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Abstract. The sectional aerosol module SALSA is intro- global climate models, air quality models and chemical trans-
duced. The model has been designed to be implementeport models. There are two things that need to be kept in
in large scale climate models, which require both accuracymind when designing the description of aerosols in these
and computational efficiency. We have used multiple meth-models. First, the climatic and other effects of atmospheric
ods to reduce the computational burden of different aerosoberosols have been demonstrated to be sensitive to aerosol
processes to optimize the model performance without lossize distribution, size-resolved chemical composition and the
ing physical features relevant to problematics of climate im-mixing state of the particleMyhre et al, 2004 Chen and
portance. The optimizations include limiting the chemical Penner2005. Second, understanding the linkage between
compounds and physical processes available in different sizéhe emissions of aerosols or their precursors and various
sections of aerosol particles; division of the size distributionimpacts by these aerosols is not possible without consider-
into size sections using size sections of variable width de-ation of the atmospheric processes that modify the differ-
pending on the sensitivity of microphysical processing to theent aerosol propertiedfams and Seinfel®002 Spracklen
particles sizes; the total amount of size sections to describet al, 2005.

the size distribution is kept to the minimum; furthermore, Treating aerosols in a large-scale modeling framework is
only the relevant microphysical processes affecting each Siz%lways a compromise between the detail of description and
section are calculated. The ability of the module to describecomputational efficiency. One approach in this regard is to
different microphysical processes was evaluated against exépproximate the aerosol population as a sum of a small num-
plicit microphysical models and several microphysical mod- o of log-normal modes. The modal approach has been
els used in air quality models. The results from the current ;o in regional air quality models for more than a decade
module show good consistency when compared to more €XBinkowski, F. S. and Shankal995 Ackermann et a).
plicit models. Also, the module was used to simulate a NeW1998 Binkowski and Roselle2003, and more recently it
particle formation event typical in highly polluted conditions -« 51so been applied to various global modeling frameworks
with comparable results to more explicit model setup. (Ghan et al. 2001 Wilson et al, 2001 Stier et al, 2008.

The drawback of the modal approach is that many of the
processes relevant to indirect climatic aerosol effects such as
aerosol formation and growth, cloud processing, and aerosol
ageing in terms of its cloud nucleating properties, are diffi-
Aerosols are currently an inherent part of many typescult to simulate properly. Also, the calculation of the effec-

of large-scale atmospheric models, including regional anotive radii of the particles can be inaccurate when using modal
approach\(Veisenstein et 312007

1 Introduction

A more general way of treating aerosols in large-scale
Correspondence td:. Kokkola models is to describe the aerosol size distribution with a
m (harri.kokkola@fmi.fi) limited number of momentsMcGraw, 1997). All aerosol
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processes in this approach are tied into the moments and thus2. Since different aerosol types are concentrated over dif-
getting information about their physical values at any time re- ferent parts of the particle size spectrum, the set of
quires a separate retrieval. The moment approach is compu- chemical components included in simulations could
tationally very effective but has basically the same drawbacks  vary between different size regions;

as the modal approach. Additionally, the modal approach is
not intuitive for use, as the modal values themselves are not
observed parameters beyond the first few integer values.

In principle, sectional models can be used to avoid the
problems associated with modal and moment approaches.
However, the calculation of microphysical processes affect-

ing the aerosol size distribution using sectional approach is  The model developed in this study is designed to use the
usually more computationally demanding than modal or mo-simplification mentioned above to minimize the amount of
ment method approaches. On the other hand, a sectionghjculations and the variables passed on to the host climate
model can describe different microphysical processes morgnodel to maximize the computational efficiency of the model
accurately than modal and moment methods. Because Gfjithout compromising too much the accuracy of the aerosol
the computational demands, sectional approaches have oftgfgdel.

neglected one or more major aerosol types and assumed an yUsing these basic postulates as our design criteria, we have
internal mixture between the simulated componed#e¢b-  created a highly flexible modelling framework SALSA. In
son 2001, Rodriguez and Dabdyt2004 Spracklen et al.  the following we present the description of the model and

2005 e.g.). Another way of tackling this problem is to apply the suggested base configuration for climate studies.
the sectional approach for some of the aerosol sizes and to

treat the rest of the aerosol sizes using either modal or bulk.1 Representing the chemically-resolved aerosol size dis-
mass based approachigo and Seinfeld2005 Liu et al, tribution
2005 Reddy et al.2005. Nevertheless, in the approaches
by Liao and Seinfeld2005 andReddy et al(2009 the sec- N SALSA, the particle size spectrum has been divided into a
tional, modal and bulk aerosol components are completelysmall number of sub-ranges. The number of size bins, chem-
non-interacting. ical components, externally mixed groups of particles and
There are several ways to improve the efficiency of a secSimulated processes in each of the subranges, as well as the
tional aerosol model. Most importantly, the model devel- rough locations of the borders be_tween th_e sub-ranges, have
opment should concentrate on the main application of the?&en chosen based on the following criteria:
model (e.g. climate effects in this case) and try to minimize
less important processes on different aerosol sizes and com-
positions. Especially, reduction of number of computational 2. What atmospheric processes are relevant?
tracers is of major importance, as they affect the model ef- ) )
ficiency severely. We have developed a new aerosol model, 3 What chemical components need to be included?
which tries to approach the simulations of aerosol dynam-
ics from climate effect point of view using a highly flexible
sectional model approach, with computational efficiency as 5. Which aerosol quantities need to be modelled accu-
a major design criteria. rately to obtain relevant climate or air quality effects?

