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Abstract. Clouds are reaction chambers for atmosphericl Introduction

trace gases and aerosols, and the associated precipitation

is a major sink for atmospheric constituents. The regional

chemistry-climate model COSMO-ART has been lacking a

description of wet scavenging of gases and aqueous-phas@'OUdS are reaction chambers for trace gases and aerosols
chemistry. In this work we present a coupling of COSMO- in the atmosphere. Their aqueous-phase facilitates chemi-
ART with a wet scavenging and aqueous-phase chemistrg@l reactions like the oxidation of sulfuHeégg and Hobhs
scheme. The coupling is made consistent with the cloud mi-1978 Walcek and Taylar198§ or organic compounds.{m
crophysics scheme of the underlying meteorological modelt al. 201Q Ervens et al.2011) which contribute substan-
COSMO. While the choice of the aqueous-chemistry mech-ially to gas-to-particle transfeFgichter et al.1996 Zhang
anism is flexible, the effects of a simple sulfur oxidation €t al, 1999 Rasch et a).2000. Aerosols are on average
scheme are shown in the application of the coupled system igubject to 3 condensation/evaporation cycles before being
this work. We give details explaining the coupling and exten-fémoved from the atmospher@rppacher and Jaenicke
sions made, then present results from idealized flow-over-hill1999. This cloud processing of aerosols influences size dis-
experiments in a 2-D model setup and finally results from atribution and chemical propertiesurzler et al, 200Q Lim

full 3-D simulation. Comparison against measurement datet al. 2005 Ervens et a].2008, and therefore their effects
shows that the scheme efficiently reduces $@ce gas con- N cloud formationkeingold and Kreidenwei2000. Asso-
centrations by 0.3 ppbv—30 %) on average, while leaving ciated precipitation leads to a vertical redistribution of gases
O3 and NG, unchanged. PM aerosol mass was increased and aerosols, and represents through wet deposition a major
by 10% on average. While total P\ changes only little, removal mechanism for air pollutants from the atmosphere.
chemical composition is improved notably. Overestimations Numerical chemical transport models (CTMs) are used to
of nitrate aerosols are reduced by typically 0.5-1 i fup describe the chemical composition of the atmosphere and are
to —2ugnt?3 in the Po Valley) while sulfate mass is in- invaluable tools to improve our understanding of atmospheric
creased by 1-1.5ugm on average (up to 2.5pgTa in processes, for the analysis of past air pollution events, for
Eastern Europe). The effect of cloud processing of aerosol§hemical weather forecasting, or for assessing the efficiency
on its size distribution, i.e. a shift towards larger diameters,0f emission reduction measures. To accurately describe the
is observed. Compared against wet deposition measurementdte of trace gases and aerosols in the atmosphere, these

mass for the simulated case study. the processes alluded to above. COSMO-ARGge! et al,

2009 is a recently developed regional CTM which currently
includes wet scavenging of aerosols but lacks a parametriza-
tion of aqueous-phase chemistry and wet deposition of gases.
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1178 C. Knote and D. Brunner: Wet scavenging and liquid-phase chemistry in COSMO-ART

Previous evaluation effortfote et al, 2011) showed the isoprene chemistry dbeiger et al(2003. Formation of sec-
necessity to include these processes. ondary organic aerosol components is realized with a volatil-
In this work we describe the coupling of the comprehen-ity basis set Donahue et al.2006§ approach described in
sive wet scavenging and aqueous-phase chemistry schenf@éhanasopoulou et a(2013. ISORROPIA |l Fountoukis
SCAV (Tost et al, 200§ with COSMO-ART. SCAV in-  and Nenes2007) is used to calculate thermodynamic equi-
cludes descriptions of the scavenging of both gases antlbrium of the NI—II—SO?[-NOg—Hzo aerosol system. New
aerosols, liquid-phase chemistry and a simple cloud proparticle formation is simulated according k@&rminen and
cessing of aerosols (in the sense of a mass transfer frorkVexler (1994 considering binary homogeneous nucleation
smaller to larger particles). It had been originally developedof H,SO4. The model has been thoroughly evaluateliote
for global models, making assumptions that are not reasonet al.(2011).
able for kilometer-scale regional modeling.
In Sect.2 we present an extended system which includes2.2 Scavenging and aqueous-phase chemistry scheme
a prognostic treatment of cloud and precipitation chemi-
cal composition and which is linked to the COSMO micro- The SCAV module Tost et al, 200§ was developed to de-
physics scheme to derive condensation, transfer, and evagscribe the transfer of gases and particulate matter between air,
oration rates as well as to describe the precipitation sedicloud droplets and rain drops. It follows the Modular Earth
mentation term. SectioB shows results of idealized two- Submodel System (MESS¥)ckel et al, 2005 standard.
dimensional simulations of the flow over a hill to study the  Transfer of trace gases between air and droplet is repre-
interplay of the different components. Sectidmpresents a  sented by explicitly calculating the transport processes rather
comparison of a realistic 3-D simulation over the Europeanthan relying on pre-calculated (effective) Henry’s law coef-
domain with results obtained in a previous evaluation studyficients. Chemical reactions in the aqueous-phase are solved
of COSMO-ART without aqueous-phase chemistry. Finally together with the transfer reactions using the Kinetic PrePro-
we discuss limitations of the coupled system and compare itessor (KPHDamian et al.2002. Chemical components dis-
against implementations of these processes in other regionablved from aerosols (e.g. QQ NO;3) are also considered
modeling systems. in liquid-phase reactions. The use of KPP allows for a flex-
ible adaptation of the chemistry scheme. In the simulations
presented here, a set of reactions based on MEGaAder

