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Abstract. Tropospheric aerosol size distributions are sim- models are compared against observations in the boundary
ulated by three online global models which employ exactlylayer. The characteristic shape and magnitude of the distri-

the same aerosol microphysics module, but differ in many asbution functions are reasonably reproduced in typical condi-

pects such as model meteorology, natural aerosol emissionions of clean, polluted and transition areas.

sulfur chemistry, and deposition processes. The main pur-
pose of this study is to identify the influence of these differ-

ences on the aerosol simulation. Number concentrations 01
different aerosol size ranges are compared among the three

models and against obser\{ations. Overall all three mOdel.%Ithough research has been going on for several decades, the
are able to capture the basic features of the observed spatigffect of aerosols on the Earth’s climate system, particularly
distribution. The magnitude of number concentration is CON-through its impact on clouds, remains controversegens
sistent among the three models in all size ranges, although,q Feingold2009. Possible mechanisms have been pro-
guantitative differences are also clearly detectable. For theposed and simulated using numerical mod&shulz et al.
soluble and insoluble coarse and accumulation modes, interzooei Lohmann et al.2007), but large uncertainties remain
model discrepancies result primarily from the different pa- (IPCC, 2007). The pathway and efficiency of the climate im-
rameterization schemes for sea salt and dust emission, a'}?act of aerosols are not only determined by their chemical
are also I_inked to the diffe_rent strengths of the CO”VGCt_ivecomposition and the associated physical and chemical prop-
transport in the meteorological models. As for the nucleationgties, put also strongly related to the size distribution of the
mode and the soluble Aitken mode, the spread of model rezerosol population. The diameter of aerosol particles covers
sults appear largest in the tropics and in the middle and uppeg \yide range from 10°pm to 16 um:; the size distribution
troposphere. Diagnos_tics_and sensitivity experiments SUggesf the aerosol population varies strongly in space and time.
that this large spread is directly related to the sulfur cycle injnaccurate representation of these variations is a significant
the models, which is strongly affected by the choice of sulfur soyrce of uncertainties in the assessment of the climate im-
chemistry scheme, its coupling with the convective transportyact of aerosols. What further complicates the situation is
and wet deposition calculation, and the related meteorologithat the representation of size distribution in numerical mod-
cal fields such as cloud cover, cloud water content, and preg|s interacts with other aerosol-related processes, including
cipitation. Aerosol size distributions simulated by the three e microphysical and chemical processes, deposition, and

other removal mechanisms.

Based on harmonized diagnostics, the Aerosol Model
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simulations from various complex global modelBextor tions, and involved in the IPCC AR4 simulations. The sim-
et al, 2006 2007. It is found that even in terms of global ilarities and differences among the three GCMs are summa-
and annual average, the aerosol life cycles and particle sizeszed in Sect2.1
simulated by different models spread over large ranges. The In the literature and in the modeling practice, various
models involved in the studies dextor et al.(2006 2007 mathematical approaches have been used to represent aerosol
feature a high diversity in the configuration, including tech- size distribution, including the bulk metho&€dichter et al.
nical aspects like spatial resolution and source of meteoro1996 Liousse et al.1996), the bin method (also called sec-
logical fields, conceptual aspects like the mathematical reptional or spectral methodiVeisenstein et gl.1997 Jacob-
resentation of aerosol size distribution, and the parameterizason et al. 2001 Spracklen et al.2005, the modal method
tion schemes of various aerosol-related physical and chemitsee text below), and the moment methdcGraw, 1997,
cal processes. Probably all these highly interrelated aspectBauer et al.2008. The latter three allow for temporal and
have contributed to the detected discrepancies among thgpatial-dependent size distributions, among which the sec-
models. As mentioned ifiextor et al.(2006, in order to  tional and modal methods are widely used in recent years.
explain the differences between the simulations, to identifyThe modal approach assumes the aerosol population can be
the weak components and find ways to improve the modelsdescribed by a number of (typically log-normal) distribution
it is necessary to examine the aforementioned contributors ifiunctions, called modes. The aerosol dynamics equations are
an isolated manner. Theoretically, one should carry out senwritten in terms of the aerosol number concentration, median
sitivity experiments by changing one parameter of a singlediameter (or particle mass), and the variance of the distri-
contributor at a time. For example, in the worklof et al. bution function of each modai(hitby et al, 1991, Whitby
(2007 a bulk aerosol model was used to analyze differencesand McMurry, 1997 Wilson et al, 2001). This approach
in aerosol mass distribution and anthropogenic aerosol diredhas the advantage of a good balance between the numeri-
forcing caused solely by changes in meteorological fields. Incal accuracy and the computational cdathjtby and Mc-
terms of aerosol physics and chemistry, however, given theMurry, 1997. Since the late 1990’s, several aerosol mod-
vastly different schemes and configurations employed in exules aiming at global modeling have been developed based
isting models, we will have to perform a prohibitively large on this approachWilson, 1996 Vignati et al, 2004 Easter
number of simulations in order to cover all possible combi- et al, 2004 Herzog et al.2004, and implemented in chem-
nations. Sensitivity experiments thus need to be carried ouical transport models or coupled online with global climate
in a more efficient way. models Wilson et al, 2001 Ghan et al.2001, Easter et a.

In this study we use three aerosol-climate model system&004 Liu et al, 2005 Stier et al, 2005. Although all based
to investigate the discrepancies among model results undesn the same concept of size distribution representation, these
the condition that the same mathematical method is used tanodules differ in many detailed aspects. For example, the to-
represent the size distribution of the atmospheric aerosolsal number of modes, the aerosol composition of each mode,
and the same schemes are used for aerosol microphysics. Adind the control parameters of the distribution functions vary
three model systems are global atmospheric general circulaconsiderably from module to module. Since these details are
tion models (AGCMs) coupled with online aerosol modules. directly linked to aerosol microphysics, the differences can
The two aerosol modules involved are the Hamburg Aerosolead to discrepancies in the final simulation results.
Module (HAM) of Stier et al. (2005 and the Lasg/IAP The aerosol module HAM has been implemented in the
Aerosol Module (LIAM) of Zhang(2008. Both modules climate model ECHAMS (Stier et al., 2005), while LIAM in
simulate five aerosol types: sulfate (SU), black carbon (BC),CAM3 and GAMIL (Zhang, 2008). With the three model
particulate organic matter (POM), sea salt (SS) and dusbystems, simulations of the global aerosol concentrations are
(DU); the same aerosol microphysics scheme Migrati performed at similar spatial resolutions and under similar
et al, 2009 is employed, which uses the modal method for emissions. In the present study the mathematical represen-
describing aerosol size distribution. Other aerosol processetation of the aerosol size distribution is exactly the same in
in HAM and LIAM, including the emissions of SS and DU, the three model systems. The comparison of the simulations
sulfur chemistry and deposition, differ to different extents. A thus sheds some light on the magnitude of the discrepancies
detailed comparison of the two aerosol modules is presentethduced exclusively by the meteorological fields, parameteri-

in Sects2.3t02.6. zation of aerosol sources and sinks, and their implementation
The three AGCMs used in this study include the ECHAMS in global models.

model Roeckner et al.2003 2006 of the Max Planck In- The two models GAMIL-LIAM and CAM3-LIAM use the

stitute for Meteorology, the CAM3 modelCollins et al, same aerosol module LIAM. The differences in the corre-

2004 of the National Center for Atmospheric Research, andsponding simulations thus reflects the impact of model me-
the GAMIL model Wang et al. 2004 Wan et al, 2006 teorology and the large scale transport; the comparison be-
Zhang et al.2008 developed at the Institute of Atmospheric tween the ECHAM5-HAM results with those from the other

Physics in Beijing, China. All three models have been eval-two models can provide the spread of the simulations caused
uated against the observed climate, used in various applicaby differences in the sulfur chemistry, deposition processes
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Table 1. Summary of the main features of the three AGCMs used in this study.

GAMIL CAM3 ECHAM5

Dynamical core Finite difference Spectral transform Spectral transform
pressure-based sigma coordinate hybrid vertical coordinate hybrid vertical coordinate

Resolution 28°x28°L26 2.8° x 2.8°(T42) L26 28° x 2.8°(T42) L19

Time step for dynamics 4 min 20 min 30min

Time step for physics 20 min 20 min 30min

Advection Lin and Rood(1996 (van Leer) Semi-lagrangian Lin and Rood(1996 (PPM)

Prognostic condensate Cloud water concentration is a @ifoud water and cloud ice areCloud water and cloud ice are
agnostic variable. Cloud ice is treated as tracers. treated as tracers.

scaled from cloud water. Neither
is transported.
Precipitation Rasch and Kristjanssdi999 Rasch and Kristjanssdt998 with  Lohmann and Roeckn¢t996
modification byZhang et al(2003

Moist convection Zhang and McFarlan@ 995 for deep convectiortiack Tiedtke (1989 with modifications
(1994 for shallow/middle tropospheric convection by Nordeng(1994)

Vertical diffusion Holtslag and Bovillg1993 Louis (1979 andBrinkop (1999

Radiation Briegleb(1992 andCollins et al.(2004) for shortwave; Fouquart and BonnglL980
Mlawer et al. (1997 and Morcrette et al.(1999 for
longwave.

and the sequence of calculations in the numerical model (i.e., The rest of this paper is organized as follows: a description
the operator splitting) in addition to meteorology. Regarding of the models used in this study as well as their similarities
the analysis of the model results, the same modal method imand differences are described in Séct.Section3 presents
the three models makes it possible to directly compare thehe simulated global aerosol mass budgets, which gives an
simulated aerosol mass and number concentrations of eaabverview of the aerosol life cycles in the three models, and
size range, without having to perform any additional conver-the first picture of the inter-model discrepancies. Global dis-
sion. Simulations from the three models are also evaluatedributions of the aerosol number concentrations are analyzed
against the observational data in exactly the same mannem Sect.4. The comparison with observations is presented
To the best of our knowledge, such comparisons have noin Sect.5 and Sect6. Section7 summarizes the work and
been seen in the literatdre draws the conclusions.

We are fully aware that the three models discussed here
differ from each other in a number of aspects, and so do the
simulated results. It is not possible to describe all the dis-2 Model description
crepancies in a single paper, not to mention the attribution of
the discrepancies. As the first step, we focus in this papetn this section we describe the three AGCMs and two aerosol
on the aerosol size distribution as represented by the numbemnodules used in this study. Since the AGCMs have been well
concentrations of the seven modes defined in the M7 microdocumentedRoeckner et a]2003 Collins et al, 2004 Wan
physics module. Observations of aerosol size in the tropoet al, 2006, only the main features are mentioned here. In
sphere over land and ocean are utilized to examine whetherontrast, the aerosol module LIAM has not been reported in
the model results are within the reasonable range. Sensitivitany publication in English, therefore a detailed description
experiments are also performed to provide possible explais provided here by contrasting it with the HAM module. A
nations for the most evident discrepancies among the thresummary of the model information is presented in Tallles
models. and2.

ITextor et al (2006 have compared the particle sizes simulated 2.1 Meteorology and tracer transport

by sixteen different aerosol models. Due to the difficulty in com- - . .
piling results produced from dramatically different schemes and pa-The GAMIL model has a finite-difference dynamical core

rameters of the aerosol size distribution, the comparison therein watiSing the pressure-based sigma coordinate in the vertical.
carried out in a relatively crude way, by splitting the total aerosol The horizontal grid coincides with the Gaussian grid in the
mass into only two size ranges and usihg 1 pm as the boundary middle and low latitudes, while in the high latitudes lower
between the “fine” and “coarse” modes. meridional resolution is adopted so as to effectively enlarge
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Table 2. Summary of the main components of the two aerosol modules used in this study.

