromine as quickly, the gas-phase3$0, and HNG mixing
olution models — as are bromine and chlorine compound levratios are higher, and the halogen species mixing ratios lower.
els (while iodine compound levels are higher). This generallt is also observed that composition gradients across the par-
trend can be attributed to the decrease in the bulk seasaticle size-range now dominate any diurnal-variations (Fjg.
turnover rates with decreasing size-resolution (Tépl& his The rapid turnover of the largest particles (which have wet
relationship breaks down for the 8- and 16-bin models, but isradii of 34 um and lifetimes of 1.7 h) is the dominate process
consistent across the rest of the resolution range. determining their chemical composition, far more so than
For this reason a fixed turnover lifetime of 0.57 days 9@S-aerosol mass transfer. Because of this they never equi-
was used for the studies presented in Séct — based Ilprate with the gas-phase and remain alk_allr_le, maintaining
on the volumetrically averaged turnover rate of the 16-binhigh Br~ and low SCﬁ‘ levels. The short lifetime of these
model. Comparison of the 1-bin seasalt model using thigparticles also emph§3|es the.dlumal variation in thelr.pH, as
fixed turnover lifetime with the 16-bin seasalt model us- @€rosol turnover during the night replaces aerosol which was
ing size-dependent turnover rates calculated online, demorgcidified du_rmg the_ day._ Diurnal variations in seasalt aerosol
strates that this is a reasonable approach — as there are feRf! for particles with diameters up to 21um have already
differences between the gas-phase chemistry of these twBe€N measuredPbzenny et al2009); so it is likely that, if
models (Fig.6). There is a lower flux of reactive halogen the size range of these instruments was |n.cr.eased, .that they
compounds from the 16-bin represented seasalt mode thaould be able to resolve the changes in acidity predicted by
the 1-bin represented seasalt mode, because the turnover rtdr model.
of the smallest seasalt particles is decreased. These small- Large scale models tend to preserve aerosol number and
est particles become more acidic, with higher molalities ofvolume, as for cloud processes the number of CCN is very
sulphuric and nitric acids (Fig’). But, because they do not important. To illustrate the effect on gas-phase chemistry
remove these acids from the gas-aerosol system as quicklthis could have with the lower size-resolutions necessary for
as the fixed turnover rate models, or add extra chlorine and large-scale model we have plotted @ixing ratio, and
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Fig. 10. Comparison of ozone destruction rates (in percentage loss of total ozone per hour) for the 16-bin S/V initialised seasalt mode using

the Base, Toyota, and Low accommodation coefficient settings. These are represented by the green, blue and red lines, respectively. Th:
seasalt aerosol turnover rate is calculated on-line.

NO:NO,; and OH:HQ ratios for the 1- to 16-bin N/V ini-  trolled by the individual species accommodation coefficients
tialised model runs (Fig8). Ozone loss has, as for the (Eq.2). The following discussion explores the influence of
S/V-initialisations, reduced for the lower-resolution models. changing the rate of halogen processing by the condensed-
The OH:HQ ratio remains fairly constant for all model phase on gas-phase chemistry. This has been achieved by
resolutions. In the lower resolution models the NO:N&tio running the 16-bin S/V initialised model with three different
has a pronounced peak at dawn, due to increased NO levelsccommodation coefficient scenarios: Base, Toyota and Low
for these models (although NQevels remain low in abso- (Table7).
lute terms for all model resolutions). The differences in gas-phase mixing ratios for these three
The differences in gas-phase chemistry between the 1-biscenarios are compared in F8.Reducing these accommo-
and 16-bin models using on-line calculated aerosol turnovedation coefficients reduces the cycling of halogens through
rates illustrates the need to use a high size-resolution in ordethe condensed-phase. Reducing the accommodation coeffi-
to treat such physical processes accurately. Conversely theients for the HOX (where X=Cl, Br or I) compounds in-
similarity in gas-phase chemistry between the 1-bin modelcreases the gas-phase mixing ratios of HOBr, and decreases
which uses the bulk-averaged turnover rate calculated fronthat of Br, BrO and HBr. The mixing ratios of Cl, CIO and
the 16-bin model, and the 16-bin model itself demonstratesHC| and OCIO are also reduced, as well as that of HOCI.
that the size resolution of the chemistry is less important tharWhile the increase in HOBr is as expected, the reduction in
the size resolution of the physical processes. HOCI seems counter-intuitive. Reducing the accommodation
coefficients to the “Low” testcase further reductions in gas-
phase chlorine compounds are observed, except for CKQNO
which increases. BrONOmixing ratios also increase, and

- all iodine compounds (except for OIO and IOM)@lecrease.
Halogen activation cycles depend on the exchange ofhalogexﬁhe increases in XONDmMixing ratios result straightfor-

species between the gas- and condensed-phases; the uIOt‘%grdly from the reduced accommodation coefficients slow-
rates of gas-phase species onto the condensed-phase are con-

3.3 Halogen activation cycles and their impacts

www.atmos-chem-phys.net/9/4559/2009/ Atmos. Chem. Phys., 9, 45332009



4570 D. Lowe et al.: Multi-phase MBL Chemistry

low

Radius [pm]

Radius [um]

Radius [pum]

Radius [um]

Radius [um]

Radius [um]

10.2 104 106 10.8 11 10 10.2 104 106 10.8 11
Time [Days] Time [Days]

Fig. 11. Comparison of pH and nitrate, sulphate and halogen molalities (m,fg]ldggof the 16-bin S/V initialised seasalt mode using the
Toyota, and Low accommodation coefficient settings. The pH and molality data for the Base setting are showi {ndtig. the same
colour scales). The seasalt aerosol turnover rate is calculated on-line.

