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Abstract. This is the first article of a series present- 1 Introduction
ing a detailed analysis of bromine chemistry simulated
with the atmospheric chemistry general circulation modelHalogen containing compounds that photochemically de-
ECHAM5/MESSy. Release from sea salt is an importantcompose in the stratosphere contribute to catalytic ozone de-
bromine source, hence the model explicitly calculates aerosdtruction. Reactive bromine is less easily deactivated into
chemistry and phase partitioning for coarse mode aerosoleservoir species compared to chlorine, hence its ozone de-
particles. Many processes including chemical reaction ratestroying efficiency is about 50times higheBrasseur and
are influenced by the particle size distribution, and aerosolSolomon 2009. Though less dramatic, similar processes
associated water strongly affects the aerosol pH. Knowl-have been shown to occur in the marine boundary layer,
edge of the aerosol pH is important as it determines theas indicated by the depletion of chlorine and bromine in
aerosol chemistry, e.g., the efficiency of sulphur oxidationsea salt aerosol particleSdgnder et al.2003. In con-
and bromine release. Here, we focus on the simulated se#iast to prior model studies investigating only one of these
salt aerosol size distribution and the coarse mode aerosol pHW0 phenomenons/domains, the model simulation discussed
. . . ' . here is dedicated to consistently simulate bromine chem-
Acompanson_wn_h a\_/allable field data shows that t_he_s'm'istry from the boundary layer to the stratosphere. We used
ulated aerosol distributions agree reasonably well within the he atmospheric chemistry general circulation model (AC-
range of measurements. In spite of the small number o CM) ECHAMS/MESSy http:/ww.messy-interface.oyg

gerosol pH measurements gnd the uncertainty in its EXPel5acause this model is able to consistently simulate chemistry
imental determination, the simulated aerosol pH COMPpares ‘. antire domainJockel et al, 200§. For a list of ab-
well with the observations. The aerosol pH ranges from alka’breviations see Table. One airr’1 of this work is to com-
line aerosol In areas of str_o ng production down_to pH'Vall_JeSpute both column integrated and vertically resolved reactive
of 1 over regions of medium sea salt production and high

_ ) bromine (e.g. BrO) concentrations that can be directly com-
levels of gas phase acids, mostly polluted regions over th%ared to global satellite measuremem&gner et al.2007).
oceans in the Northern Hemisphere.

The latter will be pursued in a follow-up article, whereas here
we focus on the marine boundary layer.

One important bromine source is sea salt aerosol. There-
fore, an adequate aerosol representation must be available

Correspondence toA. Kerkweg in the model, on which we focus in the present article. In
BY (akerkweg@mpch-mainz.mpg.de) recent years much progress has been made in incorporating
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Table 1. List of all abbreviations used in this article.
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abbreviation

AC-GCM
ACE 1
ADM
AEROCE
AeroCom
AIRSEA
BC
CLOUD
CONVECT
CVTRANS
DMS
DOE-EML
DRYDEP
DU

E5/M1
E5/M1t
ECHAM5
ECHAMS5-HAM
ECMWF
EMEP
H20

HAM
HETCHEM
IMPROVE
JVAL
L87/L90
LNOX
LWC

M7
MAECHAMS5
MBL
MECCA(-AERO)
MESSy
oC

ODE
OFFLEM
ONLEM
PDF

PSC
RAD4ALL
QBO
SEAREX
SCAV
SEDI

SS

SuU
TNUDGE
TROPOP

Atmospheric Chemistry General Circulation Model

First Aerosol Characterisation Experiment
aerosol dynamical model

Atmosphere-Ocean Chemistry Experiment

Aerosol Comparison experiment

MESSy submodel: trace gas air-sea exchange

black carbon (aerosol component, M7)

MESSy submodel: cloud microphysics

MESSy submodel: convection parameterisation

MESSy submodel: convective transport of tracers
dimethyl sulphide

Department Of Energy, Environmental Measurements Laboratory
MESSy submodel: dry deposition of gases and aerosols
dust (aerosol component, M7)

ECHAMS5/MESSYy versionl

extended ECHAMS5/MESSy1 version, used in this study
GCM (MPI for Meteorology, Hamburg, Germany)
ECHAMS version including the HAM

European Centre of Medium-range Weather Forecasts
European Monitoring and Evaluation Programme
MESSy submodel: chemical tendency gftHand feedback
Hamburg Aerosol Model (based on the ADM M7+sources and sinks)
MESSy submodel: heterogeneous chemistry
Interagency Monitoring of Protected Visual Environments
MESSy submodel: photolysis rates

abbr. for vertical number of layers (L87=87 vertical layers)
MESSy submodel: Lightning N©

liquid water content

MESSy submodel: an ADM

middle atmosphere setup of ECHAM5
marine boundary layer

MESSy submodel: gas and aerosol phase chemistry
Modular Earth Submodel System

organic carbon (aerosol component, M7)

ordinary differential equation

MESSy submodel: offline emissions

MESSy submodel: online emissions

Probability Density Functions

MESSy submodel: polar stratospheric clouds
MESSy submodel: radiation

Quasi-Biennial Oscillation (process and MESSy submodel)
the sea/air exchange program

MESSy submodel: scavenging and cloud chemistry of gases and aerosol particles

MESSy submodel: sedimentation of aerosol particles
sea salt (aerosol component, M7)

sulphate (aerosol component, M7)

MESSy submodel: tracer nudging

MESSy submodel: tropopause diagnostic
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aerosols into global model&duer et al. 2005 Stier et al, tion with 87 layers (L87) on a hybrid-pressure grid reaching
2005 Gong et al. 2003 Spracklen et a).2005, following from the surface up to 0.01 hPa80 km altitude) as avail-
the overall tendency in atmospheric modelling to include ad-able in the ECHAMS version 5.3.02. This resolution di-
ditional details of processes. Most of these models focusvides the boundary layer into more vertical layers than the
on aerosol microphysical processes, and neglect or simplifft 90 setup (used in the evaluation difckel et al.(2006).
aerosol chemistry. For examplistier et al.(2005 included Hence, on average the marine boundary layer is described
only the phase transition of sulphate, i.e. the condensation aby 4 model layers. While the L87 setup has a much better
gas phase acids onto aerosol modes/hiasger et al(2005 resolution in the lowest part of the atmosphere, the resolu-
used thermodynamic equilibrium chemistry. In our simula- tion of the L90 setup is better in the upper troposphere and
tion, gas and aerosol phase chemistry is calculated in greadtratosphere. A figure illustrating this can be found in the
detail (Kerkweg et al. 2007). We prognostically calculate supplementtittp://www.atmos-chem-phys.net/8/5899/2008/
the chemistry in the aerosol phase, i.e. without equilibriumacp-8-5899-2008-supplement.gzipReferring to the physi-
assumptions using an explicit aqueous phase mechanism faal description the extended MESSy version (N, lused for

the reactions in the coarse mode aerosol, the heterogeneotlss study, is basically the same as MESSy version 1 (M1)
reactions on the coarse mode and the phase transitions. Tescribed and evaluatedJdackel et al.(2006.