LIAM HAM
Emission
SU, BC, POM AEROCOM AEROCOM
SS Guelle et al.(2001), Smith and Harrison Guelle et al.(2001), Smith and Harrison
(1998 andGong(2003 (1998 andMonahan et al(1986
DU Zender et al(2003 Tegen et al(2002
Sulfur chemistry Barth et al.(2000 Feichter et al(1996
Gas oxidants IMAGE monthly mean output of OH,MOZART monthly mean output of OH,
NO3, HO H205, O3, HO, NO3
Dry deposition Prescribed deposition velocities for gasé3anzeveld and Lelieveld (1999;
(Feichter et al.1996; Zhang et al(200]) Ganzeveld et a(1998
for aerosols
Sedimentation Seinfeld and Pandi§l998 with smaller Seinfeld and Pandigl998 with CFL sta-
time step for large particles bility limitation
Wet deposition Similar to HAM, except for below-cloudHerry’'s Law for gases in-cloud; below-
scavenging (see text) cloud scavenging and re-evaporation of
aerosols
Aerosol microphysics M7 module M7 module
Number of advective chemical tracers 25 aerosols and 4 precursor gases 25 aerosols and 3 precursor gases

the zonal grid size and reduce the computational instability2.2 The microphysics module M7

in the Polar Regions. ECHAMS and the Eulerian version of

CAM3 both utilizes the spectral transform method for hor- As already mentioned in the introduction, both LIAM and
izontal discretization. The grid-point calculations are per-HAM employ the M7 module ignati et al, 2004 for
formed on the Gaussian grid. The hybyiet vertical coor- ~ aerosol microphysics. The aerosol composition considered
dinate is used in both spectral models although the layers ar#icludes sulfate, black carbon, particulate organic matter,
located differently. In this study, simulations with the three sea salt and dust. Different composition can be internally
models are conducted at similar spatial resolutions (see Taand/or externally mixed. The aerosol size spectrum is repre-
ble1). Large-scale tracer transport in GAMIL and ECHAMS5 sented by a superposition of several log-normal modes, each
is handled by the Flux Form Semi-Lagrangian (FFSL) algo-0f which has fixed mode boundaries and standard deviation
rithm (Lin and Roog 1996. In CAM3 the semi-Lagrangian and varying median radius. According to the particle size
method proposed byVilliamson and Rasclf1989 is em- and solubility, the whole aerosol population is divided into
ployed. In order to ensure computational stability and at theseven modes shown in Tat8eEach individual mode is rep-
same time preserve consistency between tracer transport afigisented by its total particle number, and the mass of differ-
the continuity equation, GAMIL uses a relatively short time ent compositions within this mode, which are all treated as
step (4 min) for the dynamical core and the transport scheme2dvective tracers (Tab®.

The time steps used in CAM3 and ECHAMS are 20min and  The processes considered in the M7 module include nu-
30 min respectively. cleation, coagulation, sulfuric acid condensation and water

The physics parameterizations in GAMIL originates from uptake. We do not describe the details here and refer readers
CAM2 and is therefore similar to CAM3. The major dif- to the paper byignati et al.(2004. Note that there are two
ferences reside in the treatment of cloud condensed Wateparameterizations available in M7 for calculating the forma-
In GAMIL the cloud water and cloud ice concentrations are tion of new sulfuric acid-water droplets: one bghkamaki
diagnosed and neither is transported, while in CAM3 they (2002 and the other bXulmala et al.(1998. Vignati et al.
are both treated as advective tracers. Details of the physic€004 have pointed out that théehkamaki2002 scheme is
parameterizations in the ECHAMS5 model differ significantly valid in broader ranges of temperatures and humidity, thus all
from the CAM package. The main processes that are directlysimulations in this study are conducted with ¥ehkamaki
related to aerosol simulation include the cumulus convec{2002) parameterization.
tion, cloud, precipitation and the boundary layer processes.

A brief comparison of the physics packages is presented in
Tablel. For physical parameterizations, GAMIL and CAM3
use a time step of 20 min, while ECHAMS uses 30 min time
step.

Atmos. Chem. Phys., 10, 6408434 2010 www.atmos-chem-phys.net/10/6409/2010/
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Table 3. The log-normal modes in the M7 module and the related sources and sinks of aerosol mass and particle.pstabds for the

dry radius of the aerosol particle; denotes the geometric standard deviation of the size distribution functiéhafid “M” in the third

column stand for the number and mass concentrations, respectively. Their subscripts indicate the corresponding mode. The superscript 0
“M" indicate the composition. Small circles indicate that a certain tracer is affected by a specific process.

Sources and sinks

Mode andrg (um) o Tracers
primary  nucleation condensation coagulation dry de-wetde- sedimentation
emission position  position
nucleation soluble Nns o o o o
< 0.005 1.59 M3V o ° o o
Nks o o o o o
Aitken soluble MESC ° o o °
0.005-0.05 1.59 MPOM o o ° ° o
Mks o o o o o
Nas o o o o o o
accumulation soluble MBC o o o o o
MgSOM o o o o o o
0.05-0.5 1.59 MY o ° o o o o
MassS o o o o o o
ME?SU o o o o o
Ncs o o o o o o
M?Sc o o o o o
coarse soluble MEOM o ° o ° o °
> 0.5 2.00 MCSSU o o o o o o
Mgss o o o o o o
M(I?SU o o o o o
Aitken insoluble Nkéc ° ° ° ° °
Mlﬂ o o o o
0.005-0.05 159 mMEOM 0 o o o o
accumulation insoluble Nai o o o o o o
0.05-0.5 1.59 MaDiU o o o o o o
coarse insoluble Nei o o o o o )
>0.5 200 MRV ° o o 0 o o
2.3 Chemistry Sulfuric acid gas (HSQOy) produced by gas phase chem-

istry can either condense on existing particles or form new
For an aerosol-climate model, it would be advantageous tgarticles through particle nucleation. These two processes
have complex gas chemistry within the model system so agre handled in the M7 module introduced above. Sulfate pro-
to allow for full interactions between the gas oxidants and theduced in the aqueous chemistry is distributed to particles of
aerosols. However, this would lead to a significant increasqhe soluble accumulation mode and coarse mode according
in the required computational resources. In this study onlyto the respective number concentrati@ti¢r et al, 2005.
the sulfur chemistry is interactively simulated. This calculation is done in the sulfur chemistry scheme.

The LIAM and HAM aerosol modules use the sulfur  As for the other related oxidants, OHzNO3; and HQ
chemistry schemes proposed Bgrth et al.(2000 andFe-  concentrations needed in LIAM are prescribed using three-
ichter et al (1996, respectively. Both schemes have consid- dimensional monthly means obtained from the Intermediate
ered the gas phase oxidation of dimethyl sulfide (DMS) andmodel of Global Evolution of Species (IMAGE®illler and
sulfur dioxide (SQ), reaction of DMS with nitrate radicals Brasseur1995. In the HAM module, OH, HO,, NO, and
(NOs), as well as agueous phase oxidation 0b®9 HO2 O3 concentrations are prescribed using monthly means given
and @, although the reaction rate constants are slightly dif-py the comprehensive Model of Ozone And Related Tracers

ferent. The mixing ratio of DMS, SPand sulfate (S§)  (MOZART, Horowitz et al, 2003.
are prognostic variables in both modules. The mixing ratio

of H20s is also predicted in LIAM but not in HAM.

www.atmos-chem-phys.net/10/6409/2010/ Atmos. Chem. Phys., 10, 64892010
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It is worth noting that the N@concentration in the HAM Emission of dust is computed online in both aerosol mod-
module is not prescribed but calculated assuming a steadwyles according to the surface land types, 10-m wind and
state between the production terms (i.e. depletioVgDs) other atmospheric boundary layer properties. HAM uses the
and loss terms (reacts with N@nd DMS) feichter et al.  scheme proposed bBiegen and Laci§1996, calculates the
1996. Furthermore, the methane sulfuric acid (MSA) pro- emission flux from 192 internal size classes, then fit them
duced from the oxidation of DMS is assumed to occur asinto the insoluble accumulation and coarse modes; in LIAM,
sulfuric acid in HAM. In the LIAM package the further con- the modal algorithm oZender et al(2003 is adapted by

version of MSA is ignored. mapping the original source size distribution into the insolu-
o ble accumulation and coarse modes, resulting in about 96%
2.4 Emission of the emitted particle mass attributed to the coarse mode.

Global emission information is needed as an external forc2.5 Dry deposition

ing for the simulated aerosol composition and for precursor

gases. In the present study we follow the experiment specibry deposition is an important sink of aerosols and trace

fications of the Aerosol inter-Comparison project AeroCom gases in the atmosphere. There are two main contributing

(http://nansen.ipsl.jussieu.ffAEROCOM/ mechanisms: the turbulent dry deposition happening near the
Due to the fact that no recommendation has been made foEarth’s surface and the gravitational settlement (i.e. sedimen-

oxidant fields Dentener et a].2000, different data sets are tation) which occurs within the whole vertical domain of the

used in the LIAM and HAM modules as already described in atmosphere. Both mechanisms can be described by a general

Sect.2.3. In HAM the oceanic DMS emission is calculated formulation

online (Stier et al, 2005, while the terrestrial biogenic DMS

emissions are prescribed following Pham et al. (1995). infi =Cip, Vi, @)

LIAM both are prescribed using the data provided by Aero-ich indicates that for a particular specieshe dry depo-
Com Dentener et a].2008. For SQ, sulfate, black carbon  gjtion flux £; is proportional to the species’ densityp, and
and the particulate organic matter, the emission rate and ing,e geposition velocity;. The central task of the deposition
jection height are avgllable fr.om AeroCorID_e(ntener et ?’I', parameterization is to find out an appropriate expression for
2006 at 1°x1° (longitudexlatitude) resolution. The origi- V.

nal data are mapped to the model grids using area-weighted 1 removal rate of aerosols from the atmosphere via
interpolation. Dentener et al(2009 have also specified the 41, geposition is closely related to the size of the particles.
size distribution for the emissions. Since the recommendeq,, many previous studies, especially those using the bulk
standard dewatlon_s differ from the values used in M7 mOd'method, the deposition velocity is usually linked to some
ule, the mode radius has been adapted to the (M7) mode&lescriped (fixed) values of particle size. The modal ap-
parametersStier et al, 20095. The patrtitioning of aerosol proach adopted by the M7 module allows for varying size
emissions among different modes is summarized in Téable spectra, therefore both in HAM and in LIAM, the mode ra-

Sea salt particles are generated at the ocean’s surface Ry, derived from the predicted number and mass concentra-
the bursting of entrained air bubbles induced by wind stress;qns is ysed to represent the particle size of aerosols. More-

(Monahan et a).1989. Experimental investigations have in- e gue to the fact that the mass and number concentra-
dicated that the injection of sea salt into the atmosphere degons are treated as separate tracers, the size spectra in the

pends strongly on the meteorological conditions at the seqq gerosol modules are interactively affected by the deposi-
surface Gong et al. 1997). In numerical models, genera- i, processes.

tion of sea salt particles is usually parameterized by empir- - Aq will he demonstrated later, some evident differences
ical functions of the droplet size and the 10-m wind speed.p5ye peen detected in the simulation results from the three
Previous studies (e.gGuelle et al, 2003 have shown .that aerosol-climate model systems used in this study, which is
the scheme olMonahan et al(1989 works well for particle  4¢ribytable to the deposition processes. In order to facilitate

radius below 4 um, and the formulation $iith and Harri- |61 analysis, crucial details of the parameterization schemes
son(1998 is most appropriate for particles larger than 4 um. 5.« < ,mmarized and compared below.
In the HAM module, the two source functions are merged

smoothly within the size range of 2—4 um, and fitted into the2.5.1  Turbulence dry deposition

accumulation mode and coarse mode. In LIAM, Smith

and Harrison(1998 scheme is used for particles larger than The turbulent dry deposition affects both the trace gases and
4 um, theMonahan et al(1986 scheme is used for the size aerosols. The deposition velocity is usually computed using
range 0.2—4 pm, and the modification®png(2003 is em-  the big leaf approach d&ep= R~1with R being the param-
ployed for radii below 0.2 um to avoid the overestimates re-eterized resistance.

sulting from theMonahan et al(1986 scheme.

Atmos. Chem. Phys., 10, 6408434 2010 www.atmos-chem-phys.net/10/6409/2010/
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Table 4. Partitioning of the aerosol emissions among different modes. The small circles in the last two rows denote online calculation.

