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Abstract

A coupled box model of photochemistry and aerosol microphysics which explicitly ac-
counts for size-dependent chemical properties of the condensed-phase has been de-
veloped to simulate the multi-phase chemistry of chlorine, bromine and iodine in the
marine boundary layer (MBL). The model contains separate seasalt and non-seasalt5

modes, each of which may be composed of 1–16 size-sections. By comparison
of gaseous and aerosol compositions predicted using different size-resolutions with
both fixed and size-dependent aerosol turnover rates, it was found that, for halogen-
activation processes, the physical property initialisation of the aerosol-mode has a sig-
nificant influence on gas-phase chemistry. Failure to adequately represent the appro-10

priate physical properties can lead to substantial errors in gas-phase chemistry. The
size-resolution of condensed-phase composition has a less significant influence on
gas-phase chemistry.

1 Introduction

Recent measurements have shown that halogens can play a major role in the destruc-15

tion of tropospheric ozone – causing up to 50% of the ozone loss in the remote marine
boundary layer (MBL) (Read et al., 2008). It has been shown that seasalt particles gen-
erated from the sea surface via wind shear are the major source of inorganic halogen
species in the MBL (cf. Keene et al., 1999; Sander et al., 2003) and size-segregated
measurements of aerosols in the MBL have shown that most seasalt aerosol particles20

have a pH of 3.5–4.5, varying across the particle size-range (Keene et al., 2002, 2004).
It may be expected then, that to investigate the causes and impacts of such variations
in composition, a size-resolved aerosol model must be used.

Detailed MBL mixed-phase chemistry has historically been studied using photo-
chemical box models which treat the condensed-phase as a simple reactive volume,25

using representative aerosol microphysical properties to determine gas-aerosol ex-
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change rates but not allowing them to evolve through time (e.g. Model Of Chemistry
Considering Aerosols, MOCCA, Sander and Crutzen, 1996). Recent work to improve
the treatment of the condensed-phase have focussed on one of two aspects: either
size-resolved chemistry or size-resolved aerosol microphysics.

The first approach simply consists of increasing the number of condensed-phases,5

giving each separate microphysical properties which relate to a size-resolved aerosol
distribution, but still without considering how these properties change with time (al-
though replenishment of condensed-phase chemical constituents by aerosol turn-over
is generally incorporated). This method has been used in the study of Pszenny et al.
(2004), who adapted MOCCA to use 14 separate condensed-phases, 7 seasalt and 710

non-seasalt; and that of Toyota et al. (2001) using SEAMAC (size-SEgregated Aerosol
model for Marine Air Chemistry), which consists of 8 separate condensed-phases, all
seasalt, and uses the ASAD chemical solver (Carver et al., 1997).

The second approach involves overlaying the mixed-phase chemistry scheme onto
a full aerosol microphysical scheme, which is used to determine the aerosol prop-15

erties needed by the chemistry scheme. This approach has been followed by von
Glasow et al. (2002), who created their 1-D column model MISTRA-MPIC (MIcro-
physical STRAtus model – Max-Planck-Institut für Chemie version) by combining a
detailed chemistry scheme with the aerosol microphysical model of (Bott et al., 1996).
Condensed-phase chemistry is calculated using two sections, one seasalt and one20

“sulphate”; the microphysical properties of each being determined by combining the
properties of all aerosol sections larger than 0.5µm for the seasalt mode, and all sec-
tions smaller than 0.5µm for the “sulphate” mode.

The aim of this paper is to investigate the relative importance of size-resolution of
both condensed-phase chemistry and aerosol microphysics to the chemistry in the re-25

mote MBL. A previous modelling study (Toyota et al., 2001) has shown that gas-phase
chemistry is dependent on the size-resolution of the aerosol mode but it is unclear
from that work if the dependence is due to microphysical or chemical influences. An
intention of the current work is to clarify the causes of this dependence.
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2 Methods

