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Abstract. The aerosol dynamics module MADE has been However, in comparatively clean remote areas, e.g. in the
coupled to the general circulation model ECHAM4 to upper troposphere or in the southern hemispheric marine
simulate the chemical composition, number concentrationpoundary layer, the current model version tends to underes-
and size distribution of the global submicrometer aerosol.timate particle number concentrations.

The present publication describes the new model system
ECHAM4/MADE and presents model results in comparison

with observations. The new model is able to simulate the full
life cycle of particulate matter and various gaseous particle

precursors including emissions of primary particles and traceaerosols play an important role in the Earth’s atmosphere.
gases, advection, convection, diffusion, coagulation, condenpye to absorption and scattering of solar radiation (direct ef-
sation, nucleation of sulfuric acid vapor, aerosol chemistry.fect) as well as their importance for cloud formation, cloud
cloud processing, and size-dependent dry and wet deposinicrophysical properties, and cloud lifetime (indirect effect),
tion. Aerosol components considered are sulfates}S&m-  aerosols are highly relevant to the Earth’s climate. Major
monium (NH), nitrate (NQ), black carbon (BC), particulate yncertainties in predicting the anthropogenic climate change
organic matter (POM), sea salt, mineral dust, and aerosol ligarise in particular from the aerosol indirect effet®CC,
uid water. The model is numerically efficient enough to al- 2001). Special difficulties of numerical simulations of the
low long term simulations, which is an essential requirementatmosphere are caused by the complex interactions between
for application in general circulation models. Since the CUr-gerosol partidesy atmospheric dynamics and cloud micro-
rent study is focusing on the submicrometer aerosol, a coarsghysical processes which are relevant for a large range of
mode is not being simulated. The model is run in a pas-spatial and temporal scales. Apart from the effect of aerosols
sive mode, i.e. no feedbacks between the MADE aerosolgn climate, aerosol particles have an important influence on
and clouds or radiation are considered yet. This allows theatmospheric chemistry. Various heterogeneous chemical re-
investigation of the effect of aerosol dynamics, not interferedsctions such as hydrolysis of,®s are enabled in presence
by feedbacks of the altered aerosols on clouds, radiation, angf syrface area provided by particulate matter. Moreover,
on the model dynamics. aerosols affect the visibility and are known to be harmful to
In order to evaluate the results obtained with this newhuman health in polluted areas.
model system, calculated mass concentrations, particle Up to now, most climate models consider aerosols in the
number concentrations, and size distributions are comform of prescribed climatologies or predictions of the aerosol
pared to observations. The intercomparison shows, thagnass concentration only. For instance, the GCM ECHAM
ECHAM4/MADE is able to reproduce the major features of (Roeckner et a).1996 2003 uses a climatologyTanre et
the geographical patterns, seasonal cycle, and vertical disal., 1984 as input for computing the radiative transfer. Com-
tributions of the basic aerosol parameters. In particular, themon extensions of climate models implement an explicit pre-
model performs well under polluted continental conditions diction of the mass concentrations of various aerosol compo-
in the northern hemispheric lower and middle tropospherenents (e.gFeichter et a].1996 Lohmann et al.1999 Adams
et al, 1999. Nevertheless, the aerosol number concentration
Correspondence toA. Lauer has to be obtained diagnostically from climatological number
(axel.lauer@dir.de) size distributions in these models. This can be a large source
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of uncertainty, since the optical properties of the aerosol parglobal distribution of simulated aerosol components, and
ticles, the ability of aerosols to serve as cloud condensatiompresents global simulations of the aerosol composition and
nuclei, as well as long-range transport and health effects o§ize distribution, which are compared to observational data
aerosols depend particularly on the particle size. (Sect.3). The main conclusions of this study are summa-
With increasing computational capacities of current superrized in Sect4.
computers, more detailed simulations of atmospheric par-
ticulate matter within global models have become possible.
First steps have already been done. For instaGosg and 2 Model description
Barrie (1997 and Schulz et al(1998 simulated the global
distribution of sea salt and mineral dust, respectively, forThe base model consists of the general circulation model
different size classesJacobsor(2007) introduced a global (GCM) ECHAM including enhanced cloud microphysics
model, which enables the prediction of the size distributionand an aerosol mass module (Seztl). These compo-
of various particulate species, but which has a very highnents have been coupled with the aerosol dynamics mod-
demand of computational resourceddams and Seinfeld ule MADE (Sect.2.2) resulting in the new model system
(2002 extended a global climate model to simulate sulfate ECHAM4/MADE.
aerosols including predictions of the size distribution. Most
recently, the climate model ECHAM has been extended by2.1 The ECHAM GCM
the aerosol module HAM, which takes into account sulfate
(SQy), black carbon (BC), particulate organic matter (POM), The atmospheric general circulation model (GCM)
sea salt, and mineral dust and which allows the simulationECHAM4 (Roeckner et a).1996 is the fourth genera-
of particle size distributionStier et al, 2005. As an al-  tion of a spectral climate model, based on a numerical model
ternative to this aerosol module, we extended ECHAM by for medium range weather forecasts by the European Centre
the Modal Aerosol Dynamics module for Europe (MADE) for Medium-Range Weather Forecasts (ECMWF). The
(Ackermann et a).1999. The major differences between model has been adapted for running climate simulations by
HAM and MADE can be characterized as follows: HAM the Max Planck Institute for Meteorology and the University
considers seven log-normally distributed modes, each represf Hamburg (Hamburg, Germany). ECHAM can be run
senting a specific aerosol composition in a fixed size-rangeat different resolutions. For the present study, ECHAM is
In contrast, MADE considers a trimodal log-normal size dis- applied in spectral T30 spatial resolution. The corresponding
tribution and assumes a perfect internal mixture of the dif-transformation to a Gaussian grid delivers a horizontal reso-
ferent aerosol compounds. The log-normal modes predictedltion of approximately 3.75<3.75 (longitude x latitude).
by MADE are not fixed to prescribed size-ranges as in theThe standard version of ECHAM4, which is the basis for this
case of HAM. The computer capacities saved by MADE duestudy, has 19 non-equidistant vertical layers, with the highest
to the smaller number of modes is spend to simulate a largeresolution in the boundary layer. The vertical coordinate
number of aerosol compounds. While MADE predicts the system is a hybrids-pressure systemsEp/pp), with the
full SO4/NO3/NH4/H,0 system, HAM currently neglects ni- top layer centered around 10 hPa30 km). ECHAM is
trate (NQ) and considers a prescribed degree of 8€utral-  based on the primitive equations. The basic prognostic
ization by ammonium (Nkf). variables are vorticity, (horizontal) divergence of the wind
The use of modal aerosol modules instead of sectionafield, logarithm of the surface pressure, and the mass mixing
models, which highly resolve the particle size distribution, ratios of water vapor, cloud water, as well as optional tracer
is necessary regarding the huge computer capacities requirgdixing ratios. Advection of water vapor, cloud water, and
for global climate simulations. Nevertheless, simplifying the the optional tracers is calculated using a semi-Lagrangian
aerosol size distribution by the assumption of log-normal sizescheme Rasch and Williamsgr990. Time integration of
modes is a source of uncertainty. Therefore the use of difthe model equations is calculated using a semi-implicit leap
ferent and independent modal aerosol modules (e.g. HAMrog scheme with a time step of 30 min (T30 resolution).
and MADE) in a similar model environment is an impor- The radiation scheme considers water vapor, ozone, CO
tant and reasonable step to evaluate the sensitivity of théN>O, CHs, 16 CFCs, aerosols, and clouds. Convection
modeled global aerosol characteristics to different numeriis parameterized following the bulk mass flux concept by
cal approaches. Current uncertainties in predicting aerosoliedtke (1989. For this study, the numerics of convection
properties and aerosol related effects on global climate camre modified according tBrinkop and Sause(l1997. The
be estimated, if results obtained with a particular model arecloud scheme applied here considers cloud liquid water,
compared to simulations performed with other global aerosokloud ice, and the number concentrations of cloud droplets
models. ECHAM4/MADE can contribute to such model en- and ice crystals as prognostic variablé®t{mann et al.
sembles to make further progress. 1999 Lohmann and Krchey 2003).
The present paper describes the new model system For the present study, the model was run in quasi-
ECHAM4/MADE (Sect.2), gives a brief overview on the equilibrium mode (so-called time-slice experiment). To this
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Fig. 1. Schematic overview of the model configuration used. The aerosol dynamics module MADE is currently operated in passive mode,
neglecting feedbacks between MADE aerosol and clouds/radiation.

end, sea surface temperature (SST), greenhouse gas concassumed to be hydrophobiCdoke et al.1999 Lohmann et
trations, and other boundary conditions were prescribed acal., 1999. Only the hydrophilic fractions of BC and POM
cording to measurements performed around 1990. Thus, thare subject to potential removal by wet deposition. Aging of
average of several simulated model years represents the yeaarbonaceous patrticles, i.e. conversion of hydrophobic into
1990. The model simulation presented here was integratetlydrophilic BC/POM, is parameterized as an exponential de-
10 years following a 4-year spin-up period, which has beencay using an e-folding time of 24 h for both types of particles

discarded when analyzing the model results. (Lohmann et al.1999.
The sulfur chemistry of the aerosol module FL96 includes
Aerosol mass module FL96 the gas phase production of sulfuric acid vapor and the for-

mation of sulfate in cloud droplets. It is distinguished be-

In the model experiment described here, the new aerosdVeen fjaylight and njght time chemistry. .During_da)_/ time,
module MADE was run in passive mode, neglecting feed_soz (either from emissions or from previous oxidation of

backs of MADE aerosol to cloud properties or radiation. Be- Drﬁ/ls or COS) is oxidi;edhbyIQH to I]orm H}EO‘I‘ in the g?s
fore such feedbacks will be considered, the quality of thePnase or by @or H20z in the liquid phase of cloud droplets