Insoluble modes Soluble modes

Composition  Emission type

Aitken accumulation coarse Aitken accumulation coarse

bio-fuel 100%
Black carbon fossil fuel 100%
biomass burning 100%

. fossil fuel 100%
Partlcylate bio-fuel 350,
organic biogenic 35%
matter biomass burning 35%

off-road

road transport

domestic

international shipping
Sulfate industry

power plant

biomass burning

continuous volcano

eruptive volcano

Sea salt online calculation

Dust online calculation

65%
32.5% 32.5%
65%
50% 50%
50% 50%
50% 50%
50% 50%
50% 50%
50% 50%
50% 50%
50% 50%
50% 50%
[e] [e]

For gaseous tracers, the scheme @®&nzeveld and
Lelieveld (1995 and Ganzeveld et al(1998 is used in the
HAM module. The first contributor to resistanéeis the

be found inKerkweg et al.(200§. The parameterization
scheme for aerosol particles used in LIAM follows the work
of Zhang et al(200]). Since the actual formulas are rather

aerodynamic resistanc®, determined by atmospheric sta- lengthy, we only provide a brief summary here:

bility and friction velocity (calculated by the boundary layer
scheme in the GCM), which are in turn functions of the
vertical gradient of temperature and momentum near the

Earth’s surface; the second contributor, quasi-lameamnd-
ary layer resistancey,, is determined by kinematic viscosity

of air (a function of temperature), friction velocity, and some

empirical parameters. The third contributeyrface resis-

tance Ry, is prescribed for most trace gases, with the only

exception that the S£soil resistance is computed from soil

— The aerodynamic resistan®g in both modules are cal-
culated in the same way as for the trace gases in HAM.

— The surface resistand®, depends on the patrticle size
and the surface collection efficiency. The latter is deter-
mined by the atmospheric conditions and the properties
of the Earth’s surface.

— When calculating the surface collection efficiency, both

pH, relative humidity, surface temperature, and the canopy = modules have considered the Brownian diffusion, im-

resistance Qtier et al, 2005. The total resistance is then
given as the sum of these three contributors.

This online calculation provides a consistent deposition

paction and interception, of which control variables are
the Schmidt number, the Stokes number and particle ra-
dius, respectively. On the other hand, HAM and LIAM

velocity in the sense that it changes instantaneously with ~ differ in the formulation details and in the empirical pa-
model meteorology and the underlying surface character- ~ fameters.

istics. On the other hand, the study eichter et al.

(1996 showed that the dry deposition velocities prescribed

by Langner and Rodh€199]) for different chemical con-

stituents and surface types work well in simulation of the

tropospheric sulfur cycle. In the LIAM model we follow the

work of Feichter et al(1996 and use the same prescribed

values for gaseous sulfur species and precursors.

As for aerosol particles, both the HAM and LIAM mod-
ules use the big leaf method with= R, + R;. A detailed

description of the resistance calculation used in HAM can

www.atmos-chem-phys.net/10/6409/2010/

— Regarding particle radius, the mass mean and number
median radius of each mode are used for calculating
R of aerosol mass and number concentrations, respec-
tively.

— The dry deposition flux of nucleation mode patrticles is
very small and thus ignored in both modules.

Atmos. Chem. Phys., 10, 64892010
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2.5.2 Sedimentation HAM, although the parameters have been slightly scaled so
as to provide reasonable deposition rates (according to simu-
Sedimentation affects on aerosol particles throughout thdated total wet deposition flux and aerosol lifetime).
whole vertical domain of the model atmosphere. The sedi- Aerosols below precipitating clouds are subject to removal
mentation velocities in HAM and LIAM are both calculated from the atmosphere by rain droplets. The resulting concen-
based on the Stokes theory (see, e.g., p. 4&einfeld and tration tendency is assumed to be proportional to the pre-
Pandis 1999, which describes the dynamical movement of cipitation rate and area, and the collection efficiency. The
a singleparticle. Since the modal representation in M7 eachsize-dependent collection efficiency for rain and snow fol-
mode includes particles of different sizes, the mass (numberjows Seinfeld and Pandi&d998. LIAM and HAM only dif-
medianradius is used in the calculation of sedimentation ve-fer slightly in the calculation of precipitation area.
locity of aerosol mass (number), and then the Slinn correc-
tion (Slinn and Slinn1980 is used to get the sedimentation
velocity of a log-normal aerosol size distribution with a given
standard deviation.
To avoid violation of the Courant-Friedrich-Lewy stability
Az

criterion, the sedimentation velocity is limited 10< 7 in

HAM, where Az is the layer thickness (in meters) and is

Model setup and simulated global mean mass budget
and lifetime

Climate simulations are conducted using the three aerosol-
climate models mentioned above, each proceeding 3 model
years. The meteorological fields are initialized using the out-

:\r/:/% rzﬁffelég}r\],i Stitr?]%s(gfé 2?/"223235) Ivr\]/hLe}'r?Mu zljvaeti:lak?he put of a long-term simulation with the same model but with-
P P 9 out aerosols. The sea surface temperature and sea ice con-

soluble and ms_(_)luble coarse mo_des, S0 as o preserve CONentration (as external forcing) are the 1979—-2001 multi-year
putational stability and achieve higher accuracy.

. . . mean monthly average. The initial aerosol concentrations are

. Itis worth notm_g thqt although the mass concentrations of ero. Typically the aerosol burden increases to its normal av-

different composition in the same soluble que are treqte rage values within less than one model year. Thus we cal-

as separate tracers, they are assumed.to be mterqally MIXEly |ate the diagnostics based on the monthly average output
For each mode, a single mass median radius is derive f the last two model years of the simulations,

from the number concentration and tte#al mass concen-

. d d sub v in th lculati £ turb Before going into details of the simulated aerosol size dis-
tration, and used subsequently in the calculation of tUrbU-,, igns “we first present an overall picture of the aerosol

lent/sedimentation velocity. Therefore the mass concentrag,, cycles in the three models by showing in Tabeand
gons '.r:. eachlmqt(_je — as different tracers — share the SAME the globally averaged annual mean mass budget and life
eposition veloctlies. times of the five aerosol types. The corresponding values
in some other models mentionedLlifu et al. (2005 are pre-
sented in the rightmost columns for comparison. To facilitate

o o . analysis, the precursors of sulfate are also included.
Wet deposition parameterization simulates the loss of trace . : .
The first message from the two tables is that regarding

gases and aerosols caused by cloud formation (i.e. the in- )
. T global mean burdens, results from the three models are quite
cloud scavenging) and precipitation (the so-called below-

cloud scavenging), as well as release of these tracers baci'mIIar for all the five aerosol types. The ECHAMS-HAM

. . . fesults shown here at T42L19 resolution are also very close
into the atmosphere due to the evaporation of rain droplets : o )
) . ~fo the T63L31 nudged simulation iStier et al.(2009<.
All these three processes are considered both in HAM and i . . —
n the other hand, discrepancies between models exist in

LIAM. The impact on gases and aerosols are treated differ- N s
o the contribution from specific process. For sulfate and car-
ently. For gases, the solubility in cloud water and removal

L2 . , bonous aerosols, the differences between GAMIL-LIAM and
by precipitation are calculated according to the Henry's law

. . CAMS3-LIAM are evidently much smaller than between ei-
(see_, e.g.5einfeld and Pand,|$9ga_. As for _aerosols, the ther of them and ECHAMS5-HAM. This suggests that global
fraction of the total amount that is involved in cloud forma- . . -
g ) . . . and annual mean budgets of these species are highly sensitive
tion is prescribed according to the size and solubility of each

aerosol type (see Table 3 8tier et al, 2005. In reality the 0 tlhe parametenzauodn dscher_ng s of thde a;\ero;ol-lrelated phys-
in-cloud loss is caused by the activation process which conlca (e.g. transport an eposﬂmn) and chemical processes.
The sulfate aerosol burdens simulated by the LIAM and

verts aerosol particles into cloud droplets. However, the pa- A ; A
o T A . HAM modules turn out to have similar dynamical equilibri-
rameterization of activation is not explicitly included in the

model versions used in the present study, The precipitatior%jms which result from sulfur cycles with significantly differ-

formation rate is further used to convert activated aerosols t ent strengths. This can been seen from the different lifetimes

precipitation phase. Therefore the resulting in-cloud aeroso?See the S(ﬁ particle” part of Tablé). Both the source and

loss depends strongly on the strength and distribution of pre-  2an exception here is dust, for which it is already known that the
cipitation predicted by the hosting GCM. The formulation of emission flux in nudged simulations is significantly smaller than in
the in-cloud scavenging in LIAM is essentially the same as inclimatological runs Timmreck and Schul2004).

2.6 Wet deposition
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Table 5. Annual mean global sulfur budget obtained in this study and from the literature.

GAMIL CAM3 ECHAMS5 from
-LIAM  -LIAM -HAM Liu et al. (2005

Soﬁ’ particle
Burden (Tg S) 0.72 0.75 0.75 0.53-1.07
Sources (Tg Syrl) Total 59.2 61.7 75.6
Primary emissions 1.76 1.77 1.78 0-3.5
Nucleation 0.044 0.046 0.044
H>S0Oy4 condensation 6.1 7.4 25.0 6.1-22.0
Aqueous oxidation 51.3 52.5 48.8 24.5-57.8
Sinks (Tg Syrl)
Total 60.9 62.4 75.8
Dry deposition 2.8 2.9 25
Sedimentation 1.3 1.1 1.7 }3.9-18.0
Wet deposition 56.8 58.4 71.6 34.7-61.1
Lifetime (days) 4.4 4.5 3.6 3.9-6.8
Sulfuric acid gas
Burden (Tg S) 0.00040 0.00052  0.00060
Sources (Tg S yrt)
Total 6.2 7.4 25.1
SO, + OH (gas) 6.2 7.4 225
DMS + OH (gas) - - 2.6
Sinks (Tg Syrl)
Total 6.1 7.3 25.1
Nucleation 0.044 0.046 0.044
H>SO4 condensation 6.1 7.3 25.0
Dry deposition 0.0006 0.0014 0.009
Lifetime (days) 0.023 0.030 0.010
SO,
Burden (Tg S) 0.34 0.35 0.58 0.2-0.69
Sources (Tg S yrt)
Total 84.9 85.2 94.4
Emissions 68.7 68.9 71.7
DMS + OH (gas) 12.0 12.0 17.5
DMS + NOj3 (gas) 4.2 4.3 5.2 }10.0-25.6
Sinks (Tg S yrd)
Total 84.9 85.3 92.6
SO, + OH (gas) 6.2 7.4 225 6.1-22.0
Sink in aqueous chem. 51.3 52.3 48.8 24.5-57.8
Dry deposition 26.8 24.5 16.8 16.0-55.0
Wet deposition 0.61 0.65 4.5 0-19.9
Lifetime (days) 1.0 0.95 2.2 0.6-2.6
DMS
Burden (Tg S) 0.093 0.087 0.085 0.02-0.15
Source (Tg S yrl)
Emissions 18.2 18.2 25.4 10.7-26.1
Sinks (Tg S yrd)
DMS + OH (gas) 14.1 14.0 17.5
DMS + NOg3 (gas) 4.2 4.3 5.2
Lifetime (days) 1.9 1.7 1.3 0.5-3.0
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loss rates in ECHAMS5-HAM are more than 30% larger than These tests suggest that the large differences of H&Og
in the other two models, which can be attributed mainly to production in the three models must have resulted from other
the stronger HSO,; condensation (source) and stronger wetreasons than the dry deposition of SMS emission,
deposition (sink). Compared to the other models results coland the oxidants. Possibilities include the chemical reac-
lected inLiu et al. (2005, it seems that the condensation rate tion schemes, the related meteorological conditions (such as
in ECHAMS5-HAM is higher than the other models, while the cloud liquid content and cloud cover), and the sequence of
values in the two models using LIAM are among the lowest calculating the various processes (including the gas/aqueous
(see the rightmost column in Tale. phase reactions and deposition processes) within the sulfur
The strong condensation in ECHAM5-HAM is directly re- chemistry scheme. Which of these plays the major role is
lated to the high RSOy production from the oxidation of not yet clear. We will leave the further analysis in the future
SO, by OH. According to the numbers listed in Talleand research.
the comparison between the parameterization schemes in the The dramatic differences in theo.BO, condensation rate
HAM and LIAM modules, there can be two immediate rea- may lead to significant discrepancies in the simulated size
sons for the different k5O productions: 1) stronger SO  distributions. So as to investigate the impact, another
production from DMS and weaker dry deposition of the;SO sensitivity experiment, referred to as “EXP-60P”, is per-
gas in ECHAM5-HAM, which may have lead to higher 5O formed with ECHAM5-HAM. Here we manually reduced
burden; 2) differences in the concentrations of the oxidantghe HSO4 production to 60% of the original values, and
which are prescribed using different data sets. apply the same scaling factor to the wet deposition coeffi-
In order to quantify the contribution from these fac- cients. The simultaneous reduction of the source and sink
tors, several sensitivity tests are performed using ECHAM5-of SU does not affect the burden, but increases the SU life-
HAM: time to 4.1 days. Other results from this simulation will be
discussed in the next section.