The relative importance of different microphysical pro-
cesses varies strongly with particle size. This makes it
possible to simplify the treatment of individual aerosol
processes, or to neglect them altogether, in some parti-
cle sizes.

1. What aerosol sources and sinks are important?

4. How the aerosol mixing state should be described?

After this, the number of size bins, chemical components,
externally mixed groups of particles, and simulated processes
2 Model description can be optimized for each sub-range of the distribution.
In selecting the number of sub-ranges and boundaries be-
There are several ways by which the computational effi-tween them, we started from the fact that the smallest aerosol
ciency of multi-component sectional aerosol models couldparticles have totally different sources and behavior in the at-
be improved to make them more suitable for large scale apmosphere as compared with the largest particles. “Middle-
plications. We postulate the major design choices of our im-sized” particles between these two extremes have some char-
provements: acteristics of their own, in addition to which they may have
some features similar to either small or large particles. The
1. The width of the particle size bins need not be fixed asminimum number of necessary sub-ranges is therefore three,
usually assumed. Instead, lower size resolution couldwhich is also the number chosen for SALSA. Starting from
be used in regions influenced less by microphysical pro-the lower-end of the particle size spectrum, we term these
cesses, or in regions that are less important for the probas the sub-range 1, sub-range 2 and sub-range 31(Famd
lem under investigation; Tablel).
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The degree of external mixing usually increases when goarticles gradually into soluble ones, i.e. into particles able
ing from the smallest particle sizes to sizes affected by pri-to act as CCN. Contrary to sea-salt particles, the “wet” size
mary particulate emissions (e\gakea et al, 2002 Ferron  of aged insoluble particles responds very weakly to changes
et al, 2005 Sakurai et al.2005. As a result, we have cho- in the ambient relative humidity, which makes them optically
sen to have only one internally-mixed group of particles in very different from sea-salt particles.
the sub-range 1, whereas in the sub-range 2 we have two Another specific feature for sub-range 3 is that various mi-
externally-mixed groups of particles termed insoluble andcrophysical processes, while modifying the particle number
soluble particles. Due to the diversity of their sources andconcentration and chemical composition, change very little
slow ageing by microphysical processes, supermicron partithe “dry” size of individual particles. As a result, we will
cles are likely to possess the highest degree of external mixassume in SALSA that the “dry” size of individual particles
ing in the atmosphere. This is reflected in SALSA as hav-remains fixed in sub-range 3. This helps the treatment of
ing three externally-mixed groups of particles in sub-rangethese chemically complex particles in SALSA but creates a
3. More details of these selections are given below. constraint that the limit between sub-ranges 2 and 3 should

The smallest particles constituting the sub-range 1 orig-be above 500 nm. On the other hand, from computational
inate entirely from atmospheric nucleation processes. Irreasons it would be highly desirable that we could exclude
large-scale models, only so-called “regional” nucleation desert dust from sub-range 2. The number size distributions
events producing particles over horizontal scales of tens tmf emitted desert dust particles peak typically slightly be-
hundreds of kilometers can be considered import&oi-(  low 1000 nm, whereas 80—-90% of the dust mass is usually
mala et al. 2004 Spracklen et al.2006. Although nu-  found in the size range 1000 nm Alfaro and Gomes2001,
cleation mechanisms and participating vapors may vary beGrini and Zender2004. By considering these things to-
tween different atmospheric compartments, particles formedyether, we place the limit initially between sub-ranges 2 and
in each regional nucleation event are expected to be inter3 at around 700—-800 nm.
nally well mixed. As a result, particles in sub-range 1 are There are several possibilities on how to optimize the exact
chemically much simpler than larger particles, making it de-limits between sub-ranges 1, 2 and 3. Here this optimization
sirable to extend this sub-range to as large sizes as possiblavas made by calculating the number concentration of acti-

The two main factors that push the boundary between subvated cloud droplets (CDNC) in vertical updrafts using both
ranges 1 and 2 down are that we do not want sub-rang&ALSA (see Sect2.6 for the details of activation treatment
1 to take part in cloud processing or to contain significantin SALSA) and high-resolution cloud parcel model with 300
amounts of primary particles, especially soot. The smallessize bins. Updraft velocities were varied in the range 0.1—
particles able to activate into cloud droplets have been ob41 m/s and simulations were repeated for three different par-
served to be in the diameter range 50—-100 nm {demning ticle number size distributions representing urban, rural and
et al, 2002 Komppula et al.2005 Mertes et al.2005, so marine aerosolsl@enicke1993. For simplicity, only sulfate
cloud processing is not a very strong constraint. The numbeand black carbon (BC) were taken into account in this opti-
size distribution of combustion-derived soot particles vary mization. The insoluble particles were assumed to consist of
greatly but peak typically between about 50 and 200 nmonly BC and the soluble particles were a mixture of sulfate
(e.g.Chang et a].2004 linuma et al, 2007). Black carbon  and BC. The number fraction of insoluble particles was var-
(BC) associated with soot can be found down to particle sizesed between 0-0.5 and the volume fraction of BC in soluble
of 20—30 nm but its fractional contribution to particle mass bins was also varied between 0-0.5.
seems to be usually small in diameter rarge® nm (Wehner In the optimization procedure, it was found out that the
et al, 2004 Jaffrezo et al.2005 linuma et al, 2007). Asa  composition has very little effect on the optimal limits be-
compromise between these constraints, we place initially théween the subranges. For the compositions used, the opti-
limit between sub-ranges 1 and 2 at around 50 nm. mal limits were within 2 nm for all the cases. On the other

