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Abstract

Clouds are reaction chambers for atmospheric 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 scav-
enging of gases and aqueous-phase chemistry. In this work we present a coupling5

of COSMO-ART with a wet scavenging and aqueous-phase chemistry scheme. The
coupling is made consistent with the cloud microphysics scheme of the underlying me-
teorological model COSMO. While the choice of the aqueous-chemistry mechanism is
flexible, the effects of a simple sulfur oxidation scheme are shown in the application
of the coupled system in this work. We give details explaining the coupling and ex-10

tensions made, then present results from idealized flow-over-hill experiments in a 2-D
model setup and finally results from a full 3-D simulation. Comparison against mea-
surement data shows that the scheme efficiently reduces SO2 trace gas concentrations
by 0.3 ppbv (−30 %) on average, while leaving O3 and NOx unchanged. PM10 aerosol
mass, which has been overestimated previously, is now in much better agreement with15

measured values due to a stronger scavenging of coarse particles. While total PM2.5
changes only little, chemical composition is improved notably. Overestimations of ni-
trate aerosols are reduced by typically 0.5–1 µgm−3 (up to −2 µgm−3 in the Po Valley)
while sulfate mass is increased by 1–1.5 µgm−3 on average (up to 2.5 µgm−3 in East-
ern Europe). The effect of cloud processing of aerosols on its size distribution, i. e.20

a shift towards larger diameters, is observed. Compared against wet deposition mea-
surements the system underestimates the total wet deposited mass for the simulated
case study. We find that while evaporation of cloud droplets dominates in higher alti-
tudes, evaporation of precipitation can contribute up to 50 % of total evaporated mass
near the surface.25
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1 Introduction

Clouds are reaction chambers for trace gases and aerosols in the atmosphere. Their
aqueous-phase facilitates chemical reactions like the oxidation of sulfur (Hegg and
Hobbs, 1978; Walcek and Taylor, 1986) or organic compounds (Lim et al., 2010; Er-
vens et al., 2011) which contribute substantially to gas-to-particle transfer (Feichter5

et al., 1996; Zhang et al., 1999; Rasch et al., 2000). Aerosols are on average sub-
ject to 3 condensation/evaporation cycles before being removed from the atmosphere
(Pruppacher and Jaenicke, 1995). This cloud processing of aerosols influences size
distribution and chemical properties (Wurzler et al., 2000; Lim et al., 2005; Ervens
et al., 2008), and therefore their effects on cloud formation (Feingold and Kreidenweis,10

2000). Associated precipitation leads to a vertical redistribution of gases and aerosols,
and represents through wet deposition a major removal mechanism for air pollutants
from the atmosphere.

Numerical chemical transport models (CTMs) are used to describe the chemical
composition of the atmosphere and are invaluable tools to improve our understanding15

of atmospheric processes, for the analysis of past air pollution events, for chemical
weather forecasting, or for assessing the efficiency of emission reduction measures.
To accurately describe the fate of trace gases and aerosols in the atmosphere, these
models need to contain a sufficiently detailed formulation of the processes alluded to
above. COSMO-ART (Vogel et al., 2009) is a recently developed regional CTM which20

currently includes wet scavenging of aerosols but lacks a parametrization of aqueous-
phase chemistry and wet deposition of gases. Previous evaluation efforts (Knote et al.,
2011) showed the necessity to include these processes.

In this work we describe the coupling of the comprehensive wet scavenging and
aqueous-phase chemistry scheme SCAV (Tost et al., 2006) with COSMO-ART. SCAV25

includes descriptions of the scavenging of both gases and aerosols, liquid-phase chem-
istry and a simple cloud processing of aerosols (in the sense of a mass transfer from
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smaller to larger particles). It had been originally developed for global models, making
assumptions that are not reasonable for kilometer-scale regional modeling.

In the first section we present an extended system which includes a prognostic
treatment of cloud and precipitation chemical composition and which is linked to the
COSMO microphysics scheme to derive condensation, transfer, and evaporation rates5

as well as to describe the precipitation sedimentation term. Section 2 shows results
of idealized two-dimensional simulations of the flow over a hill to study the interplay of
the different components. Section 3 presents a comparison of a realistic 3-D simula-
tion over the European domain with results obtained in a previous evaluation study of
COSMO-ART without aqueous-phase chemistry. Finally we discuss limitations of the10

coupled system and compare it against implementations of these processes in other
regional modeling systems.

2 Methods

2.1 Modeling system

COSMO-ART (Vogel et al., 2009) is an online-coupled regional chemistry transport15

model (CTM) developed at KIT Karlsruhe, Germany. It is based on the numeri-
cal weather prediction (NWP) system of the Consortium for Small-Scale Modeling
(COSMO model, Baldauf et al., 2011). COSMO has been extended to optionally simu-
late Aerosols and Reactive Trace gases (ART). Aerosols are represented by the modal
aerosol module MADEsoot extended (Ackermann et al., 1998; Riemer et al., 2003)20

employing five different interacting modes (2 Aitken, 2 accumulation, 1 fresh soot) for
the description of fine particulate matter and explicit aging of soot particles (Riemer
et al., 2004). One pair of Aitken and accumulation modes is called “fresh”, as it has
no soot core, while the other pair, the “mixed” Aitken and accumulation modes, in-
cludes soot. Additional modes describe coarse particles (1 mode), dust (3 modes) and25

seasalt (3 modes). The Regional Acid Deposition Model, Version 2 (RADM2, Stock-
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well et al., 1990) is used for gas-phase chemistry in a modified version (RADMKA)
that has been extended to include the more comprehensive isoprene chemistry of
Geiger et al. (2003). Condensation of organic species onto aerosols is realized using
the SORGAM module (Schell et al., 2001), with an update to a volatility basis set (Don-
ahue et al., 2006) method currently under development (Athanasopoulou et al., 2012).5

ISORROPIA II (Fountoukis and Nenes, 2007) is used to calculate thermodynamic equi-
librium of the NH+

4 -SO2−
4 -NO−

3 -H2O aerosol system. New particle formation is simulated
according to Kerminen and Wexler (1994) considering binary homogeneous nucleation
of H2SO4. A washout scheme for aerosols was already included based on the work of
Rinke (2008). The model has been thoroughly evaluated in Knote et al. (2011).10

2.2 Scavenging and aqueous-phase chemistry scheme

The SCAV module (Tost et al., 2006) was developed to describe the transfer of gases
and particulate matter between air, cloud droplets and rain drops. It follows the Modular
Earth Submodel System (MESSy, Jöckel et al., 2005) standard.