In order to address these questions a highly detailed aerosol model (MANIC: Mi-
crophysical Aerosol Numerical model Incorporating Chemistry) has been developed,
which can treat both condensed-phase chemistry and aerosol microphysics at a high-
resolution. MANIC is a zero-dimensional aerosol model designed for studying multi-5

phase chemistry. The Kinetic PreProcessor (KPP) program (Damian et al., 2002) is
used to construct a system of ODEs representing the chemical continuity equations
which are solved using the 3rd order Rosenbrock solver packaged with KPP. All gas-
and condensed-phase chemical reactions are solved in the same time-step; avoiding
any errors associated with operator-splitting (cf. Sportisse, 2000). For this same rea-10

son the physical processes affecting the condensed-phase are solved within the same
time-step as the chemistry. The microphysical properties of the condensed-phase
are re-calculated for every internal time-step taken by the Rosenbrock solver; physi-
cal properties of the particles, such as mass and density, are calculated directly from
the condensed chemical species. Aerosol particles are moved between size-sections15

using the Moving Centre method (Jacobson, 1997); the size-distributions being recal-
culated every 5 min of model time (the internal time-steps of the Rosenbrock solver are
allowed to grow up to this limit).

The multi-phase chemistry scheme is based on that of Pechtl et al. (2006), with sev-
eral updates (see supplementary material: http://www.atmos-chem-phys-discuss.net/20

9/5289/2009/acpd-9-5289-2009-supplement.pdf). The kinetics of gaseous halogen re-
actions are the subject of substantial ongoing research, but any changes to the scheme
used here will not substantially change the conclusions of the current work. The con-
densed phase major ions (H+-Na+-NH+

4 -HSO−
4 -SO2−

4 -NO−
3 -Cl−) are treated in a non-

ideal manner using PD-FiTE (Topping et al., 2009) to calculate the vapour pressures25

of HNO3, HCl and NH3 as well as the activity coefficients for the dissociation of HSO−
4

and the aforementioned condensed-species. All other condensed-phase species are
treated in an ideal manner (as is the above system for solutions with a pH greater
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than 7). Midday photolysis rates are taken from Sander and Crutzen (1996), and ad-
justed for time of day using a simple scheme included with KPP. Mass transfer between
the gas- and condensed-phases is controlled by the mass transfer rate kt (Schwartz,
1986):

kt =

(
r2

3Dg
+

4r
3v̄α

)−1

, (1)5

where r is the wet droplet radius, Dg is gas-phase diffusivity, v̄ is mean molecular
speed, and α is accommodation coefficient. The mass transfer for each species is split
into its constituent forward and backward reactions and solved in the same time-step
as the chemistry (cf. Kerkweg et al., 2007).

Particle formation and coagulation are not treated in the current model. Particle10

turnover is simulated using a deposition rate, which can be size-dependent or not,
matched exactly by an emission rate – so preserving aerosol number. The size-
dependent turnover rate, (τs)

−1, is estimated according to the dry and wet deposition
processes:

(τs)
−1 =

(
Zmbl

vd

)−1

+ (τwet)
−1 , (2)15

after Toyota et al. (2001). Zmbl is the height of the MBL (=1000 m), and the size-
dependent dry deposition velocity, vd , is based on the model of Slinn and Slinn (1980)
(assuming 9 m s−1 surface wind speed and neutral static stability). Wet deposition is
assumed to give a particle lifetime, τwet, of 8 days. For this study we will represent
the condensed-phase using two externally mixed aerosol modes, each of which could20

have a variety of different size resolutions: either 1, 2, 4, 8, or 16 sections.
The model is initialised with the gas-phase mixing ratios shown in Table 1; of these

species only NH3 is fixed. The gas-phase source terms (Table 2) represent two sepa-
rate processes: emission of gas-phase species from the sea-surface; and the entrain-
ment of air from the free troposphere into the MBL. The source terms for the iodine25
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compounds represent the former process. Entrainment from the free troposphere is
used for the NO and ozone source terms; a fixed ozone mixing ratio in the free tro-
posphere of 52 nmol mol−1 is used, while all other gas-phase species are assumed
to have the same mixing ratios as in the MBL. The gas-phase sink terms (Table 3)
represent deposition at the sea-surface. Without a condensed-phase these initial and5

boundary conditions produce ozone night-time maxima, and day-time minima, of 34
and 32 nmol mol−1, respectively (not shown).