The atmospheric coarse particle size range, termed herkand, the shape of the number size distribution has a signif-
sub-range 3, contains a versatile set of usually externallyicant effect on the optimal limits. The higher the total num-
mixed aerosol types. The main particle types in this sizeber concentration, the more sensitive the number of activated
range are sea-salt particles, desert dust, biological debris andtoplets is to the limits between the subranges. For example,
industrial dust (e.gSeinfeld and Pandisl998. At mini- for the urban size distribution, a 10 nm change in the limit
mum, three externally-mixed patrticle types should be treateetween subranges 1 and 2 changed the number of activated
in sub-range 3. The first of these are fully-soluble sea-saldroplets approximately 50-fold for updraft velocities higher
particles whose “wet” size and thereby scattering propertieghan 0.5 njis. For the rural case, a 10 nm change in the limit
depend greatly on the ambient relative humidity (Gang between subranges 1 and 2 amounted to a maximum of 20%
1997. Insoluble particles, such as freshly-emitted desertchange and for the marine case, to a maximum of 8% change.
dust particles, do not act as cloud condensation nuclei (CCN) Since the direct effect of aerosols can effect climate forc-
but may instead act as cloud nuclei (e€Cgintrell and Heyms-  ing also in cloud covered regionBg¢ucher and Anderson
field, 2005. Atmospheric ageing processes turn insoluble 1995, the effects of the subrange limits on the radiation were
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subrange 1 subrange 2 subrange 3 Table 2. Parameters for the size distributions used in coagulation
organic carbon 2 arbon - and condensation tests, taken frdimang et al(1999. Subscripts
organic carbon n, a, andc refer to nuclei, accumulation, and coarse modes, respec-
sulfate 3b tively.
mineral dust mineral dust
106 ) Elback carbon
organic carbon  [3¢ Parameter Clear Hazy Urban
10 / fv’?ilrzaes’eﬂ dust VT;:::ZIOTSSI':E fraction
. / m Mean diameter (um)
RS B dy 003 0044 0.038
£ 10 ] ¥ dg 0.2 0.24 0.32
£ ¥ de 6.0 6.0 5.7
3 0 Standard deviation
2 ) on 1.8 1.2 1.8
S 0a 16 1.8 216
10° N oc¢ 2.2 2.2 2.21
AN Total volume (pmcm—3)
10° \ Vi 0.03  0.09 0.63
17 Va 1.0 5.8 38.4
0.001 0.01 0.1 1 10 VC 5.0 25.9 30.8

d(pm)

Fig. 1. Schematic of the division of size distribution into subranges

and sections in the aerosol model SALSA. 50 nm and the limit between subranges 2 and 3 was chosen

to be 730 nm.

A schematic picture on the representation of the parti-
cle size distribution and chemical composition in SALSA is
given in Fig. 1 and the summary of the subrange limits is
given in Tablel. The total number of size bins (3 in the sub-

Table 1. Low and high diameter limits for subranges

Sub 1 2 3 . .

ubrange range 1, 44 in the sub-range 2 and<3 in the sub-range 3)
lowlimit ~ 3nm  50nm 730 nm is our default model set up designed for large-scale modeling
high limit 50 nm  730nm 10 pm purposes. This number is adjustable and can be chosen dif-

ferently for different types of simulations and/or model con-
figurations. The size bins within subranges have a constant
volume ratio between adjacent size bins. A more detailed
summary of the three sub-ranges is given below:

Subrange 1:
Particles smaller than 50 nm in diameter are assumed to orig-

also tested by calculating the extinction coefficient of the par-
ticle population according t8ohren and Huffmar{1983.
The extinction coefficients were calculated for number size
distributions representing urban, rural and marine aerosol§1ate mainly from atmospheric nucleation, even though pri-
(Jaenicke 1993 assuming that the insoluble size bins con- Mary organic particles can be included as well. Active pro-
sist completely of black carbon and varying the compositioncesses in this sub-range are condensation growth, coagula-
in soluble size bins. The particle number concentrations werdion and dry deposition, whereas cloud processing can be
set to be equal for parallel insoluble and soluble size binsexcluded. In all size sections of this regime, particles are
to get the most amplified effect of the values of the limits @ssumed to be internally mixed and contain only sulfate and
on the extinction coefficient. The extinction coefficient was Organic matter.

then calculated for the given size distribution and composi- Subrange 2:

tion varying the relative humidity between 40% and 100%. Particles having diameters between 50 and 730 nm are as-

According to these tests, the CDNC activation is much sumed to originate either from primary emission or to evolve
more sensitive to subrange limits than the radiative effectsrom the sub-range 1 by active growth processes (condensa-
of the aerosols. Furthermore, the sensitivity of the radiativetion and coagulation). The main chemical components for
properties on the subrange limits was found to be highest fothis subrange are sulfate, primary organics, black carbon,
the urban case. For example, for the urban size distributionjow-volatile secondary organics, mineral dust and sea salt.
a 10 nm change in the limit between subranges 1 and 2 leads the aerosol model, the subrange is divided into four size
in maximum to a 20% change in the extinction coefficient.  sections. Since in the atmosphere there is some degree of ex-