Regarding BC and POM, the burdens and total sources and
sinks strengths are very similar in the three models (Ta@ple
The values are also well within the range given by previous

it X 'studies (see the last column in TaBleand by the AeroCom
the oxidation of S@is weakened, and thea80; con-  y5qels. The main difference between the three models is the
densation rate is reduced from 25.0 to 21.9_Tg§yr relative contribution from the wet and dry deposition to the
(by 12.4%). Understandably, the SU burden is also de-qqyction rate.
creased. Sea salt has a relatively simple life cycle compared to the
— Experiment Ib, in which the DMS emission is scaled other aerosol types, and is more sensitive to the 10-m wind
down to the global and annual mean prescribed by Ae_which deter_mines its emission process. The_dif_fere_nces in
roCom (i.e., from 25.4 to 18.2, see Tale This leads our S|mulat|pns (Tabljé).can be regarged as |nd|cat|on of
to reduced S@production, and eventually a 6.4% de- dlffe_ren.ces in the emission sc_hemes in use and the discrep-
crease of the condensation o§$0 (i.e., from 25.0t0  ancies |n.model meteorolo'gy in the near ;urface layers. Fur-
23.4). Like in the first experiment, the SU burden is also ther details are presented in the next section. As for dust, the
decreased. emission rate depends additionally on the underlying surface
characteristics (which are typically prescribed using external
— Experiment I, in which the oxidant concentrations are data), as well as on the parameterization scheme of mobi-
prescribed using the IMAGES model data as in the otherization. Since these data and schemes are highly empirical
two models. In this simulation more SCGare con-  and consequently associated with large uncertainties, we list
sumed in the aqueous phase oxidation and less in théhe dust budget in Tabkgfor completeness but do not make
gas phase reactions, but the total amount remains almogurther quantitative comparison.
unchanged. Although the condensation rate is reduced

to 22.5Tg Syrl, there is no significant change in either o )
the burden or the lifetime of the SU aerosol. 4 Global distribution of aerosol number concentration

— Experiment la, in which the turbulent dry deposition
in HAM is replaced by the parameterization in LIAM.
As expected, the dry deposition rate in ECHAM5-HAM
is enhanced to a level similar to the other two models

— Experiment Il1, in which the three modifications above In this section we present and inter-compare the simulated
are combined in one simulation to take into account the@nnual mean number concentrations of all the seven modes
interaction and nonlinearity. It turns out that in terms resolved by the M7 module. In the figures the concentration
of H»SO4 condensation rate, the decrease is close to thdS given as number of particles per cubic centimeter at the
sum of the changes in the previous three experimentsstandard atmospheric state (1013.25 hPa, 273.15K).
Although reduced to 17.6 Tg SV, it is still more than
twice the values in the other two models.
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Table 6. Annual mean global BC, POM, SS, DU budgets obtained in this study and from the literature.

GAMIL CAM3 ECHAM5 from
-LIAM  -LIAM -HAM Liu et al. (2009

Black carbon

Burden (Tg) 0.13 0.13 0.11 0.12-0.29
Sources (Tg yrl)
Emissions 7.7 7.7 7.7
Sinks (Tg yr1)
Total 7.6 7.6 7.8
Dry deposition 0.87 1.1 0.71 11.6-4.6
Sedimentation 0.02 0.02 0.03 o
Wet deposition 6.7 6.2 7.1 7.8-13.7
Lifetime (days) 6.2 6.2 5.2 3.3-84
POM
Burden (Tg) 1.2 1.1 0.93 0.95-1.8
Sources (Tg yrl)
Emissions 65.8 65.8 66.6
Sinks (Tg yr1)
Total 65.9 65.8 66.0
Dry deposition 5.8 7.2 5.7
Sedimentation 0.11 0.10 0.21 111.3-29.8
Wet deposition 60.0 58.5 60.1 60.1-113.3
Lifetime (days) 6.3 6.2 5.1 3.2-6.4
Sea salt
Burden (Tg) 12.9 14.9 11.3 3.4-12.0
Sources (Tg yrl)
Emissions 8366 11785 6615 1010-8076
Sinks (Tg yr1)
Total 8389 11845 6650
Dry deposition 1432 2586 1680
Sedimentation 3730 4454 1800 19407450
Wet deposition 3227 4805 3170 74-2436
Lifetime (days) 0.57 0.46 0.62 0.19-0.99
Dust
Burden (Tg) 13.6 13.9 16.8 4.3-35.9
Sources (Tg yrl)
Emissions 1052 1201 1378 820-5102
Sinks (Tg yr1)
Total 1075 1210 1389
Dry deposition 36.1 61 120
Sedimentation 325 437 550 1486-4080
Wet deposition 714 712 719 183-1027
Lifetime (days) 4.7 4.2 4.4 19-7.1
4.1 Nucleation mode and soluble Aitken mode high sulfuric acid concentration, high relative humidity and

low temperature. Thus the upper troposphere is the most fa-
The first two rows in Figd display the zonal and annual vorable region, as can be seen in the vertical cross sections

mean number concentrations of the nucleation mode and thgzig.' 1, first royv). The soluble Aitken mode particles in'M7
soluble Aitken mode simulated by the three models. In bothre internal m|?<tures of sulfate, black carbon and organic car-
LIAM and HAM, particles of the nucleation mode are gen- bon. In the m'd‘?”e and upper tr(_)posphere, the most impor-
erated exclusively from the neutral binary nucleation. Strongtant source of Aitken mode_ particles is the condensation of
conversion of the sulfuric acid gas to particles results fromsulfunc acid gas on nucleation mode particles.
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Fig. 1. Zonal and annual mean aerosol number concentrations of the four soluble modes (from top to bottom) simulated by GAMIL-LIAM
(left column), CAM3-LIAM (middle column) and ECHAM5-HAM (right column). The unit is number of particles per cubic centimeter at
the standard atmospheric state (1013.25 hPa, 273.15K).

Regarding the nucleation mode, the three model simulabecomes much more similar to the ECHAM5-HAM result
tions agree reasonably well in the vertical distribution and(Fig. 2, left column). These two experiments indicate that
the magnitude of the number concentration. This is consisthe condensation of #6804 plays a major role in the particle
tent with the similar global and annual mean nucleation rateggrowth in the aforementioned region, and can lead to large
(see the first block of Tablg). The most evident difference discrepancies among models in the number concentrations
is the higher concentrations near the tropical upper tropo-of the nucleation and soluble Aitken modes.
sphere in the two models using LIAM. As for the soluble  Near the surface layers, nucleation mainly happens in the
Aitken mode, all three models agree that the tropical regionshigh-latitude continental areas. As expected, the high num-
are associated with relatively high concentrations, althougtber concentrations in ECHAM5-HAM and GAMIL-LIAM
the actual values differ significantly. are high over Antarctica and North Eurasia (first row in

As mentioned in the previous section, the sensitivity ex-F9- 3) aré consistent with expectation. The lower concen-
periment EXP-60P has been conducted with ECHAMS5- tration in GAMIL-LIAM over Greenland, Siberia and north-
HAM, in which the HSOx yields due to the oxidation of west part of North America is related to the warm bias iqwin-
SO, is scaled down to 60% of the original values. The ter (not shown). .In _CAM3—LIAM, the high concentrations
consequence is that near the tropical upper tropospherfom 45N are missing, probably also due to the tempera-
the nucleation mode number concentration is increased duld!"® bias, since the 2-m temgerature' is typically associated
to slower growth of nucleation mode particles, and thusywthaposmve bias of 2 to 12C .Th_e higher concentrations
the Aitken mode number concentration is considerably de/n ECHAMS-HAM seem partly attributable to the abundant

cre_ased (Fig2, rig_ht col_umn). In another experiment in SFigure available from the CAM 3.0 Simulation Page:
which the BS0Oy yields in CAM3-LIAM are doubled, the  http://iwww.ccsm.ucar.edu/models/atm-cam/sims/cam3.0/
Aitken mode number concentration increases and the patteream20_2_dev59/cam2)_2_dev59-obs/set®/setaDIJF. TREFHT.
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Fig. 2. Zonal and annual mean aerosol number concentrations of the nucleation mode (upper row) and Aitken soluble mode (bottom row)
simulated by CAM3-LIAM (left colomn) and ECHAM5-HAM (right column) in sensitivity tests. The unit is number of particles per
cubic centimeter at the standard atmospheric state (1013.25 hPa, 273.15K). In the CAM3-LIAM simulatio®@yeyitlds are doubled
compared to the control experiment. In the ECHAM5-HAM simulation (referred to as “EXP-60P” in the text), both 3l kields and

the wet deposition coefficients are scaled down to 60% of the original values.

H2SOy. Inthe EXP-60P simulation the nucleation mode con-4.2  Soluble accumulation mode and soluble coarse
centration is generally lower from 4Qatitudes pole-ward, mode
both over land and over the ocean (nhot shown).

The soluble Aitken mode particles near the Earth’'s sur-In contrast to the two modes discussed above, the solu-
face mainly come from natural and anthropogenic emissionsle accumulation mode has highest concentrations near sur-
and aging of the insoluble particles. Aging itself is a phys- face layers, mainly because of the primary emissions in the
ical process in LIAM and HAM, caused by condensation densely populated industrial regions and the tropical forests.
and the coagulation of insoluble aerosols with soluble par-These features are reasonably well captured by the three
ticles. These processes, however, are closely related witiodels (Figs1 and3, third row). All three models also show
the sulfur cycle. From the second row of Figyit is clear  an increase in the number concentration with altitude from
that ECHAMS5-HAM produces more soluble Aitken mode around 300 hPa (Fid., third row). However, the meridional
particles. Over the mid-latitude continents in the Northerndistribution and the magnitude of the concentrations in the
Hemisphere, the higher number concentrations are probablypper troposphere differ significantly. Possible reason for
aresult of stronger aging. Over the Southern Oceans, the oxhat could be due to the vertical transport and wet scaveng-
idation of DMS leads to relatively high sulfuric acid concen- ing in convective clouds, since it is known that the cumulus
tration. Sulfur chemistry and aerosol microphysics (nucle-convection activities in the three AGCMs are considerably
ation, condensation and coagulation) thus become the maidifferent (see also the following sections). The convection
source of the small soluble particles. ECHAM5-HAM fea- parameterization and its interaction with the large scale cir-
tures stronger DMS emission (see the previous section andulation is very complex. It is not yet clear how their impact
the last block of Tablé); additionally, in the sulfur chemistry  can be efficiently evaluated through sensitivity experiments
scheme, the MSA produced from DMS is assumed to occuiin this study. Further investigations are needed in the future.
as sulfuric acid. In the two models using LIAM the conver-  The soluble coarse mode particles are introduced into the
sion from MSA to sulfuric acid is simply ignored. Sensitiv- atmosphere mainly through sea salt emission and the aging
ity test shows that if the same is done in ECHAMS5-HAM, of dust. The former leads to high number concentrations over
the near surface concentration of the soluble Aitken particleghe oceans, especially in the storm tracks because of strong
will be evidently reduced over the circumpolar trough and wind, while dust emission produces high concentrations over

Antarctica (Fig 4). Sahara, and over west Asia in ECHAM5-HAM (Fig). last
row). Note that emissions of sea salt and dust are not pre-
CRU_obsc.png scribed but calculated online in both aerosol modules used in
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GAMIL-LIAM (left column), CAM3-LIAM (middle column) and ECHAM5-HAM (right column). The unit is number of particles per cubic
centimeter at the standard atmospheric state (1013.25 hPa, 273.15K).

this study. The parameterizations schemes used in LIAM and

HAM are different, which explains the similarity between the 9N
GAMIL-LIAM simulation and the CAM3-LIAM results, as 60N
well as the large differences between these two models and 30N
ECHAM5-HAM. o
In the last two rows of Fig3, ECHAM5-HAM produces
evidently lower concentrations over the ocean in the soluble %8
accumulation mode, and considerably higher concentrations 608
in the coarse mode, especially over the storm tracks and in 90S

the ITCZ. This is a direct result of dramatically different sea

salt emissions in ECHAM5-HAM and the two -LIAM mod-

Aitken soluble

ECHAMS5-HAM ( DMS—SO0, )

[ B e
10 100 400 800 2000 6000 10000

Fig. 4. Annual mean number concentration of the soluble Aitken

els (Fig.5a—c andse-g). The opposite discrepancies in the mode particles at the lowest model level, simulated by ECHAMS5-
two modes can not be explained by 10m wind speed. The4AM in the experiment in which the methane sulfonic acid (MSA)
next possible explanation, then, is the emission parameterieonverted from dimethyl sulfide (DMS) isot assumed to occur as
zation itself. To check this aspect, a sensitivity experimentsulfuric acid. . The unit is number of particles per cubic centimeter
is carried out using ECHAM5-HAM, but with the sea salt at the standard atmospheric state (1013.25 hPa, 273.15K).
emission parameterization replaced by the scheme in LIAM.and5h) become very similar to GAMIL/CAM3-LIAM. Note

As expected, the sea salt emission of both modes @eig.

