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Abstract. We present the new scavenging scheme SCAV,fects on climate through the cloud microphysics attract much
simulating the removal of trace gases and aerosol particleattention in global modelling studies, the need to account for
by clouds and precipitation in global atmospheric chemistrychemical cloud processing of trace gases and aerosols has
models. The scheme is quite flexible and can be used for vargrown.

ious purposes, e.g. long term chemistry simulations as well Still, the applied schemes are sometimes very specific,
as detailed cloud and precipitation chemistry calculations..e. designed for a limited number of applications, and there
The presence of clouds can substantially change the chemicé@ a need for more flexible models that combine these ap-
composition of the atmosphere. We present a new method gflications so that interactions and feedbacks, e.g. between
mechanistically coupling gas phase, aerosol, cloud and prereactive sulphur and nitrogen compounds can be simulated.
cipitation chemistry, which enables studies of feedbacks be- Furthermore, chemical mechanisms for aqueous phase
tween multiphase chemistry and transport processes. chemistry have been developed, e.g. MECGAr{der et a/.
20095 and CAPRAM Ervens et al.2003. Thus far these
have been applied in box and cloud resolving models, and
they provide a basis for further developments and applica-
tion on the global scale.

During the last decades the importance of scavenging and Here we present the new multi-purpose and multi-phase
agueous phase chemistry of trace gases and aerosols §ifa@venging scheme SCAV including both a simplified and a
global models has received much less attention than gadetailed algorithm (optional) and a comprehensive cloud and
phase chemistry, at least partly due to computational limi-Precipitation chemical mechamsm. Trace gases as well as
tations. The models generally included simplified scaveng-2€r0S0l processes are taken into account. The internal com-
ing parametrisations, implemented to achieve realistic globaP!€Xity can be specified and adjusted to the scientific appli-
distributions of various species, for instance schemes witfation. Since SCAV has been implemented following the
fixed scavenging efficiencies. With increasing computationaMESSY (Modular Earth Submodel System) standdédkel
power the process description has become more detaile®t &l- 2009, application to 3D global general circulation
e.g. taking into account uptake into the aqueous phase acl'odels (GCMs) is straightforward.

cording to Henry’s law equilibriumL{awrence and Crutzen

1998 Crutzen and Lawren¢000. Aqueous phase chem- o

istry has been calculated in a simplified way as well (e.g. the2 Model description

sulphur(lV) oxidation in cloud and rain droplets by ozone o

and HO,; Roelofs and Lelieveld1995 Feichter et al. The SCAV submode! is highly structured,_and all c_alcula-
1996. More detailed cloud chemistry has been calculated!ions are performed in the smallest meaningful entity. For
by Lelieveld and Crutze(1991) andLiang and Jacot1997), the physmo—_chemlcal process ‘scaven_g.mg' this is a verti-
who came to different results with respect to the importancecal column since the chemical composition of the rainwater

on the global scale. Especially since the indirect aerosol effhat enters a grid box from above affects the scavenging in
that particular layer as well as the layers below. The input

Correspondence tdd. Tost for the SCAV submodel has to be provided by an external
(tost@mpch-mainz.mpg.de) source, e.g. from a larger scale model or through prescribed

1 Introduction
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566 H. Tost et al.: A new SCAVenging submodel

values. If available, liquid water content and an averagetracer mixing ratios (mol/mol), aerosol radius (m) and mode
droplet size can be used as input data, otherwise they can heidth (for modal aerosol modules), photolysis rates for indi-
estimated from precipitation rates or fluxes, e.g. following vidual species (1/s), and some quantities describing the grid
Mason(1977). Calculation of scavenging for each droplet or box (mass, volume, horizontal size). The submodel has its
even for droplet size bins is not feasible within most modelsown species structure, as defined and used in the SMCL. The
over a longer simulation period due to computational con-“translation” into this structure can be done in the SMIL and
straints. Therefore a monodisperse droplet spectrum is ads largely automated by preprocessing scripts.
sumed for cloud droplets. User interaction controls the internal complexity of the
For liquid precipitation a rain droplet size distribution ac- submodel by setting switches in the namelist, namely:
cording toBest(1950 has to be assumed because of reasons
to be described later (see Sez:l). — IS and/or NS
In this work we refrain from the often used terms of “in-
cloud” and “below-cloud” scavenging as they do not repre-
sent a physical process but only its location. Instead the terms
nucleation scavenging (NS) and impaction scavenging (IS)
are used, giving a more accurate process description. N@dditionally, the complexity of the scheme is either se-
represents the dissolution of species during the nucleatiomectable by the choice of the aqueous phase chemistry mech-
and growth of cloud droplets by microphysical processes thatnism (described later) or the scavenging parametrisations.
can result in precipitation formation. The term IS is used The output are tendencies for the tracer mixing ratios, the

for falling rain droplets that impact with gas molecules and wet deposition fluxes for the considered species, and pH-
aerosols resulting in their uptake. This is more suitable bevajues in clouds and precipitation.

cause precipitation, formed at a higher altitude, falling into a
cloud layer leads to IS even though this may happen within2.1  Gas scavenging and liquid phase chemistry
a cloud. Both processes have to be strictly distinguished be-
cause the droplet diameter can differ by orders of magnitudeThe scavenging of gases can be calculated following two
Within the column, the scavenging process starts in the updifferent approaches: First, in the classical approach with
permost layer where a cloud occurs (NS). In the layer belowempirically determined, fixed scavenging coefficients (esti-
the IS by the incoming precipitation flux is calculated first, mated from previous studies and Henrys law coefficients),
followed by NS in that particular layer. If there are no clouds and second by a system of coupled ordinary differential equa-
in this layer, the NS is neglected and only IS is calculated. tions (ODE), explicitly describing the processes involved.
SCAV also calculates the aqueous phase chemistry immhe first has the advantage of being computationally effi-
cloud droplets. Many reactions (e.g. the oxidation of cient, e.g. in long-term climate simulations, whereas the sec-
SOy) proceed at rates very different from those in the gasond resolves feedback mechanisms between the multi-phase
phase. The aqueous phase chemistry is calculated for botthemistry and transport processes involved. For the second
precipitating and non-precipitating clouds, accounting forapproach the Kinetic PreProcessor (KPP) is applied includ-
the chemical cloud processing of aerosols and air for thang an adequate numerical equation solMearfian et al.