According to the optimization procedure for the subrangeternal mixing for particles of these sizes, and especially as the
limits, the limit between subranges 1 and 2 was chosen to beomposition of these external mixtures can play a significant
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role in cloud activation and light scattering, the model as-choice of solubilitity, which can provide the most appropriate

sumes two externally-mixed parallel size bins for each sizemeasure of particle ability to act as a CCN.

section (2a and 2b; see Fly. The sizes of particles in sub-

range 2 are fairly insensitive to processing by coagulation2.3 Nucleation and condensation

and dry deposition. The particles in this subrange are im-

portant in cloud activation as they are the dominant sourceNucleation is taken into account by calculating the rate of

of cloud droplets. Also, wet deposition is a significant sink formation of 3 nm sized particles resulting from nucleation

for these particles. For these reasons, subrange is describgflocesses. This is calculated using the expression for the pa-

using a higher resolution of size sections. rameterized formation rate of detectable 3 nm particles given
Subrange 3: by Kerminen and Kulmal§2002. The parameterization cal-

This sub-range=730 nm) contains primary particles from culates the formation ratéapp of 3 nm particles using the

mainly natural sources. Three externally-mixed particle real” nucleation ratef () using equation

types (sea salt, insoluble dust, soluble dust) are assumed in
SALSA. Water soluble compounds other than sea-salt (Sucty,,(dp, ') = J (1) exp(i __"n ) , 1)
as sulfate, and biogenic organics) are treated in subrange 3 dp  dnucini

as one compound. This water soluble fraction is included as , ) ] )
part of the insoluble dust group. wheret’ — t = (dp — dnucini)/GR is the time difference

Particles in this sub-range are affected by both dry and wePetWee” formation of nuclei of cntuial d'am?w““m”i and .
their growth to diameted,, GR (m s =) denoting the nuclei

deposition, in addition to which these particles are allowed to th rat lculated ding kermi d Kulmal
scavenge smaller particles by coagulation. The “dry” size ofgzrg\(')v ra;]e Ciﬁujf _Iacior Imgl " rminen ant u méla
the individual particles in this sub-range is assumed to be un( 3 where the detar's ot calclrating parameters in B (.
affected by simulated processes. Three size sections, ea € given. Th? reason for th.'s Sh'.ft In size-space is the choice
containing three parallel size bins for externally-mixed parti- of minimum size of the particles in SALSA.

cle types, are chosen for this sub-range (referred to as 3a, 3b, 1€ ‘réal” nucleation rate in equatiori)(can be calcu-
and 3c; see Figl). lated in the default model setup using description for binary

nucleation Yehkanaki et al, 2002, ternary nucleationNa-
pari et al, 20023b), kinetic nucleation %ihto et al, 2006
Riipinen et al, 2007), or activation type nucleatiotiK(ilmala
The microphysical processes included in the model are nu% :jsagfzrmoe:?.e:tl'frl]nggcerfaarl:'rsfr?sognHbgwi\:-:fjr’ '?ttrr:grhg]s?trto del
cleation, coagulation, condensation, cloud activation, sulfat u ! ! used, 1

production and hydration. The processes are calculated f(iogether W.'th S ALSA can provide the necessary inputs for
arameterizations.

each fixed time step independently, except for nucleation an® . .
condensation which are calculated simultaneously to repre- Mass transfer of gas molecules to particles is calculated

sent the competition between these processes more acclSing the Analytical Predictor of Condensation scheme with
rately. The redistribution of particles which grow or shrink & Saturation vapor pressure set to zdacpbsonl997 using
out of the boundaries of their initial size bin are redistributed the expression for the collision rate bghtinen et al(2004.
to the appropriate new size bins at the end of each time Sted\lucleatmn is solved concurrently with condensation using
when all microphysical processes have been already takel{te scheme byacobsor2002.
into account. .

For sparse size bins, the moving center scheme has prove%l4 Hydration
to be an efficient way to describe the time dependent devel-

opment of particle size distributiodgcobsor2005 and this The equilibrium sizes of particles in different size bips

method is also used in the current aerosol model for particlefr1re Calcﬁlated using the ZSkR mfsg)th.@iqke_s Ianq quinsgn
in the subranges 1 and 2. Since aerosol dynamics do not af]=996' The water content,, (kg m™) in particles is given by

fect particles larger than 730 nm significantly, size bins in €duation
subrange 3 are treated in a fixed sectional grid to decrease .
the calculation time and the number of tracers in the model. Co = i_ )

The division between insoluble and soluble bins in sub- =1Mja
range 2 requires further explanation. As insoluble particles
grow in subrange 2 they collect soluble compounds fromin the equationg; is the molar concentration of specigs
condensation and thus their water uptake increases. We hawandm ; , is the molality of solute species alone in the solu-
selected the particles that are able to form cloud dropletdion. Summation inZ) is done over all solute species in each
in 0.5% supersaturation to be “soluble”, rest "insoluble”. size bin. To decrease the amount of calculation, hydration is
This way we have tried to get more climatologically relevant not calculated for insoluble size bins in subranges 3b and 3c.