Transfer of trace gases between air and droplet is represented by explicitly calcu-15

lating the transport processes rather than relying on pre-calculated (effective) Henry’s
law coefficients. Chemical reactions in the aqueous-phase are solved together with the
transfer reactions using the Kinetic PreProcessor (KPP, Damian et al., 2002). Chem-
ical components dissolved from aerosols (e.g. SO2−

4 , NO−
3 ) are also considered in

liquid-phase reactions. The use of KPP allows for a flexible adaptation of the chem-20

istry scheme. In the simulations presented here, a set of reactions based on MECCA
(Sander et al., 2005) is used which focuses on sulfur oxidation. It describes dissolution
and subsequent dissociation for several inorganic and organic compounds and the oxi-
dation of sulfur by O3 and H2O2. A complete list of the gas-to-droplet transfer reactions,
acid-base equilibria and aqueous-phase reactions included in this scheme are given in25

Tables 1, 2 and 3, respectively.
Aerosols are scavenged into cloud droplets employing an empirically derived, size-

dependent scavenging curve representing cloud condensation nuclei (CCN) activation
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(“nucleation and growth”-parameterization in Tost et al., 2006), and Brownian motion
following Seinfeld and Pandis (2006). Impaction scavenging by rain droplets is realized
according to Slinn (1984) taking into account both particle and rain droplet size. No
distinction is made between in-cloud and below-cloud scavenging, hence scavenging
by rain droplets can be active also within clouds. Thereby seeder-feeder type clouds5

are more realistically represented.
Upon complete evaporation of a droplet, aerosols (and the newly created ions) are

released back into the largest soluble mode. This “cloud processing”, that is the transfer
of mass into the largest soluble mode, is based on the assumption that upon evapora-
tion of a cloud droplet all (small) particles that might have been scavenged during the10

lifetime of the cloud by a single cloud droplet will stick together and form one single
particle upon release.

The module makes use of current environmental quantities (temperature, pressure,
water vapor content, cloud liquid water content (cLWC), rain water content, rain flux)
as given by the driving meteorological model. Treatment of ice-phase processes is15

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, aqueous-phase chemistry, washout by precipitation, evaporation) was sim-
ulated each time-step. This avoided the need to make the chemical composition of the20

liquid-phase transported quantities, allowed to use a time-independent activation pa-
rameterization for aerosols, and greatly improved the computational efficiency of the
scheme. The COSMO-ART modeling system is operated on the meso-γ scale (Orlan-
ski, 1975), with mesh sizes up to 1 km. On this scale, the lifetime of a cloud (10–30 min
for shallow cumuli (Zhao and Austin, 2005) and thunderstorm cells (Cotton et al., 2011),25

up to several hours for stratiform clouds (Albrecht, 1989)) is well above typical model
time-steps (several seconds to minutes). The meteorological core COSMO reflects this
by treating cLWC and rain water content as prognostic quantities (Baldauf et al., 2011).
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To consistently represent this also in the -ART part, a description of partial condensa-
tion and evaporation was necessary for the coupling, which in turn required prognos-
tic transport of quantities within the aqueous-phase, both in cloud and rain water. As
COSMO-ART is an online-coupled modeling system all transport processes applied to
rain and precipitation are now likewise applied to its chemical composition, employing5

exactly the same operators and methods.
The following section describes how aerosols interact with 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 the10

treatment of aerosols, as the interactions of trace gases with clouds as well as with
precipitation are done using the kinetic transfer method already described in Tost et al.
(2006), which is employed unchanged.

2.3.1 COSMO operational cloud and precipitation microphysics

A physically explicit description of the interactions with hydrometeors requires informa-15

tion (e.g. droplet number concentration and size distribution) which, while included in
COSMO in a research version (Seifert and Beheng, 2006), are not available in the cur-
rent operational version. It was of interest to create a coupling usable with the current
state of COSMO, hence we were restricted to the operational scheme. To approximate
these processes in the best way feasible, we try to be as consistent with the treatment20

of water in the meteorological core as possible:
Grid-scale clouds and precipitation are described in COSMO by a bulk water-

continuity model, where the total water content of a grid cell is distributed across a
number of reservoirs, and budget equations are solved to redistribute mass between
these reservoirs. A typically used setup is the “two category cloud-ice scheme”, where25

5 types of water are accounted for: water vapor (qv), cloud liquid water (qc), cloud ice
(qi), rain (qr) and snow (qs). Each reservoir is then subject to dynamical processes and
has a budget equation of its microphysical source and sink terms (Eq. 5.95 in Doms
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et al., 2011). E.g. for qc it is given as

Sc = Sc −Sc
au −Sac −Sc

frz +S i
melt −Srim −Sshed, (1)

where Sc is condensation or evaporation of cloud water, Sc
au the autoconversion of cloud

water to form rain, Sac the accretion of cloud water by raindrops, Sc
frz the nucleation of

cloud ice due to freezing of cloud water, S i
melt the melting of cloud ice, Srim the collection5

of cloud water by snow (riming), and Sshed the collection of cloud water by wet snow to
form rain (shedding) (Doms et al., 2011).

Almost all microphysical terms in Eq. (1) are calculated once per time-step in a ded-
icated subroutine, except for the cloud water condensation/evaporation tendency Sc. It
is calculated with a commonly used saturation-adjustment technique (e.g. Lord et al.,10

1984; TAO, 1989), where temperature and cloud liquid water in a grid-cell are iso-
barically adjusted, taking latent heating into account, until saturation is reached. De-
creases/increases in specific humidity (qv) then define the flux between water vapour
and cloud liquid water (Doms et al., 2011). As several processes act upon the wa-
ter reservoirs in COSMO (advection, precipitation, relaxation, nudging), this saturation15

adjustment is applied several times per time-step.
In our coupling we sum the changes made to the reservoirs in each call of the sat-

uration adjustment to derive an accumulated net cloud condensation/evaporation ten-
dency. We also save the other microphysical tendencies described above. At the end
of a timestep, after all changes to the water continuum by COSMO are done, the wet20

scavenging/aqueous-phase chemistry routine is called.

2.3.2 Cloud uptake and release of aerosols

Aerosol-cloud interactions are a major source of uncertainty in current climate simu-
lations and therefore the subject of intense research (Lohmann and Feichter, 2005).
The method presented here does not describe aerosol indirect effects, hence cloud25

development and lifetime are unaffected by aerosols. These interactions have been im-
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plemented in a research version by Bangert et al. (2011), and a combination of the two
developments is topic of future research.