Atmos. Chem. Phys., 10, 6408434 2010

that in these simulations the aerosols have no feedback to
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the host GCM. In the sensitivity simulation the LIAM emis- 5 Comparison with the observed particle number

sion scheme receives exactly the same input (10 m wind) as profiles

the original scheme in ECHAM5-HAM does. Thus we can

confidently conclude that the dramatic differences betweenn this section we compare the simulated vertical distribution

the original ECHAM5-HAM and the GAMIL/CAM-LIAM of the aerosol number concentration with observations, so as

in sea salt emission should be attributed to the different for-to examine whether the simulations are realistic.

mulation of the parameterization schemes. Annual mean tropospheric aerosol number concentration
The surface concentrations of soluble accumulation modever the Pacific Ocean has been compileClarke and Ka-

and coarse mode in GAMIL and CAMS3 differ marginally pustin (2002 from several measurement campafyn¥er-

over the storm tracks due to two compensating factors: onical profiles are available from the Earth’s surface to 12 km

the one hand, the circumpolar trough in the Southern Hemi-altitude for three latitude bands: 28-70 S, 20 S-20 N,

sphere and the low pressure systems over the North Atlantiand 26 N-70° N. The regions covered by this dataset are

and North Pacific are stronger in CAM3 (not shown), leadingindicated by blue boxes in Fi@. In the middle and up-

to stronger westerly wind and consequently stronger emisper troposphere the dataset mainly reflects the number con-

sion flux (Fig.5a, b andbe, f). On the other hand, the upward centration of thawucleationmode, because the size range of

mass flux associated with cumulus convection is also muchhe measured aerosol particles was 0.003—20 um, and nucle-

stronger in CAM3 in the mid-latitudes (not shown). The near ation mode number dominate total aerosol number at these

surface air is therefore efficiently diluted, and more particleshigher altitudes. To carry out model evaluation, the simu-

are transported to upper levels (Figfourth row). lated annual mean number concentration in the size range
_ D, > 0.003 um is averaged over the ocean grid point within
4.3 The insoluble modes the three blue boxes in Fi§.

. . . Figure9 shows the observed and simulated results. Over
The insoluble particles only have emission sources. Theth

. . ) e tropical Pacific (Fig9, left panel), the three models cor-
highest concentrations thus appear near the Earth’s surface ; :

; » . . réctly capture the increase of number concentration from the
(Fig. 6). Dry and wet depositions are important sinks of the

h ) - . near-surface layer to 11km. In this region the ECHAM5-
insoluble particles. Additionally, the aging processes lead to : . )
loss of the insoluble aerosols by converting them to squbIeHAM results agree clearly better with the observation, while
: in GAMIL-LIAM and CAM3-LIAM the concentrations are

particles. : : . .

. : overestimated above 5km. These inter-model discrepancies

For the insoluble Aitken mode aerosols, all three mOdeISare consistent with the top panels in Fig. In Sect.4 we

utilize the same prescribed emissions for POM and BC. Un- pp ' '

) . have shown that less nucleation mode aerosols are converted
derstandably, the simulated near surface concentrations are

R . o : to larger particles in the upper troposphere in the two models
quite similar, especially over the emission regions (Fig. : : .
k . . . using LIAM because of the relatively low concentration of
first row). The higher concentrations in the two -LIAM mod- . .
4 . . o sulfuric acid gas.
els over the tropical Atlantic, tropical East Pacific and the over th tratronical Pacifi . Fimiddl d
storm tracks seem related to the horizontal transport. The in- ver the extratropical Pacific regions (Fymiddle an

soluble accumulation and coarse mode patrticles are releasétht pane!s), ECHAMS-HAM overestimates the numbgr
into the atmosphere only via dust emission, which is calcy-concentration throughout the troposphere and gives the high-

lated online according to the characteristics of the underlyingeSt value among the three models. The other two models

surface and the meteorological conditions (e.g., near-surfac%iso overestimate _the number concentranor_] above 1km in
wind and atmospheric stability). The emitted dust mass isthe Northern He.m!sphe.re and above Skm in the Sogthern
partitioned to the accumulation mode and coarse mode WitH—|em|sphere.. Similar biases h_ave been observeaul

a fixed ratio independent of the geographic location. Henc et al. (2010 in an updatgd version of ECHAMS5-HAM and
the concentrations of these two modes are quite similar i ySp.rackIen et aKZOOE? in another model. ]

each individual model (Figz, second and third rows). The 'Wh|.le obser.vanons irClarke anq Kapust|r(2902) pro-
discrepancies among the simulations over Asia and Australi¥d€d information about clean regions and particle size cor-
are related to the different dust emission parameterizations if€SPending to the nucleation modéinikin et al. (2003 pre-

LIAM and HAM. In the middle and upper troposphere, the sented v_ert|cal profiles over Europe in July and August 2000
three simulations mainly differ in the tropical regions, where for the Aitken mode (0.014-0.1 pm) and accumulation mode
the number concentrations are the highest in CAM3-LIAM (0-1=3 um). In this polluted region, both modes are charac-
and lowest in ECHAM5-HAM (Fig6). A possible reason terized by highest concentrations near the surface caused by
is the differences in the vertical transport caused by cumulus
convection.

4Including the Global Backscattering Expriment (GLOBE2,
May 1990), the Southern Hemisphere Marine Aerosol Character-
ization Experiment (ACE-I, November 1995), and the Pacific Ex-
ploratory Missions PEM-Tropics A (September 1996) and PEM-
Tropics B (March 1999).
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Fig. 5. Annual mean number flux of the soluble accumulation mode (left column) and soluble coarse mode (right column) caused by sea
salt emission in different models and experiments. The unitiéyn—1. “LIAM-SS” refers to the sea salt emission scheme of the LIAM
module.

emission, a decrease with height below 4 km, and the almostode aerosols. The emissions used in this study are of the
constant concentrations between 5-10 km above the surfacgame year as the measurementdlinikin et al. (2003 and

(see the black curves in Fig0). therefore are relatively accurate, although uncertainty exists
in the particle size of the primary emission. On the other
gland, in the original M7 module the ternary nucleation is not
included, nor is the boundary aerosol nucleation due to clus-

ter activation Kulmala et al, 2006. This may have led to

left). The rapid decrease of concentration below 1 km andsignificantllow bias.in the conversion rate from ngcleation
the weak vertical gradient between 5-10km are correctly™0de particles to Aitken mode aerosols. In the middle and
reproduced, although the concentration is evidently underUPPer troposphere condensation and coagulation are the two
estimated near surface levels and overestimated in the mid!'&/°" factors affecting the Aitken mgde number concentra-
dle and upper troposphere. In the boundary layer, emissiontloN: Bétween 3.5km and 10km altitude the model results
and microphysics are both importance sources of the Aitkerf® Slightly higher than observation.

The model results are averaged over the correspondin
months in the region 5.3-28.8&, 43.5-56.7N (see red box
in Fig. 8) to match the observation. The simulated Aitken
mode profiles are similar among the three models (E@).

Atmos. Chem. Phys., 10, 6408434 2010 www.atmos-chem-phys.net/10/6409/2010/



K. Zhang et al.: Aerosol size distribution simulated by three models 6425

o Aitken insolyble 5 Aitken insolyble

100

400.0 400.0
200.0 200.0
150 Iwo,o 150 150 Iwoo.o
= 200 80.0 = 200 = 200 80.0
) 5 5
T 250 800 & 250 £ 250 goo
@ 300 200 © 300 @ 300 200
2 400 80 2 40 2 400 8.0
@ 50 © 4 5.0
a 500 20 & 500 & 500 2.0
1.0 1.0
700 05 700 700 05
850 L 0.1 850 850 0.1
1000 T T T T T T 1000 T T T T T 1000 T T T A
9S 60S 30S 0 30N 60N  9ON 60S  30S 0 30N 60N 60S  30S 0 30N 60N
ccumulation insoluble ~ GAM|L-LIAM accumulation insoluble CAM3-LIAM accumulation insoluble ECHAMS-HAM
100 100 100
8.00 8.00 8.00
5.00 5.00 5.00
150 I 2.00 150 I 2.00 150 I 2.00
5 200 100 = 200 100 — 200 1.00
£ = 2 f = £ = i
2 300 020 £ 300 020 g 300 0.20
& 500 005 & 500 005 & 500 0.05
0.02 0.02 0.02
700 0.01 700 0.01 700 0.01
850 000 850 0.00 850 0.00
1000 1000 1000
60S 308 60S 308 0
coarse insolyble coarse insoluble
100 100 100
8.00
150 I g-gg 150 150
& 200 1.00 = 200 & 200
E 250 g'gg € 250 & 250
o 300 020 © 300 o 300
5 5 5
8 400 S08 & 400 8 400
& 500 005 & 500 & 500
0.02
700 0.01 700 700
850 0.00 850 850

1000 1000

90S 60S 308 o 30N 60N 90N 60S 308 0 30N

1000

60S 308 0 30N

Fig. 6. Zonal and annual mean aerosol number concentration of the three insoluble modes (from top to bottom) simulated by GAMIL-LIAM
(left column), CAM3-LIAM (middle column) and ECHAM5-HAM (right column). The unit is number of particles per cubic centimeter at
the standard atmospheric state (1013.25 hPa, 273.15K).
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Fig. 7. Annual mean aerosol number concentration of the three insoluble modes (from top to bottom) at the lowest model level simulated
by GAMIL-LIAM (left column), CAM3-LIAM (middle column) and ECHAM5-HAM (right column). The unit is number of particles per
cubic centimeter at the standard atmospheric state (1013.25 hPa, 273.15K).
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Fig. 8. The Pacific (blue) and European (red) regions in which the simulated aerosol number concentration profiles are compared against
observations. See Se6tfor further information.
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Fig. 9. Comparison between the simulated and observed particle number concentrations over the tropical (left), northern (middle) and
southern (right) Pacific regions. The simulated profiles are derived from the itat 8 nm) aerosol number concentrations averaged over

the ocean grid points in the blue boxes shown in Bigrhe observations were compiled 8Yarke and Kapustif2002 from measurements
obtained in the 1990’s (see Fig. 9 therein). The grey shading indicates the standard deviation of the observed profiles.