MADE aerosol has to be approved, which is the motivation ©° form SQ. At night, SQ is oxidized to SQ in the liquid

of this study. To drive the cloud and radiation scheme for thephas_e only. Also during nigh_ttim_e, S@an either be emit-_
simulations described here, an aerosol mass module deveﬁ(—Ed directly or produced by oxidation of DMS. Further details

oped for ECHAM previously is applied. This aerosol mass on the sulfur chemistry and the reactions considered can be

module (hereafter referred to as aerosol module FL96) Calcu]found inFeichter et al(1999.
Iatgs the mass_concentrations of sulfate, methane sulpho_ni»Z“_2 The aerosol dynamics module MADE
acid (MSA), mineral dust, sea salt, and black and organic
carbon. It is based on the work &Richter et al(1996), 221 Basicideas
Lohmann et al(1999, Lohmann(2002, andFeichter and
Roeckner(2004. The full life cycle of the aerosol mass in- The Modal Aerosol Dynamics module for Europe (MADE)
cluding emission, atmospheric residence, and loss due to dris based on the Regional Particulate Model (RPM) by
or wet deposition is considered. Figurshows a schematic Binkowski and Shankaf1995. It has been adapted to Eu-
overview of the model configuration currently used, with ropean conditions and modified yckermann et al(1999
MADE run in passive mode. for use in the regional scale European Air Pollution Disper-

In FL96, the emission of sea salt (mass) at the ocean sursion model system EURACHpel et al, 1997). The number
faces is calculated from the modeled 10 m wind speed fol-concentratiom of the aerosol is represented by the sum of
lowing Monahan et al(1986. The emission data of mineral three log-normally distributed modes following the concept
dust have been obtained from a multiannual integration withof Whitby et al.(1991):
the global model GOCARTChin et al, 2000, performed 3 Ny 1(nd —Ind, 0)2
by Ginoux et al.(2001). Carbonaceous aerosol consists of n(Ind) = Z —expl —=————=—] Q)
black and organic carb istin- =i V2 inog, 2 (nog?

ganic carbon. For both components, FL96 distin k=1 8

guishes between hydrophobic and hydrophilic particles. 80%where Ny is the total number concentration of mokled is
of all BC-particles and 50% of all OC-particles emitted are the particle diametet/, , the median diameter of the mode
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Fig. 2. Schematic overview of the aerosol dynamics module MADE and the relevant processes considered by the model system
ECHAM4/MADE. The coarse mode and the calculation of secondary organic aerosols (SOA) have been disabled for this study.

ando, ; the geometric standard deviation. As this study fo- ECHAM4/MADE considers sulfate (S, ammonium
cuses on the submicrometer particles, the coarse mode (modBlH,4), nitrate (NQ), aerosol liquid water (bO), black car-
3) is not considered here. Thus, the aerosol population is debon (BC), and organic carbon (OC). Additionally, accumu-
scribed with two modes, the Aitken and the accumulationlation mode particles can also contain mineral dust (DUST)
mode. Due to numerical reasons, MADE solves the equaand sea salt (SS). The assumption of a perfect internal mix-
tions governing the evolution of the aerosol population with ture within the different size modes is a simplification, which
time not directly forN, d, andoy, but for the Oth, 3rd and reduces the computational burden significantly. In general,
6th integral moments of the log-normal distribution for each the degree of internal mixture depends on the residence time
mode. Thekth integral momends;, is defined as: of the aerosol in the atmosphere. In polluted continental
0 regions, the characteristic time of the transformation from
_ k external to internal mixture is short (in the order of hours)
My = / d"n(ind)d(ind) @ (Raes et a).2000. This time scale is comparable to the time
_°° needed for the emitted particles to disperse into the large vol-
The Oth integral moment equals the total number concentraume covered by the large-scale model grid boxes. However,
tion N. In the MADE version applied here, the geometric under clean conditions or in case of strong nucleation, the
standard deviations of both modes are kept constant to reducgssumption of an internal mixture introduces some uncer-
the numerical expenses. Thus, it is sufficient to solve differ-tainties to the predicted aerosol properties. This can be of
ential equations fodo andM3 only. The geometric standard particular relevance when considering optical properties and
deviations are chosen as 1.7 and 2.0 for the Aitken and theadiative effects of aerosols.
accumulation mode, respectively. The standard deviation of The processes relevant to the aerosol life cycles in
typical atmospheric aerosol ranges between approximatelCHAM4/MADE will be described briefly in the following.
1.2 and 2.2 Jaenicke 1993. Typical variations ofo, are  Figure2 provides a schematic overview of these processes
less than those of the two other parameters of the log-normaind of MADE.
distributiond, and N. Thus, the use of fixed, allows for
reducing the overall computational expenses without loosing2.2.2 Emissions
too much accuracy.
All particles within the same mode are assumedThe emission data of aerosol mass for the components sea
to contain an internal mixture of various compounds. salt, mineral dust, BC, and POM are taken from the aerosol
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Table 1. Source strength of the emissions of gases and particulate matter.

emission source strength  base year(s) reference

NH3 (GEIA 1990) 53.6 TgMyr 1990 Bouwman et al(1997)
DMS (marine) 18.9 TgByr - Kettle et al.(1999

SO, (fossil fuel combustion + smelting) 65.3 T8 1985 Benkovitz et al (19949
SO, (biomass burning) 25 Tgsr 1985 Hao et al(1990

SO, (non-eruptive volcanoes) 6.7 Tgs - Spiro et al.(1992

SO, (total) 74.5 TgQyr

BC (fossil fuel, no road traffi® 6.2 Tg/yr 1984 Cooke and Wilsor{1996
BC (road traffic) 2.4 Tgyr 1993 Kohler et al.(2007)

BC (biomass burning) 5.9 Tgr 1980s Cooke and Wilsor§1996
BC (total) 14.5 Tgyr

OM (fossil fuel) 29.6 Tgyr 1980 Liousse et al(1996

OM (biomass burning) 53.9 Tgr 1980s Liousse et al(1996

OM (natural sources) 16.2 Tor 1990 Guenther et al(1999
OM (total) 99.7 Tgyr

mineral dust &1 um) 378.5 Tgyr 1980s—-1990s Ginoux et al.(200])

sea salt&1 um) 19.1 Tgyr - Monahan et al(1986

@ Non-road traffic BC emissions are estimated from the total BC emiss@mske and Wilson1996 and the BC data set for road traffic
(Kdhler et al, 2001).

mass module FL96 described in Se&tl Since simulation  wherep,, is the specific density of the emitted particle type,
of submicron aerosols is the focus here, only the accumud, the median diameter and the geometric standard devi-
lation mode size range of sea salt and mineral dust is takeation of the unimodal size distribution. For primary carbona-
into account and the coarse mode is neglected. The splittingeous particles (BC and POM), different size distributions
of emitted BC and POM into hydrophobic and hydrophilic are used for fossil fuel combustion and biomass burning. The
fractions as well as the concept of parameterizing the agsize distributions used are summarized in Téble
ing of these compounds by an exponential decay have been
adopted from the aerosol module FL96, too. )

2.2.3 Aerosol physics

Table1l summarizes the annual emissions of gaseous pre-
cursors and particulate matter (mass) from different sources
used in ECHAMA4/MADE. The majority of the emission data In the following, the basic aerosol physics covered by MADE
are representative for the 1980s. As a result of emissionsis well as changes of the nucleation scheme applied for the
changing over the years, this could cause discrepancies whesse of MADE in ECHAM, will be characterized briefly. For
comparing model data to measurements taken in the latfurther details we refer tBinkowski and Shankgt1999 and
1990s. This will be discussed in more detail when evalu-Ackermann et al(1998.
ating the model results with the aid of observations (S&ct.
Due to the lack of full NQ chemistry, HNQ is imple-
mented using climatological monthly 3-D means calculated
t?y ECHAMA'/CHEM (Hein et al, 200]). These prescribed loosing accuracy when simulating submicrometer parti-
fields are considered as sum of aerosolsN@d gas phase o5 hecause the interaction between submicron and coarse
HNOs, the gas/aerosol partitioning is calculated as described, icles is very limited due to the different source types and
in Sect.2.2.3 time scales involved. The particles do not interact with the

Emission of particle number concentratioN)(per time  radiation scheme yet. This greatly simplifies the evaluation
corresponding to the emission of masg) (s calculated as-  of the aerosol physics, since the model dynamics are not al-
suming source specific log-normal size distributions of thetered. The coupling of the aerosol properties calculated by
primary particles for each mode and each emitted component1IADE to the ECHAM radiation module and the inclusion

For this study, the simulation of particulate matter is lim-
ited to the submicron fraction. Coarse particles are not taken
into account. This reduces the computational expenses with-

as follows: of coarse particles will be a next step in our further model
development. For the present study, the particle mass con-
aN om 6 centrations calculated by the aerosol mass module FL96 de-
— = = - 3 scribed in Sect2.1 are considered by the radiation module
O lem 9 lem p,wa3exp(3noy)?) of the GCM instead (Figl, Feichter et al.1997).

www.atmos-chem-phys.org/acp/5/3251/ Atmos. Chem. Phys., 5, 32382005
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Table 2. Parameters of the log-normal size distributions used for calculating the corresponding particle number concentration from the mass
emitted (Eq.3). ff = fossil fuel, bb = biomass burning, nat = natural sources. POA refers to primary organic aerosol, SOA to secondary
organic aerosol. gdspecifies the geometric mean diameter of the mogé¢he geometric standard deviation and m specifies the percentage

of total mass emitted into each mode. Coarse modes (if present) are not taken into account.

o Aitken mode accumulation mode
emission de (Um) op M%) & (M) o M (%) reference
BCst 0.0201 2.0 75.0 0.1775 2.0 25.0 Seinfeld and Pandid998
BCph 0.01 15 0.01 0.16 1.7  95.55 Penner et al(1998
POA¢ 0.01 1.7 2.0 0.09 2.0 98.0 a-
SOA 001 17 1.0 b b 990 2
SOAnat 001 1.7 10 b b 990 2
POMpp 0.01 15 0.01 0.16 1.7  95.55 Penner et al(1998
mineral dust - - - 0.14 1.95 4.35 Hess etal(1999
sea salt (small) - - - 0.06 2.03 0.2 Hess et al(1999
sea salt (large) - - - 0.418 2.03 99.8Hessetal(1998

@ First guess obtained from measurements near sources and in (aged) polluted urbddeairann et al.1991), resulting in reasonable
good agreement with observations of particle number concentrations in regions, where emissions of organic matter are most dominant.
b Condensation on pre-existing particles.