The non-seasalt mode used in this study is a simple log-normal distribution, with
parameters given in Table 4, and has a dry composition of 32% (NH4)2SO4, 64%
NH4HSO4 and 4% NH4NO3. For the seasalt mode a pseudo-lognormal, bi-modal, dis-10

tribution (Porter and Clarke, 1997) linearly scaled to yield 15µg m−3
air of particulate NaCl

(after Toyota et al., 2001) is chosen. This represents a seasalt loading typical of higher
wind-speed conditions close to the sea surface (cf. Graedel and Keene, 1995), chosen
in order to exaggerate the magnitude of any size-resolution dependent effects which
may occur. The dry composition of the seasalt mode is 99.4317% NaCl, 0.1491498%15

NaBr, 1.372178×10−5% NaI, 4.812565×10−5% NaIO3, and 0.4176193% NaHCO3. Or-
ganic aerosol constituents are not included in this study, but MANIC may be expanded
to incorporate treatment of representative organic material on the availability of the ex-
tended PD-FiTE thermodynamic module (Topping et al., 2009). The condensed-phase
chemistry scheme is simplified by lumping together all (unreactive) cations as Na+ (von20

Glasow et al., 2002). Similarly the initial composition of the seasalt mode has been sim-
plified by not including sulphate (which is assumed to be unreactive), although sulphate
is still allowed to condense onto the this mode. These simplifications, however, will not
affect the conclusions of this study.

To generate the various discrete aerosol distributions used from these continuous25

distributions the given number distributions are first discretised into 128 sections. The
(dry) surface area and volume for each section are then determined and recombined to
create the 1, 2, 4, 8, or 16 section distributions. Only two of the three moments (num-
ber, surface area, and mass) of the aerosol-distribution can be preserved when calcu-

5294

http://www.atmos-chem-phys-discuss.net
http://www.atmos-chem-phys-discuss.net/9/5289/2009/acpd-9-5289-2009-print.pdf
http://www.atmos-chem-phys-discuss.net/9/5289/2009/acpd-9-5289-2009-discussion.html
http://creativecommons.org/licenses/by/3.0/


ACPD
9, 5289–5320, 2009

Multi-phase MBL
chemistry

D. Lowe et al.

Title Page

Abstract Introduction

Conclusions References

Tables Figures

J I

J I

Back Close

Full Screen / Esc

Printer-friendly Version

Interactive Discussion

lating these reduced resolution distributions. Thus there are three possible initialisation
types: those preserving number and volume (N/V); number and surface area (N/S); and
surface area and volume (S/V). The differences in the seasalt size-distribution for each
of these initialisation types are shown in Fig. 1 and given in Table 5. The differences
between initialisations for the 16-section distributions are of the order of a few percent,5

and so we shall treat these as an accurate reference representation of the continuous
distribution. As the size-resolution of aerosol phase is reduced these discrete rep-
resentations become less realistic. For the N/V initialisation, the seasalt dry surface
area is too large and it is expected in model runs using this initialisation that chemical
exchange between the gas- and condensed-phase would be too fast. For the N/S ini-10

tialisation the seasalt dry volume is too low, reducing the total aerosol mass. It may
be expected that this will reduce the halogen source from the condensed-phase. For
the S/V initialisation the total particle number is too low; however this has no influence
on the processes under investigation in the current work. It may therefore be expected
that this will have no effect on the model runs.15

All model runs are started with the initial conditions described above, and given
10 days spin-up time, which is the order of time scale required for all processes to
stabilise to give a steady state diurnal profile. Whilst it is recognised that this is a
somewhat unrealistic tropospheric residence time, it is required because all processes
initiate a perturbation at time t=0, hence the model initialisations are far from steady-20

state. This is not the case in the real atmosphere, where a steady-state would be
achieved in a much shorter time scale. The trends in all species are similar after, say,
3 or 4 days; but full stability in the results is exhibited after 10 days.