As for the accumulation mode (Fido, right), the three 6 Comparison with the observed size distributions in

models are able to capture the trend of decreasing concen- the boundary layer

tration with altitude. From the surface to 7 km, the simu-

lated values are generally within the 10- and 90-percentiledn this section we compare aerosol size distributions in the

of the observations. On the other hand, evident differenceshree models with several sets of observational data in the

exist among models and between simulation and measurdsoundary layer. Size distribution measurements available in

ment. Features of the discrepancies are consistent with ththe literature are sparse in terms of spatial and temporal cov-

zonal mean cross sections discussed in the previous secti@rage. The techniques for measurement and data analysis

(see the third row of Figl). are often not standard. The simulations in this study are
performed using global models of relatively coarse resolu-
tion, driven by climatological SST/sea ice data and the emis-
sions scenario of the year 2000. These factors make it not
straightforward to quantitatively evaluate the model results.
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Fig. 10. Comparison between the simulated and observed Aitken (left) and accumulation (right) mode number concentrations over Europe.
The simulated profiles are July and August averages in the red box shown & Flge observations were compiled Binikin et al. (2003

using the measurements obtained in July and August 2000 during the UFA/EXPORT campaign. The boundaries of the shaded areas indicat
the 10th and 90th percentiles of the observational data.

Nevertheless we still make such comparisons in this sectiosimulations, only the observations obtained at natural and
while keeping in mind the large uncertainties associated. Theural sites (Aspvretren, Harwell and Hohenpeissenberg) are
purpose is to find out whether the models can capture theised here. Furthermore, as the influence of local emission
main features of the size distributions in typical situations, can be clearly detected at Harwell and Hohenpeissengberg
and to what extent the three models disagree with each otheduring daytime, only the nighttime measurements are used.
Given that the modal method is used for representingThe black curves in Figll display the observed median
aerosol size distribution in our models, the most useful obsersize distribution. Regarding the model simulations (colored
vations in the literature are those compiled into multi-modal curves in Fig.11), only the diameter range of 0.01-0.8 pm
log-normal distributions by the original investigators. These of the calculated distribution functions are presented because
include direct measurements of aerosol distribution obtainedmaller and larger particles are not measuredutaud et al.
at observatories, during cruises and in special campaigns, g2003.
well as indirect measurements provided by the AERONET. Figure 11 shows the observed and simulated size distri-
Most of the direct measurements feature dry aerosol distributions in winter (top row) and summer (bottom row) at the
butions in the boundary layer, while AERONET provides the aforementioned sites. The aerosol size spectra at polluted
wet aerosol distributions vertically integrated over the wholesites are characterized by overlapping Aitken and accumula-
extent of the atmosphere. For the first step of model evalution modes. This is correctly reproduced by all three models.
ation we chose not to compare vertical integrals in order toOn the whole, the magnitude of the simulated distribution
avoid fake correct results caused by canceling error. Therefunctions agree reasonably with the observation, although
fore in this section, we compare the simulated dry aerosoldiscrepancies exist in details of the spectra. For example,
distributions with boundary layer observations, and leave theat Harwell, underestimate of the number concentration is ev-
task of comparison against AERONET data for future work. ident in the accumulation mode in winter and over a broad
In the following, we focus on examining whether the param- range from 0.03 to 0.4 um in summer. The seasonal changes
eters of the distribution functions are reasonably reproducedre much less evident in the models than in reality. At the

by the models. coastal site Aspvretren, all three models underestimate the
_ _ number concentration in winter, and overestimate the two
6.1 Over the continents and coastal regions tails of the spectrum in summer. Systematic inter-model dis-

) ) o crepancy, on the other hand, is not evident.
Putaud et al(2003 compiled aerosol size distribution mea-

surements from 10 European surface sites during the period
1997-2001. Three-mode distribution functions are fitted to
the original data and the log-normal mode parameters are
provided in their publication. For comparison with model

www.atmos-chem-phys.net/10/6409/2010/ Atmos. Chem. Phys., 10, 64892010
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Fig. 11. Comparison between the simulated and observed aerosol size distributions in the continental and coastal boundary layer over Europe

The observations were compiled Bytaud et al(2003 (see Appendix 3 therein).

acid makes a difference. Here in Fitgi, j the ECHAMbS-
HAM results agree better with the observation data, suggest-
Aerosol size distributions in the marine boundary layer ing that the treatment of MSA in HAM is more appropriate.
(MBL) have been compiled byieintzenberg et al(2000 Accumulation mode particles in the marine boundary layer
from some 30 years of cruise and flight measurements fomainly come from sea salt emission. In Set2 we found

the brown boxes shown in Fid2. Each box indicates a that the sea salt emission scheme in HAM produces signif-
15°x15° (latitude x longitude) area. The number concentra- icantly weaker emission flux in this mode and consequently
tion, geometric mean diameter and standard deviation of thenuch lower number concentration. This can be clearly
log-normal distribution function were derived for the Aitken seen in Fig.12 as well. The systematic discrepancy disap-
and accumulation modes for 10 latitude bands (see Table Bears when the LIAM sea salt emission scheme is used in
therein). These data are visualized by solid black curves ilEECHAM5-HAM (see dashed curves in Fi§2). Another

Fig. 12a—j. Theo; ando» values in each panel are the stan- point worth noting is that all three models have underes-
dard deviations of the Aitken mode and accumulation modetimated the concentration of the accumulation mode. The
respectively. It is worth noting that while the prescribed stan-cause is not yet clear. The simulated 10 m wind speeds
dard deviations of both modes are 1.59 in the M7 module, thgwhich strongly affect sea salt emission) have been compared
observed values are often smaller. against the ERA-Interim reanalysis (now shown), but can not

The simulated size distributions in the brown boxes are av-€xplain the bias.
eraged in each latitude band and presented by colored curves . .
in Fig. 12. Most of the sampling regions are over the remote 8-3 Over the China adjacent seas
oceans, for which it is now well known that the size distri- | . . C .
bution is characterized by a clear separation between welll‘m et al. (2007 reported aerosol size distributions and parti-
defined Aitken mode and accumulation mode. This featureCIe number concentrations in the diameter range from 15 nm
is correctly captured by all three models ' to 10 um, measured during three cruises over the China ad-
. . : . .. jacent seas (Fi . Two of the cruises were in the Yel-
Aitken mode aerosols in the remote MBL originate mamlyJ (Figl30) the cruises were in the ve

. ; , low Sea in March 2005 and April 2006, while the other cov-
from particle formation and growth due to sulfur chemistry ered the Yellow Sea, the East China Sea and the South China

and microphysics, and horizontal transport which increase%ea in May 2005. The observed number size distributions

t_he concentrations over the.downwmd oceans. The SImUIahave been fitted to three log-normal modes (Aitken, accumu-
tions generally agree well with observations. In the polar re-|ation. and coarse modes) kin et al. (2007. To compare

gions (especially between 45 and 75 S) the Aitken mode with these data, the simulated aerosol size distributions in

concentrations in the two -LIAM models are evidently lower ; ;
; . ) . the grid boxes reached by each cruise are averaged for the
than in ECHAM5-HAM. This has been noticed when dis- corresponding month.

cussing Fig.3 in Sect.4.1 There it was pointed out that
whether or not to consider the conversion of MSA to sulfuric

6.2 Over the remote oceans
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Fig. 12. Comparison between the simulated and observed aerosol size distributions of the Aitken and accumulation modes in the marine
boundary layer. The simulated distributions include both the soluble and the insoluble modes. The observations were cdtejirilize by
berg et al(2000 (see Table 3 therein).

The most important feature in Fi§3is that over the Yel-  derestimate of the number concentration by all three models
low Sea and East China Sea the three models give very simFig. 13e), especially in the accumulation mode, is probably
ilar results, and they all lie well within the observed 5th- related to the differences in the modeled and observed circu-
and 95th-percentile, while significant negative biases in num{ation.
ber concentration are seen over the South China Sea. Cli-
mate data reveal that the Yellow Sea and East China Sea are
most often affected by polluted air coming from the conti- 7 Summary and conclusions

nent to their west. The South China Sea, in contrast, isa _ _ S )
tricky region in which the near surface wind can change di-!n this study the tropospheric aerosol size distributions sim-

rection dramatically at synoptic time scale. During the ob-ulated by three global models are compared and evaluated
servation period irLin et al. (2007 the weather condition 2dainst observations. All three models are general circula-
was relatively stable. Back-trajectory study showed that thelion models in which the aerosol-related physical and chem-

air masses came from the heavily polluted Luzon Island andc@l processes are calculated online. Two of the models,
Visayan Island in the eastif et al, 2007). The severe un- GAMIL-LIAM and CAMS-LIAM, use the same aerosol

module LIAM and differ only in model meteorology; the
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Fig. 13. Comparison between the simulated and observed aerosol size distributions in the marine boundary layer over China adjcent seas
The simulated distributions are the sum of all the modes resolved by the M7 module. The observations were corhpiletddy(2007)
(see Table 2 therein).

aerosol module HAM coupled to the ECHAMS5 model differs strengths of convective transport can be most clearly detected
from LIAM in the sulfur chemistry scheme, the treatment of in the vertical distribution of the concentrations, especially in
natural aerosol emissions as well as the deposition processehe tropics and in the middle and upper troposphere.

The unique feature of the simulations performed here is Regarding the number concentrations of the nucleation
that the same modal method is used for representing the siz@ode and soluble Aitken mode, the spread of the model re-
distribution of the aerosol population. The analysis of thesults is larger in the equatorial regions in the upper tropo-
model results is carried out from two aspects: the aerosobphere. The differences between the LIAM simulations and
number concentration of each resolved mode, and the chathe ECHAMS5-HAM result are evidently larger than between
acteristics of the simulated aerosol size distributions (modeéSAMIL-LIAM and CAM3-LIAM. Diagnostics indicate that
radius and standard deviation). The number concentrationthe sulfur cycle is considerably more active in ECHAM-
of all the modes resolved in the M7 microphysics module areHAM. Compared to other studies in the literature, the con-
compared separately among the three models. The annugensation rate of sulfuric acid gas in ECHAM5-HAM ap-
and zonal mean concentrations in the troposphere and theears to be the highest, while the corresponding values in the
annual mean surface concentrations are examined. On tH&vo -LIAM models are among the lowest. Sensitivity ex-
whole the qualitative features of the spatial distributions areperiments suggest that the dramatic differences are probably
similar in the three simulations. In the zonal mean cross seccaused by the different parameterizations of sulfur chemistry
tion, high concentrations of the nucleation mode appear nea®r the related meteorological conditions.
the tropopause, while the soluble coarse mode particles and The annual and zonal mean number concentration of the
the insoluble aerosols are concentrated in the near-surfacsoluble accumulation mode in the upper troposphere is sur-

layers. The characteristic magnitude of the number concenprisingly different among the three models. The cause is not
tration of each mode is also consistent among the three modyet clear and further investigations are needed.

els. In addition to model intercomparison, the simulations are
Quantitative differences are also clearly detectable: also evaluated against observations. Over Europe and the Pa-
for the soluble and insoluble coarse and accumulation modegific Ocean, the simulated and observed vertical distributions
inter-model discrepancies mainly result from the differencesof the aerosol number concentrations are compared. All three
in the SS and DU emissions and the convective transportmodels can reasonably reproduce the increase of aerosol
The SS emission parameterization in LIAM produces muchnumber concentrations with altitude over clean areas (the
weaker aerosol number flux in the coarse mode than thdacific Ocean), and the decrease of Aitken and accumula-
scheme in HAM, and stronger flux in the accumulation tion mode number concentrations in the polluted regions (Eu-
mode; the different DU emission schemes lead to considrope). There are also evident differences in the detailed fea-
erable discrepancies in the horizontal pattern of the numbetures of the profiles, both between measurements and simula-
concentration in these two modes; the impact of the differentions, and between results from different models. It is worth

Atmos. Chem. Phys., 10, 6408434 2010 www.atmos-chem-phys.net/10/6409/2010/



K. Zhang et al.: Aerosol size distribution simulated by three models 6431

noting that the model results are obtained under climatologi-References

cal SST forcing and the emission scenario of year 2000, and

the simulated profiles are derived from monthly mean out-Barth, M., Rasch, P. J., Kiehl, J. T., Benkovitz, C. M., and Schwartz,
put. In contrast, the observational data were compiled from S: E-: Sulfur chemistry in the NCAR CCM: Description, evalu-
flight measurements strongly affected by the weather condi- ation, features and sensitivity to aqueous chemistry, J. Geophys.
tions. To reduce the uncertainties in the quantitative compar- Res., 105, 1387-1415, 2000.