our knowledge, this is the first global simulation attempting

this in such detail. One of the advantages of this approaclp 1 Model setup

is that the H concentration is included like other chemical

species, which allows a prognostic calculation of the aeroso{Ne discuss two simulations in this paper. First we repeated
PH. . . _ . the evaluation simulation abckel et al.(2006 to show that
The chemistry releasing bromine from the aerosol iSy,e model with the L87 vertical resolution setup produces
strongly. pH dependent, as bromine is efficiently releasedcomparable results to the L90 setup usedJogkel et al.
from acidified aerosol (pH5.5) only. In fact, all aerosol (2009. Hereafter this simulation is referred to as S-new. It

chemistry depends on the aerosol pH. In turn, the pH is in'Was performed for the years 1998-2000. The second simula-

fluenced by the size distribution and the liquid water con- o, will pe denoted as S-hal simulation. It is the main sim-
tent of the aerosol particlesqn Glasow and Sande200]). ;4tion discussed in this series of articles, and it comprises
Since the sea salt aerosol mass is dominated by the coarggjicit aerosol and bromine chemistry calculations. S-hal
size fraction, the particle distribution and the aerosol pH forcovers the period of January 1998 to December 2000. The
coarse_mode_aerosol are _evgluated here. ~ first two years are used as model spin up (especially needed
Section2 gives a description of the model used for this {4 ensure that the aerosol distribution and the aerosol chem-

study with a special focus on the aerosol dynamical modelstry are in dynamic equilibrium), and the year 2000 is anal-
(Sect.2.4) and the aerosol chemistry model (S&). In  yged here.

ﬁ.‘fﬂfyﬁf (%rgc\:/tgel?gr?c\j/et;i\gsxvsgftahee;?jﬁf{? ;‘eerrg;;' d':_' The resolution is T42L87MA (MA stands for Middle At-
U P mosphere, se6iorgetta et al.2002 2006. The horizon-

values (Sect.2) before we draw our conclusions in Se&t. tal resolution (T42) corresponds to a quadratic Gaussian grid
of approximately 2.8x2.8° (same as used hjockel et al,
2006 in longitude and latitude. The model timestep is 720 s.
To capture diurnal cycles, results are sampled as 5-hourly in-

2 Model description stantaneous output for almost all fields. This enables us to
resolve an hourly diurnal cycle every 5days of the simula-

For this study we used the atmospheric chemistry general®n-
circulation model (AC-GCM) ECHAM5/MESSy1 (E5/M1).  Jockel et al.(2006 and Giorgetta et al(2006 showed
ECHAMS is the 5th generation European Centre Hamburgthat MAECHAMS is able to produce a selfconsistent Quasi-
GCM (Roeckner et a]2003 2004. Itis coupled to the Mod- ~ Biennial Oscillation (QBO). Since we are in the present study
ular Earth Submodel System (MESSy¢kel et al, 2005 not primarily interested in showing that the QBO is develop-
which includes atmospheric chemistry and dynamics relatedng in the model by itself, it was additionally forced by the
submodels. The coupled E5/M1 model has been extensivelMESSy submodel QBO to yield the observed QBO phase.
evaluated bylockel et al.(2006. In addition, temperature, vorticity, divergence and the
To adapt the model to the needs of this study we intro-logarithm of the surface pressure of the model have been
duced one important change. Since one of the main fochudged towards the analysis data from the European Centre
of the present simulation is bromine chemistry in the ma-of Medium-range Weather Forecasts (ECMWF) operational
rine boundary layer and in the free troposphere, a modelveather forecast model to represent the observed meteorol-
providing a higher resolution of the lower part of the atmo- ogy in the tropospherelJéuken et al.1996 Jockel et al,
sphere is desirable. For this, we applied a vertical resolu2006. The nudging was applied from above the boundary
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layer up to 200 hPa, thus the stratosphere as well as thpresent analysis is TROPOP which diagnoses the tropopause
boundary layer are calculated freely. and the boundary layer height.
Most emissions are calculated from monthly offline fields
using the submodel OFFLEMKérkweg et al, 20068,  2:2 Hardware
For a_l.detalled description .of all submodgls mentloned'hereAII simulations were performed on the IBM pSeries “Re-
seeJockel et al.(2006. A list of annually integrated emis- "
gatta” system based on Power 4 processor technology at the

sion fluxes of most trace gases can be found_ n the_ SUPMax Planck computer center Garching. We used 256 CPUs
plement ofPozzer et al(2007). To calculate online emis-

sions for oceanic DMS (dimethyl sulphide), NO, isoprene (8 compute nodes). One month simulation time of the refer-

and aerosols the MESSy submodel ONLBRékweg et al, ence simulation requweq a wall cIocK time of approxmatgly
) - 14 h. The most demanding process is the aerosol chemistry,

2006h is used. The aerosol emissions are further de- e . : . o

X : . a sensitivity simulation not including the explicit aerosol
scribed in the section about the aerosol model M7 (Se4}. . . .

. : chemistry only required half of the CPU time of the refer-

4.2 TgNQ, per year are produced by lightning (submodel ence simulation
LNOx, Tost et al, 2007). '

For some trace gases the emission fluxes are highly uncep 3  Comparison to the evaluated model results
tain, while the atmospheric concentrations in the boundary
layer are relatively well known. Thus the mixing ratios of Because some important changes have been applied between
N»O, CH4, CFCk, CH3CCl3, CCly, CRCIBr, CRBr, Hy, the model setup used kjpckel et al.(200§ and the model
COp, Sks, CH3Cl and CHBr are nudged towards the ob- setup discussed here, a comparison of the results obtained by
served values in the lowest model layer using the submodeboth model configurations with the same setup is required.
TNUDGE (Kerkweg et al. 20060). To improve the emis- Thus a simulation (S-new), with the setup as described by
sions of acetone and methanol from the ocd®oeger etal.  Jockel et al.(2006 for the S2 simulation, i.e. using the
2007, the submodel AIRSEA is use®¢zzer et a).2006. same submodels and namelist settings, was performed. The

Dry deposition of gas phase species and aerosol particlegiain difference is the model resolution (T42L87MA ver-
and sedimentation of aerosol particles are calculated by théus T42L90MA) and the application of some additional
MESSy submodels DRYDEP and SEDI, respectivélgrk- diagnostic tools. Overall the results of both simulations
weg et al, 20063. agree well within the expected uncertainties. The electronic

Cloud formation is calculated by the submodels CLOUD SUPPlementt{ttp://www.atmos-chem-phys.net/8/5899/2008/

and CONVECT Tost et al, 2006k 2007). Convective trans- 2CP-8-5899-2008-supplementyimcludes almost all fig-
port of trace gases and aerosol particles is included via th&"€S corresponding to thoseJackel et al (2009.
submodel CVTRANS. Scavenging, cloud chemistry and wet
deposition are calculated by SCAVYdst et al, 20063. Gas

and aerosol phase chemistry are simulated by MECCA(-A major source of bromine in the atmosphere is the release