Nucleation production secondary organic aerosols by condensation is
considered in a simplified manner. Followi@poke et al.
The nucleation of the binary system sulfuric acid and water(1999 we estimate the amount of secondary organic aerosols
vapor is parameterized aftsehkanaki et al.(2002. This  to 50% of the total mass of organic aerosols emitted. We fur-
parameterization replaces the previously used formulation other assume, that 99% of this secondary organic aerosol mass
the nucleation rate bifulmala et al(1998. Due to its larger ~ condensates onto pre-existing particles and 1% of this mass
domain of input parameters (i.e. temperature, relative humidgenerates aged nucleation particles (Aitken mode) by new
ity, concentration of sulfuric acid) it is better suited for the particle formation. The accumulation mode mostly domi-
needs of a global modelNapari et al.(2002 introduced  nates the aerosol surface area. Thus we assume that the to-
a ternary nucleation parameterization, which additionallytal mass of secondary organics available for condensation in-
takes into account N&i Unfortunately, this parameterization creases the accumulation mode mass only. The accumulation
cannot be used in cases of very low or none ammonia concerinode particle number concentration remains unchanged (see
trations. Thus, this parameterization does not comply withTable2). This results in a reasonable good agreement with
the needs of the global model system ECHAM4/MADE. All measurements of particle number concentration in regions,
freshly nucleated sulfate particles are added to the Aitkerwhere organic matter is most dominant.
mode assuming a wet particle diameter of 3.5 nm. This par-
ticle size is chosen according to measurements\eper et Coagulation
al. (1997. The production rate of particulate sulfate mass
by nucleation is estimated consistently from the rate of neWADE calculates intra- and intermodal coagulation due to
particle formation (in terms of particle number density). In Brownian motion of the particles. Assuming that the size dis-
case of efficient nucleation, typically all sulfuric acid vapor tribution remains log-normally distributed, the equations are

available is nucleated. formulated in a way, that enables computational efficient cal-
culation of coagulationWhitby et al, 1991). By convention,
Condensation the particles formed by coagulation remain in the same mode

in case of intramodal coagulation. A particle formed by in-
In this study, the condensation of sulfuric acid vapor ontotermodal coagulation is assigned to the mode of the particle
the surface of pre-existing particles is calculated considerwith the larger diameter (i.e. accumulation mode). Changes
ing vapor fluxes explicitly. The MADE extension SORGAM in number concentration of the Aitken mode with time due
(Schell et al, 2001, which also treats condensation of or- to coagulation can result from both intra- and intermodal co-
ganic vapors (secondary organic aerosol formation), can opagulation. In the case of the accumulation mode number
tionally be included, as soon as a chemistry module cov-concentration, intramodal coagulation is relevant only. The
ering organic aerosol precursor chemistry is coupled to3rd moment of the accumulation mode is changed by inter-
ECHAM4/MADE. In the MADE version applied here, the modal coagulation only. Intermodal coagulation results in a
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decrease of 3rd moment of the Aitken mode and an increas8ulfur chemistry

of the 3rd moment of the accumulation mode.
The sulfur chemistry implemented includes the production

Mode merging of sulfuric acid vapor and sulfate dissolved in cloud droplets.
This chemistry scheme has been adopted from the aerosol

The submicrometer aerosol in MADE is represented by themass module FL96 (Se@.1) and was extended to explicitly

sum of two overlapping and interacting modes. This ap-take into account Nkl The liquid phase reactions depend

proach allows a representation of the aerosol size distribuon how much S@ can be dissolved in cloud droplets. The

tion typically found in measurements. Due to condensationsolubility of SO, depends on the pH-value, which was es-

or coagulation, the modes can grow with time and may be-timated byFeichter et al(1996 assuming a molar ratio of

come indistinguishable after a certain period of simulation,sulfate to ammonium of 1/1. This assumption is dispensable

which is not being observed in nature. Hence, an algorithm igh ECHAM4/MADE as ammonia/ammonium is considered

needed, that handles the transfer of particles from the AitkereXplicitly.

to the accumulation mode, i.e. allows particles to grow from  This could be achieved by extending the model to calcu-

the Aitken mode into the larger accumulation mode. This al-late the full life cycle of NH. This includes emission from

gorithm is called mode merging_ To determine whether mode\/ariOUS sources at the surface using the 1990 data set from

merging is necessary or not, the growth rates of both mode&e Global Emission Inventory Activity (GEIA)Bouwman

are compared to each other. The growth rates are given by thét al, 1997) (Table 1), consideration of dry and wet depo-

increases in 3rd moment due to nucleation and condensatio$ition of NHz and the gas/aerosol partitioning betweeng\NH

in the case of the Aitken mode and by condensation and inand NH.

termodal coagulation in the case of the accumulation mode, .

Once the growth rate of the Aitken mode exceeds that of the?-2-> D1y deposition

2;;%7;::232;‘:;?2;;2??}? i:z:gggi; Zi:gegﬁrzﬁ;m;?k:zThe basic concept of calculating the amount of particles re-
. T moved by dry deposition per time step has been implemented

and accumulation mode number distributions and transfer-

. : i - in analogy to the aerosol mass module FL96 (S2d). As
ring all Aitken mode particles larger than this diameter to the o .
accumulation modeBinkowski et al, 1999, To ensure nu- a further development of FL96, the dry deposition velocities

. I . are not prescribed, but calculated for the Oth and 3rd moment

merical stability, no more than one half of the Aitken mode . o
. ... .~ of each mode from current meteorological conditions and the
mass can be transferred to the accumulation mode within a . o L .
sinale time ste actual aerosol size distribution. The deposition velogity
9 P: of thekth moment is given by:
i 1
2.2.4 Aerosol chemistry Vg = + v 4
. . o Ta +Tbk + Talb,k Vs k

The aerosol che_rmstry treats the chemical equilibrium SYS*slinn and Slinn 1980, wherer,
tem of sulfate, nitrate, ammonium, and water. The aeroso
chemistry module originally implemented in MADE, based
on the equilibrium models MARSS@xena et a11986 and
SCAPE Kim et al, 19933ab), has been replaced by the Equi-
librium Simplified Aerosol Model (EQSAM) v1.0Metzger
et al, 2002ab). This reduces the overall computational ex-

penses of ECHAM4/MADE significantly. The main purpose - i [In ( < > _ (Z )}

is the aerodynamic resis-
ance, rp x the quasi-laminar layer resistance ang; the
sedimentation velocity. The aerodynamic resistance is cal-
culated followingGanzeveld and LelievelflL995 from the
roughness lengthy and the boundary layer stability calcu-
lated by ECHAM

: ©®)

a = —_

of EQSAM is to calculate the partitioning of NHhnd HNG; Uk 20

between gas phase and part|_cle_s, as well as the aerosol “quWhereu* is the friction velocityx the von-Karmann constant
water content. The aerosol liquid water content depends ore:0.4)' 2 the reference height (i.e. height of the middle of

the chemical composition of the aerosol and the ambient rela,fhe lowest model layerp is a dimensionless stability term,
tive humidity. Aerosol water is treated just as all other Chem'andL the Monin-Obukhov-length. Following the concepts of
ical components. Thus an increase in aerosol water results ifhe aerosol mass module FL96, the dry deposition of the gas

an increase of Fhe total z?\e_rosol mass. Wlth the particle numbhase species NE H,SQu, SO, DMS is calculated using
ber concentration remaining constant in case of water up-

X i é)rescribed dry deposition velocities (Tal3e
take, the modal mean diameter of the corresponding aerosol
mode increases. For more information on EQSAM including2.2.6 Wet deposition and clouds
technical details, further features, and a comparison with re-
sults of conventional equilibrium models (e.g. ISORROPIA, The removal of particulate matter and gaseous species is cal-
Nenes et a).1999, the reader is referred tdletzger et al.  culated from the GCM’s precipitation formation rate follow-
(20023ab). ing the basic strategy used in the aerosol mass module FL96
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Table 3. Dry deposition velocities in ECHAM4/MADE. Three deposition velocities are given fog: 3@vest deposition velocities refer to
not melting snow (land) or sea ice (sea), medium refer to melting sea ice (sea) or dry/frozen surface (land), highest refer to sea (ice free) or
melting snow/wet surface (land).

species land sea reference
NH3(g) 1.0cny's - Dentenel(1993
HoSOu(9) 0.2cnm's 0.2 cm's Wilson et al.(2001)
SOx(9) 0.1;0.2;0.8cms  0.1;0.8;1.0c's  Feichter et al(1996
DMS(g) - - Feichter et al(1996
particle number V4.0 V4.0 Ackermann et al(1999
particle mass V4.3 V43 Ackermann et al(1999
1.00 —— LWC 0.1-0.2 g/m3
'-gz ] . -=-=--  LWCO0.2-0.3 g/m?
E 0.75 - - — LWCO0.3-0.4g/m?
2 (150 - | LWC > 0.4 g/m3
CCD ]
2 0.25 1 -
0.00 -
0.01 0.1 1

d [pm]

Fig. 3. Scavenging ratidy versus particle diameter d for four different regimes of the cloud liquid water content (L¥k)ning et al.
2002.