For all simulations described below a 1-section, S/V initialised, non-seasalt mode,
with a size-independent turnover rate of 7 days−1 is used. Model runs have been made25

to examine the influence of size-resolution in the non-seasalt model on the testcase
results. For these clean marine conditions, however, the resolution dependence of this
mode is minimal (not shown), and so for the discussion below focuses purely on the
seasalt mode.
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3 Results and discussion

3.1 Aerosol initialisation, size resolution and chemistry interactions

In Figures 2 and 3 the percentage ozone lost via autocatalytic halogen cycles, and gas-
phase mixing ratios of key species are respectively shown for the fixed aerosol-turnover
scenario showing a comparison of the three different initialisation techniques for the 1-5

section seasalt mode and the S/V initialised 16-section seasalt mode (all model runs
are made with the same S/V initialised 1-section non-seasalt mode). The differences in
gas-phase composition between the different initialisations methods for the 16-section
seasalt mode are minor (<2%, not shown), supporting the assumption that using a
16-section resolution is a reasonable representation of the continuous distribution.10

The differences in gas-phase chemistry between the S/V initialised 1-section and
16-section seasalt modes are generally minor (Fig. 3), with ozone levels within the
1-section model ≈0.05% greater than those of the 16-section model. The observed
changes in the gas-phase chemistry for the N/S initialised seasalt mode are, as may
be expected from a lower seasalt mass loading: decreased gaseous mixing ratios of15

chlorine and bromine compounds (due to the lower mass of the seasalt source for
these compounds) and increased levels of gaseous iodine compounds (due to the
reduced size of the aerosol sink for iodine). These changes lead to a slight decrease
in ozone destruction (ozone levels are ≈2% higher). Likewise the changes in gas-
phase chemistry for the N/V initialised seasalt mode are, as might be expected from20

increasing the surface-area across which the gas and condensed components interact:
levels of gas-phase active chlorine and bromine compounds are higher – owing to
increased rates of outgassing from the seasalt source term and also higher rates of
heterogeneous processing. Active iodine compound levels are also slightly increased,
again resulting from the increased processing rates. These changes lead to a marked25

increase in ozone destruction (ozone levels are ≈5% lower).
The size-dependence of the major components of the seasalt mode is shown in

Fig. 4. Of the 1-section seasalt representations it is evident that the S/V and N/V initial-
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isations best replicate the composition of the bulk mode of the higher resolution seasalt
modes. As the size-resolution of the seasalt mode is increased the development of
size-dependent structures in the seasalt composition become apparent. This is dis-
tinguishable in the 4-section model, but best resolved in the 8- and 16-section model
runs. The developing features of the size-dependent composition are as expected;5

with the highest mixing ratios of those species which condense from the gas-phase
(i.e. sulphuric and nitric acids, and iodine) in the smallest particles, while those species
whose main source-term is the seasalt mode (i.e. chlorine) are most concentrated in
the largest particles. In this context bromine is a special case – its main source term
is the seasalt mode; but, once a steady state has been reached, the bromine content10

of the gas-phase is greater than that of the condensed-phase. These two bromine
sources reinforce each other at the centre of the seasalt distribution, leading to a max-
imum in bromine mixing ratios during the day at these sizes of the distribution. This
distribution pattern of bromine is only observed in the size-independent turnover sce-
nario. When more realistic turnover rates are used these, as will be shown below,15

dominate the distribution of bromine across the particle size-range.
Gas-phase nitric acid mixing ratios are not so well captured using the 1-section

seasalt modes, even when using the S/V initialisation (Fig. 3). However this discrep-
ancy disappears when seasalt modes consisting of 2 or more sections are used (not
shown). It is postulated that this difference occurs because the uptake of HNO3 is20

strongly dependent on the acidity of the solution, and in the higher resolution seasalt
modes is slowed by increasing acidity of the smallest seasalt particles (Fig. 4). In the
1-section model, however, the bulk of the seasalt mode absorbs the increase in acidity,
so that the uptake of HNO3 is not slowed.