. b b . d simulati . Bauer, S. E., Wright, D. L., Koch, D., Lewis, E. R., McGraw,
ison between observations and simulations, it is necessary to R., Chang, L.-S., Schwartz, S. E., and Ruedy, R.: MATRIX

either compile more measurements covering longer time pe- (\iyiticonfiguration Aerosol TRacker of miXing state): an
riods, or perform nudged model simulations and derive the aerosol microphysical module for global atmospheric models,
diagnostics using instantaneous model output at higher fre- Atmos. Chem. Phys., 8, 6003-6035, doi:10.5194/acp-8-6003-
quencies. 2008, 2008.

Aerosol size distributions simulated by all three mod- Briegleb, B. P.: Delta-Eddington approximation for solar radiation
els are compared with observations in the boundary layer. inthe NCAR Community Climate Model, J. Geophys. Res., 97,
The overall results are encouraging. In the polluted regions /603-7612,1992. . S
over the continents, the high number concentrations over th@””k%p'l ? and Roetck_ne? E. Sfenlsnnéltty Cg ? ge”e_r"’;' C'rCtL_"at'o_”

_ model to parameterizations of cloud-turbulence interactions in
?J:)e%d gi\r/](gret:]r:rrgn(:.(JOt(()ezoL(l:rgatr?sot.flfe“?::‘Iga\r/le?yelg\?vrrceo%tgeﬁzg- the atmospheric boundary layer, Tellus, 47A, 197-220., 1995.

. ) . o . Clarke, A. D. and Kapustin, V. N.: A Pacific Aerosol Survey. Part
tions and the separation of Aitken and accumulation modes . 5 Decade of Data on Particle Production, Transport, Evolu-
are also reasonably reproduced. Over the Yellow Sea and jon and Mixing in the Troposphere, J. Atmos. Sci., 59, 363—
the East China Sea where the large-scale circulation is dom- 382, 2002.
inated by westerly winds from the continent, the simulatedcCollins, W. D. P. J. R., Boville, B. A., Hack, J. J., McCaa,
size spectra are very similar among the three models, and J. R., Williamson, D. L., Kiehl, J. T., Briegleb, B., Bitz, C.,
also close to the observation. Over the South China Sea Lin, S.-J., Zhang, M., and Dai., Y.: Description ofthe NCAR
where the near surface winds feature much stronger variabil- Community Atmosphere Model (CAM 3.0)., NCAR Techni-
ity, simulation and observation can differ considerably. cal Note NCAR/TN-4§4+STR, National Center for Atmospheric

For the next steps, we plan to investigate why the sulfur Research, online ava_lla_ble &ittp://lwww.ccsm.ucar.edu/models/
cycle simulated by ECHAM5-HAM is so different from the atm-cam/ do<_:s/ descriptiariZ004.

.. . L . Dentener, F., Kinne, S., Bond, T., Boucher, O., Cofala, J., Generoso,
other two models. In addition, the size distribution derived S Ginoux. P.. Gond. S ;
. " , P., g, S., Hoelzemann, J. J., Ito, A., Marelli, L.,
from the, AERONET optical depth "’_md Angstrom measurg- Penner, J. E., Putaud, J.-P., Textor, C., Schulz, M., van der Werf,
ments will be used to evaluate the simulated wet aerosol size G R and wilson, J.: Emissions of primary aerosol and pre-

distribution. cursor gases in the years 2000 and 1750 prescribed data-sets for
) ) AeroCom, Atmos. Chem. Phys., 6, 4321-4344, doi:10.5194/acp-
AcknowledgementsThe authors are grateful to S. Kinne, P. Stier,  6.4321.2006, 2006.

Y. Peng, and B. Stevens for their suggestions and constructiv%aster’ R. C., Ghan, S. J., Zhang, Y., Saylor, R. D., Chapman,
criticisms. We also would like to thank both of the two anonymous g G., Laulainen, N. S., Abdul-Razzak, H., Leung, L. R., Bian,
reviewers for their helpful comments. We acknowledge the Fund X., and Zaveri, R. A.: MIRAGE: Model description and evalua-
for Innovative Research Groups Grant 40821092 and the financial ton, of aerosols and trace gases, J. Geophys. Res., 109, D20210
support from the 973 Project Grant 2005CB321703. XL was d0i:10.1029/2004JD004571, 2004.

funded by the US Department of Energy, Office of Science, Scien-rgichter, J., Kjellstim, E., Rodhe, H., Dentener, F., Lelieveld, J.,
tific Discovery through Advanced Computing (SciDAC) program.  anq Roelofs, G. J.: Simulation of the tropospheric sulfur cycle in
The Pacific Northwest National Laboratory is operated for the DOE 4 global climate model, Atmos. Environ., 30, 1693—-1707, 1996.
by Battelle Memorial Institute under contract DE-AC06-76RLO Fouquart, Y. and Bonnel, B.: Computations of solar heating of the

1830. KZ was partially supported by the exchange program of the  garths atmosphere: A new parameterization, Beitr. Phys. Atmos.,
IMPRS-ESM and the PhD Student Promotion Project of the Max 53 35_g2, 1980.

Planck Society and the Chinese Academy of Sciences. Ganzeveld, L. and Lelieveld, J.: Dry Deposition parameterization in
. . o a chemical general circulation model and its influence on the dis-
The service charges for this open access publication tribution of reactive trace gases, J. Geophys. Res., 100, 20999—
have been covered by the Max Planck Society. 21012, 1995.
] ) Ganzeveld, L., Lelieveld, J., and Roelofs, G.-J.: A dry depo-
Edited by: K. Lehtinen sition parameterization for sulfur oxides in a chemistry and

general circulation model, Atmos. Environ., 103, 5679-5694.,
d0i:10.1029/97JD03077, 1998.

Ghan, S. J., Laulainen, N. S., Easter, R. C., Wagener, R., Nemesure,
S., Chapman, E. G., Zhang, Y., and Leung, L. R.: Evaluation of
aerosol direct radiative forcing in MIRAGE, J. Geophys. Res.,
106, 5295-5316, 2001.

Gong, S. L.: A parameterization of sea-salt aerosol source function

www.atmos-chem-phys.net/10/6409/2010/ Atmos. Chem. Phys., 10, 64892010


http://www.ccsm.ucar.edu/models/atm-cam/docs/description/
http://www.ccsm.ucar.edu/models/atm-cam/docs/description/

6432 K. Zhang et al.: Aerosol size distribution simulated by three models

for sub- and super-micron particles, Global Biogeochem. Cy., 17,Lin, P., Hu, M., Wu, Z., Niu, Y., and Zhu, T.: Marine aerosol size
1097, doi:10.1029/2003GB002079, 2003. distributions in the springtime over China adjacent seas, Atmos.

Gong, S. L., Barrie, L. A, and Blanchet, J. P.. Modeling sea-salt Environ., 41, 2183-2205, 2007.
aerosols in the atmosphere 1. Model development, J. Geophyd.iousse, C., Penner, J. E., Chuang., C., Walton, J. J., Eddleman,
Res., 102, 38053818, 1997. H., and Cachier, H.: A global three-dimensional model study

Guelle, W., Schulz, M., Balkanski, Y., and Dentener, F.: Influence of carbonaceous aerosols, J. Geophys. Res., 101, 19411-19432,
of the source formulation on modeling the atmospheric global doi:10.1029/95JD03426, 1996.
distribution of sea salt aerosol, J. Geophys. Res., 106, 27509+in, S. J. and Rood, R. B.: Multidimensional flux-form semi-
27524, 2001. Lagrangian transport schemes, Mon. Weather Rev., 124, 2046—

Hack, J. J.: Parameterization of moist convection in the National 2070, 1996.

Center for Atmospheric Research Community Climate Model Liu, X., Penner, J. E., and Herzog, M.: Global modeling of aerosol
(CCM2), J. Geophys. Res., 99, 5551-5568, 1994. dynamics: Model description, evaluation, and interactions be-
Heintzenberg, J., Covert, D. C., and van Dingenen, R.: Size distri- tween sulfate and nonsulfate aerosols, J. Geophys. Res., 110,

bution and chemical composition of marine aerosols: a compila- D18206, doi:10.1029/2004JD005674, 2005.
tion and review, Tellus, 52B, 1104-1122, 2000. Liu, X., Penner, J. E., Das, B., Bergmann, D., Rodriguez,

Herzog, M., Weisenstein, D. K., and Penner, J. E.. A Dy- J. M., Strahan, S., Wang, M., and Feng, Y.. Uncertain-
namic Aerosol Module for Global Chemical Transport Mod-  ties in global aerosol simulations: Assessment using three
els: Model Description, J. Geophys. Res., 109, D18202, meteorological data sets, J. Geophys. Res., 112, D11212,
d0i:10.1029/2003JD004405, 2004. doi:10.1029/2006JD008216, 2007.

Holtslag, A. A. M. and Boville, B. A.: Local versus nonlocal Lohmann, U. and Roeckner, E.: Design and performance of a new
boundary-layer diffusion in a global climate model, J. Climate, cloud microphysics scheme developed for the ECHAM general
6, 1825-1842, 1993. circulation model, Clim. Dynam., 12, 557-572, 1996.

Horowitz, L. W., Walters, S., Mauzerall, D. L., Emmons, L. K., Lohmann, U., Stier, P., Hoose, C., Ferrachat, S., Kloster, S., Roeck-
Rasch, P. J., Granier, C., Tie, X., Lamarque, J.-F., Schultz, M. G., ner, E., and Zhang, J.: Cloud microphysics and aerosol indi-
Tyndall, G. S., Orlando, J. J., and Brasseur, G. P.: A global simu- rect effects in the global climate model ECHAM5-HAM, At-
lation of tropospheric ozone and related tracers: Description and mos. Chem. Phys., 7, 3425-3446, doi:10.5194/acp-7-3425-2007,
evaluation of MOZART, version 2, J. Geophys. Res., 108, 4784, 2007.

doi:10.1029/2002JD002853, 2003. Louis, J. F.: A parametric model of vertical eddy uses in the atmo-
IPCC: Climate change 2007: the physical science basis, Cambridge sphere, Bound.-Lay. Meteorol., 17, 187-202, 1979.
University Press, 2007. McGraw R.: Description of atmospheric aerosol dynamics by the