Activation of aerosols to cloud droplets is parameterized in SCAV applying an em-
pirically derived, sigmoidal-shaped scavenging fraction as function of particle diameter
(Eq. 9 in Tost et al., 2006). This function describes the fraction of aerosols originally5

present before the formation of the cloud that finally ends up in cloud droplets. How-
ever, in our approach we need to describe the temporally evolving fraction scavenged at
each time step (order seconds to minutes) which only after sufficient time approaches
the overall scavenging ratio described by the original scheme. We therefore assume
that only a fraction of the aerosol present in the grid cell is subject to the scavenging10

function.
We assume that aerosols and water vapour are well mixed within each model grid

cell. When the saturation adjustment indicates a flux towards cloud liquid water, the
fraction of aerosol exposed to scavenging is assumed to equal the fraction fqv2qc of
water vapour lost during a time step. Furthermore, saturation adjustment does not dis-15

tinguish fresh nucleation from condensation on existing droplets. Hence only a fraction
(fwght) of the total flux is to be considered nucleation: if no cLWC exists, all of the flux
must be nucleation, as no droplets exist to provide a condensation sink. In contrast, for
fully developed clouds and high cLWC, all of the flux is assumed to be condensation
on existing particles. A fully developed cloud is determined by an upper limit on cLWC20

(qcmax), based on observed cloud droplet number densities (N0, 200 cm−3), droplet
radii (rc, 8.75 µm), and water density (ρw, 1000 kgm−3) as

qcmax = N0 ·4/3 ·π · r3
c ·ρw. (2)

fwght then scales inversely between 0 (no cloud, fwght = 1.0) and qcmax (fwght = 0.0), re-
maining 0.0 for cloud liquid water contents above qcmax. The fraction of aerosol content25

in a grid cell that is subject to the activation parameterization in each timestep fact is
then

fact = fqv2qc · fwght. (3)
26107
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In case the saturation adjustment indicates a flux towards water vapour, a similar
method is employed as outlined above: upon evaporation, there is no distinction in
the saturation adjustment between evaporation from droplets continuing to exist and
complete evaporation with subsequent release of cloud processed aerosols (and a
decrease in number of cloud droplets). Again, we use the flux given by the saturation5

adjustment, this time relating it to the initial cLWC to derive the fraction of liquid-phase
species mass subject to evaporation (fqc2qv) and apply an additional weight: we assume
again that for fully developed clouds and high cLWC, all evaporation is actually only
shrinking of existing droplets, while for zero cLWC all droplets evaporate and cloud
processed particles are released. Hence, the evaporation (in the sense of particle-10

releasing) fraction of evaporation is equal to fwght derived above, and each timestep a
fraction

fevap = fqc2qv · fwght (4)

of the total liquid-phase species content is released from cloud liquid water.
Upon evaporation, a number of aerosol particles released needs to be given, which15

is assumed to be the number of evaporated cloud droplets. Cloud droplet number den-
sity is not available within COSMO, as it is not needed for the bulk treatment. We hence
use a constant amount of 200 cm−3 (the same as used above for maximum cloud wa-
ter) and calculate the number of evaporating droplets therefrom. Note that scavenged
species that would be released as gases, not aerosols, are in connection with the gas-20

phase via the kinetic transfer description of Tost et al. (2006) as long as the droplet
exists, but are released in their entirety upon droplet evaporation.

This treatment of evaporation, i.e. using the mass as scavenged, but assigning a
number based on the number of cloud droplets represents what is often termed “cloud
processing” of aerosols. Under the assumption that each cloud or rain droplet will form25

a single aerosol particle upon evaporation, the aerosol size distribution may be sub-
stantially altered as compared to the size distribution upstream of the cloud (Feingold
and Kreidenweis, 2000). The question that arises is how to represent this process in a
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modal scheme like MADE. There, a number of log-normal modes exist which represent
Aitken, accumulation and coarse mode particles. If now cloud processing creates an
additional mode, a “from-cloud” mode, and one does not intend to represent this new
mode in the aerosol-phase additionally to the existing ones, mass and number released
from cloud droplets need to be redistributed onto the existing modes. SCAV in its orig-5

inal formulation put mass back into the largest soluble mode (in our case the “mixed”
accumulation mode) upon complete evaporation. We slightly refined this by distributing
mass and number by equal fractions onto the mixed Aitken (10 %) and accumulation
mode (90 %), assuming that a small fraction of the cloud processed aerosol is still
smaller than the accumulation mode size range. As number concentrations will tend to10

be reduced due to the use of the number of cloud/rain droplets upon evaporation while
keeping the mass of aerosols (and additionally converted trace gas precursors) as
scavenged, both modes are expected to shift to larger diameters, hence representing
the effects of cloud processing of aerosols on the size distribution.

2.3.3 Precipitation uptake and release of aerosols15

The effects of precipitation on aerosols in current regional-scale modeling systems
is largely based on research done three decades ago (e.g. Slinn, 1984; Volken and
Schumann, 1993). Aerosols are incorporated into droplets as a function of particle and
droplet size, and precipitation rate, considering Brownian motion, impaction and inter-
ception scavenging as underlying physical processed. Precipitation fluxes derived from20

precipitation rates give the sedimentation flux, and, if considered, a flux divergence in-
dicates rain production/evaporation.

While in many schemes scavenged mass is immediately lost and wet deposited,
the treatment of precipitation in today’s mescoscale modeling systems would allow for
a more comprehensive treatment including evaporation and 3-dimensional transport25

of rain droplets out of a vertical column (e.g. in COSMO, Gassmann, 2003). This is
realized in our approach which additionally deals with the numerical challenge that rain
droplets can traverse more than one layer within a time step. The method proposed
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here overcomes these shortcomings and brings the treatment of aerosols (and gases)
in precipitation up to par with the current treatment of precipitation in COSMO-ART.

The total change of rain water over a time-step ∆t is given by

∆qrtot = ∆qrdyn +∆qrsed +∆qrmp, (5)

with ∆qrdyn and ∆qrsed being the contributions by transport (advection, diffusion) and5

sedimentation, respectively, and ∆qrmp the contribution by microphysics.
Transport, ∆qrdyn, is now considered for rain chemical composition as well, as it is

a prognostic quantity in our implementation. Sedimentation of rain water in COSMO
employs an implicit Crank-Nicholson scheme to account for droplets falling through
several model levels within one timestep, considering microphysical processes (au-10

toconversion, accretion, evaporation) during the fall (Doms et al., 2011; Gassmann,
2003). This scheme is also applied to the chemical composition of rain droplets.