AERO) (Sander et a].2003 Kerkweg et al, 2007). Pho- oy seq saltKerkweg et al(2007) describe the submodel

tolysis rates required _by MECCA are calculated with the MECCA-AERO calculating the release via an explicit gas
submodel JVAL following the approach dfandgraf and g aerosol phase chemistry mechanism. One important in-

Crutzen(1998. All tendencies of the gaseous,@ tracer  ;+ harameter for these calculations is the aerosol distribu-
are fed back to the specific humidity by the submodgDH 5 "\which is required by MECCA-AERO, and is computed
e.g. the effect of the methane oxidation or the tendencies duBy an aerosol dynamical model (ADM). The ADM MY
to transport, cloud droplet evporation etc. Heterogeneougyna;i et al, 2004, which describes the aerosol distribution
reaction rates and the partitioning of total water into waterby 7log-normal modes (4 soluble, 3 insoluble), was imple-
vapour, liquid water and ice for polar stratospheric clouds anted as a submodel into the MESSy syste’m. The box-
(PSCs) as well as outside the PSC region, are accounted fQf,,4el M7 was developed and is used $#jer et al.(2005
in the submodels PS®(chholz 2003 and HETCHEM, re- i, EcHAMS5-HAM. Emissions and loss processes of parti-
spectively. Aerosol microphysics is calculated using the sub|as are not part of M7, but are calculated by other MESSy
model M7 (see Secg.4). submodels (e.g. ONLEM, DRYDEP and SCAV). Thus we
The temperature tendencies due to radiative heating (subare using the same microphysical coreStier et al.(2005,
model RAD4ALL) are calculated by using the online- put source and sink processes are implemented differently.
calculated mixing ratios of CE)N2O, CFCh, CRCly, cloud  For example, HSQ4 is determined by the full chemical reac-
cover, water vapour, cloud water content, and cloud ice. Fotion mechanism as given by MECCA(-AERO), wher&gigr
the aerosol radiative effects the same aerosol climatology igt al. (2009 calculate HSOy by the oxidation of DMS and
used as irockel et aI(ZOOQ SO, by prescribed OH.
In addition to the submodels listed above, we included sev- M7 distinguishes five different aerosol components: sul-
eral diagnostic submodels. The only one important for thephate (SU), black carbon (BC), soluble and insoluble

2.4 The microphysical aerosol model M7

Atmos. Chem. Phys., 8, 5898917 2008 www.atmos-chem-phys.net/8/5899/2008/
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Table 2. Distribution and characteristics of aerosol components in the M7 modes: SU=sulphate; OC=organic carbon; BC=black carbon;
SS=sea salt; DU=dust.

Mode SU OC BC DU SS radiusrangerp]
1 nucleation soluble X r<0.005
2 Aitken soluble X X X 0.0057<0.05
3 accumulation soluble X X X X x 0.85<0.5
4  coarse soluble X X X X x 0&
5 Aitken insoluble X X 0.0057<0.05
6 accumulation insoluble X 0.85<0.5
7 coarse insoluble X 05

Table 3. Annually averaged primary emissions, dry deposition, sedimentation and wet deposition of M7 components. The units are Tg(S)
for SU and Tg(C) for OC and BC, respectively.

primary dry wet

component burden lifetime emission deposition sedimentation deposition

(Tg)  (days)  (Talyn) (Talyr) (Talyr) (Talyr)
SuU 0.4 0.0 0.9 0.8 1.2
ocC 1.0 4.1 88.0 6.0 3.6 66.2
BC 0.1 47 7.7 0.5 0.3 5.3
DU 5.6 3.7 554.2 34.6 112.3 275.8
SS 7.3 0.5 5213.3 1520.0 829.9 2774.1
Accumulation 0.1 0.6 56.3 3.8 0.1 11.1
Coarse 7.2 0.5 5157.0 1516.2 829.8 2763.0

organic carbon (OC), sea salt (SS) and dust (DU). More details about the individual processes as simulated
It distributes aerosol masses and particle numbers intdy M7 are given inVilson et al.(2001), Vignati et al.(2004)

7 log-normal modes. Three of these modes contain only in-andStier et al.(2005.

soluble material (BC, OC and DU) and four modes are as-

sumed to be internally mixed additionally containing soluble 2.4.1  Emissions and removal processes

material (SU, OC and SS). Insoluble particles can be coated

by sulphate, thus becoming soluble particles. Consequentlygea salt emissions are particularly important for the release
the larger soluble modes can contain all five componentsof reactive bromine in the marine boundary layer. The
Table2 summarises the distribution of the different compo- scheme used for our simulation applies lookup tables. It
nents among the modes and lists the corresponding dry radius a wind speed dependent interpolation between the emis-
ranges for the modes. The total particle number as well as thgion functions ofMlonahan(1986 and Smith and Harrison
masses of the components of each mode are calculated progt998. Since they depend on the aerosol mode definition,
nostically, whereas the mean dry radius and the mean amthe lookup tables are especially designed for M7 emissions
bient radius are determined diagnostically. The radius stan{Guelle et al. 2001 Schulz et al.2004. Table3 lists the
dard deviation for each mode is kept constartZ.0 for the  annual primary emission fluxes for all M7 components. Pri-

coarse modes ang=1.59 for the other modes). mary emissions of sulphate are not taken into account in this

This modal structure requires 18mass tracers andnodel study. Furthermore, the budget of sulphate is rather
7number tracers, i.e. 25 aerosol tracers in total. low as we did not include volcanic emissions in our emission
M7 simulates the following processes: inventory, i.eA12 Tg(S)/yr are missing.

— Nucleation of sulphate particles, for which the mecha- Tpe organic and black carbon emissions used in this
nism byVehkanaki et al.(2003) is applied. study have been adopted from the AeroCom B experi-
— Condensation of bBOs onto all modes enabling the ment Dentener et al(2008, http://nansen.ipsl.jussieu.fr/
transfer of insoluble particle mass into soluble modes. AEROCOM)). They are subdivided into fossil fuel, biogenic
— Coagulation of aerosols. fuel, wildfire emissions and Secondary Organic Aerosol
— Transition from smaller to larger modes. (SOA) formation.

www.atmos-chem-phys.net/8/5899/2008/ Atmos. Chem. Phys., 8, 58992008
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The mineral dust emissions depend on the soil moisturesubstances, e.g. BrN@nd Bp is expected to be shifted to-
a source strength factor, a threshold velocity and the claywards BrNQ, as the recycling on the accumulation mode
fraction of the uppermost soil layeBélkanski et al.2003. is missing. The effect of accumulation of bromine in very
A more detailed description of all online calculated sourcessmall particles $ander et al.2003 has not been captured
can be found irkerkweg et al(2006h). The Technical Note by any model so far as the mechanism leading to this ac-
about MECCA-AERO Kerkweg et al.2007 contains a de- cumulation is not yet understood. In summary, the source
tailed description of the aerosol emissions and the aerosabf bromine through aerosol chemistry is expected to be re-
removal processes (dry deposition, sedimentation and scawlistic, while the recycling of bromine on the accumulation

enging and wet deposition). mode is ignored. Additionally the heterogeneous reactions
(e.g. HNG; uptake) are ignored in the free troposphere and