2.2 Treatment of microphysical processes

www.atmos-chem-phys.net/8/2469/2008/ Atmos. Chem. Phys., 8, 24832008
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The binary molalities for inorganic salts are calculated us-this model, the method bi{orhonen et al(2005 was fur-
ing parameterizations given Byacobsorf2005. For organic  ther improved by assuming the number concentration depen-
compounds, binary molality is calculated using equation  dence between two bins to be of 2nd order polynomial form.

Figure2 illustrates the calculated number of activated cloud

mjq = 1/(awvy) — 1/vy, (3)  droplets (CDNC) for urban conditions using three different
approaches to describe the size distribution in a bin. The re-
sults are compared with a high resolution solution obtained
using 300 size bins in size space (thick black curve). The
first approach was to assume constant number concentration
within one bin (dash-dot curve). Second, the methodby
rhonen et al(2005 was used (dashed curve). Third, a modi-

In a typical large scale aerosol code, coagulation calculationf€d method oKorhonen et al(2009 was used: the number
are one of the most computationally expensive among th&oncentration inside the bin was described with a 2nd order

different microphysical processes. To decrease the Ca|cu|apolynomial function dependent on the particle concentration

tion time, coagulation is not calculated for all collision pairs. I the surrounding size bins. _ _
The collision pairs are chosen as follows: From Fig.2 it can be seen that the accuracy in the CDNC is

significantly increased when a 2nd order polynomial function
— The particles in subrange 1 are assumed to collide withis used to describe the number size distribution within a size
all particles in subranges 2 and 3. Additionally, particles bin.

in subrange 1 are assumed to collide with particles in o
larger size bins in subrange 1. 2.7 Sulfate production in cloud droplets

wherev,, is the molar volume of water and, is the water
activity. Equation 8) assumes ideal behavior for the organ-
ics.

2.5 Coagulation

— The particles in subrange 2a are assumed to collide witHFSALSA calculates the sulfate production calculating the ox-
all particles in subrange 3 and particles in larger sizeidation of SQ by H,O2 and G in cloud droplets. The aque-
bins in subranges 2a and 2b. ous phase concentration of @ calculated according to

Henry’s law, accounting for dissolution effects (see &g-

— The particles in subrange 2b are assumed to collide withinfeld and Pandis1998. The liquid water available for lig-
all particles in subrange 3 and particles in larger sizeuid phase chemistry is calculated from the liquid water con-
bins in subranges 2a and 2b. Additionally, the particlestent dividing the liquid water equally among activating cloud
in subrange 2b are assumed to collide with particles indroplets.
the parallel size bin in subrange 2a.

2.8 Other processes
— The collisions between the particles in subrange 3 are

not taken into account due to small coagulation coef-The aerosol model SALSA itself calculates only processes

ficient between particles larger than 730 nm (see e.g.described above. Other processes have to calculated in the

Seinfeld and Pandid4998. host large scale model, which SALSA is coupled with. The
treatment of other processes, such as particle emissions, dry

~ The changes in particle number and volume concentrayng et deposition, and radiative effects of the aerosols are
tions due to coagulation are then calculated using the seMigependent on the host model.

implicit coagulation scheme which requires no iteratida-(
cobson1994.

3 Model evaluation
2.6 Cloud droplet activation

3.1 Coagulation and condensation
The number of activating cloud droplets is calculated us-

ing parameterization bjbdul-Razzak et al(1998; Abdul- The performance of the aerosol model was tested by calcu-
Razzak and Gha(2002. Coarse sectional resolution (i.e. lating different microphysical processes and comparing the
wide size bins) can cause problems with cloud activationresults against previous aerosol models used in large scale
when each bin covers a fairly wide range of critical super-models. Coagulation and condensation were tested compar-
saturations. One possibility around this problem is to acti-ing the model results and a model comparison for air qual-
vate only a fraction of the particles in the critical size bin. ity models byZhang et al.(1999. This comparison also
The easiest way to do this is to assume a number concerincluded accurate numerical solutions for condensation and
tration profile inside the critical size bin. This can be done coagulation that have been calculated using an explicit mi-
in several ways.Korhonen et al(20095 have presented a crophysical models CONFEMM and COAGUL for conden-
method to describe the number concentration using linear desation and coagulation, respectively. The simulations were
pendency between the centers of two adjacent size bins. Imade for different time step lengths using default values for

Atmos. Chem. Phys., 8, 24682483 2008 www.atmos-chem-phys.net/8/2469/2008/
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Fig. 2. Cloud droplet number concentration (CDNC) as a function of updraft velacifpr four different approaches. Lower panels
illustrates three different approaches for coarse grid setup.

ECHAMS (Roeckner et al.2003: 2400 s (T31L19), 1800 s Figure3 shows that when using the sectional approach, the
(T42L19), 1200 s (T42L31 and T63L19), 900 s (T84L19), shape of the accurate size distribution is reproduced clearly
720 s (T63L31 and T106L19), 480 s (T85L31), and 360 sbetter than when using modal approach. Using a 900 s time
(T106L31). step, the final total number concentration calculated using

Size distributions used in the model verification for con- SALSA is approximately 5.5% smaller than the total num-
size distributions represent three different types of condi-Seen from Fig that for the longest time step of 2400 s, the
tions: clear, hazy and urban conditions. In the evaluationShape of the final size distribution is well reproduced.

particles were assumed to be dry. Figure 4 shows results for simulations where condensa-