(Sect.2.1). The wet deposition of particulate matter is treated vated particle fraction and the interstitial aerosol in cumulus
separately for warm (liquid water) and cold (ice) clouds andand stratocumulus cloud$iénning et al. 2002. Figure3
for Aitken mode and accumulation mode particles. The rele-shows the scavenging ratio (ratio of scavenged aerosol frac-
vant processes considered are in-cloud scavenging, belowvtion to total aerosol concentration) versus aerosol (dry) di-
cloud scavenging, and re-evaporation. In contrast to theameter calculated after an empirical fit to the measurement
aerosol mass module FL96, scavenging coefficients are nalata for different regimes of the cloud liquid water content
prescribed in MADE but calculated from cloud microphysi- (LWC). In order to calculate the modal scavenging factors
cal properties and the aerosol size distribution. for accumulation mode numbef{;) and mass K3;), the

Due to the large uncertainties related to aerosol alteratiorscavenging ratid"y has to be integrated over the size distri-
in clouds, we do not consider any aerosol dynamical pro-bution of the accumulation mode:
cesses of the interstitial aerosol, i.e. all aerosol dynamics oo
such as coagulation or cond_ensation are only caICL_JIated fopy, = 1 / n(d)Fy(d)dd
the cloud free part of the grid box. We only consider the N
interaction of aerosols with cloud particles. 0

o
1 T o3
Warm clouds Fai=v / 54 n(d)Fy(d)dd (6)
0

The model considers impact scavenging of Aitken mode parAs for Aitken mode particles, the scavenged fraction of
ticles due to Brownian diffusion. The cloud droplet size dis- aerosol number and mass can be removed from the atmo-
tribution required to calculate the scavenging rate is assumegphere by subsequent formation of precipitation due to au-
to be log-normal withy =1.2 (Binkowski and Roselle2003.  toconversion and accrenscence of cloud water to rain in
Cloud droplet number concentration and cloud liquid waterthe cloud covered fraction of the grid cell. All chemi-
content are calculated by the cloud module and are used teal aerosol components but hydrophobic BC (R), hy-
derive the cloud droplet size distribution. drophobic POM (POMhor) and mineral dust are scavenged
Accumulation mode particles are subject to activationapplying F3; (Eq. 6). Hydrophobic BC and POM are not
scavenging, based on size-resolved measurements of the acseavenged. It is assumed, that these particles cannot be acti-

Atmos. Chem. Phys., 5, 3253276 2005 www.atmos-chem-phys.org/acp/5/3251/



A. Lauer et al.: Simulating aerosol microphysics with ECHAM/MADE 3259

vated to cloud droplets. In analogy tmhmann(2002, we as only accumulation mode particles are activated when the
assume 90% of mineral dust to be hydrophobic and that theloud forms and Aitken particles incorporated into clouds by
remaining 10% can be scavenged only. To take into accounimpact scavenging are released within cloud residues con-
the hydrophobic mass fraction, the scavenging factor of actaining also accumulation mode patrticles. Thus, all Aitken
cumulation mode number concentratiép; is adjusted as mode particles, which have undergone impact-scavenging
follows: and which have not been removed by precipitation, are as-
M3(BCphon) + M3(PONphop) + 0.9 M3(DUST) sumed to become accumulgtion mode particlgs once the
- Ma(tota) ) cloud evaporat(_as. Hence Al_tken mode mass is added tp
) the corresponding accumulation mode mass tracer. Parti-
cle number concentration of scavenged Aitken mode parti-
Finally, the number of activated aerosol particles is obtainedcles is not transfered to the accumulation mode and will be
by multiplying the accumulation mode number concentrationdiscarded Binkowski, 1999.
by the scavenging raticb“&,. The remaining interstitial par-
ticles within the cloud are assumed to be unchanged by wet
deposition. 3 Comparison with observations

Cold clouds An evaluation of the results obtained from a first multian-
nual integration with ECHAM4/MADE is required to eval-
The model takes into account activation scavenging of accuyate the ability of the new model system to reproduce ob-
mulation mode aerosol by ice clouds. Aitken mode particlessened aerosol distributions.
are not subject to act_ivation sc_avenging, since such small par- Principle difficulties arise when comparing GCM results
ticles are poor freezing nuclei (e.§oop et al, 2000. Im- ity ghservations. First, due to the coarse spatial resolution
pact scavenging of aerosol by ice particles is neglected hergys o model, highly variable species such as particle num-
since this process .is very inefficient due to th(_a small numberber concentration measured by individual ground based sta-
concentrations of ice crystals. The scavenging of accumusjong can hardly be compared to simulated concentrations av-
lation mode mass by ice clouds is calculated in analogy toeraged over model grid cells representing a domain of thou-
Lohmann et al(1999. Since the current knowledge on het- o545 of square kilometers. The basic strategy followed here
erogeneous ice nucleation is poor, we consider homogeneoys ¢jrcumvent this problem is to average station data within
nucleation as the major ice formation mechanism. Thereforeg larger domain. Second, since ECHAM is designed as a cli-
only hydrophilic particles are assumed to be scavenged. IR,ate model (see Sect1and2.2.2for details of the model
contrast toL.ohmann et al(1999, a scavenging efficiency  gep and boundary conditions used), it is not capable to sim-

of 5% is assumed instead of 10%, which improves the Simuy|ate real episodes. Thus, measurements taken at a specific

lated mass concentrations in accordance to measurement daﬁ@riod of time cannot be compared to the model results di-
in the tropopause regiorHendricks et a.2004. To esti-  acy byt based on climatological means only. Therefore,

mate the corresponding scavenging of accumulation modey,y"jong-term data covering several weeks or months are
number concentration from the scavenged mass fraction, it i%pplied here for intercomparison with model data.

assumed that only the largest particles of the log-normal size
distribution are scavenged since the larger aerosol particle§ 1  G|obal aerosol distribution
are probably the most efficient freezing nuclei (&gop et

al,, 2000. Before comparing the model results to observations, we
will discuss the most basic features of the simulated global
aerosol distributions.  Figurd depicts the global dis-

etributions of column mass concentrations for the aerosol

gases and hydrophilic particulate matter can be collected bomPonents sulfate, ammonium, nitrate, aerosol water,
falling rain or snow and subsequently removed from the at-! lack carbon, and particulate organic matter. Climatolog-

mosphere. The parameterization of below-cloud scavengingc@ (10 years) annual means of the sum of Aiken mode
applied here follows the approachBérge(1993. and accumulation mode mass concentrations simulated by

ECHAM4/MADE are presented. The geographical distribu-
Evaporation tions are clearly characterized by the regions of high anthro-

pogenic emissions, especially in North America, Europe, and
Cloud droplets or ice crystals that have not been removedoutheast Asia as well as the major biomass burning regions
by precipitation evaporate once the cloud dissolves. Consein Africa and South America. In the following (Se@&.2),
quently, previously scavenged trace gases and aerosol pathe simulated mass concentrations will be evaluated by com-
ticles are released. It is assumed, that all of the releasegdarisons to observational data. A detailed discussion of the
aerosols are in the size range of the accumulation modeglobal distributions simulated is beyond the scope of this

Below-cloud scavenging

Between cloud layers and below the lowest clouds, trac
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sulfate (SO,) ammonium (NH,)

T
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Fig. 4. Climatological annual means of the column mass concentration/smﬁ)g)f the aerosol components gNH,4, NO3, H,O, BC, and
POM in fine particles (sum of Aitken and accumulation mode) obtained from a 10-year integration with the model system ECHAM4/MADE.

paper since it is intended to focus on the description andnass. The meteorological conditions such as temperature,
evaluation of the new model system. A detailed analysis ofrelative humidity, wind fields, and clouds are identical for
the properties of the global submicrometer aerosol simulatedoth aerosol modules. This allows a comparison of the
with ECHAM4/MADE, an interpretation of the results, and aerosol mass simulated by MADE and FL96 for compo-
an examination of the role of aerosol dynamics on the globahents, which are largely contained in submicrometer parti-
scale will be provided by a separate paper (Part Il: Resultgles (i.e. SQ, BC, and POM). The climatological annual av-

from a first multiannual integration). erages of the geographical distribution of the near surface
mass concentrations of these components as well as the cor-
Comparison with FL96 responding zonally averaged latitude-height cross-sections

are almost identical in a qualitative manner. Nevertheless,

In the model configuration used for this study, the masstne zonal averages of the $@oncentrations calculated by

based aerosol module FL96 and the aerosol dynamics mod//ADE are about 10% to 20% higher than that by FL96 in
ule MADE use the same emission inventories for aerosolth€ lower troposphere. This discrepancy is even larger in the
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Fig. 5. Climatological seasonal cycle of observed and modeled near surface mass concentrations of the aerosol compoh&dis SO
BC, and OC in fine particles (Pj%), averaged over the south-eastern part of the USA. The error bars denote the standard deviation of the
individual monthly means to the climatological average.

upper troposphere. Nevertheless, the mass concentrations of An  intercomparison of IMPROVE data with
SOy in the upper troposphere calculated by both modules ar&«eCHAM4/MADE is performed based on climatologi-
about two orders of magnitude smaller than that in the lowercal monthly means. The model data are averaged over all
troposphere. In case of POM, the mass concentrations caltO model years. The IMPROVE data shown here represent
culated by MADE are about 20% higher than that of FL96 averages of the years 1995 to 2000. In order to avoid any
in the regions with significant POM mass concentrationsimproper weighting of areas with different densities of
(about 50 S-60 N). In contrast to S@ these differences measurement sites, all data from sites located within the
do not vary much with height. For BC, the differences be- same ECHAM T30 grid cell are averaged before any further
tween FL96 and MADE are less distinctive. Whereas MADE processing. The measurements were taken near the surface.
shows lower BC concentrations in the northern hemispherelhus, the model results calculated for the lowest model
(up to about 20%), MADE shows higher BC concentra- layer are used for the intercomparison. In order to obtain
tions in the southern hemisphere (about 10%). Nevertheless quantitative measure for the differences between model
the total burdens of these aerosol components simulated bgnd observations, the normalized mean error (NME) is
both modules are quite similar. For 3OMADE calculates  calculated as follows:

2.25Tgversus 2.18 Tg (FL96), for BC 0.26 Tg (MADE) ver-

sus 0.23 Tg (FL96), and for POM 1.77 Tg (MADE) versus NME = N -
1.46 Tg (FL96). 2_i—1 Observation

Thus, the calculation of aerosol dynamical processegn case of the seasonal cycles, medelthe climatological
seems to be less essential for the simulation of the totafodel data for month i, observatiatie corresponding mea-
aerosol mass than for the simulation of particle number consyrement data and N is the number of months (=12). When
centration and size-distribution. This will be discussed byca|cu|ating the normalized mean error of the geographical

ZiN:l Imode] — observation

-100% ®)

the separate paper mentioned above in more detail. distribution, i loops over all T30 grid cells with observational
) data available and N is the total number of grid cells with

3.2 Near surface mass concentrations measurement data.

3.2.1 United States Seasonal cycle

To evaluate the modeled near surface mass concentrationsjgure5 shows the seasonal cycle of aerosol components in
we use observational data taken within the Interagencyfine particles (PMs, i.e. d<2.5 um), measured by the IM-
Monitoring of Protected Visual Environments (IMPROVE), PROVE network and calculated by ECHAM4/MADE. The
which is a cooperative monitoring program of the United mass concentrations of the aerosol components compared are
States Environmental Protection Agency (EPA), federal landdominated by fine particles in the size-range of the Aitken
management agencies, and state air agenbedn{ et al, and the accumulation mode, which allows a comparison of
2000. Besides other tasks, aerosols (mass) and visibilitythe measured Pyt concentrations with the model, which
are measured on a regularly basis by many stations, locatecurrently neglects a coarse mode. All available values have
in national parks, national wildlife refuges, and other pro- been averaged over the south-eastern part of the BS&A
tected areas all over the United States. Measurement dat@6° W, 30°—41° N). This region of North America is charac-
of several years are available (IMPROVHitp://vista.cira.  terized by high anthropogenic emissions of ,$BC, and
colostate.edu/improve/ OC.
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Both, model and observations show maximum sulfate confilled by the gridding and interpolation algorithms of the plot
centrations in summer and minimum concentrations in win-software. Thus, the figure includes white crosses to mark the
ter. There is no systematic under- or overestimation by themeasurement sites with observational data available.
model. The averaged normalized mean error of the modeled Bgth model and observations show a distinctive west-east

sulfate is 10%. The seasonal cycle of nitrate is in oppositegradiem in the geographical distributions of the ;S®ass
phase with sulfate, showing a maximum in winter and a min-yith high concentrations found in the eastern part of the
imum in summer. ECHAM4/MADE reproduces the sum- ynjted States and low values in the western part. A minor
mer minimum only. The winter maximum of the observed gitference between model and observations is the deviation
values is not shown by the model. The NME for nitrate is i, the exact location of the region with maximum sulfate con-
39%. During most of the year, N{Os underestimated by centrations in the eastern United States. According to the
the model with respect to the measurements. This discrepmeasurements, the maximum is located about 500—800 km
ancy in the seasonal cycle of N@ould be related to the  farther north-easterly in the model. However, running at T30
use of a HNQ climatology, which cannot respond to cur- yesplution (Sect2.1), this distance equals 1-2 model grid
rent meteorological conditions. Both the model and observeg.q g only. The normalized mean error for sulfate is 25%.

BC concentrations show almost no seasonal cycle. However
ECHAM4/MADE shows much higher BC concentrations

than the IMPROVE measurements. On average, the mod Sulfate, the region of maximum nitrate in the eastern United

r_esults are 2-3 times higher than the f:orrespondlng .Obse.'rvaétates is shifted in the model 1-2 T30 grid cells farther north-
tions. The NME amounts to 143%. This large overestimation . ; .
easterly. A second maximum located in the Los Angles basin

by the model can be, at least partially, explained by the loca- A
tions of the measurement sites. While all IMPROVE stationsOf California is not reproduced by ECHAMA/MADE. Over-

. . .. all, nitrate concentrations are underestimated by the model
are located in remote areas such as national parks or wildlife

refuges, the large ECHAM T30 grid cells also contain theWlth respect to the measurements (NME for N©66%).
emissions of the urban areas and different kinds of traffic. Since a direct intercomparison of the geographical distri-
Particulate S@ and NQ are secondary aerosols. The time bution of BC is difficult due to the lower values observed,
needed to transform precursors such as SIONG, from gas the measurement data have been multiplied by a factor of
to particle phase allows transport away from the sources, re3 (marked as %3" in Fig. 6) to allow for a better compar-
sulting in a geographical distribution following the pattern iSon of the geographical patterns with the model data (see
of the emissions less distinctive than primary particles such S€asonal cycle” in the previous section). Similar to §O

as BC. Thus, it can be assumed, that the background vaBC shows increased concentrations within a region of the
ues of the IMPROVE network are more representative foréastern United States and within a second region of smaller
the secondary aerosols than for the primary BC when con€Xtent in California. These patterns are reproduced by the
sidering the large domains covered by a ECHAM T30 grid model. In addition, the observed geographical BC distribu-
cell. Another important reason for the overestimation of BC tion shows an isolated maximum over Montana, which is not
by the model might be the emission data used. Currentlyreproduced by the model. This maximum is a result of a
global BC-emissions bgooke and Wilsoif1996), represen- single heavy forest fire event in summer 2000. .Suc.h singlt_a
tative for the year 1984, are used. The corresponding emis€Vents cannot be reproduced by the model running in quasi-
sion rates are about 40% higher compared to the more recefduilibrium mode using the same emission data every year.
emission data set Bond et al.(2004), which represent the As already obvious from the comparison of the seasonal cy-
year 1996. Similar to BC, OC shows no distinct seasonalcles, BC is overestimated by the model, resulting in a NME
cycle in the observations. On average, the normalized meaflf 135% (see “seasonal cycle” in the previous section).

error of OC is 38%. The modeled OC mass concentrations The patterns of the geographical OC distributions mostly
are systematically higher than the observations. As in théefollow those of the BC distribution. The maximum OC con-
case of BC, the more recent emission data for OC fismnd centrations measured and calculated by the model are both
et al.(2004 show a lower annual source strength than the OCabout 3 pugm?3, but the modeled areas of high OC concen-
emission data currently used. Thus, lower OC concentrationgrations have a larger extent than shown by the observations.

’ The maximum nitrate concentrations shown by the model
gs well as by the observations are about Impity Similar to

are to be expected when updating the emission data. As in the BC data, also OC observations show an isolated
maximum over Montana, which is likely produced by the
Geographical distribution heavy forest fires in summer 2000. In contrast, the model

which does not include such single events in the emission
The annual mean geographical distributions of the aerosotlata, shows minimum OC concentrations in this region. With
components S§ NOs, BC, and OC derived from the IM- regard to the overall representation of BC and OC by the
PROVE measurements and the model simulation are demodel, the comparison shows that the agreement between
picted by Fig.6. Care has to be taken when interpreting model and measurements is much better for OC than for BC.
regions with no measurement sites. These gaps have bedrhe NME amounts to 47% in the case of OC.
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Fig. 6. Climatological annual means of the near surface mass concentrationg;oN8g, BC, and OC in fine particles (PM) obtained
from measurements of the IMPROVE network (left) and from model results of ECHAM4/MADE (right). The measured BC concentrations
have been multiplied by 3 €3"). The white crosses denote the locations of the measurement sites.

3.2.2 Europe 2003 measuring PMs mass concentrations of SONH;,,
and NG. In analogy to the comparison with IMPROVE

We also compared the model results to long-term measureléasurements (Sec8.2.1 and Fig.5), we averaged the
ments (1995-2000) from stations of the Co-operative Pro-data available over the whole region “Europe® @-32° O,

gramme for Monitoring and Evaluation of the Long_Range 37 N-7T° N) to smooth effects of local influence on individ-
Transmissions of Air Pollutants in Europe (EMERMEP, ual measurement sites before comparing the seasonal cycle

www.atmos-chem-phys.org/acp/5/3251/ Atmos. Chem. Phys., 5, 32382005



3264 A. Lauer et al.: Simulating aerosol microphysics with ECHAM/MADE

8

2] ECHAM4/MADE SO,
o ———  ECHAMA4/MADE NO,
5°] [ —— ECHAMA4/MADE NH,
=5 \ 7 EMEP SO, (1995-2000)
e e | R S T S . R EMEP NO, (1995-2000)
I B T 1 [ e EMEP NH, (1995-2000)
o1l ' — e 1]
2l 1T T bl 4T
I I CEEE N SSATT ot S-PRPOT OO0 SO S ST

1 - C

0 ]

Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec
month

Fig. 7. Climatological seasonal cycle of observed and modeled near surface mass concentrations of the aerosol compoNER{saBO

NHg4 in fine particles (PM ), averaged over Europe. The error bars denote the standard deviation of the individual monthly means to the

climatological average.
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Fig. 8. Location and extent of the regions used for intercomparison of modeled and observed near surface BC mass concentrations.
white circles denote the positions of the measurement sites.

to the model data. Again, only model grid cells with obser- underestimates NJHmass concentrations in winter, but re-
vational data available are used to calculate the seasonal cgults in a overestimation of NHin summer. Nevertheless,
cles. This comparison (Fi@) shows that ECHAM4/MADE  compared to S@Q a better quantitative agreement between
is capable of reproducing the measured near surface massodel and observations is obtained. The JN@ass con-
concentrations of the aerosol components investigated, (SO centration is underestimated by the model. Simulateg NO
NH4, and NG) mostly within a factor of two. The major mass concentrations are much too low in winter (underes-
features of the simulated geographical distribution are simtimation of the N@ mass concentration by the model up
ilar to the measurement. However, whereas winter concento 3.5 ugm? or 95% (February), respectively), whereas a
trations of SQ of model and observations agree well, the much better agreement between model and measurements is
model overestimates sulfate mass concentrations in summebtained in summer (difference in N@nass concentration

by about a factor of two. This is probably caused by the between model and measurements below/imigr smaller
emission data set used for $®om fossil fuel combustion, than 44% (June), respectively). The most obvious reason is
which is representative for 198Bénkovitz et al, 1994. In probably the lack of a comprehensive chemistry scheme in
the decade from 1985 to 1995, great success has been mattee model system, which would be required for simulating
reducing S@ emissions in EuropeHEA, 2003. This re- HNOj3 accurately.

sults in a reduced S{production due to oxidation of SQ

which is most pronounced in summer when photochemical

activity reaches its maximum. In the case of Nithe model
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Fig. 9. Observed and modeled near surface BC mass concentrations for different measurement sites and months/seasons (white square
divided into different geographical regions (F8). The shaded area denotes ratios of model to observation ranging from 10:1 to 1:10.