2.5 The aerosol chemistry model over the continents where the aerosol water content is below
10~ 2 m3(aq)/n(air).

In our model aerosol chemistry is explicitly calculated us- Near the surface the existence of very large particles may
ing the MESSy submodel MECCA-AEROKérkweg et al.  become important. The lifetime of these particles is very
2007). MECCA-AERO uses the Kinetic PreProcessor short as they sediment very fast because of their size. The
(KPP, Damian et al.(2002, Sandu and Sand€R006) to grid boxes of the lowest model layer are higher than 60 m.
solve the differential equation set of the reaction mecha-Since a value given for this box must be representative for the
nism. The reaction mechanism comprises 146 species reacivhole grid box, and since the large particles seldom reach a
ing in 191 gas phase reactions, 65 photolysis reactions, anteight of more than 10 m, this effect of large particles is neg-
10 heterogeneous reactions on polar stratospheric clouds. ligible in the model.

the aqueous phase 13 acid-base equilibria, 24 phase transi-

tions and 14 redox reactions are taken into account. In the

supplement a complete list of all reactions included in the . ,

simulation is provided. All reactions and equilibria are ex- 3 Results and discussion

plicitly calculated, hence the aerosol pH is also prognosti-
cally determined in this simulation. ThefHconcentration

is treated like all other aerosol phase species concentration§ne distribution of sea salt aerosol strongly influences the

i.e. the pH is a direct result of the phase transitions and of.5|aase of bromine to the gas phase. Therefore its represen-

the reactions in the aerosol phase. These themselves depepg; by M7 and the source and sink processes in MESSy
on the liquid water content (ambient radius), the abundance, .o analysed in the following.
of the species in gas and aerosol phase and physical param- g, re1 displays the annually averaged global sources and

eters such as temperature, pressure etc. Details on the detgfqs The panel on the upper left shows the sea salt emis-
mination of the rate coefficients are givenderkweg etal. i s'in g/(Myr). The largest emissions occur in the mid-

(2007. latitudes over the ocean, i.e. in the storm track regions. The

MECCA-AERO is affected by numerical instabilities pigh prevailing wind speeds lead to strong sea salt produc-
araising from the extreme stiffness of the kinetic ODE (0r- {jon. The smallest emissions over the ocean are found in the

dinary differential equation) system (see discussiokerk-  {ropjcs west of the continents and throughout Polynesia.

weg et al, 2007. Consequently, for this study explicit  pye to the short atmospheric lifetime of coarse mode sea
aerosol chemistry was calculated for only one aerosol modeg,t particles (see TabB), the spatial distribution of the sinks
Since coarse mode sea salt aerosol is the dominant sourgg highly correlated to the source distribution. The largest
of bromine, the physmal mformaﬂon about 'the coarse mOdespatiaI gradients appear in the dry deposition process (up-
of the ADM M7 is used in the present simulation. The per right), showing the highest loss rate in the mid-latitudes
solver was only stable when aerosol chemistry was lim-ang the lowest in the tropics. The storm track regions are
ited to aerosols with a liquid water content larger than associated with high wind speeds, hence the strongest dry
10?m3(aq)/m’(air). In the marine boundary layer the geposition appears in these regions. The largest wet deposi-
coarse mode aerosol water content is usually larger than thigon events (lower right) occur also in the storm track regions,
threshold, while it is smaller over land and in the free tro- 55 et deposition is strongest in regions where precipitation
posphere. Coarse mode sea salt aerosol is the most impOgyents are frequent. Although sedimentation (lower left) fol-
tant source of atmospheric bromine, whereas the accumulag,ys the same pattern as the other three processes, the gra-
tion mode aerosol is important for the recycling of reactive gient from the mid-latitudes to the tropics is relatively small.
bromine. Due to problems with the numen_cal instability we gjnce sedimentation only depends on the physical properties
had to neglect the effect of the accumulation mode aerosolyf the particles and on the density of the ambient air, the effi-

Thus the amount of bromine released to the atmosphere byjency of sedimentation is not dependent on the wind speed
sea salt aerosol is expected to be well captured by our apy, contrast to dry deposition.

proach, whereas the partitioning between different gaseous

3.1 Aerosol distribution

Atmos. Chem. Phys., 8, 5898917 2008 www.atmos-chem-phys.net/8/5899/2008/
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Fig. 1. Annually averaged sea salt sources and sinks (?gll())1 top left: emission; top right: dry deposition (without gravitational settling);
bottom left: sedimentation and bottom right: wet deposition.

Table 3 lists the annually integrated global source andto be expected, as the simulated boundary layer comprises
sink fluxes for all M7 components in Tg/yr. The sulphate only ~4 layers on average, which makes it difficult to resolve
emissions are zero, because primary emissions are not takdmoundary layer features as e.g. the capping inversion, which
into account. The largest and the smallest sink are wet deacts as a transport barrier and thus is essential for the vertical
position and sedimentation, respectively, except for dust fortransport of emitted species. Only a few measured vertical
which the smallest sink is dry deposition. This is on the oneprofiles exist Maring et al, 2003 showing a rapid decrease
hand in contrast t&®ierce and Adam§006 reporting dry  with height. These gradients are much smaller in the sim-
deposition fluxes (including sedimentation) to be larger thanulation (hot shown here). Sea salt captured in the boundary
wet deposition fluxes. On the other hafidxtor et al (2006 layer is much less subject to wet removal processes, as clouds
state that “Models do neither agree on the split between webften form above the boundary layer. This might be a reason
and dry deposition, nor on that between sedimentation andor the relatively short lifetime simulated by the model.
other dry deposition processes.”. Thus our results are simi- giier et al. (2009 report a burden/lifetime of

larly realistic than those of other aerosol dynamical models. g Tg/0.8 days. The differences between the bur-
A detailed analysis of the complete aerosol distribution simu-yan¢jifetimes ofStier et al. (2009 and our simulation

lated by this M7 implementation will be given in a follow-up 5.« 5150 apparent when comparing the annually averaged
paper. Here we only analyse the sea salt distribution Which/ertically integrated column mass (their Fig. 2 to our
is important for the bromine release to the gas phase. Fig. 2). ECHAMS-HAM predicts values between 20 and
The simulated burden (7.3 Tg) and the lifetime (0.5 days)50 mg/n? in most oceanic regions, exceeded by some
of sea salt seem to be relatively low but they match theregions where concentrations between 50 and 100 fg/m
AeroCom median (7.5 Tg/0.5 days) very welkektor et al, occur. In E5/M1" results range from 10 to 50 mgfnover
2006. Depending on the emission functioRjerce and the ocean. However, the patterns of the distribution are
Adams (2006 report sea salt burdens (lifetimes) ranging very similar. Since ECHAM5-HAM and E5/M1 use the
from 1.8 to 17.0Tg (0.46 to 2.72days). In view of the bur- same microphysical core of the aerosol model and the same
den our model is well within this range, but the lifetime is sea salt emission function these differences are caused by
near the lower end. Differences in lifetime and in the vertical more efficient sink processes in E5/N1 Here, especially
profiles between the measurements and the simulation havhe treatment of the wet deposition as the dominant sink is
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Fig. 2. Annually averaged vertically integrated atmospheric sea saltFig. 3. Annually averaged (coarse mode) sea salt aerosol concen-
column mass (mg/f). tration (wg/m2) in the lowest model layer. The lowest model layer
is between 52 and 70 (65 on average) m thick.