Figure 3 illustrates results for a case when only coagula-tion was the only microphysical process taken into account.
tion is taken into account. The dotted red curve represents th&he dotted red curve represents the initial volume size distri-
initial size distribution. The initial size distribution used here bution, and the red solid line the final volume size distribu-
was the urban case given in Tal2leThe solid red line is the  tion given by CONDEFF. The figure also shows results for
size distribution after 12 h calculated using COAGUL. The the final size distribution calculated using different aerosol
dashed curve is calculated using a modal approach used imodels. Lines with markers represent results from sectional
Models-3. The blue solid curve is calculated using SALSA aerosol models, and the dashed green curve shows results
using a 900 s time step and the blue dashed line is calculateflom Models-3 using modal approach. The solid blue curve
using SALSA using a 2400 s time step. For time steps shorteis the final size distribution calculated using SALSA. For
than 900 s the final size distribution was approximately theSALSA, the final size distribution was practically identical
same. for all time steps used.
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Fig. 3. Initial and final size distributions coagulation simulation. Fig. 4. Initial and final particle number concentration, for 12 h sim-

The dotted red curve is the initial size distribution. The red curve isUIations for urban conditions. The dotted red curve is the initial
the final size distribution using an explicit coagulation model CO- SIZ distribution and the solid red curve is the final size distribution
AGUL. The black dashed curve represents the final size distribu-f,rom CONDEFF. The dashed green curve is the final size dlstrlb_u-
tion using a modal aerosol model and the thick blue line is the #i. tion calculated using a modal model, the black curves accompanied

nal size distribution calculated using SALSA. Results for COAGUL with markers are the final size distribution calculated using different

and modal aerosol model were adapted fizinang et al(1999 sz_actl_ona}l aerosol models_, and the thick blue curve is the flnal size
distribution calculated using SALSA. Results for models in com-

parison were adapted froghang et al(1999

Figure 4 illustrates that SALSA reproduces the shape of
the accurate result of CONDEFF. The total volume concen-Table 3. Chemical composition in subranges used in equilibrium
tration calculated using SALSA was approximately 1.4% size calculations.
smaller than the total volume concentration calculated using

CONDEFF. subrange (NH4)2SO; OC BC Sea salt
_ _ 1 0.2 0.8
3.2 Hygroscopic growth of the particles 2a 06 02 01 0.1
2b 5x 1073 0.01 0.985
The ability of SALSA to describe the effect of composi- 3a 1

tion on the wet aerosol size distribution was tested compar-
ing SALSA against EQUISOLV Il Jacobson1999 which

is an explicit thermodynamical equilibrium model calculat- 5 3
ing the thermodynamical equilibrium between gases, liquids,

ions and solids. The compositions used in the subranges aig |arge fraction of soot particles and practically all dust par-

shown in Table3 ticles are almost insoluble in water when emitted to the at-
Figure5 shows the equilibrium sizes for particles in differ- mosphere. Ageing of these particles in the atmosphere en-

ent size bins as a function of the water saturation rétitn hances their water uptake (eMoteki et al, 2004 Riemer

the figure, subranges are denoted as 1, 2a, 2b, and 3a togethatral, 2004 Zuberi et al, 2005 and alters their light scatter-

with the index of the size bin beside the axes. The blue linesng and absorption properties (edpcobson200Q Sokolik

are the results from SALSA and the red lines are the resultgt al, 2001, Schnaiter et al2005. In real atmosphere, pro-

from EQUISOLV II. cesses modifying the hygroscopic and radiative properties of
The largest differences between SALSA and EQUISOLYV soot and dust particles are complicated and not yet properly

Il appear in the smallest subrange 1, and the smallest bingnderstood (e.gSchwarz et a).2008.

in subrange 2a at high water saturation ratios. This is prob- While there are several ways how particles of different

ably due to different treatment of organics between the twoatmospheric “age” could be classified, practically all large-

models. EQUISOLYV Il also calculates explicitly the dissoci- scale models make this classification based on particle hy-

ation of sulfate into HSQ and SCi*. The smallest droplets groscopic properties. For computational reasons, models are

are more highly concentrated and more sensitive to changessually able to deal with only two particle types: “insoluble”

in the Kelvin effect, thus leading to large differences in the particles which do not interact with clouds, and “soluble”

equilibrium droplet size. particles which may contribute to cloud droplet populations

Insoluble vs. soluble size bins
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Fig. 6. Average relative difference in the number of activating cloud
droplets when particles are moved from insoluble size bins to solu-
ble size bins compared to a case where particles remained in their
000 o091 092 093 094 095 096 097 098 099 original size bins. Relative error is given as a function of volume

s fraction of sulfate for different volume ratios of sulfate and black
carbon in subrange 2a. Calculations were done using 300 size bins