2 Methods et al, 2005 is used which focuses on sulfur oxidation. It
describes dissolution and subsequent dissociation for several
2.1 Modeling system inorganic and organic compounds and the oxidation of sulfur

by O3 and HO2. A complete list of the gas-to-droplet trans-
COSMO-ART {ogel et al, 2009 is an online-coupled re- fer reactions, acid-base equilibria and aqueous-phase reac-
gional chemistry transport model (CTM) developed at KIT tions included in this scheme are given in Tal2e8 and4,
Karlsruhe, Germany. It is based on the numerical weatherespectively.
prediction (NWP) system of the Consortium for Small-Scale Aerosols are scavenged into cloud droplets employing an
Modeling (COSMO modelBaldauf et al. 201). COSMO  empirically derived, size-dependent scavenging curve rep-
has been extended to optionally simulate Aerosols and Reresenting cloud condensation nuclei (CCN) activation (“nu-
active Trace gases (ART). Aerosols are represented by theleation and growth”-parameterization, Eq. 9Tiost et al,
modal aerosol module MADEsoot extendefickermann 2006, and Brownian motion followingSeinfeld and Pan-
et al, 1998 Riemer et al. 2003 employing five different dis(2006. Impaction scavenging by rain droplets is realized
interacting modes (2 Aitken, 2 accumulation, 1 fresh soot)according toSlinn (1984 taking into account both particle
for the description of fine particulate matter and explicit ag- and rain droplet size. No distinction is made between in-
ing of soot particlesRiemer et al.2004. One pair of Aitken  cloud and below-cloud scavenging, hence scavenging by rain
and accumulation modes is called “fresh”, as it has no sootiroplets can be active also within clouds. Thereby seeder-
core, while the other pair, the “mixed” Aitken and accumula- feeder type clouds are more realistically represented.
tion modes, includes soot. Additional modes describe coarse Upon complete evaporation of a droplet, aerosols (and the
particles (1 mode), dust (3 modes) and seasalt (3 modeshewly created ions) are released back into the largest soluble
Table1 gives an overview of the aerosol module. For eachmode. This “cloud processing”, that is the transfer of mass
mode, mass contributions and total number concentration arato the largest soluble mode, is based on the assumption that
prognostic quantities, while the standard deviation is fixed.upon evaporation of a cloud droplet all (small) particles that
A washout scheme for aerosols was already included basenhight have been scavenged during the lifetime of the cloud
on the work ofRinke (2008. The Regional Acid Deposition by a single cloud droplet will stick together and form one
Model, Version 2 (RADM2 Stockwell et al. 1990 is used  single particle upon release.
for gas-phase chemistry in a modified version (RADMKA)  The module makes use of current environmental quanti-
that has been extended to include the more comprehensiviies (temperature, pressure, water vapor content, cloud liquid
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Table 1. Aerosol modes in COSMO-ART, their constituents, targets for release upon droplet evaporation, and whether the mode participates
in nucleation scavenging.

name description constituents evap. target (mass frac.) nuc. scav.?
| fresh Aitken S, NHI, NO,OT, POA, SOA, unspec.,$0 0.1 - Im,0.9 - Jm yes
J fresh accum. SO, NHI, NO;, POA, SOA, unspec.,$0 0.1 - Im,0.9 - Jm yes
Im mixed Aitken Sg, NHI, NO:;, POA, SOA, soot, HO 01-Im,09 - -Jm yes
Jm mixed accum. SO, NHZ, Nog, POA, soot, HO 01-Im,09 - -Jm yes
SOOT fresh soot soot .a - SOOT no
ANTHA anth. coarse unspec. .aL- ANTHA yes
SEASA  fine sea salt sea salt, H>O 10 - SEASA yes
SEASB medium sea salt sea salt,;SOH>0 1.0 - SEASB yes
SEASC  coarse sea salt sea saltyS(H,0 10 - SEASC yes
SOILA fine dust dust D - SOILA yes
SOILB medium dust dust .0 - SOILB yes
SOILC coarse dust dust .a- SoiLC yes

“SOA" above are actually 4 species representing different volatility bins. “unspec.” refers to chemically unspeciated mass.

Table 2. Gas-to-liquid transfer reactions considered. sizes down to 1km. On this scale, the lifetime of a cloud
(20-30 min for shallow cumuliZhao and Austin2005 and
reaction thunderstorm cellsGotton et al. 2011), up to several hours
_ for stratiform clouds Albrecht, 1989) is well above typical
O3 = Oz(ag X g
H,0, = Hy0y(aq) model time-steps (several seconds to minutes). The meteo-
NH3 —  NHg@9 rological core COSMO reflects this by treating cLWC and
HNO3 = HNOz(ag rain water content as prognostic quantiti@alfauf et al.
COy = COy(ag 2011)). To consistently represent this also in the -ART part,
HCHO = HCHO(ag) a description of partial condensation and evaporation was
HCOOH = HCOOH®@ag necessary for the coupling, which in turn required prognos-
CH3O0H = CH3OOH(ag tic transport of quantities within the aqueous-phase, both in
CH3COOH =  CH3COOH@&q cloud and rain water. As COSMO-ART is an online-coupled
ﬂg' i E(B:l(a@ modeling system all transport processes applied to rain and
Sozr : Sozrigg)) precipitation are now likewise applied to its chemical com-
- position, employing exactly the same operators and methods.
HoSOy —  HoSO4(ag . . . .
In this work, the coupling is done for grid-scale clouds and
Note that the gas-droplet equilibria above are precipitation.
considered as two separate reactions in SCAV, with . . . . .
forward and backward rate coefficients calculated The following section describes how aerosols interact with
online, Tost et al(2008. clouds and precipitation in the new coupled system. First, the

methods employed in the COSMO meteorological core are
briefly outlined, followed by a description of the treatment
of cloud interactions. Finally we describe how precipitation
is considered. The description is focused on the treatment
of aerosols, as the interactions of trace gases with clouds as
well as with precipitation are done using the kinetic trans-
fer method already described Tost et al.(2006, which is
employed unchanged.

water content (cLWC), rain water content, rain flux) as given
by the driving meteorological model. Treatment of ice-phase,
processes is included in SCAV, but not used in our coupling.