important. Since the MESSy implementation describes the

process in more detail, differences in the efficiency of this Many aerosol measurements are made available by
process are expected. The implementation in MESSy leadéeroCom fttp://nansen.ipsl.jussieu.fry AEROCOM/

to a higher loss rate which might be true or overestimatedHere we focus on five projects in which sea salt aerosol
Since the sea salt lifetime has only been crudely estimatedoncentrations have been measured: the IMPROVE network
so far, the shorter sea salt lifetimes in our simulation and in(http://vista.cira.colostate.edu/improve/Data/IMPROVE/

the AeroCom median may be closer to reality as an oftenimprovedata.htn), the EMEP network

used assumption for the lifetime of coarse mode sea salt ofhttp://www.emep.int/indexdata.htmj, and the AE-

2 days Gander and Crutzei996. The lifetime influences ROCE, DOE-EML and SEAREX measurement
the aerosol pH especially in regions with low gas phase acidtations  (J. Prospero, personal communication; for
concentrations. Hence the time available for acidificationsome information about the individual programs see
of the aerosol is significantly longer in models using the e.g. http://www.igac.noaa.gov/newsletter/24/aeroce.php
assumption of a sea salt lifetime of 2 days. Duce 1982.

It is rather difficult to compare simulation results to mea- At the continental locations in North America (IMPROVE
surements and this is even harder for a relatively coarseetwork) and Europe (EMEP) our sea salt concentrations are
model resolution. Measurements are mostly taken at sineonsistently much higher than those observed (not shown
gle, distinct locations, whereas the model grid box represent$iere). This behaviour is to be expected, as the sea salt con-
approximately 250 km250 km and averages over this area. centrations are mostly infered from measured sodium con-
Nevertheless, some comparisons are presented here. Mostntrations which are not conservative in continental air. In
data are obtained during measurement campaigns limited to addition, the transport of coarse mode particles is overesti-
specific region and to a time frame of a few weeks. Measuremated in the model because of its coarse model resolution.
ments are limited by the inlet properties (e.g. strong winds Thus the remaining data for the comparison are the
normally lead to loss of sea salt), thus the measured mass KEROCE/SEAREX/DOE-EML data, mostly comprising
most likely — but not substantially — underestimated. stations located at the coast or on islands. Tdhlists the

Lewis and Schwart22004 review measurements and individual stations, their locations and the program under
model results related to sea salt. Their Fig. 17 displays meawhich they are operated. In the data set used for the com-
surements of sea salt aerosol mass concentrations as a fungarison sea salt mass concentratiogshave been estimated
tion of the 10 m wind speed. Most of the measurements are ifrom the measured sodium concentrationg by assuming
the range of 5 to 10@g/m?, and the simulated sea salt mass css=CNa/0.3071.

concentrations of our study shown in FRycorrespond well Figure 4 depicts the AEROCE/SEAREX/DOE-EML sta-
to the extent that the data sets are compardthénney etal.  tions ordered from north to south. Shown are the climatolog-
(2006 report a mean mass concentration of 2ghm?® for ical monthly arithmetic average values for the measurements

the north east Pacific Ocean. This is substantially lower tharand monthly arithmetic averages for the year 2000 for the
in our model which predicts values between 5 ang.g0m?. simulation. The averaged sea salt concentration tends to be
Fitzgerald(1997) reports in his review typical concentrations underestimated for the two northernmost stations Heimaey
between 2 and 50g/m® for coarse mode aerosol over the re- and Mace Head. But the simulated average is well within the
mote ocean, which matches our simulation. uncertainties of the measurements. For the stations located
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Fig. 4. Comparison of observed (AEROCE/SEAREX/DOE-EML measurements,red) and simulated (black) sea salt mass concentrations
(p,g/m3). The measurements are climatological monthly arithmetic averages over the period listed id. TAb&e simulation results are
calculated monthly arithmetic averages for the year 2000 based on the 5-hourly output. The stations are sorted from north to south. The
dashed lines illustrate the uncertainties, i.e. for the measurements tharidard deviation and for the model the minimum and the maximum

of the monthly average for the circumjactent grid-boxes.
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Table 4. AEROCE/SEAREX/DOE-EML aerosol measurement stations. Listed are the location of the stations, the program operating the
station and the start and end month of operation.

Station latitude longitude  Program start end
Heimaey 63.442N 20.25% W AEROCE Jul 1991  Jan 1998
Mace Head 53.19N 9.5W AEROCE Aug 1988  Aug 1994
Cheju (Kosan) 33.3/N  126.53E SEAREX Sep 1991  Oct 1995
Bermuda 32.33N 64.7% W AEROCE Mar 1989  Jan 1998
Midway Island 282N 177.3PW SEAREX Jan 1981  Jan 1997
Miami 25.78 N 80.22W AEROCE Jan 1989  Aug 1998
Ragged Point 22.2N 75.72 W AEROCE May 1984 Jul 1998
Oahu 21.47N 15798 W SEAREX Jan 1981 Jul 1995
Enewetak Atoll 118N 162.33E SEAREX Feb 1981  Jun 1987
Fanning Island 3.86N 159.36 W SEAREX Apr 1981 Aug 1986
Nauru 0.53S 166.94E SEAREX Mar 1983  Oct 1987
Tutuila 14.289S 170.72W SEAREX Mar 1983 Jan 1996
Norfolk Island 29.08S 167.9BE SEAREX May 1983  Feb 1997
Cape Point 33.955 1842E DOE-EML Feb1992 Nov 1996
Cape Grim 43S 143 E DOE-EML  Jan 1983 Nov 1996
Wellington 41.28S 17477E DOE-EML  Oct1987 Nov 1996
Chatam Island 43%S 176.49W DOE-EML  Sep 1983  Oct 1996
Invercargill 46.40S 168.33E DOE-EML  Jun 1983 Nov 1996