. . . . L in size space.
Fig. 5. Wet diameter of different size bins in subranges 1, 2a, and 3a P

as a function of water saturation ratio calculated using EQUISOLV ] ] )
Il (red curves) and SALSA (blue curves). uble volume fraction of “soluble” particles (volume ratios

of 50/50, 75/50 and 100/0 between sulfate and black carbon
in subrange 2a). An equal number of insoluble and soluble

and which are affected by wet deposition. The conversion ofparticles were assumed. Each simulation was made in two
originally insoluble soot and dust particles to soluble ones isdifferent ways: with or without moving particles from the
treated explicitly in only few of the current large-scale mod- insoluble size bins into the corresponding soluble size bins.
els (e.gCroft et al, 2005 Stier et al, 2007). A crucial ques- Figure 6 illustrates the relative differences in calculated
tion in this regard is the proper timing of the insoluble-to- cloud droplet number concentrations between the cases
soluble transition in the model. If aged particles are movedwhere all insoluble particles were moved into soluble size
too “early” from insoluble size bins to the corresponding sol- bins and cases where they were not. The urban particle num-
uble size bins, the hygroscopic properties of already solubleber size distribution was chosen because it led to the largest
particles would be reduced too much. Likewise, too “late” differences. We may see that the relative differences in-
transfer would cause underestimation of the number concerereased with increasing soluble fraction of “insoluble” par-
tration of soluble particles prior to the transfer. In both casesticles but were quite low <€0.01) over the whole variable
incorrect number of cloud droplets during the cloud forma- range considered. This suggests that the cloud droplet nu-
tion would be predicted. cleating properties of externally-mixed particle populations

Testing how well a model performs in treating the are not very sensitive to the exact treatment (timing) of the
insoluble-to-soluble transition is notoriously difficult. Ide- insoluble-to-soluble particle transfer, provided that this trans-
ally, such a test should be made in a three-dimensional framefer is made before “insoluble” particles become very hygro-
work with multiple sources of particles of different solubility scopic.
and using a model that has a large number of size bins with Next, we performed the same set of simulations with
multiple solubility classes in each size bin. Here we take athe difference that the model runs with insoluble-to-soluble
simpler approach by testing how sensitive the predicted cloudransfer and subsequent cloud droplet activation were made
droplet number concentrations are to the transfer of particlesising SALSA. The results are shown in Fifj. We may see
from insoluble to soluble size bins. that due to the course resolution (10 size bins) of SALSA

To start with, we made a large number of simulations us-compared with the cloud model with 300 size bins, the rel-
ing the detailed cloud model with 300 size bins mentionedative differences in predicted cloud droplet number concen-
in Sect. 2.6. In these simulations, we varied the air updrafttrations are clearly larger than those in FigéreHowever,
velocity (range 0.1-1 m/s), particle number size distributionthe differences can still be considered fairly low considering
(marine, rural and urban distributions in Table 1), solublethat this is kind of a “worse case scenario”. Under conditions
volume fraction of “insoluble” particles (range 0.0001-0.1 more typical for the global atmosphere, the number concen-
for the volume fraction of sulfate in subrange 2b), and sol-tration of insoluble particles is expected to much lower than

1, class 1
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10" range 3. In Fig8d, the total number concentrations for these
two simulations are presented. The same simulation was re-
peated using different default time steps of ECHAMS (see
Sect.3.1), but the results were practically the same for all
time steps lengths.

From Fig.8 it can be seen that, overall, the default model
setup reproduces the number concentrations well compared
to the high resolution model setup. At the beginning of the
simulation, the total humber concentrations are underesti-

H
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|
@

average relative error
=
o

!
IS

=
o

E - 32;3(5) mated, and also after the actual nucleation burst the process-
. ' ——100/0 ing of the aerosol size distribution by condensation and co-
10 e T o agulation shows surprisingly good agreement when the high
volume fraction of sulfate in 2 resolution and coarse simulations are compared.

: . . - 3.5 Technical details
Fig. 7. Average relative error in the number of activating cloud

droplets when particles are moved from insoluble size bins to sol- he model is written in Fortran 90 in modular form to make
uble size bins using 10 size bins in size space, compared to a cas IS Wl : !

calculated using model setup of 300 size bins in size space wherd €8Sy to include itin existing large-scale models. The selec-
particles remained in their original size bins. Relative error is givention of number and location of size sections, processes active
as a function of vertical velocity for different volume ratios of sul- 0n different sections as well as many key parameters are eas-
fate and black carbon. ily changeable from model to another.
SALSA was tested in a general circulation model

ECHAM5-HAM (Roeckner et a).2003 Stier et al, 2005
that of soluble particles. Considering the large overall un-where it was implemented as an optional microphysical mod-
certainties in representing the aerosol mixing state in currenfjle. Currently ECHAMS includes a modal aerosol module
large-scale models, we conclude that our method of mov4\7 (Vignati et al, 2004. To include a sectional module in
ing particles from insoluble to soluble size bins works well ECHAM5-HAM also required modifying aerosol processes
enough not too cause any serious additional errors in simulagf the aerosol module HAM to apply sectional scheme. Pre-

tions. liminary simulations using SALSA coupled with ECHAM5-
HAM show less than 30% increase in calculation time for
3.4 All microphysical processes combined one month simulations replacing the modal aerosol model