3.2.3 Worldwide BC measurements In the region “North America”, almost all 133 data points
lie within the range 1:10 to 10:1 of modeled versus observed

The comparison of simulated near surface BC mass Concerﬁonqentratlpns. The arithmetic mean of Fhe model datalls
trations with IMPROVE measurements (Se22.1) shows 2.5 times higher than that of the observations (factor 1.8 in

the largest differences between model and observationghe case of median concentrations). The Europe (64 stations)

among all aerosol components, whose life cycles are explicf’md Southeast Asia (29 stations) data behave similar to the

itly simulated here. To gain further insights into the perfor- North America data. Qn average, the_rat|o of modeled versus
mance of ECHAM4/MADE simulating BC mass concentra- observed concentrations is 4.5 (median 1.6) for Europe and

tions, the model data have been compared to a large numbé!T7 (median 1.1) for Southeast Asia. In North America, Eu-

of observations performed in various geographical regions.mpef’ anc_i Southeast Asia the_ most important source for BC
epart|cles is fossil fuel combustion. In contrast, biomass burn-
distinguished between kerbside, urban, rural or remote local"9 plays an importantrole in Africa and South America. The

tions of the measurements sufficiently precise. Furthermore‘:’lrlthmetlc mean of the ratio of modeled versus observed con-

the number of measurement sites is too low to calculate repgentrgtions is_3.8 (median 2'.0) in Africr_;\ (9 stations) and 4.2
resentative gridbox mean BC concentrations from the mea(med|an 3.2) in South America (6 stations). The 24 obser-

surement data. Thus, we calculated large-scale averages fgputonal d;:_a p0|fnts In th? Pactf]lc Ocetgn r::‘plres?hnt clean re-
different geographical regions instead (F&). mote conditions far away from the continental anthropogenic

) sources. Here, the average ratio of model and observation is
We compare the near surface BC mass concentrations ol g (median 0.2).

served and modeled. Figugeshows the modeled BC con-

centrations versus observed values for the individual geo- In summary the BC mass concentrations are overestimated
graphical regions. The observational data span individuaby the model for the continental regions and underestimated
months, full seasons, or annual means. The model data prder the region Pacific Ocean. However, about 90% of all 303
cessed are the corresponding climatological monthly meansbservations (worldwide) are within the range 1:10 to 10:1
of the grid cell containing the measurement site. The ob-of modeled versus observed concentrations. The global arith-
servational data are taken from compilations@®yung and  metic mean deviation amounts to 2.8 (median 1.5). The mea-
Seinfeld (2002, Cooke et al.(1999, Kohler et al.(2001), surement sites are located in very heterogeneous environ-
Liousse et al(1996, and Takemura et al(2000. For the  ments including kerbsides as well as clean remote locations.
region “North America”, also the data from the individual Because of the area covered by the T30 grid cells, no exact
IMPROVE measurement sites (Se@2.]) are included. agreement between model and observations can be expected.
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Fig. 10. Vertical profiles of aerosol number concentration (ambient, not STP conditions as ilJig.north-east Germany obtained from
measurements during LACEPétzold et a].2002 (dashed) and calculated by ECHAM4/MADE (solid) for the 3 size classes of particles
larger than 5 nm, 15 nm, and 120 nm.

However, this comparison shows, that ECHAM4/MADE is and 12 August covering the vertical range from minimum
capable to reproduce the range of observations of BC mas8ight altitude (150 m above ground) to tropopause height.
concentrations found in polluted areas as well as in clean reThe measurement site can be regarded as typical of pol-
mote areas, which spans almost three orders of magnitudéuted continental summer conditions in Central Europe. The
The major geographical differences are captured correctly bylata set used for intercomparison with ECHAM4/MADE

the model. contains the ambient (i.e. not converted to STP conditions)
median particle number concentrations of particles in three
3.2.4 Particle mass concentration — conclusions different size ranges (dry diameters-8 nm, 15 nm, and

120 nm, hereafter referred to as;,NNis, and No, re-
The comparisons of measured and modeled aerosol masspectively) Petzold et a].2002. Particles with ¢120 nm
concentrations show that ECHAM4/MADE is capable to re- roughly meet the accumulation mode;Ns dominated by
produce the observed seasonal cycle and major features @gfitken mode particles andNncludes fresh ultrafine nuclei
the geographical distribution reasonably well. Quantitativeadditionally. Figurel0 presents a comparison of model data
differences are mostly within a factor of two with the excep- with these measurements. The variability is given by the cor-
tion of BC and NQ. In view of the basic difficulties and responding 25%- and 75%-percentiles. The measurements
uncertainties when comparing climatological coarse resoluwere taken under cloud free conditions. Thus, model data
tion model output with measurements, this is a notable resultwith a cloud fraction of the corresponding grid cell above
However, the comparison also shows that an updated emist0% were not taken into account. Model data from August
sion data set should be adopted to reduce some of the diffesf each year simulated were used. The percentiles shown in
ences found, in particular for BC particles. To reduce the un-Fig. 10 for the model data were calculated from 12 h means
certainties in particulate N§)a comprehensive atmospheric of the modeled number concentration.

chemistry scheme should be coupled to ECHAM4/MADE.
The median of the modeled particle number concentra-

3.3 Number concentration tion N5 stays within the measured variability in the altitude
range from the surface up to pressure levels between 700
3.3.1 Central Europe and 650 hPa. In the boundary layer up to about 900 hPa,

the modeled variability is much less than observed. This
During the Lindenberg Aerosol Characterization Experimentindicates, that the near surface particle number concentra-
(LACE) performed in the summer of 1998, optical and mi- tions are clearly dominated by the emissions of primary par-
crophysical aerosol properties were measured over northticles, which remain constant during the respective month. In
eastern Germany(13.5-14.8 E, 51.5-52.7 N) from two the free troposphere and above, il systematically smaller
aircraft. Ten flights have been accomplished between 31 Julgompared to the observations. Nevertheless, the modeled
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Fig. 11. Vertical profiles of mean aerosol number concentrations (STP conditions: 273 K, 1013 hPa) obtained from various measurement
campaigns over the Pacific Oce&@ldrke and Kapustir2002 (dashed) and ECHAM4/MADE (solid) for the 3 latitude band$ 3620 S,
20° S-20 N, and 20 N-70C° N. The error bars depict the standard deviation (positive part shown only).

variability increases with altitude and the median of the ob-cles. This implies that the model has to be further improved
served number concentrations stays within the modeled variwith respect to parameterizing the particle growth in nucle-
ability below the 400 to 350 hPa pressure levels. The in-ation bursts in the upper troposphere.

creased variability is a result of enhanced particle formation

by nucleation, which is most effective in the upper tropo- 3.3.2 Pacific Ocean

sphere. . : . ,
Clarke and Kapustif2002 derived vertical profiles of mean

The yertlcal profile of Ns is similar to that of N in a number concentrations of particles witlh-8 nm (concen-
qualitative manner. Good agreement between model and oh-

servation is found in the lower and middle troposphere below, rations adjusted to STP conditions, T=273 K, p=1013 hPa)
the 600 hPa pressure level. Above this alfitude range, modlfrom several measurement campaigns over the Pacific Ocean.