3.2 Aerosol microphysics, size resolution and chemistry interactions25

Model behaviour with more atmospherically realistic size-dependent turnover rates for
the seasalt mode is now investigated. Figure 5 shows the gas-phase halogen composi-
tions for the 1- to 16-section seasalt modes, where the seasalt turnover rates are calcu-
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lated on-line using Eq. (2). Ozone destruction is generally less for the lower resolution
models – as are bromine and chlorine compound levels (while iodine compound levels
are higher). This general trend can be attributed to the decrease in the bulk seasalt
turnover rates with decreasing size-resolution (Table 6). This relationship breaks down
for the 8- and 16-section models, but is consistent across the rest of the resolution5

range.
For this reason a fixed turnover lifetime of 0.57 days was used for the studies pre-

sented in Sect. 3.1 – based on the volumetrically averaged turnover rate of the 16-
section model. Comparison of the 1-section seasalt model using this fixed turnover life-
time with the 16-section seasalt model using size-dependent turnover rates calculated10

online, demonstrates that this is a reasonable approach – as there are few differences
between the gas-phase chemistry of these two models (Fig. 6). There is a lower flux of
reactive halogen compounds from the 16-section represented seasalt mode than the
1-section represented seasalt mode, because the turnover rate of the smallest seasalt
particles is decreased. These smallest particles become more acidic, with higher mo-15

lalities of sulphuric and nitric acids (Fig. 7). But, because they do not remove these
acids from the gas-aerosol system as quickly as the fixed turnover rate models, or add
extra chlorine and bromine as quickly, the gas-phase H2SO4 and HNO3 mixing ratios
are higher, and the halogen species mixing ratios lower. It is also observed that com-
position gradients across the particle size-range now dominate any diurnal-variations20

(Fig. 7). The rapid turnover of the largest particles mean that they never equilibrate
with the gas-phase and so remain alkaline, maintaining high Br− and low SO2−

4 levels.

3.3 Halogen activation cycles and their impacts

Halogen activation cycles depend on the exchange of halogen species between
the gas- and condensed-phases; the uptake rates of gas-phase species onto the25

condensed-phase are controlled by the individual species accommodation coefficients
(Eq. 1). The following discussion explores the influence of changing the rate of halogen
processing by the condensed-phase on gas-phase chemistry. This has been achieved
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by running the 16-section S/V initialised model with three different accommodation co-
efficient scenarios: Base, Toyota and Low (Table 7).

The differences in gas-phase mixing ratios for these three scenarios are compared
in Fig. 8. Reducing these accommodation coefficients reduces the cycling of halogens
through the condensed-phase. Reducing the accommodation coefficients for the HOX5

(where X=Cl, Br or I) compounds increases the gas-phase mixing ratios of HOBr, and
decreases that of Br, BrO and HBr. The mixing ratios of Cl, ClO and HCl and OClO
are also reduced, as well as that of HOCl. While the increase in HOBr is as expected,
the reduction in HOCl seems counter-intuitive. Reducing the accommodation coeffi-
cients to the “Low” testcase further reductions in gas-phase chlorine compounds are10

observed, except for ClONO2, which increases. BrONO2 mixing ratios also increase,
and all iodine compounds (except for OIO and IONO2) decrease. The increases in
XONO2 mixing ratios result straightforwardly from the reduced accommodation coeffi-
cients slowing the uptake of these species – which also reduces the uptake of nitrogen
by the condensed-phase via these heterogeneous reactions. This increases NOx mix-15

ing ratios, although the NOx daytime maxima in all cases are within measured mixing
ratio ranges (<5 pmol mol−1) of the remote MBL (cf. Torres and Thompson, 1993). At
the same time reduces the halogen mixing ratios significantly below observed levels.