Like for cloud liquid water (Eq. 1) there is also a balance equation for rain water (qr),
describing the tendency due to all microphysical processes,

S r = Sc
au +Sac −Sev +Sshed −S r

cri −S r
frz +Ss

melt, (6)15

with the additional terms Sev for evaporation of rain water, S r
cri and S r

frz for freezing of
rain due to collection of cloud ice/heterogeneous nucleation forming snow, and Ss

melt
representing melting of snow.

Scavenging of gases into rain drops and aqueous-phase chemistry are calculated
using the kinetic approach discussed in the description of SCAV. Aerosols are trans-20

ferred into rain drops by applying the (rain-rate-dependent) scavenging function in-
cluded in SCAV to grid cells with precipitation, employing the rain rate calculated by
the COSMO microphysics scheme.

Conversion of cloud water to rain water is the sum of autoconversion, accretion and
shedding. This amount, as given by the COSMO microphysics scheme, is used to25

calculate the transfer of chemical components from cloud to rain water. The evaporation
tendency Sev finally gives the fraction of precipitation evaporation, and hence also the
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fraction of chemical components in rain drops released. Here again we employ the
method described in the last section in which we use the fraction of rain evaporating
during a timestep to estimate the corresponding fraction of scavenged chemical mass
to be released from the rain phase. The number of aerosols (Nr) corresponding to the
aerosol mass released during rain evaporation is calculated as5

Nr =
qr

4/3 ·π · r3
d ·ρw

(7)

where rd is the rain droplet radius following Mason (1971) as in the original SCAV
scheme. Weighted with the fraction of evaporating rain water to total rain water content
in a cell this then gives the number of evaporated particles. Again, one single aerosol
particle is assumed to be released upon evaporation of one rain droplet.10

In conclusion, our coupling transports the chemical composition of cloud liquid and
precipitating water consistently with the respective quantities in the meteorological part.
Evaporation, condensation and cloud-to-rain conversion tendencies from the meteoro-
logical core are used to describe the respective scavenging/evaporation processes for
chemical components.15

3 Idealized 2-D simulations

To understand the interplay of the different components of the new scavenging scheme
we have set up an idealized 2-D simulation of the flow over a Gaussian hill with a non-
precipitating cloud above. The model setup consists of 150 grid points in x-direction
with a grid spacing of dx = 0.0045◦ (≈500 m) and 40 vertical hybrid sigma levels up20

to 20 hPa. Lateral meteorological forcing is provided as a polytrope atmosphere with
three layers: boundary layer (<2000 m), free troposphere (<11 000 m), and tropopause
region. A vertical temperature profile starting at 288.16 K down to 216.66 K at the
tropopause is prescribed, with vertical gradients of −0.0095 Km−1 and −0.0065 Km−1

in the boundary layer and the free troposphere, respectively, and a vertically constant25
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u wind component of 20 ms−1. In the domain center a Gaussian-shaped hill with a
height of 1500 m and a half width diameter of 5000 m acts as distortion element to the
flow field, resulting in cloud development (Fig. 1). Chemical composition (gases and
aerosols) at the lateral boundaries is prescribed using an averaged vertical profile of
a grid point from a previous 3-D simulation. The composition represents typical condi-5

tions at Payerne (CH), a rural site in the Swiss Plateau in autumn at noon time. It is
calculated as the mean of all 12:00 UTC profiles at Payerne during the 20 days of sim-
ulation of the “autumn” case in Knote et al. (2011). Two simulations have been made,
each integrated over 24 h to allow the system to reach steady state, one without any
wet scavenging or aqueous-phase chemistry as a reference simulation (REF), and one10

including the new coupling. In the following plots, means (or differences of the mean)
over this integration period are shown.

Figure 2 shows how SO2 is efficiently scavenged after the air has passed the cloud,
and that in turn total aerosol sulfate mass has increased by up to 40 %. The time an
air parcel spends in the cloud in this setup is about 450 s (cloud with approx. 9 km15

diameter, 20 ms−1 wind speed), and the maximum absolute difference in SO2−
4 in the

wake of the cloud is +0.55 µgm−3. This means that with an initial SO2 concentration
of about 5 µgm−3 we generated approximately 1.2 ngm−3 of SO2−

4 per second due
to aqueous-phase chemistry. Furtheron, Fig. 3 shows that the mass released from
the cloud is transferred towards larger particles (mixed accumulation mode), hence20

representing aerosol cloud processing.
Figure 4 shows the column-total partitioning of mass between gas, aerosol and cloud

phase for sulfur and nitrogen compounds during passage of the cloud. Wet deposition
was negligibly small for mass calculations in this idealized simulation. Both, total sulfur
(S) and oxidized nitrogen (NO) show increases in aerosol mass by 12 and 3.3 % column25

total, respectively. Note that only about one third of the column is actually exposed
to the cloud. Reduced nitrogen (NR) resided almost completely in the aerosol-phase
before, but shows an increase of 3.6 % after cloud passage.
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Clearly visible is that oxidized nitrogen (mostly HNO3) transfers into the aqueous-
phase much more rapidly than sulfur compounds. Due to the irreversible conversion of
SO2 to SO2−

4 , however, a higher fraction of sulfur remains in the aerosol phase after
evaporation than oxidized nitrogen ((ammonium-)nitrate), which is subject to reparti-
tioning in thermodynamic equilibrium with the environment.5

The idealized simulations provide useful insight into the workings of the new coupling
and the results are both physically and chemically plausible. Therefore the coupling has
been applied to a realistic 3-D simulation of air quality over Europe.