Marion Island 46.77S 37.83E DOE-EML Mar 1992 May 1996
Palmer Station 64.765 64.05W DOE-EML  Apr1990 Oct 1996

around 30N (Cherju, Bermuda, Midway Island) the sim- centrations represent an average for a box 250 R0 km
ulation is at the high end but reproduces the sea salt abunwide and~65 m high. But the measurement at the coast are
dance and the annual cycle. At low latitudes (Miami, Raggedmostly taken below the average box height of 32.5m.
Point, Oahu) the simulation overestimates both, the variabil- Number concentrations of coarse mode aerosol are re-
ity and the abundance. For Miami and Ragged Point no sysported more often than sea salt masses. Tablists the
tematic deviations are apparent, whereas the sea salt abumeasurements discussed below. Large particles form by pri-
dance in Oahu is overestimated. For the western Pacific stamary emissions of sea salt and dust, and by growth of smaller
tions, Enewetak Atoll and Nauru, the simulation strongly un- particles, e.g. by sulphate condensation, by coagulation or by
derestimates the sea salt abundance, whereas for the statioggporation of cloud droplets. Consequently, in the represen-
in the eastern Pacific, Fanning Island and Tutuila, it overestation of the submodel M7 these particles consist not only
timates it, but the difference is less pronounced. Both effectof sea salt and dust, but also of organic matter, black car-
might be attributed to local effects which are not included in bon and sulphate. Unfortunately M7 does not take nitrate
the global model. For the southern hemispheric mid-latitudeinto account, which is often found as a major constituent
stations Norfolk Island, Cape Point, Cape Grim and Welling-in aged aerosol particles. The growth of smaller particles
ton the simulation reproduces the measurements very welinto the accumulation mode mainly determines the particle
within the uncertainties. At the four southern-most stationsnumber in this size range, yielding relatively high numbers.
Chatam Island, Invercargill, Marion Island and Palmer Sta-However, the number concentration of coarse mode particles
tion, the model substantially overestimates the sea salt aburis mainly driven by primary emissions. Additionally pro-
dance. cessing of aerosols by clouds leads to the formation of large

To summarise, the model tends to overestimate the sea saierosol particles.
concentrations over the continents. This is on the one hand Figure5 shows the simulated annually averaged number
related to the coarse resolution of the model. On the otheconcentration of the coarse mode aerosol. In case of cloud
hand the sea salt mass concentrations are mostly inferreevaporation all resulting aerosol particles are put into the
from sodium measurements and sodium is not conservativeoarse mode by the submodel SCAV. As sulphate emissions
over the continents, which inevitably leads to deviations be-are high over europe, the large maximum in this region is
tween the measurements and the simulation. Over the oceamgost probably an artefact of this parameterisation.
the picture is not as clear. Often local effects which cannotbe Lewis and Schwart22004 report number concentra-
resolved within a global model seem to determine the meations ranging from below 1cn? up to a maximum of
sured sea salt mass. In addition, the simulated “surface” con200cnt3.  This is in good correspondence with the
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Table 5. Measurements of aerosol number concentrations.

Reference Location concentration (1&8m radius gm)

Lewis and Schwart2004 global 1-20 (up to 200)

O’Dowd and Smith(1993  north-east Atlantic  2—-80 0.085 <15
5-10 0.%kr<1.5

Bates et al(1998 Southern Ocean clean: 15 >0.15
continentally infl. 23 £0.15

Murphy et al.(1998 Southern Ocean 30 >10.16

Guazzotti et al(200]) Indian Ocean <1-5 0.%kr<1.25
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Fig. 5. Annually averaged coarse mode particle concentrationFig- 6. Annually averaged accumulation and coarse mode particle
(cm~3) in the lowest model layer. concentration (cm®) in the lowest model layer.

simulated number concentrations. Most of the oceanic meagtion mode. Figures shows the seasonally averaged sum
surements reviewed dyewis and Schwartg2004 are be-  of the number concentrations of the accumulation and the
tween 1 cn® and 20 cn®, which agrees also well with the  coarse modes. These number concentrations closely cor-
annual average number concentrations in our simulation. respond to the observations. From the figures shown by
An additional difficulty in comparing field data with model O’Dowd and Smith(1993, a mean particle number con-
results is that most of the time the measured and the simueentration for coarse mode aerosol (diametep®rB-3m)
lated radii intervals do not exactly match. Furthermore, theof around 5cm?-10 cnm2 can be deduced. For the north-
measurements are associated with some uncertainties. Feastern Atlantic our model predicts concentrations between
example, a trend seems to be evident with smaller numbel cm2 and 5cnt3, thus slightly lower than the observa-
concentrations reported in the literature in the early studiedions. Bates et al(1998 andMurphy et al.(1998 both pub-
increasing to larger ones in more recent studies. Small numlshed measurements from ACE 1 (the First Aerosol Charac-
bers were reported in the 1970s and 1980s frafncn 3 terisation Experiment). ACE 1 took place from 15 Novem-
up to 10cnT? as an upper limit (for details sdeewis and  ber to 14 December 1995, in a region south-south-east of
Schwartz2004). More recent studies presented higher num-Tasmania, Australia in the Southern Ocean. Even though
ber concentrations.O’'Dowd and Smith(1993 measured taking part in the same campaign they report different re-
concentrations in the range of 2 cAto 80 cnm3in October—  sults. Bates et al(1998 measured number concentrations
November 1989 over the north-east Atlantic for sea saltof about 15cm? in clean marine air and 23 cm in con-
aerosol diameters ranging from 0,0fn to 3um. Hence, tinentally influenced air for particles larger than @3 in
the measured number concentrations correspond to the sudiameter. Murphy et al. (1998 report concentrations of
of the number concentrations of the coarse and the accumuB0 cnt 2 for particles larger than 0.16m in diameter. Both
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thermodynamic equilibriumieene et a].1998 Fridlind and
Jacobson2000. Based on this assumption an aerosol pH for
each acid measured in gas and aqueous phase can be calcu-
lated. The disadvantage of this method is that the calculated
pH depends on the respective acikkéne et al.2004), as
for each acid individual assumptions with individual errors
(e.g. for the Henry’s law coefficient) must be made. Thus the
calculated pH-values for different acids in the same dilution
diverge. Another approach is to include all measured concen-
trations in an equilibrium (box-)model for the calculation of
a single mean pH-valué=ridlind and Jacobso(2000 used
the thermodynamic equilibrium model EQUISOLVII for this
purpose. But the assumption of thermodynamic equilibrium
b3 o T o is a simplification.
LONGITUDE Keene et al(20049) state that phase disequilibria can cause
positive and negative deviations in median pH-values. They
Fig. 7. Annually averaged boundary layer coarse mode aerosol pI—Pbserved negative phase disequilibria ”? the"f measurements
for the year 2000. of sea salt only to occur for aerosol particle diameters larger
than 2.8.m. Unfortunately, because of these difficulties in
measuring aerosol pH, only few measurements are available.
They are shown in Tablé.
particle ranges include parts of the M7 accumulation mode. Here a comparison of simulated and measured/inferred
Thus, since Fig5 shows smaller concentrations for coarse aerosol pH-values is provided. In this comparison it has to
mode aerosol only and Fig. larger values for the sum of be taken into account that the chemical mechanism applied
accumulation and coarse mode particles, our simulation rein this study does not include organic acids. Organic acids
sults agree with the range of the measureme@®saazzotti  contribute substantially to the acidification of sea salt aerosol
et al.(2001) measured aerosols during the Indian Ocean Ex-over the remote ocearkéene and Gallowagyl986. Thus
periment from February to March 1999 and observed a rangghe simulated pH-values over the remote ocean have to be
from less than 1 cm? to 5 cnm 3. The model simulates num-  regarded as upper limits.
ber concentrations between 1c#ito 10 cnt3, i.e. slightly Figure7 shows the simulated annual average aerosol pH in
higher than the measurements. the marine boundary layer (MBL). Since the pH is defined as
To summarise, the model is in reasonable agreement witlthe logarithm of the Fi concentration, it is not straight for-
the reported measurements taking into account the model'svard to calculate spatial and/or temporal average pH-values.
limitations and the uncertainties of the observations. TheOne method is to average the Honcentrations and calcu-
model tends to slightly overestimate the mass and to slightlylate the logarithm. This method has the disadvantage that
underestimate the number concentrations of sea salt aerosane single event with a very low pH dominates the average
because of the logarithmic scale of the pH-value. For this
reason we decided to average the pH-values directly, which
3.2 Coarse mode aerosol pH much better represents the typical pH-values of a specific re-
gion or period. Due to numerical reasons the aerosol chem-
The aerosol pH is a key driver of aerosol chemisttgene istry was only calculated when the liquid water content was
et al. (1998 point out its importance for sulphate oxidation above 1612m3/m3. Consequently, the pH-calculation is —
and for dehalogenation: at pH 8 the reaction of sulphur(lV)in fact — restricted to the lowest five model layers, which is
with ozone is dominant, at pH 5.5 oxidation by HOCI and well above the simulated MBL height. The diagnosed MBL
H20; prevails, and at pH 3 the decreased effective S@u-  height ranges from 100 to 2000 ma.s.l. The annual average
bility slows down the oxidation to sulphur(VI). The amount reaches from 400 to 800 m (see Fig. “nii@ight.pdf” in the
of HCI release changes drastically between pH 5.5 and 3supplement).
whereas the release of bromine is relatively constantand very In general the pH is lower in the Northern Hemisphere.
efficient in this pH range. For aerosols containing chlorine This is a direct consequence of the higher abundance of
the HCI/CI buffer is important for the aerosol pHFiidlind acids in the Northern Hemisphere where the largest emis-
and Jacobsqr200Q Keene and Savojd.998. sions of acid precursors take place, e.g. in large urban ar-
The aerosol pH is rather difficult to measure. Only a few eas, by power-plants and industries. The highest pH-values
direct measurements of diluted aerosol samples d«estife  are reached in the southern ocean storm track — the dom-
et al, 2002 2004. In most cases the aerosol pH — if re- inant source region for sea salt aerosol. Freshly emitted
ported at all — is estimated by assuming the aerosol to be irsea salt aerosol is alkaline and the abundance of gas phase