These changes lead to a reduction of the HOX and XO (and cross reactions) ozone
destruction cycles, but with small increases in the XONO2 destruction cycles (Fig. 9).20

The HOBr and HOI cycles remain dominant, reaching maximum destruction rates
of ≈0.2 and ≈0.1% hr−1, while the chlorine cycles all drop to a few hundredths of
a percent ozone destruction, in-line with the reduction of Cl mixing ratios to about
0.001 pmol mol−1 (≈2.5×104 molecule cm−3). This reduces the halogen contribution to
ozone destruction to ≈0.3% hr−1.25

The changes observed in the gas-phase are mirrored in the condensed phase
(Fig. 10). The seasalt particles take up less sulphuric and nitric acids, reducing their
acidity and so reducing the activation and release of reactive chlorine and bromine
across the whole size-range (though most noticeable for chlorine in the smallest par-
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ticles). Conversely the daytime maxima of iodine in the smallest particles increases,
also due to the reduce acidity of the aerosol.

4 Conclusions

In the model sensitivity studies above, it has been demonstrated that:

– it is important to realistically represent the microphysical properties on which the5

modelled physical processes depend;

– where the condensed-phase acts as a chemical source, replicating the size-
resolution of chemistry is less important;

– where the condensed-phase acts as an acid sink it is important to accurately
represent the size-resolution of chemistry.10

Thus, when considering only gas-aerosol mass-transfer processes, it is only neces-
sary to use one size-section per aerosol mode to investigate ozone-destruction pro-
cesses, provided the box-model is initialised with the correct aerosol volume and sur-
face area. Toyota et al. (2001) observed differences between their “bulk model” and
“type 1 size-segregated model” because the aerosol surface areas were not preserved15

in their study not because of any size-dependent chemical differences. Some physical
processes, such as size-dependent turnover rates, do increase the chemical differ-
ences across the particle size-range which influence gas-phase chemistry, as demon-
strated above and by the differences between the “type 1 size-segregated model” and
“type 2 size-segregated model” in Toyota et al. (2001). These are, however, much less20

than those differences resulting from not preserving the important physical aerosol
properties.

In contrast, to reproduce the temporal variations gas-phase mixing ratios of acid
species such as HNO3 and H2SO4, size-resolved condensed-phase chemistry is re-
quired.25
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Where multiple physical processes are being modelled, and so more than two
aerosol microphysical properties are important, then a reduction in complexity cannot
be made, and a higher aerosol size-resolution is needed. Any increase of resolution is
useful, but eight or more size-sections is ideal.

To investigate halogen driven ozone-loss within a box model it is possible to use5

lumped chemistry bins on top of a size-resolved microphysical chemistry (e.g. von
Glasow et al., 2002; Pszenny et al., 2004) without sacrificing much accuracy. How-
ever this may not hold true in non zero-dimensional models, where turbulence and
gravitational mixing may exaggerate the compositional gradients across the particle
size-range which can be observed even when incorporating a simple size-dependent10

aerosol turnover function. Further investigation in this area is needed.
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Table 1. Initial gas-phase chemical mixing ratios (given in pmol mol−1).

Species mixing ratio

NO2 20
HCHO 300
PAN 10
CO 70 000
HNO3 5
SO2 90
CH3SCH3 60
H2O2 600
C2H6 500
HCl 100
CH3I 2
C3H7I 1
NO 10
NH3 50
O3 20 000
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Table 2. Gas-phase emission fluxes, Je,g, in cm−2 s−1.

Species Je,g

O3 1.326 × 1012

NO 1.5 × 109

CH3SCH3 2 × 109

CH3I 6 × 106

C3H7I 1 × 107

CH2ClI 2 × 107

CH2I2 3 × 107

CH2BrI 2 × 107

I2 40 × 107
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Table 3. Gas-phase deposition velocities, vd,g, in cm s−1.

Species vd,g

O3 1.45
H2O2 0.5
NO3 1
N2O5 1
HNO3 0.7
HNO4 0.5
HCHO 0.5
ROOH 0.5
HCl 2
HOCl 0.2
HBr 2
HOBr 0.2
CH3SOCH3 0.5
DMSO2 0.5
SO2 0.87
H2SO4 1
HI 1
HOI 1
INO3 1
INO2 1
HCOOH 1
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Table 4. Parameters for the non-seasalt aerosol distribution used in study. Ntot is in
cm−3 and RN in µm. The log-normal particle size distribution is calculated according to
dN(r)
dr = Ntot

lgσ
√

2π
×exp

(
− (lg r− lgRN )2

2(lgσ)2

)
.