2.3 Coupling and extension

In the original formulation of SCAV the complete life-cycle
of a cloud (condensation, scavenging, agueous-phase chem-

istry, washout by precipitation, evaporation) was simulated2-3.1  COSMO operational cloud and precipitation

each time-step. This avoided the need to make the chem- microphysics

ical composition of the liquid-phase transported quantities,

allowed to use a time-independent activation parameterizaA physically explicit description of the interactions with hy-
tion for aerosols, and greatly improved the computational ef-drometeors requires information (e.g. droplet number con-
ficiency of the scheme. The COSMO-ART modeling systemcentration and size distribution) which, while included in
is operated on the megoscale Qrlanski 1975, with mesh  COSMO in a research versiosé€ifert and Behendg006),

www.atmos-chem-phys.net/13/1177/2013/ Atmos. Chem. Phys., 13, 117182 2013
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Table 3. Acid-base and other equilibrium reactions.

reaction Ko(M) —AH/R(K)
H,0(ag) = HT4+OH" 1.0x10°16  _g716

NH (ag) = HT+NH3 5.88x 10710 23091
HNO3(ag) = HY+NOj 15 8700
COx(ag) = HT+HCO; 43x 1077 —913

HCOOH(ag) = HT +HCOO" 1.8x 1074
CHsCOOHag = HT+CH3COO  1.75x10°° —46

HCl(ag) = Ht4+CI- 1.7x 106 6896
HBr(ag) = Ht4+Br- 1.0x 107
SOy(ag) = HT+HSOy 1.7x1072 2090
HSQ; (ag) = Hf+ Sé* 6.0x10°8 1120
HSO, (ag) = HF+s0;” 1.2x1072 2720
H,S0O4(a0) = HT+HSO, 1.0x 103

Table 4. Aqueous-phase reactions.

reaction koM~ 1s™1y  —Ea/R(K)
S +03  — SO 15x 10° ~5300
HSO; +03  — SO +HT 3.7x10° ~5500
HSO; +H0, — SO +HT 52x10° ~3650

are not available in the current operational version. It wascloud water condensation/evaporation tendesicylt is cal-
of interest to create a coupling usable with the current stateulated with a commonly used saturation-adjustment tech-
of COSMO, hence we were restricted to the operationalnique (e.g.Lord et al, 1984 Taq 1989, where tempera-
scheme. To approximate these processes in the best way fefare and cloud liquid water in a grid-cell are isobarically ad-
sible, we try to be as consistent with the treatment of waterjusted, taking latent heating into account, until saturation is
in the meteorological core as possible: reached. Decreases/increases in specific humidity (qv) then
Grid-scale clouds and precipitation are described indefine the flux between water vapour and cloud liquid water
COSMO by a bulk water-continuity model, where the total (Doms et al, 2011). As several processes act upon the water
water content of a grid cell is distributed across a numbereservoirs in COSMO (advection, precipitation, relaxation,
of reservoirs, and budget equations are solved to redistributaudging), this saturation adjustment is applied several times
mass between these reservoirs. A typically used setup is thper time-step.
“two category cloud-ice scheme”, where 5 types of water Inour coupling we sum the changes made to the reservoirs
are accounted for; water vapor (qv), cloud liquid water (qc), in each call of the saturation adjustment to derive an accumu-
cloud ice (qi), rain (qr) and snow (gs). Each reservoir is thenlated net cloud condensation/evaporation tendency. We also
subject to dynamical processes and has a budget equation eve the other microphysical tendencies described above. At
its microphysical source and sink terms (Eg. 5.9®imms  the end of a timestep, after all changes to the water con-
etal, 2011). E.g. for gc it is given as tinuum by COSMO are done, the wet scavenging/aqueous-
c c c i phase chemistry routine is called.
S§*=8c— Sau_ Sac— Sfrz + Smelt_ Srim — Sshed (1)
whereS; is condensation or evaporation of cloud wat§g,
the autoconversion of cloud water to form rasge the accre-
tion of cloud water by raindropsg, the nucleation of cloud
ice due to freezing of cloud wateS‘,i,nelt the melting of cloud  Aerosol-cloud interactions are a major source of uncertainty
ice, Syim the collection of cloud water by snow (riming), and in current climate simulations and therefore the subject of in-
Sshedthe collection of cloud water by wet snow to form rain tense researchL¢hmann and Feichte2005. The method
(shedding) Poms et al. 20117). presented here does not describe aerosol indirect effects,
Almost all microphysical terms in Eql) are calculated hence cloud development and lifetime are unaffected by
once per time-step in a dedicated subroutine, except for thaerosols. These interactions have been implemented in a