] ; The data set includes ACE-1 measurements performed in
eled number concentrations are systematically lower than obg

L November 1995 (33 flights, 96 profiles), GLOBE-2 data from
served. In contrast to 4\l the modeled variability decreases May 1990 (15 flights, 54 profiles), and PEM-Tropics A and B

in the Tppir. tr%posphere. Th_|s r'lnd(;(lzat.e‘;’l’ that tgz n;Odele%ata from September 1996 and March 1999, respectively (21
gsgoc?fn;vvl\: Iz:rtticllsezlfge ranglje Its' ardly influenced by Orma'flights, 54 profiles (A) and 19 flights, 35 profiles (B)). To dis-
P y nucieation. tinguish different geographic regimeSlarke and Kapustin
N120is about one order of magnitude lower than Npto (2002 divided the data into 3 latitude bands: °7®-20 S,
350 hPa, the modeled median stays within the variability ofooe S_2@ N, and 20 N—=7¢° N. The longitudinal extent of
the measurements. The peak in observed number concentrgye regions covers about80° centered around 15QV. It
tion at about 500 hPa is related to intercontinental long-ranggan be assumed, that these measurements widely reflect con-
transport of particles from boreal forest fires in North Amer- gitions with almost no anthropogenic influence. This is due
ica (Petzold et al.2002. Thus, the elevated number con- o the large distance to the major source regions at the conti-
centrations in this altitude range do not reflect backgroundhental areas. The variability of the number mean concentra-
conditions. Above 350 hPa, modeled particle number con+ijgns is given by the standard deviations reportecCtarke
centrations as well as corresponding variabilities are systemgng Kapustir(2009. A comparison of these data with model
atically smaller than shown by the observations. results is presented in Figjl. The figure shows modeled cli-
The general underestimation of the particle number con-smatological monthly means extracted for the months covered
centration in the upper troposphere could be a direct resulby the data of the measurement campaigns. The model data
of the prediction of smaller average particle diameters thanwere averaged over all grid cells within the individual lati-
observed (see Se@.4). Large number concentrations are tude bands.
simulated here for particles smaller than 5 nm. As a direct Above the southern Pacific (78-20 S), mean parti-
consequence, this leads to a smaller fraction of larger particle number concentrations (at STP) increase with height
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100000 ; ; — Melpitz Median areas such as the southern hemisphere. Such a behavior
—— ECHAM4/MADE Median of the model is also suggested by comparison with aircraft
measurements (not shown) obtained during the project Inter-
hemispheric Differences in Cirrus Properties from Anthro-
pogenic Emissions (INCAMlinikin et al., 2003. Hence the
model has to be improved for application in remote areas and
1ol - — higher altitudes. The latter particularly concerns the repre-
d jum] sentation of nucleation, the most important source of new
particle number concentration in the upper troposphere, and

Fig. 12. Typical number size distributions (median) obtained dur- the growth of these fresh particles into the size range of the
ing a period of 17 months for different weather conditions or air Ajtken mode.

mass types, respectively, in Melpi@itmili et al., 200]) (dashed)

and the corresponding climatological annual median calculated by3 3 3 Particle number concentration — conclusions
ECHAM4/MADE (solid). The shaded areas indicate the 25%- and

75%- and the 5%- and 95%-percentiles of the model results. Both the order of magnitude of the particle number concen-
tration and the difference between the individual size classes
(modes) is captured by ECHAM4/MADE correctly. The
by about one order of magnitude between the surfaceyualitative differences between northern and southern hemi-
and altitudes around the 200 hPa level. This is shownsphere and between clean and polluted conditions are repro-
both by the model results and the observations. How-duced by the model. Modeled and observed number con-
ever, ECHAM4/MADE systematically underestimates parti- centrations are in good agreement in the lower and mid-
cle number concentration by the factor 3.7 (overall average)troposphere, in particular in polluted continental areas. How-
This might be related to sea salt particles or mineral dust inever, the model underestimates particle numbers in the up-
the size range of the Aitken mode, which are currently notper troposphere as well as for clean remote conditions such
taken into account by the model, but might become impor-as for marine conditions in the southern hemispheric bound-
tant under clean remote conditions. ary layer. A more detailed analysis of the model data shows
In the northern hemisphere (28—70° N), a much better that the average diameter of the upper tropospheric particles
guantitative agreement between model and measurements ¢glculated by the model is smaller than found during mea-
achieved. On overall average, the particle number concensurements. This results in many particles slightly below the
tration is underestimated by a factor of 1.4 by the model.detection limit of the measurements. A slight reduction of
In contrast to the southern hemisphere, there’s no systematithe lower limit (diameter) when calculating particle num-
over- or underestimation by the model throughout the wholeber from the model data (above a certain threshold dime-
troposphere. Up to about 400 hPa, model and observatioter) would result in significantly enhanced number concen-
are conformable within the variability of the number con- trations. This is the case in particular for Aitken mode par-
centrations. Nevertheless, the particle number concentratioticles. As concluded in SecB.3.1this again suggests that
is systematically underestimated by the model in the uppethe model has to be improved especially with respect to the
troposphere. Thus, the major characteristics of differencesepresentation of the particle growth following efficient nu-
between modeled and observed profiles follow the charactereleation events.
istics found in the intercomparison of ECHAM4/MADE re-
sults with vertical profiles observed during LACE in Central 3-4  Size distribution
Europe (Sect3.3.1).
The observed and simulated tropical profiles °(86
2(° N) show good agreement in the lower troposphere UPMelpitz
to about 900 hPa. In the middle and upper troposphere,
the model systematically underestimates the particle numbea time series of measurements of the aerosol number size
concentration. Both measurements and simulation show agistribution at the German site Melpitz (82 N, 12°56 O)
increase in number concentration between 700 and 200 hPgas been statistically analyzed Byrmili et al. (2001). The
of about one order of magnitude. On overall average, thejata span a period of 17 months ranging from March 1996
observed number concentrations are about 2.8 times highap August 1997. Observed air mass types have been clas-
than calculated by the model. sified by origin and major characteristics. For each type,
This comparison shows that ECHAM4/MADE performs log-normal size distributions for up to 5 modes were fitted
reasonably well in the northern hemispheric lower tropo-to the measurements, covering the size range from 3 nm
sphere, but systematically underestimates particle numbeo 0.8 um. A nucleation mode~3—9 nm), an aged nucle-
concentration in the upper troposphere and lowermost stratoation mode £9-30 nm), the Aitken modex30-110 nm),
sphere as well as in the lower troposphere of clean remot¢he accumulation mode-(110 nm), and (occasionally) a sec-
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3.4.1 Central Europe
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Fig. 13. Particle number size distributions from measurement sites in Europe during winter (December, January, February), obtained from
log-normal 3-mode fits during three periods of the day (dashatp{id et a) 2002. The solid line shows the climatological seasonal median
number size distributions calculated by ECHAM4/MADE. The shaded areas indicate the 25%- and 75%- and the 5%- and 95%-percentiles
of the model results. Multiple sites in one plot: The highest observed number concentrations refer to kerbside conditions, followed by urban,
near-city, rural, and natural conditions.

ond accumulation mode with diameter800 nm are consid- of magnitude higher aerosol number concentrations in this
ered. The measurement site Melpitz is surrounded by grasssize range. Due to the location characteristics of the mea-
lands, wooded areas, and farmland. The nearest major citgurement site Melpitz, the aerosol size distribution has to
(Leipzig, Germany) is 44 km away. Thus, this station repre-be assumed to be typical of rural, Central European back-
sents rural background conditions rather than urban or otheground conditions rather than of urban conditions. Thus,
highly polluted conditions. Figur&2 shows the comparison high number concentrations in the size range of the nucle-
of modeled (calculated from the full 10-year model datasetation and Aitken modes, which are typical for anthropogenic
with a time resolution of 12 h) and measured size distribu-emissions, were not detected. Because of the coarse model
tions. grid and the highly variable land use in Central Europe, also
Observed median aerosol number concentrations of parmajor cities are present in the grid cell containing Melpitz.
ticles with diameters between 0.05 and 0.7 um stay com-Thus, one would expect higher number concentrations in the
pletely within the model variability given by the 5%- and size range of the aged nucleation and Aitken mode to be cal-
95%-percentiles. This is also the case for particles with di-culated by the model. Nevertheless, the larger portion of the
ameters<7 nm. Observed number concentrations of par-Aitken mode and the accumulation mode calculated by the
ticles in the size range 7-50 nm range between 1000 anthodel are in good agreement with the observations.
2000 cnm3, whereas the model calculates up to one order
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Fig. 14. Number size distributions at different altitudes obtained from averaged measurements during the LACE campaign over northeastern
Germany (dashedpPetzold et al.2002 and the corresponding median size distribution calculated by ECHAM4/MADE (solid). The shaded
areas indicate the 25%- and 75%- and the 5%- and 95%-percentiles of the model results.