LATITUDE
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Table 6. List of publications about measured or inferred coarse mode aerosol pH.

pH location time reference
A 35-45 Bermuda 3N, 64°'W April-May 1996 Keene and Savoig 999
B 25 Southern ocean 2655’ S, 60—-13%E 18 Nov—11 Dec 1995 Fridlind and Jacobsof2000
C 3.3-5.3 Bermuda 3, 64°'W 2-27 May 1997 Keene et al(2002
D 45-54 Hawaii 21N, 157 W 4-29 September 1999 Pszenny et al2004)
E 1.9-3.3 US eastcoast July—August 2002 Keene et al(2004
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Fig. 8. Seasonally averaged boundary layer sea salt aerosol pH. (DJF: December, January, February; MAM: March, April, May; JJA: June,
July, August; SON: September, October, November).

acids is relatively low in the Southern Hemisphere; thus the The seasonal differences of the aerosol pH are shown in
southern storm tracks stand out because of high aerosol pHrig. 8. The aerosol in both hemispheres is more strongly
The source of alkalinity is not much smaller in the north- acidified by approximately 2 pHunits in the respective
ern storm tracks, but there titration by acids reduces the pHspring/summer than in the winter season. In spring/summer
The difference between the southern and the northern hemisurface winds are weaker leading to less efficient exchange
spheric storm tracks might be overestimated in this simulaprocesses (sources as well as sinks) and consequently to
tion because of the neglection of organic acids, which leads longer residence time for the aerosol resulting in higher
to an underestimation of the acidification of the aerosol inacidification. In the southern hemispheric winter strong
remote regions. Not surprisingly, the outflow regions of the emissions in the southern ocean storm tracks and the lower
continents show the lowest pH-values. abundance of inorganic gas phase acids lead to slightly
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Fig. 9. Vertical and temporal variability of coarse mode aerosol pH at four distinct locations over the remote oceans.

alkaline (pHx8) aerosol. In contrast, the aerosol is slightly ~ As averages of pH-values are not fully representative we
acidified (pHv6) in the same region in summer. In the North- also show frequency distributions of pH-values. The his-
ern Hemisphere the aerosol is acidified throughout the yeatograms are scaled with the number of events and normalised
reaching pH-values as low as 4 in spring and up to 6 in win-to 100%.
ter. Figures10and11 show frequency distributions of the pH
Averages of pH-values, however, do not provide the full at two distinct locations for four selected months to visu-
picture. To give more insight into the temporal variability alise the seasonal cycle of sea salt aerosol pH and the fre-
and the vertical structure of the aerosol pH, Figshows  quency of occurrence of particular pH-values. The first grid-
the instantaneous pH-values at 4 arbitrarily chosen locationbox (170 W, 55° N) is located in the middle of the North
over the remote oceans. Most of the time the pH-values flucAtlantic ocean. This region is influenced by the outflow of
tuate not more than one pH-unit within one output interval North America. This leads to relatively low pH-values and
(i.e. 5h). No distinct vertical profiles are present. This is in little variation in the pH distribution throughout the year. The
contrast to the results published tyn Glasow et al(2002 lowest pH-values occur in March, where the sea salt pH is 4
reporting a pH-decrease from the sea surface up to the bounayr less most of the time. The highest pH-values occur in
ary layer top. This difference is most probably due to the dif- December. At this time of the year the wind speed and sea
ferences between a global and a column model. The globasalt emissions are strongest leading to a stronger alkalinity
model has to resolve the boundary layer withvertical lay-  source.
ers. This coarse resolution can cause these differences. The The second series of frequency distributions (Fid)
vertical structure of the aerosol pH and its dependence omefers to the southern ocean storm track region {H)O
the liquid water content will be discussed in broader detail in50° S). In the southern hemispheric winter (June to Octo-
the third part of this article series investigating the release ofber) the aerosol is neutral (almost alkaline). The aerosol is
halogens from the aerosol which is strongly pH dependent. slightly acidified throughout the rest of the year with lowest
values (of around 5) in the southern hemispheric autumn.
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Fig. 10. Probability density functions (PDF, normalised to 100%) of simulated boundary layer pH-value$ &/,15% N for March, June,
September and December of the year 2000.
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Fig. 12. PDFs of simulated boundary layer pH-values at 6 locations in the Pacific at the same longitude.
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Fig. 13. Measured or inferred coarse mode aerosol pH and simulated probability density functions (PDFs) of pH-values at locations and
times of measurements listed in the TaBleThe red bars indicate the ranges of the pH-values determined from the measurements. The
letters A—E refer to the measurements listed in Téble