2.3.2 Cloud uptake and release of aerosols

Atmos. Chem. Phys., 13, 1177192 2013 www.atmos-chem-phys.net/13/1177/2013/
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research version bgangert et al(2011), and a combination all evaporation is actually only shrinking of existing droplets,
of the two developments is topic of future research. while for zero cLWC all droplets evaporate and cloud pro-
Activation of aerosols to cloud droplets is parameterizedcessed particles are released. Hence, the “particle-releasing”
in SCAV applying an empirically derived, sigmoidal-shaped fraction of evaporation is equal tgyx derived above, and
scavenging fraction as function of particle diameter (Eq. 9each timestep a fraction
in Tost et al, 2006. This function describes the fraction of
aerosols originally present before the formation of the cloud fevap= fqc2qv- fiix 4)
that finally ends up in cloud droplets. However, in our ap-
proach we need to describe the temporally evolving fractionof the total liquid-phase species content is released from
scavenged at each time step (order seconds to minutes) whiatioud liquid water.
only after sufficient time approaches the overall scavenging Upon evaporation, a number of aerosol particles released
ratio described by the original scheme. We therefore assumaeeds to be given, which is assumed to be the number of
that only a fraction of the aerosol present in the grid cell is evaporated cloud droplets. Cloud droplet number density is
subject to the scavenging function. not available within COSMO, as it is not needed for the bulk
We assume that aerosols and water vapour are well mixetteatment. We hence use a constant amount of 208 ¢the
within each model grid cell. When the saturation adjustmentsame as used above for maximum cloud water) and calculate
indicates a flux towards cloud liquid water, the fraction of the number of evaporating droplets therefrom.
aerosol exposed to scavenging is assumed to equal the frac- This treatment of evaporation, i.e. using the mass as scav-
tion fqu2qc Of water vapour lost during a time step. enged, but assigning a number based on the number of cloud
Furthermore, saturation adjustment does not distinguistdroplets, represents “cloud processing of aerosols” in our
fresh nucleation from condensation on existing droplets.model. Under the assumption that each cloud or rain droplet
Hence only a fraction ffx) of the total flux is to be con- will form a single aerosol particle upon evaporation, the
sidered nucleation: if no cLWC exists, all of the flux must aerosol size distribution may be substantially altered as com-
be nucleation, as no droplets exist to provide a condensapared to the size distribution upstream of the clokdif-
tion sink. In contrast, for fully developed clouds and high gold and Kreidenwei2000. The question that arises is how
cLWC, all of the flux is assumed to be condensation on ex-to represent this process in a modal scheme like MADE.
isting particles. In our implementatiofy therefore scales There, a number of log-normal modes exist which repre-
linearly between no cloud (ge 0.0, fix = 1.0) and a fully ~ sent Aitken, accumulation and coarse mode patrticles. If now
developed cloud represented by an upper limit of cLWC cloud processing creates an additional mode, a “from-cloud”
(dc= qGnax fix = 0.0), remaining 0.0 for cloud liquid wa- mode, and one does not intend to represent this new mode
ter contents above gg,. The upper limit gy is deter-  in the aerosol-phase additionally to the existing ones, mass
mined based on observed cloud droplet number densitieand number released from cloud droplets need to be redis-
(No, 200 cnt3), droplet radii ¢c, 8.75 um), and water den- tributed onto the existing modes. SCAV in its original for-

sity (ow, 1000 kgnt3) as mulation put mass back into the largest soluble mode (in our
3 case the “mixed” accumulation mode) upon complete evapo-
ACmax=No-4/3-7 - r¢ - pw. (2)  ration. We slightly refined this by distributing mass and num-

ber by equal fractions onto the mixed Aitken (10 %) and ac-
cumulation mode (90 %), assuming that a small fraction of
the cloud processed aerosol is still smaller than the accu-
fact= favaqe: fix. A3) mulation mode size range. The median diameter of a given
aerosol mode is proportional tM/N)/3, where M is the to-
In the simulations presented here, all modes of the MADEtal mass and N the number of particles in the mode. The new
aerosol module (Tabl#) except the fresh soot mode (SOOT) aerosol produced by cloud evaporation will tend to have a
can be activated to cloud droplets. larger ratio M/N and hence a larger median diameter than the
In case the saturation adjustment indicates a flux towardgreexisting aerosol since the mass M of previously scavenged
water vapour, a similar method is employed as outlinedmaterial (and additionally converted trace gas precursors) is
above: upon evaporation, there is no distinction in the satdistributed over a comparatively small number N of evapo-
uration adjustment between evaporation from droplets conrated cloud droplets. Due to this treatment both modes are
tinuing to exist and complete evaporation with subsequenexpected to shift to larger diameters. For the anthropogenic
release of cloud processed aerosols (and a decrease in nugparse mode and all sea salt and dust modes, evaporating
ber of cloud droplets). Again, we use the flux given by the aerosol particles are returned to their mode of origin. Table
saturation adjustment, this time relating it to the initial cLWC lists the evaporation targets for all modes.
to derive the fraction of liquid-phase species mass subject to Note that scavenged species that would be released as
evaporation fqc2qy) and apply an additional weight: we as- gases, not aerosols, are in connection with the gas-phase via
sume again that for fully developed clouds and high cLWC, the kinetic transfer description dost et al.(2006 as long

The fraction of aerosols in a grid cell that are subject to the
activation parameterization in each timesjgg is then

www.atmos-chem-phys.net/13/1177/2013/ Atmos. Chem. Phys., 13, 117182 2013
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as the droplet exists, but are released in their entirety upon Scavenging of gases into rain drops and aqueous-phase

droplet evaporation. chemistry are calculated using the kinetic approach discussed
o in the description of SCAV. Aerosols are transferred into rain
2.3.3 Precipitation uptake and release of aerosols drops by applying the (rain-rate-dependent) scavenging func-

tion included in SCAV to grid cells with precipitation, em-

The effects of precipitation on aerosols in current regional-pbying the rain rate calculated by the COSMO microphysics
scale modeling systems is largely based on research dongheme.

three decades ago (elinn, 1984 Volken and Schumann  conyersion of cloud water to rain water is the sum of au-
1993. Aerosols are incorporated into droplets as a f“”Ct'Ontoconversion, accretion and shedding. This amount, as given
of particle and droplet size, and precipitation rate, consider~Dy the COSMO microphysics scheme, is used to calculate
ing Brownian motion, impaction and interception sCaveng-he transfer of chemical components from cloud to rain wa-
ing as underlying physical processes. Precipitation fluxes ders The evaporation tendendy, finally gives the fraction
rived from precipitation rates give the sedimentation flux, ot precipitation evaporation, and hence also the fraction of
and, if considered, a flux divergence indicates rain produc-hemical components in rain drops released. Here again we
tion/evaporation. o __employ the method described in the last section in which we
While in many schemes scavenged mass is immediately,qq the fraction of rain evaporating during a timestep to esti-
lost and wet deposited, the treatment of precipitation inpate the corresponding fraction of scavenged chemical mass
today's mescoscale modeling systems would allow for &, pe released from the rain phase. The number of aerosols

more comprehensive treatment including evaporation and 3t ) corresponding to the aerosol mass released during rain
dimensional transport of rain droplets out of a vertical col- evaporation is calculated as

umn, as presented e.g. for COSMGdassman(2003; Bal-
dauf and Schul£2004), for WRF inHong et al (2004, or in Ny = qr @)
Lopez(2002 for Arpege. 4/3.7 .rd3 - pw

This is realized in our approach, which additionally deals
with the numerical challenge that rain droplets can traversevhereryg is the rain droplet radius followinylason (1977
more than one layer within a time step. The method proposeds in the original SCAV scheme. Weighted with the fraction
here overcomes these shortcomings and brings the treatmeff evaporating rain water to total rain water content in a cell

of aerosols (and gases) in precipitation up to par with thethis then gives the number of evaporated particles. Again,

current treatment of precipitation in COSMO-ART. one single aerosol particle is assumed to be released upon
The total change of rain water over a time-stepis given ~ €vaporation of one rain droplet.
by In conclusion, our coupling transports the chemical com-
position of cloud liquid and precipitating water consistently
AQrlio = AQlgyn + AQlsegt AQryp, (5) with the respective quantities in the meteorological part.