4 Application to a real case

In Knote et al. (2011), COSMO-ART was extensively evaluated against a number10

of observational datasets, including measurements of aerosol chemical composition
by aerosol mass spectrometry (AMS). While several parameters were simulated with
good quality, a number of deficiencies were found including an overestimation of SO2
concentrations compared to surface station observations. From a comparison against
aerosol mass spectrometer (AMS, Canagaratna et al., 2007) data it was found that15

concentrations of sulfate aerosols were too low, while nitrates were biased high. These
findings provided strong evidence that wet scavenging of gases and aqueous-phase
chemistry were indeed lacking: firstly, the overestimation of ammonium-nitrate aerosols
is expected to be reduced since the gas-phase counterparts of ammonium-nitrate,
HNO3 and NH3, readily transfer into the aqueous-phase and are therefore efficiently20

scavenged. Secondly, aerosol sulfate is expected to increase since aqueous-phase
conversion of SO2 to SO2−

4 contributes substantially to measured aerosol sulfate (Wal-
cek and Taylor, 1986; Rasch et al., 2000). To understand the impacts of our addition
in a realistic setting we chose to re-simulate one of the evaluation periods from Knote
et al. (2011). We picked the autumn 2008 period due to high cloudiness and frequent25

precipitation events. The setup of the new run is identical to the simulations in Knote
et al. (2011), employing a domain with 200 by 190 grid boxes at 0.17◦ and 40 vertical
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levels, except that SCAV has now been included and switched on. The previous wet
scavenging scheme for aerosols has been active in the reference simulation.

4.1 Comparison against long-term station measurements

Figure 5 summarizes the impact of the coupling on concentrations of O3, NOx, SO2,
PM10, and PM2.5. Shown are the simulation period mean concentrations of a set of5

surface station observations throughout Europe from the EMEP network and the cor-
responding model concentrations for the reference simulation from Knote et al. (2011)
and the new version including SCAV. The comparisons are subdivided according to the
station classification of Henne et al. (2010), in which stations are categorized according
to their representativeness.10

Ozone and NOx are virtually unaffected by the implementation, which was expected.
SO2 shows strong reductions and agrees better with measurements, although it is still
above measured concentrations. PM10, which has been overestimated during this pe-
riod is visibly reduced, with the largest decreases at coastal stations. We attribute this
to a more efficient scavenging of larger aerosol particles like seasalt, dust or coarse15

anthropogenic particles compared to the aerosol scavenging scheme used previously.
We find a slight decrease in total PM2.5 mass at coastal stations, with otherwise un-
changed concentrations.

4.2 Comparison against reference simulation

Figure 6 shows the spatial distribution of mean total cloud cover, changes in SO2,20

and in the chemical composition of sulfate and nitrate aerosol mass. Differences in the
mean concentration over the simulation period between the reference and the simula-
tion including SCAV are presented relative to the reference case.

SO2 is reduced by up to 1 ppbv (2.8 µgm−3 at STP), with the strongest reductions
found over Southern Poland, Northern Slovakia and in the Balkan region. This is rea-25

sonable, as these are the regions most strongly polluted in SO2 and hence with the
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largest reduction potential in absolute terms. Generally, the eastern part of the model
domain sees stronger reductions than the west, which can be explained by both, pre-
dominant westerly flow advecting pristine air to the western part of the domain, and
generally poorer air quality and hence more precursors in Eastern Europe. Further-
more, largest effects are expected in the wake of clouds, for example downstream5

of the cloudy areas in Central and Northwestern Europe. Sulfate aerosol mass is in-
creased by up to 2.5 µgm−3, with the strongest increases again over Eastern Europe,
where we already found strongest SO2 reductions. A distinct region of high sulfate in-
creases is visible in the northwestern part of Germany. Assuming a westerly flow, this is
just downwind of the densely populated Belgium-Netherlands-Luxemburg (BeNeLux)10

region, and the heavy industry in the German Ruhr area. Reductions in NO−
3 aerosol

mass are substantial, with reductions between 1 and 1.5 µgm−3 over large parts of
Germany, Poland and the Baltic region. Even stronger reductions by up to 2 µgm−3

on average are found in the Po Valley region. This indicates that an efficient washout
of nitric acid is indeed effective to reduce the positive bias identified in our previous15

simulations for nitrate aerosols. We conclude that magnitude and direction as well as
spatial patterns of observed changes in trace gas and aerosol components are rea-
sonable, and will show in the next paragraph that they improve the comparison with
measurements of aerosol components.

4.3 Improvements in aerosol chemical composition20

Information about the chemical composition of ambient aerosol with high temporal
resolution (hourly and better) can be inferred for non-refractive particles below 1 µm
(NR−PM1) using an aerosol mass spectrometer (AMS, Canagaratna et al., 2007). Dur-
ing the simulation period, several AMS instruments had been deployed at a number of
stations throughout Europe within a EUCAARI/EMEP measurement campaign. These25

data allow for a quantitative comparison of the mass of major inorganic species and
organic contributions as presented in Knote et al. (2011). The reader is referred to this
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publication for details about the comparison method and in particular on the application
of the AMS transmission function to convert the modal aerosol distributions in COSMO-
ART into quantities directly comparable to the measurements. Figure 7a, b shows that
the inclusion of SCAV has considerable impact on the chemical composition.

The overestimation of nitrate compounds found in previous simulations is reduced,5

which is mostly due to the efficient washout of the HNO3 precursor. Some discrepancy
remains, like for example a tendency of the model to retain too much nitrate in the
particle phase during daytime (e.g. in Payerne and Melpitz in Fig. 7a or K-Puszta in
Fig. 7b). Sulfate aerosol mass increases substantially and now compares quite well to
measured contributions, although at all stations the simulated values are still below the10

measurements. Together with the overestimation of SO2, this points to a still too slow
oxidation of SO2 in the aqueous-phase due to the lack of an explicit representation of
several potentially relevant ions (Mn, Fe, Ca, K) that affect pH in COSMO-ART and
missing minor oxidation pathways (transition metals, formaldehyde, dichloride ions Ja-
cobson, 2005). Uncertainties in cloud pH also influence the efficiency of oxdiation by15

O3 (Kreidenweis et al., 2003).
Organic aerosol mass was not changed substantially due to the new coupling. Note

that it has been reduced considerably compared to what was presented in Knote et al.
(2011). An error in the calculation of dry deposition for organic aerosols had been
corrected which was responsible for the higher concentrations in Knote et al. (2011).20

In general, the reason for the underestimation of organic aerosols is found in the use
of the SORGAM module (Schell et al., 2001) describing the formation of secondary
organic aerosols (SOA), which is known to severly underestimate the production of
SOA. Furthermore, there is evidence that SOA can be formed in the aqueous-phase,
and that these contributions can be substantial (Turpin et al., 2000; Lim et al., 2010;25

Ervens et al., 2011). As we focused on sulfate, we did not include any of these formation
pathways so far.