Mode Ntot RN σ

non-seasalt 237 0.088 1.29
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Table 5. Comparison of the initial total moments (number, surface area and volume) of the
seasalt mode for the three different initialisation methods (N/S, N/V and S/V). The surface areas
and volumes are for the “dry” aerosol (i.e. without water). See text for details of initialising the
seasalt mode.

Number of Number Dry Surface Area Dry Volume
Sections (cm−3

air ) (µm2 cm−3
air ) (µm3 cm−3

air )

1 8.797 12.68 1.432
N/S 4 8.797 12.68 5.600

16 8.797 12.68 6.736
1 8.797 36.00 6.847

N/V 4 8.797 14.76 6.847
16 8.797 12.82 6.847
1 0.385 12.68 6.847

S/V 4 5.735 12.68 6.847
16 8.514 12.68 6.847

5308

http://www.atmos-chem-phys-discuss.net
http://www.atmos-chem-phys-discuss.net/9/5289/2009/acpd-9-5289-2009-print.pdf
http://www.atmos-chem-phys-discuss.net/9/5289/2009/acpd-9-5289-2009-discussion.html
http://creativecommons.org/licenses/by/3.0/


ACPD
9, 5289–5320, 2009

Multi-phase MBL
chemistry

D. Lowe et al.

Title Page

Abstract Introduction

Conclusions References

Tables Figures

J I

J I

Back Close

Full Screen / Esc

Printer-friendly Version

Interactive Discussion

Table 6. Volumetrically-averaged seasalt aerosol turnover rates.

Size-resolution Aerosol lifetime Turnover rate
(no. of sections) (days) (s−1)

1 2.66 0.44 × 10−5

2 1.31 0.88 × 10−5

4 0.77 1.50 × 10−5

8 0.61 1.90 × 10−5

16 0.57 2.03 × 10−5
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Table 7. Accommodation coefficients of key halogen species used in the three different sce-
narios.

Species Accommodation Coefficients
Pechtl Toyota Low

HOCl 0.5 0.01 0.01
ClONO2 0.1 0.1 0.01
HOBr 0.5 0.01 0.01
BrONO2 0.8 0.8 0.01
HOI 0.5 0.01 0.01
IONO2 0.1 0.1 0.01
OIO 1.0 1.0 0.01
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Fig. 1. Comparison of the moments (number, surface area and volume) of the sea salt mode,
using the Porter and Clarke (1997) based distribution, when using the three different initialisa-
tion methods (NV, NS and SV). Blue, red and black lines represent the 16-, 4-, and 1-section
distributions, respectively.
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Fig. 2. Comparison of ozone destruction rates (in percentage of total ozone per hour) for the
16-section S/V initialised seasalt mode, and the 1-section N/S, N/V, and S/V initialised seasalt
modes. These are represented by the black, green, blue and red lines, respectively. The
seasalt aerosol turnover rate is fixed at 0.57 days (see text).
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Fig. 3. Comparison of gas-phase mixing ratios for ozone, the major halogen species, and the
major HOx and NOx species for the 16-section 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 seasalt aerosol turnover rate is fixed at 0.57 days (see text).
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Fig. 4. Comparison of pH and nitrate, sulphate and halogen molalities of the 1-section S/V, N/V
and N/S initialised, and 2-, 4-, 8-, and 16-section S/V initialised seasalt modes. The seasalt
aerosol turnover rate is fixed at 0.57 days (see text).
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Fig. 5. Comparison of gas-phase mixing ratios for ozone, the major halogen species, and
the major HOx and NOx species for the 16-, 8-, 4-, 2-, and 1-section S/V initialised seasalt
modes. These are represented by the black, green, blue, red, and purple lines, respectively.
The seasalt aerosol turnover rate is calculated on-line for each different size-resolution.
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Fig. 6. Comparison of gas-phase mixing ratios for ozone, the major halogen species, and the
major HOx and NOx species for the 16-, and 1-section S/V initialised seasalt modes. These
are represented by the blue and red lines, respectively. The seasalt aerosol turnover rate is
calculated on-line for the 16-section seasalt mode, for the 1-section seasalt mode the turnover
rate is fixed at 0.57 days.
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Fig. 7. pH and nitrate, sulphate and halogen molalities for the 16-section S/V initialised seasalt
mode. The seasalt aerosol turnover rate is calculated on-line.
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Fig. 8. Comparison of gas-phase mixing ratios for ozone, the major halogen species, and the
major HOx and NOx species for the 16-section S/V initialised seasalt mode using the Pechtl,
Toyota, and Low accommodation coefficient settings. These are represented by the green, blue
and red lines, respectively. The seasalt aerosol turnover rate is calculated on-line.