Jacobson, M. Z.: GATOR-GCMM: A global- through urban-scale  quadrature moment of methods, Aerosol Sci. Tech., 27, 255-265,
air pollution and weather forecast model. 1. Model design and 1997.
treatment of subgrid soil, vegetation, roads, rooftops, water, seaMinikin, A., Petzold, A., Fiebig, M., Hendricks, J., and Schroeder,
ice, and snow, J. Geophys. Res., 106, 5385-5402, 2001. F.: Aerosol Properties Measured In Situ in the Free Troposphere
Kazil, J. and Lovejoy, E. R.: A semi-analytical method for calculat- and Tropopause Region at Midlatitudes, in: European Aerosol
ing rates of new sulfate aerosol formation from the gas phase, At- Conference, Madrid, E, 31 August-5 September 2003, vol. 34,
mos. Chem. Phys., 7, 3447-3459, doi:10.5194/acp-7-3447-2007, S1155-S1156, 2003.
2007. Mlawer, E. J., Taubman, S. J., Brown, P. D., lacono, M. J., and
Kazil, J., Stier, P., Zhang, K., Quaas, J., Kinne, S., O'Donnell, D., Clough, S. A.: Radiative transfer for inhomogeneous atmo-
Rast, S., Esch, M., Ferrachat, S., Lohmann, U., and Feichter, J.. spheres: RRTM, a validated correlated-k model for the long-
Aerosol nucleation and its role for clouds and Earth’s radiative  wave, J. Geophys. Res., 102, 16663—-16682, 1997.
forcing in the aerosol-climate model ECHAM5-HAM, Atmos. Monahan, E., Spiel, D., and Davidson, K.: A model of ma-
Chem. Phys. Discuss., 10, 12261-12308, doi:10.5194/acpd-10- rine aerosol generation via whitecaps and wave disruption, in:
12261-2010, 2010. Oceanic whitecaps and their role in air-sea exchange, edited by:
Kerkweg, A., Buchholz, J., Ganzeveld, L., Pozzer, A., Tost, H., Reidel, D., 167-174, Norwell, Massachusetts, 1986.
and dckel, P.: Technical Note: An implementation of the Morcrette, J.-J., Clough, S. A., Mlawer, E. J., and lacono, M. J.:
dry removal processes DRY DEPosition and SEDImentation in  Impact of a validated radiative transfer scheme, RRTM, on the
the Modular Earth Submodel System (MESSy), Atmos. Chem. ECMWF model climate and 10-day forecasts, ECMWF technical
Phys., 6, 4617-4632, doi:10.5194/acp-6-4617-2006, 2006. memorandum 252, European Centre for Medium-Range Weather
Kulmala, M., Laaksonen, A., and Pirjola, L.: Parameterizations for ~Forecast, Reading, UK, 1998.
sulfuric acid/water nucleation rates, J. Geophys. Res., 103, 8301 Mdller, J.-F. and Brasseur, G.: IMAGES: A three-dimensional
8307, 1998. chemical transport model of the global troposphere, J. Geophys.
Kulmala, M., Lehtinen, K. E. J., and Laaksonen, A.: Cluster activa- Res., 100, 16445-16490, 1995.
tion theory as an explanation of the linear dependence betweeiNordeng, T. E.: Extended versions of the convective parametriza-
formation rate of 3nm particles and sulphuric acid concentration, tion scheme at ECMWF and their impact on the mean and tran-
Atmos. Chem. Phys., 6, 787-793, doi:10.5194/acp-6-787-2006, sient activity of the model in the tropics, ECMWF Research
2006. Department, Technical Momorandum 206, European Centre for
Langner, J. and Rodhe, H.: A global three-dimensional model of Medium-Range Weather Forecast, Reading, UK, 1994.
tropospheric sulfur cycle, J. Atmos. Chem., 13, 225-263, 1991. Putaud, J. P. and Dingenen, R. V., Baltensperger, U., et al.: A Euro-

Atmos. Chem. Phys., 10, 6408434 2010 www.atmos-chem-phys.net/10/6409/2010/



K. Zhang et al.: Aerosol size distribution simulated by three models

pean aerosol phenomenology; physical and chemical characteris-

tics of particulate matter at kerbside, urban, rural and background
sites in Europe, Tech. Rep. Report nr. EUR 20411, European

Commission, online available ahttp://ccu.jrc.it/Pubblications/
putaudJF1 pdfPM-draft02Jul.pdf 2003.

6433

X., Montanaro, V., Myhre, G., Penner, J., Pitari, G., Reddy, S.,
Seland, @., Stier, P., Takemura, T., and Tie, X.: Analysis and
quantification of the diversities of aerosol life cycles within Ae-
roCom, Atmos. Chem. Phys., 6, 1777-1813, doi:10.5194/acp-6-
1777-2006, 2006.

Rasch, P. J. and Kristjansson, J. E.: A comparison of the CCM3Textor, C., Schulz, M., Guibert, S., Kinne, S., Balkanski, Y., Bauer,
model climate using diagnosed and predicted condensate param- S., Berntsen, T., Berglen, T., Boucher, O., Chin, M., Dentener,

eterizations, J. Climate, 11, 1587-1614, 1998.

Roeckner, E., Buml, G., Bonaventura, L., et al.: The atmospheric
general circulation model ECHAM 5. PART I: model descrip-
tion, MPI Technical Report 349, Max Planck Institute for Mete-
orology, Hamburg, Germany, 2003.

Roeckner, E., Brokopf, R., Esch, M., Giorgetta, M. A., Hagemann,
S., Kornblueh, L., Manzini, E., Schlese, U., and Schulzweida,
U.: Sensitivity of Simulated Climate to Horizontal and Vertical
Resolution in the ECHAM5 Atmosphere Model, J. Climate, 19,
3771-3791, 2006.

Schulz, M., Textor, C., Kinne, S., Balkanski, Y., Bauer, S.,

Berntsen, T., Berglen, T., Boucher, O., Dentener, F., Guibert,

S., Isaksen, I. S. A,, Iversen, T., Koch, D., Kirleey A., Liu,
X., Montanaro, V., Myhre, G., Penner, J. E., Pitari, G., Reddy,

S., Seland, @., Stier, P., and Takemura, T.. Radiative forc-

Timmreck, C. and Schulz, M.:

F., Diehl, T., Feichter, J., Fillmore, D., Ginoux, P., Gong, S.,
Grini, A., Hendricks, J., Horowitz, L., Huang, P., Isaksen, I.
S. A, Iversen, T, Kloster, S., Koch, D., Kirkag, A., Krist-
jansson, J. E., Krol, M., Lauer, A., Lamarque, J. F., Liu, X.,
Montanaro, V., Myhre, G., Penner, J. E., Pitari, G., Reddy, M.
S., Seland, @., Stier, P., Takemura, T., and Tie, X.: The effect
of harmonized emissions on aerosol properties in global models
an AeroCom experiment, Atmos. Chem. Phys., 7, 4489-4501,
doi:10.5194/acp-7-4489-2007, 2007.

Tiedtke, M.: A comprehensive mass flux scheme for cumulus pa-

rameterization in large scale models, Mon. Weather Rev., 117,
1779-1800, 1989.

Significant dust simulation

differences in nudged and climatological operation mode
of the AGCM ECHAM, J. Geophys. Res., 109, D13202,

ing by aerosols as derived from the AeroCom present-day and doi:101029/2003JD004381, 2004.
pre-industrial simulations, Atmos. Chem. Phys., 6, 5225-5246 \Vehkamaki, H.: An improved parameterization for sulfuric acid-

doi:10.5194/acp-6-5225-2006, 2006.

Seinfeld, J. H. and Pandis, S. N.: Atmospheric Chemistry and

Physics: From Air Pollution to Climate Change, J. Wiley, New
York, 1998.

Slinn, S. A. and Slinn, W. G. N.: Predictions for particle deposition
on natural waters, Atmos. Environ., 14, 1013-1026, 1980.

Smith, M. and Harrison, N.: The sea spray generation function, J.
Wan, H., Wang, B., Yu, R., et al.: Development and validation of the

Aerosol Sci., 29, 189-190, 1998.
Spracklen, D. V., Pringle, K. J., Carslaw, K. S., Chipperfield,
M. P., and Mann, G. W.: A global off-line model of size-

resolved aerosol microphysics: |. Model development and pre-

Vignati,

water nucleation rates for tropospheric and stratospheric condi-
tions, J. Geophys. Res., 107, 4622, doi:10.1029/2002JD002184,
2002.

E., Wilson, J., and Stier, P.. M7: An efficient
size-resolved aerosol microphysics module for large-scale
aerosol transport models, J. Geophys. Res., 109, D22202,
doi:10.1029/2003JD004485, 2004.

gridpoint atmospheric model of IAP LASG (GAMIL), Techni-
cal Report 16, LASG, Institute of Atmospheric Physics, Chinese
Academy of Sciences, Beijing, China, 2006.

diction of aerosol properties, Atmos. Chem. Phys., 5, 2227-Wang, B., Wan, H., Ji, Z., et al.: Design of a new dynamical core

2252, doi:10.5194/acp-5-2227-2005, 2005.

for global atmospheric models based on some efficient numerical

Stevens, B. and Feingold, G.: Untangling aerosol effects on clouds methods, Science in China, Series A, 47, 4-21, 2004.
and precipitation in a buffered system, Nature, 461, 607-613 Weisenstein, D. K., Yue, G. K., Ko, M. K. W., Sze, N. D., Ro-

2009.
Stier, P., Feichter, J., Kinne, S., Kloster, S., Vignati, E., Wilson,
J., Ganzeveld, L., Tegen, I., Werner, M., Balkanski, Y., Schulz,

driguez, J. M., and Scott, C. J.: A two-dimensional model of
sulfur species and aerosol, J. Geophys. Res., 102, 13019-13035,
1997.

M., Boucher, O., Minikin, A., and Petzold, A.. The aerosol- Whitby, E. R. and McMurry, P. H.: Modal aerosol dynamics mod-

climate model ECHAM5-HAM, Atmos. Chem. Phys., 5, 1125—
1156, doi:10.5194/acp-5-1125-2005, 2005.
Tegen, |. and Lacis, A. A.: Modeling of particle size distribution and

its influence on the radiative properties of mineral dust aerosol,
J. Geophys. Res., 101, 19237-19244, doi:10.1029/95JD03610/Villiamson, D. L. and Rasch, P. J.:

1996.

eling, Aerosol Sci. Tech., 27, 673—-688, 1997.

Whitby, E. R., McMurry, P. H., Binkowski, F., and Shankar, U.:

Modal Aerosol Dynamics Modeling, Report for Contract 68-01-

7365, EPA, 1991.

Two-dimensional semi-

Lagrangian transport with shape-preserving interpolation, Mon.

Tegen, |., Harrison, S. P., Kohfeld, K., Prentice, I. C., Coe, M., and Weather Rev., 117, 102-129, 1989.

Heimann, M.: Impact of vegetation and preferential source areadnilson, J., Cuvelier, C., and Raes, F.: A modeling study of global
on global dust aerosol: Results from a model study, J. Geophys. mixed aerosol fields, J. Geophys. Res., 106, 34081-34108, 2001.
Res., 107, 4576-4597, 2002. Wilson, J. F. R.: M3 multi-modal model for aerosol dynamics, in:

Textor, C., Schulz, M., Guibert, S., Kinne, S., Balkanski, Y., Bauer,

S., Berntsen, T., Berglen, T., Boucher, O., Chin, M., Dentener,

Nucleation and Atmospheric Aerosol, edited by: Kulmala, M.
and Wagner, P. E., Elsevier, Oxford, UK, 1996.

F., Diehl, T., Easter, R., Feichter, H., Fillmore, D., Ghan, S., Gi- Zender, C. S., Bian, H., and Newman, D.: The mineral Dust

noux, P., Gong, S., Grini, A., Hendricks, J., Horowitz, L., Huang,
P., Isaksen, I., lversen, I., Kloster, S., Koch, D., Kirkgy A.,
Kristjansson, J. E., Krol, M., Lauer, A., Lamarque, J. F., Liu,

www.atmos-chem-phys.net/10/6409/2010/

Entrainment And Deposition (DEAD) model: Description
and 1990s dust climatology, J. Geophys. Res., 108, 4416,
doi:10.1029/2002JD002775, 2003.

Atmos. Chem. Phys., 10, 64892010


http://ccu.jrc.it/Pubblications/putaud_JF1_pdfPM-draft_02Jul.pdf
http://ccu.jrc.it/Pubblications/putaud_JF1_pdfPM-draft_02Jul.pdf

6434 K. Zhang et al.: Aerosol size distribution simulated by three models

Zhang, G. J. and McFarlane, N. A.: Sensitivity of climate simula- Zhang, L., Gong, S., Padro, J., and Barrie, L.: A size-segregated
tions to the parameterization of cumulus convection in the Cana- particle dry deposition scheme for an atmospheric aerosol mod-
dian Climate Centre general circulation model, Atmos.-Ocean, ule, Atmos. Environ., 35, 549-560, 2001.

33, 407-446, 1995. Zhang, M., Lin, W., Bretherton, C., Hack, J., and Rasch., P. J.: A

Zhang, K.: Tracer transport evaluation and aerosol simulation with modified formulation of fractional stratiform condensation rate
the atmospheric model GAMIL-LIAM, Ph.D. thesis, Insitute of in the NCAR Community Atmospheric Model (CAM2), J. Geo-
Atmospheric Physics, Chinese Academy of Sciences, Beijing, phys. Res., 108, 4035, doi:10.1029/2002JD002523, 2003.
China, PhD thesis in Chinese, 2008.

Zhang, K., Wan, H., Zhang, M., and Wang, B.: Evaluation of the at-
mospheric transport in a GCM using radon measurements: sen-
sitivity to cumulus convection parameterization, Atmos. Chem.

Phys., 8, 2811-2832, doi:10.5194/acp-8-2811-2008, 2008.

Atmos. Chem. Phys., 10, 6408434 2010 www.atmos-chem-phys.net/10/6409/2010/