Overall the relative contributions of the different components to NR−PM1 show bet-
ter agreement with AMS measurements due to the inclusion of SCAV, though total
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mass of NR−PM1 is slightly reduced. To compare with AMS measurements, the AMS
transmission function needs to be applied to the modeled aerosol mass size distribu-
tion to accurately represent the particle size range “visible” for the AMS. The analysis
of changes in size distribution in the next paragraph shows that the reduction in to-
tal NR−PM1 mass is caused by a shift of mass to larger diameters, resulting in an5

increased fraction of mass in the accumulation mixed mode not being “seen” by the
AMS due to the specific sampling efficiency cut-off of this instrument at about 1 µm.
The comparison with PM2.5 measurements already showed that the mass is not lost,
but rather redistributed. AMS instruments measuring the whole size range of PM2.5
as currently being developed at the Paul Scherrer Institute, Switzerland, will strongly10

simplify the comparison between observations and modeling results.

4.4 Effects on aerosol size distribution

In Knote et al. (2011) we investigated model performance for number concentration
size distributions at a number of stations throughout Europe for which Asmi et al.
(2011) reported a homogenized measurement dataset. Here we use the same set15

of stations, but compare distributions of volume rather than of number concentrations
to better understand the effect of the new scavenging scheme on aerosol mass. We
only show modelled values, as the dataset in Asmi et al. (2011) is considered optimal
only between diameters of 20 and 200 nm, which is outside of the range where volume
concentration size distributions peak.20

Figure 8 presents the total volume concentrations for the reference case and the
new modeling system as function of the particle diameter over a range between 20 nm
up to 10 µm. Typical transmission functions for an AMS, a PM2.5 and a PM10 inlet
system (as calculated in Knote et al., 2011) are given in the figure for comparison. Only
the modes containing secondary particles (fresh and mixed Aitken and accumulation25

modes) were used here to isolate the effect of cloud processing from simple washout
which is happening in the remaining modes (coarse, seasalt, dust).
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At a number of stations shown in Fig. 8, a shift of the size distribution towards larger
diameters is visible, which is the expected result of the cloud processing of aerosols.
Especially the stations in rather polluted environments (Ispra, K-Puszta, Kosetice) show
pronounced changes in size distribution, which is expected to improve their comparison
with measurements, as we found in general too small particles at these stations in5

Knote et al. (2011). At very clean stations instead (Mace Head, Birkenes) no distinct
changes in volume concentration size distributions are observed.

4.5 Wet deposition

To understand the quality of the aerosol and trace gas sink term due to wet scaveng-
ing, we compared our simulations against wet deposition station data from the Euro-10

pean Monitoring and Evaluation Programme (EMEP, http://www.emep.int). 80 stations
throughout Europe provided daily sums of wet deposited masses of NO−

3 , NH+
4 and

SO2−
4 , usually measured by ion chromatography (Aas et al., 1996), as well as average

precipitation acidity (pH). Figure 9 shows a comparison of pH and the wet deposited
mass totals over the simulated period. There is reasonable agreement with precipita-15

tion pH, with a mean value of 5.4 for measured and 6.0 for modelled values. Most of the
comparisons of wet deposition with single station measurements lie within a factor of
5. Deposited nitrate and ammonia mass generally correspond to measurements within
a factor of 2. Only sulfate mass shows a stronger underestimation, which reflects the
still too low sulfate aerosols concentrations.20

The stochastic nature of precipitation likely contributes to the strong scatter of the
comparison for such a short period (20 days) – and would arguably be reduced when
simulating a longer time period. Also, very low precipitation intensities (drizzle) may not
be registered by the instrumentation as precipitation event due to the measurement
principle, which requires the opening of a lid (Aas et al., 1996).25

One possibility to circumvent the problem of statistical undersampling which does
not involve simulating longer periods is to calculate the mean deposition (as arithmetic
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mean over all stations, black circles in Fig. 9), which can serve as a proxy for total wet
deposition in Europe. There, SO2−

4 is underestimated by a factor of 2–3. Model and
measurements show better agreement for NO−

3 and NH+
4 , where the underestimations

are below a factor of 2. Results shown in Gong et al. (2006) for a comparable modeling
system indicated similar underpredictions.5

4.6 Contribution of evaporating rain to aerosol cloud processing

As in most other schemes there is no explicit treatment of the fate of chemical com-
ponents in precipitation, we here propose the following arguments in favour of such a
treatment: Firstly, the meterological community already found that diagnostic precipi-
tation treatment is not able to represent the distribution of precipitation accurately for10

simulations on the meso-γ scale, and this argument extends to the chemical compo-
sition. This means that a diagnostic treatment of wet scavenging by precipitation is
not able to accurately represent the spatial pattern of wet deposition, which has im-
plications for all deposition-related applications. Further, Saide et al. (2012) recently
concluded that omission of rain evaporation in WRFchem was detrimental to model15

performance.
To compare the importance of rain versus cloud evaporation, we summed the fluxes

of inorganic ions from evaporating rain and cloud droplets and distilled a summary
representation of their relative contributions. Figure 10 shows vertical profiles of the
contributions of evaporation of SO2−

4 from cloud and rain droplets to the total evap-20

orated aerosol mass as domain-averaged accumulated flux over the simulation pe-
riod. While cloud evaporation clearly dominates at higher altitudes (> 1 km a.g.l.), the
contribution by evaporation of precipitation increases towards the surface reaching a
domain-average maximum of 53 % near the ground. The results look very similar for the
other ions and also chemically inert species (not shown). Note that these are domain-25

averaged figures and hence also comprise the contribution of non-precipitating clouds,
further strengthening the importance of rain evaporation.
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This result shows that modeling systems which do not account for this process ignore
a substantial source of ambient aerosols near the surface, and might further underes-
timate conversion processes in the aqueous-phase (sulfate, SOA) due to an overes-
timation of washout. With our findings we support the statement made in Saide et al.
(2012) regarding the influence of rain evaporation on ambient aerosols.5

5 Discussion

5.1 Limitations of the current implementation

Despite the comparatively high degree of complexity of our scheme, three major omis-
sions and the reasons need to be mentioned:

Firstly, no scavenging of aerosols or trace gases by ice crystals or snow flakes has10

been implemented so far, although SCAV does allow such a coupling. The species
most affected by such a scavenging is HNO3 (Chang, 1984; Baltensperger et al., 1991;
Abbatt, 1997), and its magnitude can be substantial under free-tropospheric condi-
tions. Neu and Prather (2012) recently highlighted the importance of this process for
a correct description of HNO3 lifetimes and subsequently of upper troposphere O315

concentrations. For studies of the lower troposphere this is, however, of much lesser
importance and arguably negligible. In the light of the additional computational demand
of such a coupling (twice the number of transported species and more chemistry) we
refrained so far to include this coupling, but it would be important for studies of the
upper troposphere/polar regions.20