5318

http://www.atmos-chem-phys-discuss.net
http://www.atmos-chem-phys-discuss.net/9/5289/2009/acpd-9-5289-2009-print.pdf
http://www.atmos-chem-phys-discuss.net/9/5289/2009/acpd-9-5289-2009-discussion.html
http://creativecommons.org/licenses/by/3.0/


ACPD
9, 5289–5320, 2009

Multi-phase MBL
chemistry

D. Lowe et al.

Title Page

Abstract Introduction

Conclusions References

Tables Figures

J I

J I

Back Close

Full Screen / Esc

Printer-friendly Version

Interactive Discussion

10 10.2 10.4 10.6 10.8 11
0

0.2

0.4

0.6

0.8

H
odd

O
zo

ne
 lo

ss
 (

%
 h

r−
1 )

 

 

Pechtl
Toyota
Low

10 10.2 10.4 10.6 10.8 11
0

0.5

1

1.5

2
Total Loss

10 10.2 10.4 10.6 10.8 11
0

0.1

0.2

0.3

0.4

ClO + HO
2

O
zo

ne
 lo

ss
 (

%
 h

r−
1 )

10 10.2 10.4 10.6 10.8 11
0

2

4

6
x 10

−4 ClO + ClO

10 10.2 10.4 10.6 10.8 11
0

0.5

1

1.5
x 10

−4 ClO + NO
2

10 10.2 10.4 10.6 10.8 11
0

0.05

0.1

0.15

0.2
ClO + BrO

10 10.2 10.4 10.6 10.8 11
0

0.1

0.2

0.3

0.4

BrO + HO
2

O
zo

ne
 lo

ss
 (

%
 h

r−
1 )

10 10.2 10.4 10.6 10.8 11
0

0.01

0.02

0.03
BrO + BrO

10 10.2 10.4 10.6 10.8 11
0

0.5

1

1.5

2
x 10

−3 BrO + NO
2

10 10.2 10.4 10.6 10.8 11
0

0.1

0.2

0.3

0.4
IO + BrO

10 10.2 10.4 10.6 10.8 11
0

0.1

0.2

0.3

0.4

IO + HO
2

O
zo

ne
 lo

ss
 (

%
 h

r−
1 )

Time [Days]
10 10.2 10.4 10.6 10.8 11
0

0.02

0.04

0.06
IO + IO

Time [Days]
10 10.2 10.4 10.6 10.8 11
0

1

2

3

4
x 10

−4 IO + NO
2

Time [Days]
10 10.2 10.4 10.6 10.8 11
0

0.02

0.04

0.06

0.08
IO + ClO

Time [Days]

Fig. 9. Comparison of ozone destruction rates (in percentage of total ozone per hour) for
the 16-section S/V initialised seasalt mode using the Pechtl, Toyota, and Low accommodation
coefficient settings. These are represented by the green, blue and red lines, respectively. The
seasalt aerosol turnover rate is calculated on-line.
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Fig. 10. Comparison of pH and nitrate, sulphate and halogen molalities of the 16-section S/V
initialised seasalt mode using the Toyota, and Low accommodation coefficient settings. The pH
and molality data for the Pechtl setting are shown in Fig. 7 (using the same colour scales). The
seasalt aerosol turnover rate is calculated on-line.
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