M7. We can therefore conclude that the model SALSA is
Finally, the model was evaluated simulating a nucleationcomputationally efficient enough to be used in large scale cir-
event typical in a highly polluted area of Po Valley, Italy. The culation model. A more detailed performance evaluation of
ambient size distribution and the values 280.6 K for tempera-SALSA within ECHAM will be reported in the near future.
ture and 83% for relative humidity were taken from measure-
ments Hamed et a].2007). The gas phase concentration for
sulfuric acid was derived from measured OH concentrations4 Discussion
and can be seen in Fifa. Since there was no measurement
data available for organic gases, the gas phase concentratioli$e have developed an aerosol dynamics model package suit-
were assumed to be equal to those of sulfuric acid. The everdble for large scale models. Sectional approach provides a
was compared against a high resolution model simulatiormuch more flexible way to simulate the aerosol size distribu-
using SALSA with 300 size bins in size space. The initial tion, as it does not assume any explicit shape of the popula-
conditions were approximated using measured conditions ation. Our approach, which tries to only simulate the clima-
8 am before the observed nucleation event. Initial ambientologically important aerosol properties without oversimpli-
size distribution was chosen as tri-modal with geometric me-fying the processes, is in our opinion a good way to prepare
dian diameters of 5 nm, 20 nm, and 100 nm, number con-a complete view of aerosol dynamic effects to the climate.
centrations of 4000 cn¥, 8000 cnt3, and 2000 cm? for  However, realities of model development inherently forces
each mode, respectively. The geometric standard deviatiothe developers to make simplifying assumptions or model de-
for each mode was set to be 1.5. sign choices.

Figure8b illustrates the contour plot of the particle num-  One such issue is the choice of humber of sections. We
ber concentrations during a simulated nucleation event calhave selected the number of sections and their properties in
culated using 300 size bins. In Figc, the same event was the default case to best produce in our opinion the most im-
simulated using the default bin setup of 3 size bins in sub-portant aerosol process - aerosol-cloud interactions - as well
range 1, 4 size bins in subrange 2, and 3 size bins in subas possible given the calculation resource restrains. A more
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Fig. 8. a) Gas phase concentration of sulfuric acid and condensable organic vapor as a function of time. b) Number concentrations of
particles as a function of time and diameter calculated using 300 size bins in size space. ¢) Number concentrations of particles as a functior
of time and diameter calculated using 3, 4, and 3 size bins in subranges 1, 2, and 3, respectively. d) Total number concentrations for the high
resolution (blue dashed line) and coarse model setup (red solid line).

www.atmos-chem-phys.net/8/2469/2008/ Atmos. Chem. Phys., 8, 24832008



2480 H. Kokkola et al.: Sectional aerosol module for large scale applications

detailed size distribution handling is of course possible inthe The model uses the moving-center schemelagobson
model framework, but as the model evaluation in this papen(2005 to describe the aerosol size distribution of particle
shows, the current model does a very good job effort in cap-smaller than 730 nm, i.e. below this threshold size average
turing the processes. An another question altogether is canumber as well mass concentrations of chemical components
the number of sections be reduced. The advantages of sudh each section are carried as tracers. As particle growth for
approach are clear, as the number of sections is the most critparticles in the coarse mode is very slow, particles larger than
cal issue for computational efficiency of the model. Based on730 nm are represented with fixed size sections.

the work here, we can predict that at least a radical reduction Comparison against explicit solutions of coagulation and
of number of sections will lead to a significant drop in model condensation equations show that the model captures the
performance. However, such changes should be throughlghanges in the aerosol size distribution well despite its rel-
tested for microphysical accuracy. atively coarse size resolution of 10 sections from 3 nm - 10

The default model configuration takes into account bothpm.
particle size and composition in cloud activation processes. |[tis particularly noteworthy that this fairly coarse sectional
The particle size resolution is increased in the sizes where theepresentation tracks the evolution of the particle size distri-
cloud activation will most likely to be sensitive to the particle bution much more accurately in the test cases than the mul-
diameter. Additionally, the particle activation is also handled timodal representation it was compared against. Especially,
as a sub-section parameterization. For particle compositioihe concentration of accumulation mode particles, the most
effect, we have taken into account external mixing of solu-important size range concerning direct and indirect climate
ble and insoluble particles in the most sensitive aerosol fraceffects of aerosol particles, was reproduced much better with
tion. Itis an ongoing debate in the cloud activation literature, the new model owing largely to the size distribution descrip-
which of the effects are more importamysek et al.2006 tion in subrange 2. The denser size sectioning in this sub-
McFiggans et a).2006), but in our opinion relevant micro-  range led to a more accurate description of cloud droplet ac-
physical handling of both is necessary in the default modelivation and sulphate production in cloud droplets.
configuration.

In the default configuration, the role of the model organic aocknowledgementsThis work has been partly funded by Eu-
copound is just to act as a surrogate for most organic speciesopean Commission project EUCAARI (R36833-2(EUCAARY)).
This is also obvious on the quite simplistic way of calculating
the binary molality of the model organic compound. Addi- Edited by: A. Wiedensohler
tion of more detailed organic package is beyond the intended
scope of this work, but the model framework is well suited
for such more detailed studies of organic aerosol effects.

The default model framework does assume that the parReferences
ent model can provide many necessary boundary conditions
and concentrations for SALSA model. The choice of in- Abdu'-RaZZak, H. and Ghan, S.J: A parameterization of aerosol
put parameters is selected to best fit as an aerosol model for activation 3. Sectional representation, J. Geophys. Res., 107,
ECHAMS5-HAM climate model Roeckner et al2003 Stier bio'l:lo'lozs/ 2001JhD000483’ 2?102.' o
etal, 2005. Especially some aerosol related input functions, APduI-Razzak, H., Ghan, S. J., and Rivera-Carpio, C.: A parameter-
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resolution and model configuration. F. S., and Shankar, U.: Modal Aerosol Dynamics Model for Eu-
rope: Development and First Applications, Atmos. Environ., 32,
2981-2999, 1998.
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