Secondly, COSMO-ART has recently been coupled to the experimental two-moment
microphysics scheme of Seifert and Beheng (2006) to simulate aerosol indirect effects
on clouds (Bangert et al., 2011), which would allow a much more detailed description of
the nucleation scavenging processes for aerosols. Currently, SCAV employs an empiric
method derived from measurements of interstitial aerosol within clouds, which com-25

pletely disregards variability in activation due to aerosol characteristics other than size.
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However we have chosen to couple SCAV with COSMO-ART in a way that is applica-
ble in typical/operational COSMO-ART setups. As the parametrization of Bangert et al.
(2011) requires the Seifert and Beheng (2006) two-moment microphysics scheme, this
would not be the case. Such a coupling is nonetheless an important topic for future
studies of aerosol cloud interactions.5

Thirdly, our scheme has only been implemented for grid-resolved clouds. The only
interaction with subgrid-scale clouds realized so far is the redistribution of cloud and
rain droplet composition within the convective up- and downdrafts. A full coupling would
be non-trivial and exceeds the scope of this work.

5.2 Comparison with other model systems10

The extensive review of cloud chemistry and scavenging representations in current re-
gional model systems in Gong et al. (2011) facilitates a comparison of the new coupling
with implementations in other modeling systems. Our coupling includes a kinetic de-
scription of the transfer processes between gas-phase and droplet and therefore does
not assume equilibrium, neither for the transfer into cloud droplets nor into rain droplets.15

This is expected to be beneficial especially for high-resolution applications where the
time-steps drop below 10 seconds, where clouds may develop and disappear rapidly
and where equilibrium might not be achieved. Only one other model (AURAMS) uses
such a physical approach. Nucleation scavenging of aerosols is parametrized by an
empirically derived activation curve, which we have coupled with the condensation ten-20

dency derived from the microphysics module. This is a more realistic approach than
models defining complete modes as activated fraction once a cloud is formed in a grid
cell (CMAQ). However, models including a physically based activation scheme (WRF-
Chem, GATOR) will be more realistic in their description of this process as they can take
into account the size distribution and chemical composition of the aerosols. Impaction25

scavenging of aerosols in SCAV takes into account both the particle and an estimated
droplet size distribution, as the COSMO microphysics scheme is a bulk scheme and
cannot deliver a “real” droplet size distribution. We have seen from the review in Gong
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et al. (2011) that this method is one of the more detailed methods compared to what is
implemented in other models, though can be improved with realistic cloud droplet size
distributions. The aqueous-phase chemistry mechanism used in this study can be clas-
sified (according to Gong et al., 2011) as a condensed mechanism focusing on sulfur
oxidation. However, it is up to the user to choose the level of complexity, as the KPP-5

based chemistry allows for sufficient flexibility. When choosing the full mechanism as
described in Tost et al. (2006) the coupled system can be ranked in the class of “more
complete” mechanisms (Gong et al., 2011). Only few model systems consider trans-
port of in-cloud substances, and the fact that the chemical composition of rain droplets
is a prognostic quantity in our approach is to our knowledge a unique feature.10

6 Conclusions

We have coupled COSMO-ART with SCAV, a scheme accounting for wet scavenging
of gases and aerosols, and aqueous-phase chemistry. The scheme had to be extended
to account for the use of a module originally developed for global models in a regional
model with grid resolutions in the kilometer range and time-steps in the order of sec-15

onds. Microphysical tendencies derived in the COSMO meteorological core are used
to link condensation, transfer and evaporation processes with the underlying meteo-
rology. Cloud liquid water and precipitation chemical composition are now transported
quantities, consistent with meteorology. A flexible link between gas-phase, aerosols
and liquid-phase components combined with the use of KPP in SCAV allow for flexible20

extension of the coupling.
Results from a 2-D flow-over-hill study show that the conversion of SO2 to sulfate

aerosols is efficient with up to 40 % increase in total sulfate leewards the mountain,
corresponding to a mean production rate of 1.2 ngm−3 s−1. Comparison of the results
of a realistic simulation with measurements over Europe indicate that SO2 is reduced25

by 0.3 ppbv on average, the reductions nonetheless not being large enough to reach
measured concentrations. Slight reductions in PM10 are found which are due to a more

26122

http://www.atmos-chem-phys-discuss.net
http://www.atmos-chem-phys-discuss.net/12/26099/2012/acpd-12-26099-2012-print.pdf
http://www.atmos-chem-phys-discuss.net/12/26099/2012/acpd-12-26099-2012-discussion.html
http://creativecommons.org/licenses/by/3.0/


ACPD
12, 26099–26142, 2012

Wet scavenging and
liquid-phase
chemistry in
COSMO-ART

C. Knote and D. Brunner

Title Page

Abstract Introduction

Conclusions References

Tables Figures

J I

J I

Back Close

Full Screen / Esc

Printer-friendly Version

Interactive Discussion

D
iscussion

P
aper

|
D

iscussion
P

aper
|

D
iscussion

P
aper

|
D

iscussion
P

aper
|

efficient scavenging of coarse particles compared to the old wet scavenging scheme
for aerosols and improve the agreement with measurements. PM2.5 mass was mostly
unchanged.

In comparison against the reference simulation we find increases in total particulate
sulfate of up to +2.5 µgm−3 mostly in Eastern Europe in regions with elevated SO25

emissions. Particulate nitrate showed reductions over large regions up to −1 µgm−3,
up to −2 µgm−3 in the Po Valley and Nothern Germany. The chemical composition of
NR−PM1 changed notably, mostly due to a reduction in nitrate components and an
increase in sulfate, and now matches observations from aerosol mass spectrometers
better. Inclusion of SCAV resulted in a slight decrease in total NR−PM1 mass, due to a10

shift of mass from the sub-PM1 diameter region to the region between PM1 and PM2.5.
Wet deposition amounts are underestimated, for sulfate on average by a factor of 2–3,
and within a factor of 2 for nitrate and ammonium when compared to measurements.
Precipitation pH is in reasonable agreement with measurements. We could show that
evaporation from precipitation can contribute over 50 % of total evaporated mass (cloud15

and rain droplets) in the boundary layer and thereby has the potential to considerably
influence aerosol cloud processing. We argue that this process is important, and should
be considered in other modeling systems as well.