Evaporation, condensation and cloud-to-rain conversion ten-
with Aqrgy, and Aqrseqbeing the contributions by transport dencies from the meteorological core are used to describe
(advection, diffusion) and sedimentation, respectively, andthe respective scavenging/evaporation processes for chemi-
Adry,, the contribution by microphysics. cal components.

Transport, Aqrgy,, is now considered for rain chemical
composition as well, as it is a prognostic quantity in our
implementation. Sedimentation of rain water in COSMO 3 Idealized 2-D simulations
employs an implicit Crank-Nicholson scheme to account . i
for droplets falling through several model levels within one 10 understand the interplay of the different components
timestep, considering microphysical processes (autoconvef?! the new scavenging scheme we have set up an ideal-
sion, accretion, evaporation) during the faldms et al, ized 2-D simulation of the flow over a Gaussian hill with

2011 Gassmanni2003. This scheme is also applied to the a non-precipitating cloud above. The model setup consists
chemical composition of rain droplets. of 150 grid points inx-direction with a grid spacing of

Like for cloud liquid water (Eql) there is also a balance 9¥ = 0.0045 (~500m) and 40 vertical hybrid sigma lev-

equation for rain water (gr), describing the tendency due tcels up to 20 hPa. Lateral meteorological forcing is provided
all microphysical processes as a polytrope atmosphere with three layers: boundary layer

(<2000 m), free troposphere<(11 000 m), and tropopause
S" = SS,+ Sac— Sev+ Sshed— Skyi — Stz + S it (6) region. A vertical temperature profile starting at 288.16 K
down to 216.66 K at the tropopause is prescribed, with ver-
with the additional termsSe, for evaporation of rain water, tical gradients 0f—0.0095Knt! and —0.0065KnT! in
St and St for freezing of rain due to collection of cloud the boundary layer and the free troposphere, respectively,
ice/heterogeneous nucleation forming snow, &g, repre-  and a vertically constant wind component of 20 mg-. In

senting melting of snow. the domain center a Gaussian-shaped hill with a height of

Atmos. Chem. Phys., 13, 1177192 2013 www.atmos-chem-phys.net/13/1177/2013/
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Fig. 2. Changes in gaseous $@A) and total S@_ (B) aerosol and aerosol reservoirs.

mass as percent change against the reference simulation.

cel spends in the cloud in this setup is about 450s (cloud
1500 m and a half width diameter of 5000 m acts as distor-with approx. 9km diameter, 20 m$ wind speed), and the
tion element to the flow field, resulting in cloud development maximum absolute difference in $0in the wake of the
(Fig. 1). Chemical composition (gases and aerosols) at thecloud is +3.2 ugm?. This means that with an initial SO
lateral boundaries is prescribed using an averaged verticatoncentration of about 1 pgm we generated approximately
profile of a grid point from a previous 3-D simulation. The 7.1ngnm 2 of sof; per second due to aqueous-phase chem-
composition represents typical conditions at Payerne (CH)ijstry.
a rural site in the Swiss Plateau in autumn at noon time. It Figure3 shows the column-total partitioning of mass be-
is calculated as the mean of all 12:00 UTC profiles at Pay-tween gas, aerosol and cloud phase for sulfur and nitro-
erne during the 20 days of simulation of the “autumn” casegen compounds during passage of the cloud. Wet deposi-
in Knote et al.(2011). The profile was modified by increases tion was negligibly small for mass calculations in this ide-
in the concentrations of #D, (factor of 5) and NH (factor  alized simulation. Note that only about one third of the col-
of 2.5) to ensure that no oxidant or counter-ion limitation oc- umn is actually exposed to the cloud. Both, total sulfur and
curs. Two simulations have been made, each integrated overxidized nitrogen show increases in aerosol mass by 230 %
12 h to allow the system to reach steady state, one withou(+2.16 mgS)m—2) and 140% (+0.94 m@)m—2) column
any wet scavenging or aqueous-phase chemistry as a refetetal, respectively. Reduced nitrogen shows an increase of
ence simulation (REF), and one including the new coupling.120 % (+2.1 mgN) m—2) after cloud passage, as a result of

Figure2 shows how S@is efficiently scavenged after the its thermodynamic equilibrium with sulfate and nitrate.

air has passed the cloud, and that in turn total aerosol sulfate The idealized simulations provide useful insight into the
mass has increased by up to 500 %. Shown are differencesorkings of the new coupling and the results are both phys-
of the mean over the integration period. The time an air par-cally and chemically plausible. Therefore the coupling has
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rural rural/remote rural/coastal of gases and aqueous-phase chemistry were indeed lacking:
50 | 21 3 1 firstly, the overestimation of ammonium-nitrate aerosols is
. ‘s‘g: A . P i expected to be reduced since the gas-phase counterparts of
g 0 = = B N B N ammonium-nitrate, HN@and NH;, readily transfer into the
10 aqueous-phase and are therefore efficiently scavenged. Sec-
12: " " 2 ondly, aerosol sulfate is expected to increase since aqueous-
s l i g 0 i phase conversion of S0 so}; contributes substantially
g 00 1 B . T l l e} to measured aerosol sulfai&dlcek and Taylgrl986 Rasch
1 N l : et al, 2000. To understand the impacts of our addition in a
05 7 n - 5 realistic setting we chose to re-simulate one of the evalua-
2 - tion periods fronmKnote et al.(2011). We picked the autumn
. 11 |- - . . : . T
£ 05+ l l N B|S 2008 period due to high cloudiness and frequent precipitation
SR L events. The setup of the new run is identical to the simula-
%7 - : . . tions inKnote et al(2011), employing a domain with 200 by
2 ° 190 grid boxes at 0.E7and 40 vertical levels. A new module
1.5 o T