Various European sites particle number concentrations calculated by the model than
usually found in rural or natural regions, but lower number
The aerosol measurement data collectedPjaud et al.  concentrations than observed in urban or kerbside areas.
(2002 consist of data sets, each obtained during a time pe- Most measurements conform with this expectation. The
riod of at least six weeks of continuous measurements. Acmodel data corresponding to Harwell, London-B, and
cording to the classification ¢futaud et al(2002), the mea-  London-M for example show lower particle number concen-
surement locations include natural, rural, near-city, urbantrations than observed in the urban and kerbside areas, but
free troposphere, and kerbside sites. FiglBeshows the  higher particle number concentrations than observed at the
median number size distributions obtained from 3-mode log-natural site Harwell. The same is true for Copenhagen-J
normal fits to the measurement data during winter (Decem-kerbside), Hohenpeissenberg (rural), and Aspvreten (natu-
ber, January, February). The comparison to measuremental). However, for Melptiz (classified as near-city according
during summer is not shown, as the basic conclusions fromo Putaud et aJ.2002 and Leipzig (urban), the accumula-
the comparison are similar to that obtained for the wintertion mode particle number concentration is in good agree-
data. The observations consist of three number size distriment, but the modeled number concentration of the Aitken
butions for each station (night, afternoon, morning) provid- mode is higher than observed even in the urban environment
ing insight into the average diurnal variability. At night, ob- of Leipzig.
servations are expected to represent local background condi- |n most cases, ECHAM4/MADE tends to (slightly) under-
tions due to low emissions and absent photochemistry. In thestimate particle number concentration in the size range of
morning, the size distributions are expected to be largely inthe accumulation mode and to overestimate particle number
fluenced by traffic (rush hour). In the afternoon photochem-concentration in the Aitken mode. This is probably related to
istry is most activeRutaud et aJ2002. The model data con-  the prescribed size distribution of the primary particles emit-
sist of climatological seasonal averaged surface values calcuited at the surface. For instance, BC particles from fossil fuel
lated from the full model data set with a time resolution of combustion in the model are currently predominantly emitted
12 h of the respective T30 grid cell containing the measure-n the size range of the Aitken mode (Tatale which refers
ment site. In the case of the site “Jungfraujoch” (free tro-to a size distribution typically found close to the sources.
posphere) the model data are from the model level coincid-The consideration of a more aged size distribution rather than
ing with the station’s altitude. The shaded areas indicate thehe currently used size distribution of fresh emitted particles
model’s variability, 25%-/75%- and 5%-/95%-percentiles.  might improve the agreement with observations. However, it
The model results represent averages for each grid cell. Iishould be kept in mind that the observational data represent
case of Central Europe, the type of domain often changes omeasurements of individual sites, which strongly depend on
small spatial scales. This implies that a T30 grid cell containsthe local environment, whereas the model averages over large
major cities as well as rural areas. Thus, we expect higheareas.
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Northeast Germany viation fitted to the observed accumulation mode (1.3). In
addition, there are still some deficiencies in the upper tro-
With the instrumentation used during the measurement camposphere and tropopause region. Here, the model underesti-
paign LACE (see SecB.3), number size distributions in the mates the modal median diameters of both modes by a factor
size range of the Aitken mode to coarse mode could be detersf 2—3. This unveils a principle problem of the modal con-
mined. To these dat®etzold et al(2003 fitted trimodal log-  cept of MADE using two modes: the assignment of a large
normal size distributions for various altitudes and each indi-number of freshly nucleated particles to the Aitken mode
vidual measurement flight. Figudet shows the log-normal  shifts the modeled mode towards smaller modal median di-
size distributions fitted to the measurement data of the in-ameters. Thus, an aged Aitken mode cannot be represented
dividual flights and the median size distribution calculated properly by the model. An extension of the bimodal con-
from 12 h averages of the ECHAM4/MADE data. Five alti- cept towards a trimodal representation of the submicrometer
tude ranges are shown: lower boundary layer (300 m), uppeserosol might help reducing this problem. An other (com-
boundary layer (1.1 km), lower free troposphere (4.0 km), plementary) approach could be a parameterization not only
upper free troposphere (6.1-7.3 km), and tropopause regiosf nucleation events, but also of the subsequent growth (ag-
(11.3 km). ing) of the newly formed particles before transferring these
In the lower and upper boundary layer, the modeled me-particles into the Aitken mode of MADE.
dian number concentrations of particles smaller than 100 nm
or 400 nm, respectively, mostly stay within the variability of
the measurements given by the individual flights. However,
the median diameter of the modeled accumulation mode is
about 1.5 times smaller compared to the measurements arffom the measurement data obtained during LACE,
the fitted standard deviation of the observed accumulatiorSchioder et al(2002 derived typical and extreme states of
mode ¢~1.3) is smaller than the fixed sigma chosen in the free tropospheric aerosol for continental summer condi-
MADE (0=2.0). This leads to an overestimation of the num- tions. Plotting the number of particles larger than 100 nm
ber of larger accumulation mode particles by the model. ~ (ni00) Vversus the particle number of the size fraction 3—
During three flights, enhanced number concentrations ofLl00 M (R—N10g), Schibder et al (2002 found most of the
aged accumulation mode particles were observed resumn?weasurements within a triangular shaped area. This triangu-
from long-range transport of boreal fires in North America. lar shape was explained i§chider et al.(2002 accord-
This is mostly apparent in the lower free troposphere. Thesdnd to the schematic shown in Fig5. While the center
flights do not represent normal background conditions ancPf the triangle represents the most typical (median) aerosol
should not be taken into account when comparing to thestate, the three corners correspond to the extreme states. The
model data. Exc|uding these data, free tropospheric partistate “SCA is characterized by low number concentrations
cle number concentrations mostly agree within the variabilityin both size classes, which is typically found after scaveng-
ranges. The free tropospheric median diameter of the Aitkering of particles by cloud droplets. The state “NUC” shows
mode is 23 times smaller compared to measurements. Th@ large number of small particles and only few particles in
variability and the modal diameter of the modeled Aitken the large size range. This state is dominated by fresh aerosol
mode increase or decrease with height, respectively. Thi§ormed by nucleation. In contrast, the "ACC” state is typi-
indicates an increasing nucleation activity. cal for aged aerosol, with a high number concentration in the
In the upper free troposphere and the tropopause regiona}ccumulation mode and a moderate number concentration in
the modeled modal median diameters of both modes are eveiff€ size range of the Aitken mode. The most frequent aerosol
smaller than in the lower free troposphere. This is due to nu-State is represented by “MED". The median of the measured
cleation activity increasing with altitude in the model pro- Particle number concentrations amounts to about 300°%cm
ducing a large number of very small particles, which arein the size range 3-100 nmgrm o) and about 60 crm for
assigned to the models Aitken mode. However, the parti-Particles larger than 100 nma(g).
cle number concentrations modeled in the upper free tropo- The modeled aerosol states in the free troposphere ob-
sphere and tropopause region mostly agree with the obsetained from simulated 12 h averages show a similar trian-
vations within the variability up to particle diameters of ap- gular shape. However, the median particle number concen-
proximately 1 um. tration ngo amounts to 28 cm?, whereas the correspond-
We conclude from this intercomparison of the number sizeing observed number is about twice as high. The median of
distributions for different altitudes, that ECHAM4/MADE nz—mqg is 405 cnt3, which is about factor 1.4 higher than
performs reasonably well in the boundary layer and middleobserved. Again, this shows, that the average particle di-
troposphere in respect of the modal median diameters andmeters simulated by the model are smaller than observed.
the maximum particle number concentrations. However, theThis leads to an underestimation of particles above a given
standard deviation currently prescribed for the accumulatiorthreshold diameter (here 100 nm) and an overestimation of
mode of the model is much larger (2.0) than the standard departicles below this threshold diameter.

3.4.2 Aerosol states in the free troposphere
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Fig. 15. Scatterplot of the particle number concentrations in the free troposphere (altitude range 4—10 km) for the domain of the LACE
campaign. The plots depict particle number concentration of particles wit0@d nm (ngg) versus particle number concentration of
particles in the size range 3—-100 nm-{n o). From left to right: LACE, ECHAM4/MADE, schematic view of the aerosol states in the free
troposphere. The left and right figures are taken f@chibder et al(2002. For details see text.

In summary, ECHAM4/MADE is able to reproduce the between the different modes (intermodal) is calculated. New
major features of the extreme and typical aerosol states in thparticle formation by binary nucleation of sulfuric acid and
free troposphere. Therefore, the most important processesater and the condensation of sulfuric acid vapor onto the
controlling the aerosol size distribution seem to be repre-surface of pre-existing particles are considered. The im-
sented by the model. However, the model underestimateplemented aerosol chemistry includes sulfate production by
the number concentration of aged accumulation mode parexidation of SQ via reaction with HO, and G in cloud
ticles by about factor 2, which is consistent with the differ- droplets and oxidation of SQvia reaction with OH in the gas
ences already found in the upper tropospheric number conphase. Emissions at the surface include gaseous precursors
centrations when comparing vertical profiles (S&8). In such as S@ DMS, or NHg, and particulate matter. Source-
contrast to the underestimation of upper tropospheric numbedependent size distributions are used to derive the number
concentration of Aitken mode patrticles (threshold 5 nm), theconcentration of primary particles from the mass emitted.
median particle number concentration in the size range be-
low 100 nm is slightly overestimated (threshold 3 nm). This In order to evaluate the results from a first 10-year integra-
approves the high sensitivity of the modeled particle num-tion performed with the new model system, the model out-
ber concentration above a certain diameter to the threshol@ut of ECHAM4/MADE has been compared to various ob-
diameter chosen, as many particles are modeled in the sizgervations such as mass concentration of simulated aerosol
range 3-5 nm. This is consistent with the underestimation ofomponents, particle number concentration or number size

particles larger than 5 nm in this altitude range described irdistribution. The results of this intercomparison can be sum-
Sect.3.3 marized as follows: ECHAM4/MADE performs reasonably

well in the lower and middle troposphere above polluted con-

tinental regions in the northern hemisphere. Modeled mass
4 Conclusions concentrations and particle number concentrations show a

reasonably good agreement with the measurements in respect
The aerosol dynamics module MADE has been coupled toof geographical patterns, absolute values and the seasonal cy-
the general circulation model ECHAMA4. This allows for a cle. In the upper troposphere and tropopause region, as well
more detailed representation of atmospheric aerosols and r&s in the lower troposphere in clean remote areas such as
lated size-dependent physical and chemical processes thahe southern hemispheric Pacific Ocean, the model tends to
in previous model versions including the mass-based aerosainderestimate the particle number concentration. The com-
module FL96. The numerical efficiency of this new model parison with observations reveals that the simulated sizes of
system allows for multi annual integrations required for in- particles in the upper troposphere and the tropopause region
vestigating the Earth’s climate. ECHAM4/MADE takes into are too small. This results in an underestimation of the num-
account sulfate, ammonium, nitrate, sea salt, mineral dusther concentration of particles larger than a given threshold
black carbon, organic matter, and aerosol liquid water anddiameter (e.g. 5 nm). Freshly nucleated particles do not grow
calculates particle number concentration and size distribuguick enough in this altitude range. This inefficient growth of
tion for two log-normal modes in the submicrometer range.freshly nucleated particles seems to be related to the coarse
In addition to advection, diffusion, and convective transportspatial and temporal scales of the GCM. A parameterization
of the particles, also size-dependent wet and dry depositiof the growth of these particles into the size-range of the
are considered. Coagulation within modes (intramodal) andAitken mode within sub-grid scale nucleation bursts and/or

Atmos. Chem. Phys., 5, 3253276 2005 www.atmos-chem-phys.org/acp/5/3251/



A. Lauer et al.: Simulating aerosol microphysics with ECHAM/MADE 3273

the introduction of a third submicrometer mode, a nucleationformed on the HLRE, supported by the German Federal Ministry of
mode, should improve the performance of ECHAM4/MADE Education and Research (BMBF) and DKRZ (Hamburg, Germany).
in these regimes. These improvements will be subject to fur-
ther developing of the model. Edited by: W. T. Sturges
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