Limitations of the coupling have been mentioned which need to be taken into account
in case the model is to be applied for different purposes. The coupled system presented20

here provides a framework for further studies of cloud processing, aqueous-phase pro-
duction of secondary organic aerosols and wet deposition with COSMO-ART.
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Table 1. Gas-to-liquid transfer reactions considered.

reaction

O3 � O3(aq)
H2O2 � H2O2(aq)
NH3 � NH3(aq)
HNO3 � HNO3(aq)
CO2 � CO2(aq)
HCHO � HCHO(aq)
HCOOH � HCOOH(aq)
CH3OOH � CH3OOH(aq)
CH3COOH � CH3COOH(aq)
HCl � HCl(aq)
HBr � HBr(aq)
SO2 � SO2(aq)
H2SO4 → H2SO4(aq)

Note that the gas-droplet equilibria above are
considered as two separate reactions in
SCAV, with forward and backward rate
coefficients calculated online, Tost et al.
(2006).
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Table 2. Acid-base and other equilibrium reactions.

reaction k0 −∆H/R

H2O � H+ +OH− 1.0×10−16 −6716
NH+

4 � H+ +NH3 5.88×10−10 −2391
HNO3 � H+ +NO−

3 15 8700
CO2 � H+ +HCO−

3 4.3×10−7 −913
HCOOH � H+ +HCOO− 1.8×10−4

CH3COOH � H+ +CH3COO− 1.75×10−5 −46
HCl � H+ +Cl− 1.7×106 6896
HBr � H+ +Br− 1.0×109

SO2 � H+ +HSO−
3 1.7×10−2 2090

HSO−
3 � H+ +SO2−

3 6.0×10−8 1120
HSO−

4 � H+ +SO2−
4 1.2×10−2 2720

H2SO4 � H+ +HSO−
4 1.0×103
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Table 3. Aqueous-phase reactions.

reaction k0 −Ea/R

SO2−
3 +O3 → SO2−

4 1.5E9 −5300

HSO−
3 +O3 → SO2−

4 +H+ 3.7E5 −5500

HSO−
3 +H2O2 → SO2−

4 +H+ 5.2E6 −3650

26132

http://www.atmos-chem-phys-discuss.net
http://www.atmos-chem-phys-discuss.net/12/26099/2012/acpd-12-26099-2012-print.pdf
http://www.atmos-chem-phys-discuss.net/12/26099/2012/acpd-12-26099-2012-discussion.html
http://creativecommons.org/licenses/by/3.0/


ACPD
12, 26099–26142, 2012

Wet scavenging and
liquid-phase
chemistry in
COSMO-ART

C. Knote and D. Brunner

Title Page

Abstract Introduction

Conclusions References

Tables Figures

J I

J I

Back Close

Full Screen / Esc

Printer-friendly Version

Interactive Discussion

D
iscussion

P
aper

|
D

iscussion
P

aper
|

D
iscussion

P
aper

|
D

iscussion
P

aper
|

Fig. 1. Cloud liquid water distribution (gkg−1).
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Fig. 2. Changes in gaseous SO2 (A) and total SO2−
4 (B) aerosol mass as percent change

against the reference simulation.
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Fig. 3. Changes in mass concentrations of sulfate aerosols in the fresh Aitken mode (A) and
the mixed accumulation mode (B) showing the effect of cloud processing.
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Fig. 4. Partitioning of different groups of compounds between phases during passage of the
cloud (between grid columns 30 and 70 of the idealized simulation). The three phases consid-
ered are gas (g), aerosol (a), and cloud liquid water (l). The compound groups are sulfur “S”
(A): SO2 (g), H2SO4 (g), SO2−

4 (s), SO2 (l), H2SO4 (l), HSO−
4 (l), SO2−

4 (l), HSO−
3 (l), SO2−

3 (l).
Oxidized nitrogen “NO” (B): NO (g), NO2 (g), HNO3 (g), N2O5 (g), NO3 (g), NO−

3 (s), HNO3 (l),
NO−

3 (l). Reduced nitrogen “NR” (C): NH3 (g), NH+
4 (s), NH3 (l), NH+

4 (l). The percentage given
at the top right shows the relative change in total aerosol mass between before (column total
at grid point 30) and after cloud processing (at grid point 70).
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Fig. 5. Boxplots of mean trace gas and particulate matter concentrations of a set of mea-
surement stations averaged over the simulation period. Shown are results from the reference
simulation in Knote et al. (2011) (REF), results from a new simulation including aqueous-phase
chemistry (SCAV), and measurement data from the EMEP network (meas.). Stations classified
according to their representativeness following (Henne et al., 2010).
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Fig. 6. Maps of mean total cloud cover (A), absolute changes in gas-phase SO2 (B), and
in SO2−

4 (C) and NO−
3 aerosol mass (D) due to the inclusion of the new scavenging module.

Shown are mean differences (plots B, C, D) over the whole simulation period.
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a) b)

Fig. 7. (a) Timeline of chemical composition of non-refractory PM below 1 µm (top: reference
simulation (Knote et al., 2011), middle: simulation with SCAV, bottom: measured by AMS) dur-
ing autumn 2008. Pie charts give mean over time period (size of pie relates total mass). Mea-
sured OA should be compared with the sum of modeled aPOA, aSOA and bSOA. Gray shaded
areas mask times without measurement data. (b) As (a) but for different stations.
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Fig. 8. Modeled aerosol volume concentration size distributions at selected stations for the
autumn 2008 period. Modeled results for the reference simulation (red) and a simulation in-
cluding SCAV and cloud processing (blue) are shown as thick solid lines. For reference the
transmission functions of an AMS (dotted line), a PM2.5 (dash-dotted line) and a PM10 (dashed
line) inlet system as calculated in Knote et al. (2011) are given as well. Shown are only the
volume contributions of the modes containing secondary components (fresh and mixed Aitken
and accumulation modes).
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Fig. 9. Scatterplots of rain pH (A), wet deposited mass of NO−
3 (B), NH+

4 (C), and SO2−
4 (D).

Each hollow symbol represents the comparison between the measured average and mass total,
in case of pH and wet deposition, respectively, over the simulation period against the modeled
one at a single station. Symbols are categorized according to a station representativeness
classification by Henne et al. (2010), 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.
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Fig. 10. Vertical distribution of the absolute and relative contribution of evaporation of cloud vs.
rain droplets to total evaporated mass of SO2−

4 as sum over the simulation period and average
over the simulation domain.
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