Figure 12 shows a frequency distribution of pH-values Fridlind and Jacobsor{2000 estimated coarse mode
along a north-south transect at 2T over the Atlantic  aerosol pH ranging from 2 to 5 from the measurements
ocean from 55N to the Equator. A distinct gradient from made during ACE 1 (B). Our simulation reproduces the
north to south is apparent in the spectrum of pH-valueswider range of acidification, but with an average pH of 6 the
The pH variability is much higher in the North covering simulated aerosol pH is beyond the maximum value of the
a pH-range of 1 to 7. In contrast, south of°2b the pH- measurements.
values only vary between pH 4 and 6. Even though the vari- Pszenny et al2004) report observations at Hawaii, USA,
ability is high, the average pH-values do not differ much: all in September 1999 (D) with pH-values ranging from 4.5 to
averages range between 4.5 and 4.8. 5.4. The simulation underestimates the pH-values slightly,

Figure13shows frequency distributions for the region and though reproduce the small standard deviation.
time of the year of the measurement campaigns as listed in At the US east coadeene et al.(2009 measured an
Table6. Since we did not simulate the same years, we showaerosol pH of around 1.9-3.3 (E) for the aerosol size ranges
model results for the year 200Keene and Savoi€l999 which correspond to the coarse mode in the model. In this
report observations of pH 3.5 to 4.5 for a site located directlycase the simulation reproduces very well the reported mea-
at the coast of Bermuda (A), obtained in a campaign duringsurements.

April and May 1996. The simulated average pH of 3.5 is at The simulated pH-values are slightly lower compared to
the lower end of this observed range, but the distribution isthose reported bKeene and Savoi€l999, Keene et al.
narrow, in accordance to the narrow pH interval reported by(2002 andPszenny et al(2004), whereas they are close to
Keene and Savoig999. the maximum reported bgeene et al(2004) and higher than
During a campaign in May 1997 at the same site (C) aerosothe maximum compared tbBridlind and Jacobso(2000.
pH-values ranged from approximately 3.3 to 5Keéne  Since the first four publications use basically the same
et al, 2002. The simulation again yields pH-values near the method to determine the aerosol pH dfratlind and Jacob-
lower end of the measurements. The simulated width of theson (2000 use an equilibrium model, the differences might
distribution is equally small as for the first campaign. In the be explained by the uncertainties in the analysis of measured
simulation, emissions specified for the year 2000 have beewor inferred pH. On the other hand, simulation results are
used. As emissions increased during the 90’s, the lower pHshown for the year 2000 instead of the years of the respective
values of the simulations can result from the higher emissiorcampaigns. Given all these uncertainties in the simulation as
of the simulation compared to the year where the measurewell as in the measurements, we consider the sea salt aerosol
ments have acutally been taken. pH to be reasonably well reproduced in our simulation.

Atmos. Chem. Phys., 8, 5898917 2008 www.atmos-chem-phys.net/8/5899/2008/



A. Kerkweg et al.: Part 1: Model description, sea salt aerosols and pH 5915

4 Conclusions

We present first results of a comprehensive AC-GCM sim-
ulation including gas and aerosol phase chemistry. Since
this simulation aims at representing bromine chemistry and 3
the largest boundary layer source of bromine is release from oo

aerosol particles, we focus on the aerosol mass, number dis-

trib_utions and the aerqsol pH in this first part of a series of gatarences

articles. In our analysis we focus on coarse mode aerosols,

because we had to limit the explicit chemistry calculation to Balkanski, Y., Schulz, M., Claquin, T., Moulin, C., and Ginoux, P.:
one mode for numerical reasons. Since the coarse mode is Global emissions of mineral aerosol: Formulation and validation
the most important one for sea salt, it is reasonable to neglect using satellite imagery, Emission of Atmospheric Tracer Com-
the fine modes in this first global study. pounds, Kluwer Academic Publisher, Norwell, 253-282, 2003.

Sea salt mass concentrations are overall slightly higher irPates: T- S., Kapustin, V. N., Quinn, P. K., Covert, D. S., Coffman,
the simulation compared to the observations. This can partly D. ‘]'_’ Mari, C., Dirkee, P. A, Bruyn, W. J. D., and Saltz_man,_
be attributed to the coarse model resolution. In contrast to E.S. Process_es controlling the dlstrl_butlon of_aerosol particlesin

. . . the lower marine boundary layer during the First Aerosol Chara-
this, the number concentr_atu_)ns are mostly underestimated terization Experiment (ACE1), J. Geophys. Res., 103, 16 369—
by the model. The mean lifetime of coarse mode sea salt of 16383 1908,
0.5days derived from our simulation agrees very well with grasseur, G. P. and Solomon, S.: Aeronomy of the middle atmo-
the AeroCom median. sphere, Springer-Verlag, Dordecht, The Netherlends, 2005.

It is difficult to measure the sea salt pH, and only a few ob-Buchholz, J.: Simulations of Physics and Chemistry of Po-
servations are available. Furthermore, pH-measurements or lar Stratospheric Clouds with a General Circulation Model,
inferences are associated with large uncertainties and based Ph-D- thesis, Johannes Gutenberg-UnivatsitFachbereich
on assumptions, such as thermodynamic equilibrium of the Eh%’_'s"‘hhg%%%rggesow'ng'de/“m/reSO'Ve“p'?umzur“:”b”:de:

rticle and the effective Henry’s law coefficient. Especially _ "€P'S-/ /-6-6/2L0o. . .
?oar f[rcl:eergla(:i\t/etleyelareg;:etz seea ialty Saiiclggeth‘;eec;uililjﬁﬁfnaa)s/-Dam'an‘ V., Sandu, A., Damian, M., Potra, F,, and Carmichael,

. - ) ' G. R.: The kinetic preprocessor KPP — a software enviroment for
sumption may be violated on time scales smaller than 1 h.

e e solving chemical kinetics, Comput. Chem. Eng., 26, 1567-1579,
We conclude that within the range of these uncertainties the 5gg5.

simulated aerosol pH-values sufficiently accurately repro-pentener, F., Kinne, S., Bond, T., Boucher, O., Cofala, J., Generoso,
duce the observations, even if the pH-values in remote re- S Ginoux, P., Gong, S., Hoelzemann, J. J., Ito, A., Marelli, L.,
gions have to be regarded as upper limits, as acidification Penner, J. E., Putaud, J.-P., Textor, C., Schulz, M., van der Werf,

of aerosols by organic acids is not taken into account in our G. R., and Wilson, J.: Emissions of primary aerosol and pre-
modeling approach. cursor gases in the years 2000 and 1750 prescribed data-sets for

In summary, the basis for the simulation of aerosol phase ,:ergls:om, Atmos. (%hem. Ehys..3,21122117;1344/, 2006,
chemistry and thus for bromine release from sea salt aeroscB tp:/Awww.atmos-chem-phys.neve 006

is provided bv our model. In the followina bublications uce, R. A.: Sea/air exchange of pollution and natural substances:
.p. . y. N . 9p . The SEAREX Program, Proceedings of the WMO Technical
within this series the bromine chemistry of the marine

- . X Conference on Regional and Global Observation of Atmospheric
aerosol will be analysed in detail. Pollution Relative to Climate, Report, No. 14, WMO No. 549,
World Meteorological Organization, Geneva, 1982.
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