to describe SOA formatiorAthanasopoulou et 2013 has

ppbv
1
SO,

o5 ® & - | - “ . l been developed sinténote et al(2011), and both, the refer-
od o T ) ence run and the one including SCAV, have been conducted
o 8 : : using this module. The previous wet scavenging scheme for
2] i 5 I i . . e B2 aerosols has been active in the reference simulation.
2 04 * L 9w I ~
f): ’ ° : 4.1 Comparison against long-term station
20 23 1 measurements
e 15 4 E °
g 10 I I I l I - 2 Figure4 summarizes the impact of the coupling on concen-
51 I - trations of Q, NOy, SO, PM;g, and PM 5. Shown are the
O_f P R simglation perio_d mean concentrations of a set of surface
&s‘“\ e ¢ \b@” e < c}é“@& e ¢ station observations throughout Europe from the EMEP net-

work and the corresponding model concentrations for the ref-
Fig. 4. Boxplots of mean trace gas and particulate matter concen£reénce simulation frorknote et al.(2011) and the new ver-
trations of a set of measurement stations averaged over the sim$ion including SCAV. The comparisons are subdivided ac-
lation period. Shown are results from the reference simulation incording to the station classification Benne et al(2010, in
Knote et al(2011) (REF), results from a new simulation including which stations are categorized according to their representa-
aqueous-phase chemistry (SCAV), and measurement data from thgyeness.

EMEP network (meas.). Stations classified according to their rep-  Ozone and NQare virtually unaffected by the implemen-
resentativengss follgwingienne et al.2010. Number of stations tation, which was expected. S®hows strong reductions and
used shown in top-right corner. agrees better with measurements, although it is still above
measured concentrations. Rdvis increased in the SCAV
run, leading to a slight overestimation compared to mea-
surements. We attribute this to a less efficient scavenging
of larger aerosol particles like seasalt, dust or coarse anthro-
pogenic particles compared to the aerosol scavenging scheme
4 Application to a real case used previously. We find a slight increase in total 2\hass

at all types of stations.

been applied to a realistic 3-D simulation of air quality over
Europe.

In Knote et al.(2011), COSMO-ART was extensively eval-

uated against a number of observational datasets, including.2 Comparison against reference simulation
measurements of aerosol chemical composition by aerosol

mass spectrometry (AMS). While several parameters werd-igure5 shows the spatial distribution of mean total cloud
simulated with good quality, a number of deficiencies werecover, changes in SQand in the chemical composition of
found including an overestimation of SQoncentrations sulfate and nitrate aerosol mass. Differences in the mean con-
compared to surface station observations. From a comparieentration over the simulation period between the reference
son against aerosol mass spectrometer (AM&jagaratna and the simulation including SCAV are presented relative to
et al, 2007 data it was found that concentrations of sul- the reference case.

fate aerosols were too low, while nitrates were biased high. SO, is reduced by up to 1ppbv (2.8 ugrh at STP),
These findings provided strong evidence that wet scavengingvith the strongest reductions found over Southern Poland,
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Fig. 5. Maps of mean total cloud covép), absolute changes in gas-phase$B), and in S(ﬁ_ (C) and NG; aerosol masgD) due to the
inclusion of the new scavenging module. Shown are mean differencesBplotdD) over the whole simulation period.

Northern Slovakia and in the Balkan region. This is rea-4.3 Improvements in aerosol chemical composition
sonable, as these are the regions most strongly polluted in

SO, and hence with the largest reduction potential in abso-

lute terms. Generally, the eastern part of the model domaidnformation about the chemical composition of ambient
sees stronger reductions than the west, which can be ex@erosol with high temporal resolution (hourly and better)
plained by both, predominant westerly flow advecting pris-can be inferred for non-refractive particles below 1pum
tine air to the western part of the domain, and generally(NR—PMi) using an aerosol mass spectrometer (AMS,
poorer air quality and hence more precursors in Eastern EuCanagaratna et a2007). During the simulation period, sev-
rope. Furthermore, largest effects are expected in the wakeral AMS instruments had been deployed at a number of
of clouds, for example downstream of the cloudy areas instations throughout Europe within a EUCAARI/EMEP mea-
Central and Northwestern Europe. Sulfate aerosol mass i§urement campaign. These data allow for a quantitative com-
increased by up to 2.5 ugm, with the strongest increases Parison of the mass of major inorganic species and organic
again over Eastern Europe, where we already found stronge§@ntributions as presented mote et al.(2011). The reader
SO, reductions. A distinct region of high sulfate increases is referred to this publication for details about the compari-
is visible in the northwestern part of Germany. Assuming Son method and in particular on the application of the AMS
a westerly flow, this is just downwind of the densely pop- transmission function to convert the modal aerosol distribu-
ulated Be|gium_Nether|ands-Luxemburg (BeNeLux) region, tions in COSMO-ART into quantities direCtIy Comparable to
and the heavy industry in the German Ruhr area. Reductionfe¢ measurements. Figure 6a, b and Tabkhow that the