ing the uptake of these species — which also reduces the up- The changes observed in the gas-phase are mirrored in the
take of nitrogen by the condensed-phase via these heterogeondensed phase (Fifyl). The seasalt particles take up less
neous reactions. This increases N@ixing ratios, although  sulphuric and nitric acids, reducing their acidity and so re-
the NQ, daytime maxima in all cases are within measuredducing the activation and release of reactive chlorine and
mixing ratio ranges<£5 pmol mol1) of the remote MBL (cf.  bromine across the whole size-range (though most noticeable
Torres and Thompseri993. At the same time reduces the for chlorine in the smallest particles). Conversely the day-
halogen mixing ratios significantly below observed levels. time maxima of iodine in the smallest particles increases,
These changes lead to a reduction of the HOX and x0@also due to the reduced acidity of the aerosol.
(and cross reactions) ozone destruction cycles, but with small
increases in the XON@destruction cycles (Figl0). The
HOBr and HOI cycles remain dominant, reaching maxi-
mum destruction rates ¢£0.2 and~0.1% hrt, while the |1 the model sensitivity studies above, it has been demon-
chlorine cycles all drop to a few hundredths of a percentgi ated that:
ozone destruction, in-line with the reduction of Cl mixing ra-

4 Conclusions

tios to about 0.001 pmol mot (~2.5x10* molecule cn3). — It is important to realistically represent the physical
This reduces the halogen contribution to ozone destructionto  properties on which the modelled physical processes
~0.3% hr 1. depend; e.g. for condensational growth it is important
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Table 5. Comparison of the initial total moments (number, surface Table 6. Volumetrically-averaged seasalt aerosol turnover rates.
area and volume) of the seasalt mode for the three different initiali-

sation methods (N/S, N/V_ and _S/V). The surface areas and vqlumes Size-resolution  Aerosol lifetime  Turnover rate
are for the “dry” aerosol (i.e. without water). See text for details of (no. of bins) (days) b
initialising the seasalt mode.
1 2.66 044 x 107°
—5
Number of Number Dry Surface Area  Dry Volume i é;’% 222 X 18_5
Sections  (crijd) (um2 cmzd) (nm3 em_3) : X
Br Tair ar 8 0.61 190 x 1075
1 8.797 12.68 1.432 16 0.57 203 x 10-5
N/S 4 8.797 12.68 5.600
16 8.797 12.68 6.736
NV i g';g; fi'gg gg:; Table 7. Accommodation coefficients of key halogen species used
16 8.797 12.82 6.847 in the three different scenarios.
SV }1 g?gg ﬁ'gg g'gj; Species Accommodation Coefficients
16 8.514 12.68 6.847 Base Toyota  Low
HOCI 0.5 0.01 0.01
CIONO, 0.1 0.1 0.01
HOBr 0.5 0.01 0.01
to get the total aerosol surface area and volume correct BrONO, 0.8 0.8 0.01
(Sect.3.1), while for aerosol turnover an accurate size HOI 0.5 0.01 0.01
distribution is needed (Se@.2). IONO, 0.1 01 0.01
(o][e) 1.0 1.0 0.01

— Where the condensed-phase acts as a chemical source, b .
replicating the size-resolution of chemistry is less im- ~ éstimated;” Koch and Ross{1998; ™ Abbatt and Waschewsky
. ; ; ; é1998; Hanson et al(1996.
portant; e.g. greater differences in gas-phase ozon
and halogen chemistry between model runs are caused

by coarse representations of the physical characteris- |, contrast, to reproduce the temporal variations gas-phase
tics of the condensed-phase than by coarsely—resolveq;hixing ratios of acid species such as HN@d HSOs, size-
condensed-phase chemistry (S&c2). resolved condensed-phase chemistry is required.
Where multiple physical processes are being modelled,
— Where the condensed-phase acts as an acid sink it iand so more than two aerosol microphysical properties are
important to accurately represent the size-resolution ofimportant, then a reduction in complexity cannot be made,
chemistry; e.g. differences still exist in gas-phase HNO and a higher aerosol size-resolution is needed. Any increase
mixing ratios between the 1-bin and 16-bin models of resolution is useful, but eight or more size-bins is ideal.
even when physical processes are properly represented To investigate halogen driven ozone-loss within a box
(Sect.3.1). model it is possible to use lumped chemistry bins on top
of a size-resolved microphysical chemistry (exgn Glasow
Thus, when considering only gas-aerosol mass-transfeet al, 2002 Pszenny et al.2004 without sacrificing much
processes, it is only necessary to use one size-bin per aerosatcuracy. However this may not hold true in non zero-
mode to investigate ozone-destruction processes, providedimensional models, where turbulence and gravitational
the box-model is initialised with the correct aerosol volume mixing may exaggerate the compositional gradients across
and surface areaToyota et al.(200]) observed differences the particle size-range which can be observed even when in-
between their “bulk model” and “type 1 size-segregatedcorporating a simple size-dependent aerosol turnover func-
model” because the aerosol surface areas were not preion. Further investigation in this area is needed.
served in their study not because of any size-dependent . . o
chemical differences. Some physical processes, such a@cknowledgementsThls work was carried out within the EU-
size-dependent turnover rates, do increase the chemic nded Marine Aerosol Production (MAP, GOCE 018332) and UK

. . . . . ERC-funded Reactive Halogens in the Marine Boundary Layer
differences across the particle size-range which |anuenceERHaMBLe, NE/D00B570/1) projects. Our thanks to Roland von

ggs-phase chemistry, as demonstrated above and by tr.@Iasow and anonymous referee for their helpful comments, which
differences between the “type 1 size-segregated model” angaye helped improve this manuscript.

“type 2 size-segregated model"Toyota et al(200]). These
are, however, much less than those differences resulting frorgdited by: R. Sander
not preserving the important physical aerosol properties.
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