in NO; aerosol mass are substantial, with reductions pbednclusion of SCAV has considerable impact on the chemical
tween 1 and 1.5 ugn? over large parts of Germany, Poland Composition. . _ .
and the Baltic region. Even stronger reductions by up to 1€ overestimation of nitrate compounds found in previ-
2 ugnt3 on average are found in the Po Valley region. This OUS simulations is reduced, which is mostly dge to the ef-
indicates that an efficient washout of nitric acid is indeed ef-ficient washout of the HN@precursor. Some discrepancy
fective to reduce the positive bias identified in our previous'€mains, like for example a tendency of the model to retain
simulations for nitrate aerosols. We conclude that magnitudd©® much nitrate in the particle phase during daytime (e.g. in
and direction as well as spatial patterns of observed changgg@yerme and Melpitz in Fig. 6a or K-Puszta in Fig. 6b). Sul-
in trace gas and aerosol components are reasonable, and wifite aerosol mass increases substantially and now compares

show in the next paragraph that they improve the comparisorli’etter to measured contributions, although at all stations the
with measurements of aerosol components. simulated values are still below the measurements. Together

with the overestimation of Sf) this points to a still too
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Table 5. Time-averaged NRPM; masses (ug r‘r?) corresponding to the pie charts in Figure 6a, b for observations (obs.), the reference
simulation (ref.) and including SCAV (SCAV).

NH; Sl NO3 OA
obs. ref. SCAV obs. ref. SCAV obs. ref. SCAV obs. ref. SCAV

Payerne 1.2 1.0 0.8 14 0.3 0.7 22 3.0 1.9 50 33 2.9
Melpitz 12 1.2 0.9 15 0.2 0.7 25 37 2.2 33 36 3.3
Vavihill 0.8 0.6 0.5 09 0.2 0.3 19 20 1.2 28 25 2.3
Hyytiala 0.1 0.2 0.2 02 01 0.2 0.1 05 0.3 06 16 1.6
K-Puszta 1.9 1.7 14 31 1.0 1.2 26 47 3.1 71 6.2 5.6

slow oxidation of SQ in the agueous-phase possibly due to 4.4 Effects on aerosol size distribution
the lack of an explicit representation of several potentially
relevant ions (Mn, Fe, Ca, K) that affect pH in COSMO- In Knote et al.(2011) we investigated model performance
ART and missing minor oxidation pathways (transition met- for number concentration size distributions at a number of
als, formaldehyde, dichloride ionslacobson2005. Biases  stations throughout Europe for whigtsmi et al.(2017) re-
in cloud pH would also influence the efficiency of oxdiation pPorted a homogenized measurement dataset. Here we use
by Oz (Kreidenweis et a).2003. the same set of stations, but compare distributions of vol-
Organic aerosol mass was not changed substantially dugme rather than of number concentrations to better under-
to the new coupling. Note the significantly improved agree-stand the effect of the new scavenging scheme on aerosol
ment with observed values compared to what was presente@iass. We only show modelled values, as the datasknin
in Knote et al.(2011). This is the result of a change from €tal.(201]) is considered optimal only between diameters of
the use of the SORGAM modul&¢hell et al, 2001) to de- 20 and 200 nm, which is outside of the range where volume
scribe the formation of secondary organic aerosols (SOA) tconcentration size distributions peak.
a volatility basis set approachAthanasopoulou et al2013. Figure 7 presents the total volume concentrations for the
There is evidence that SOA can be formed in the aqueousteference case and the new modeling system as function
phase, and that these contributions can be substahtiglia ~ Of the particle diameter over a range between 20nm up to
et al, 200Q Lim et al, 201Q Ervens et al.2011). As we 10 um. Typical transmission functions for an AMS, a £\
focused on sulfate, we did not include any of these formationand a PMo inlet system (as calculated inote et al, 2011
pathways so far. are given in the figure for comparison. Only the modes con-
Overall the relative contributions of the different compo- taining secondary particles (fresh and mixed Aitken and ac-
nents to NR-PM; show better agreement with AMS mea- cumulation modes) were used here to isolate the effect of
surements due to the inclusion of SCAV, though total masscloud processing from simple washout which is happening
of NR—PM; is slightly reduced. It is possible that this indi- in the remaining modes (coarse, seasalt, dust).
cates missing sources for submicron aerosols in the model At a number of stations shown in Fig, a shift of the
like wrong emission size distributions, or underestimatedsize distribution towards larger diameters is visible, which
new particle formation. Further, aerosol growth due to cloudis the expected result of the cloud processing of aerosols. Es-
processing could be overestimated. To compare with AMSpecially the stations in rather polluted environments (Ispra,
measurements, the AMS transmission function needs to b&-Puszta, Kosetice) show pronounced changes in size distri-
applied to the modeled aerosol mass size distribution to achbution, which is expected to improve their comparison with
curately represent the particle size range “visible” for the measurements, as we found in general too small particles at
AMS. The analysis of changes in size distribution in the nextthese stations iKnote et al(2011). At very clean stations in-
paragraph shows that the reduction in total-NRVl; massis ~ stead (Mace Head, Birkenes) no distinct changes in volume
caused by a shift of mass to larger diameters, resulting in agoncentration size distributions are observed.
increased fraction of mass in the accumulation mixed mode A sensitivity simulation where the maximum CDNC used
not being “seen” by the AMS due to the specific sampling in activation and evaporation calculations has been doubled
efficiency cut-off of this instrument at about 1 pm. The com- (No = 400 cnm3) showed no noticeable effect on the changes
parison with PM s measurements already showed that thein size distributions.
mass is not lost, but rather redistributed. AMS instruments N
measuring the whole size range of PMas currently be- 4> Wetdeposition
ing developed at the Paul Scherrer Institute, Switzerland, will
simplify the comparison between observations and modelin
results.

To understand the quality of the aerosol and trace gas
gs.ink term due to wet scavenging, we compared our sim-
ulations against wet deposition station data from the
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sured OA should be compared with the sum of modeled aPOA +a stronger underestimation, which reflects the still too low
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As (a) but for different stations.
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which is shown by different colors/symbols. Filled black circles represent the arithmetic mean over all comparisons. Lines are drawn to help
estimate over/underestimation factors: solid=1:1, dashed =2:1 and dotted =5:1.

We find an average underprediction of accumulated pre-1996. One possibility to circumvent the problem of statisti-
cipitation by the model by a factor of 2. Hence we conclude cal undersampling which does not involve simulating longer
that the underprediction of wet deposited mass of nitrate angberiods is to calculate the mean deposition (as arithmetic
ammonium, and part of the underestimation of sulfate wetmean over all stations, black circles in Fig), which can
deposition, is likely reasoned by insufficiencies of the mete-serve as a proxy for total wet deposition in Europe. There,
orological simulation. The stochastic nature of precipitation SOfi‘ is underestimated by a factor of 2—3. Model and mea-
contributes to the strong scatter of the comparison for such gurements show better agreement forN&nd NI—[{, where
short period (20 days) (Figa) — and would arguably be re- the underestimations are below a factor of 2. Results shown
duced when simulating a longer time period. Also, very low in Gong et al (2006 for a comparable modeling system in-
precipitation intensities (drizzle) may not be registered by thedicated similar underpredictions.
instrumentation as precipitation event due to the measure-
ment principle, which requires the opening of a Wi et al,
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5 Discussion rapidly and where equilibrium might not be achieved. Only
one other model (AURAMSGong et al.2006 Smyth et al,
5.1 Limitations of the current implementation 2009 uses such a physical approach. Nucleation scaveng-

ing of aerosols is parametrized by an empirically derived ac-

Despite the comparatively high degree of complexity of ourtivation curve, which we have coupled with the condensa-
scheme, three major omissions and the reasons need to lien tendency derived from the microphysics module. This
mentioned: is a more realistic approach than models defining complete

Firstly, no scavenging of aerosols or trace gases by icanodes as activated fraction once a cloud is formed in a grid
crystals or snow flakes has been implemented so far, althougbell (CMAQ, Byun and Schere2006. However, models
SCAV does allow such a coupling. The species most affectedncluding a physically based activation scheme like WRF-
by such a scavenging is HN@Chang 1984 Baltensperger Chem fttp://ruc.noaa.gov/wrf/WG1}/or GATOR {acob-
et al, 1991, Abbatt 1997, and its magnitude can be sub- son et al, 1996 Jacobson1997ab), will be more realistic
stantial under free-tropospheric conditiohu and Prather in their description of this process as they can take into ac-
(2012 recently highlighted the importance of this process count the size distribution and chemical composition of the
for a correct description of HNglifetimes and subsequently aerosols. Impaction scavenging of aerosols in SCAV takes
of upper troposphere £concentrations. For studies of the into account both the particle and an estimated droplet size
lower troposphere this is, however, of much lesser impor-distribution, as the COSMO microphysics scheme is a bulk
tance and arguably negligible. It can become important, howscheme and cannot deliver a “real” droplet size distribution.
ever, if a winter period is simulated. In the light of the addi- We have seen from the review f@ong et al.(201]) that
tional computational demand of such a coupling (twice thethis method is one of the more detailed methods compared
number of transported species and more chemistry) we reto what is implemented in other models, though can be im-
frained so far to include this coupling, but it would be impor- proved with realistic cloud droplet size distributions. The
tant for studies of the upper troposphere/polar regions. aqueous-phase chemistry mechanism used in this study can

Secondly, COSMO-ART has recently been coupled to thebe classified (according 8ong et al.2011) as a condensed
experimental two-moment microphysics schemeSeffert ~ mechanism focusing on sulfur oxidation. However, it is up to
and Beheng2009 to simulate aerosol indirect effects on the user to choose the level of complexity, as the KPP-based
clouds Bangert et al.2011), which would allow a much chemistry allows for sufficient flexibility. When choosing the
more detailed description of the nucleation scavenging pro{full mechanism as described Tost et al.(2006 the coupled
cesses for aerosols. Currently, SCAV employs an empiricsystem can be ranked in the class of “more complete” mecha-
method derived from measurements of interstitial aerosohisms Gong et al,2011). Only few model systems consider
within clouds, which completely disregards variability in ac- transport of in-cloud substances, and the fact that the chem-
tivation due to aerosol characteristics other than size. Howdical composition of rain droplets is a prognostic quantity in
ever we have chosen to couple SCAV with COSMO-ART our approach is to our knowledge a unique feature.
in a way that is applicable in typical/operational COSMO-
ART setups. As the parametrization®&ngert et al(2011])
requires theSeifert and Behen{006 two-moment micro- 6 Conclusions
physics scheme, this would not be the case. Such a coupling
is nonetheless an important topic for future studies of aerosoWWe have coupled COSMO-ART with SCAV, a scheme ac-
cloud interactions. counting for wet scavenging of gases and aerosols, and

Thirdly, our scheme has only been implemented for grid-aqueous-phase chemistry. The scheme had to be extended
resolved clouds. A full coupling would be non-trivial and ex- to account for the use of a module originally developed for

ceeds the scope of this work. global models in a regional model with grid resolutions in the
kilometer range and time-steps in the order of seconds. Mi-
5.2 Comparison with other model systems crophysical tendencies derived in the COSMO meteorolog-

ical core are used to link condensation, transfer and evapo-
The extensive review of cloud chemistry and scavenging repfation processes with the underlying meteorology. Cloud lig-
resentations in current regional model systemSamg etal.  uid water and precipitation chemical composition are now
(201)) facilitates a comparison of the new coupling with transported quantities, consistent with meteorology. A flexi-
implementations in other modeling systems. Our couplingble link between gas-phase, aerosols and liquid-phase com-
includes a kinetic description of the transfer processes beponents combined with the use of KPP in SCAV allow for
tween gas-phase and droplet and therefore does not assurfiexible extension of the coupling.
equilibrium, neither for the transfer into cloud droplets nor Results from a 2-D flow-over-hill study show that the
into rain droplets. This is expected to be beneficial espe-conversion of S@ to sulfate aerosols is efficient with up
cially for high-resolution applications where the time-stepsto 500 % increase in total sulfate leewards the mountain,
drop below 10, where clouds may develop and disappeatorresponding to a mean production rate of 7.1 n§s?.
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