— gas phase and/or aerosol species scavenging

— scavenging by liquid water and/or ice

latter after cloud evaporation. 2002 Sandu and Sandez005.
The processes of uptake and release of gases from the
Technical realisation: cloud or rain droplets is formulated following the Henry’s

law equilibrium and a correction for gas phase diffusion lim-
The technical realisation for the scheme is sketched intation and the accommodation coefficients.
Fig. 1. The coloured boxes describe the new approach com- Additional processes taking place in the liquid phase are:
pared to the fixed coefficients commonly used in former . . . _
models. The sketch also shows that input values (liquid wa- — Transfer reactions (described in detail below)
ter content (LWC), rain rate, etc.) for the clouds and pre-
cipitation are required. The coding standard defined by the
MESSy structure Jockel et al, 2005 is strictly followed.
The submodel interface layer (SMIL) organises the NECES- _ Redox reactions inthe liquid (e.g. sulphur(lV) oxidation
sary data flow from the base model, which can be either a by H,O
. , y H202 and @)

column model or a GCM, into the calculation of the scav-

— Dissociation of acidic and alkaline species (acid-base
equilibria)

enging process in the submodel core layer (SMCL). — Photolysis reactions in the liquid phase (e.g. o)

The required input parameters are: temperature (K), pres-
sure (Pa), cloud liquid water content (kg/kg), precipitation — Heterogeneous reactions on the surface of the droplets
formation (kg/kg), cloud ice content (kg/kg), snow forma- (e.g. gaseous 05 reacts on an aqueous surface with
tion (kg/kg), rain and snow flux (kg/(Rs)), cloud cover, H>0 to HNG3).
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Fig. 1. Schematic representation of the scavenging and multiphase chemistry scheme. For the complete list of input and output parameters
see the model description section.

These processes are described by a coupled system of ODEs.Detailed results of such a study on a global scale will be
Using KPP, the chemical reaction system can easily be alpresented in an upcoming paper (Tost et al., 206

tered without changes in the code (only automated scripts

need to be run) and therefore it is applicable to a wide rangéechnical realisation:

of tasks of various complexity. The available liquid phase

reaction set is identical to that &fander et al(2009, with A liquid chemistry mechanism has to be selected before
some additions frorirvens et al(2003. The reaction ratés  siarting a simulation. This is done by an automated script
are calculated at each model time step and in each mod&limijar to that described b§ander et al(2005. This script
level, depending on the meteorological input data (i.e., teM-4pplies the KPP software and automatically creates For-
perature, pressure, liquid water content (LWC)). Afull range yrango code for the calculation and solution of the chemi-
of choices is possible, but very detailed liquid phase chem,| mechanism. Additionally it builds the chemical species
istry becomes computational intensive. _ structure of the SMCL and creates the routines that manage
An adequate minimum scavenging mechanism for currentpe transfer from a different species structure into that of the
tropospheric chemistry systems contains the transfer of abouw,pmodel (part of the SMIL). The new liquid phase chem-
35 species into and out of the droplets, their dissociationstry calculation code is part of the SMCL, too. After com-
equilibria and the liquid phase oxidation of 5@ SG;" pilation the simulation takes into account scavenging as well

by Oz and HO; (45 reactions). This is still computation- 55 the cloud and precipitation chemistry of all selected reac-
ally efficient while simulating the major known influences jgps.

on tropospheric photochemistry. For further improvements

and tests it is possible to calculate a comprehensive aqueOlfs tor chemistry int i del i tep has o b
phase chemistry considering more than 70 inorganic and oriong for chemistry integrations a modet ime step has to be
ubdivided into several sub-time-steps. Tests have shown

ganic species with up to 130 reactions, or selecting even mor(t%1 taR brock sol ith aut i i ; rol
chemical reactions, e.g. including transition metal chemistry. at a Rosenbrock solver with automatic ime step contro

Because the model time step of global models is relatively

lTost, H., et al., in preparation, 2006.
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is best suited for this specific task, since it can be applied to 10" 4
very stiff ODE systems (see alSandu et a).1997). ]

During each time step the entire tropospheric column of 100 4
the model domain needs to be taken into account. This is ]
essential because the uptake of species from the gas phase,-+ |
is also limited by the amount that is already dissolved in ]
the precipitation. For each layer the chemical composition
of the precipitation falling from the layers above determines
the starting concentrations in the liquid phase while the gas? .
phase concentrations are determined by the ambient values
of the actual layer. The wet deposition flux out of the low-
est model layer represents the chemical composition of rain
water. Since usually only a small fraction of a grid box is .
affected by clouds and precipitation, only the cloud covered ‘07510,9 I LT s
part or the part in which the precipitation occurs contributes aerosol diameter (m)
to the scavenging, while the rest of the grid box remains un-
changed. The cloud cover is one of the required input val-Fig- 2. Nucleation scavenging based on an empiric curve as a func-
ues. This bulk approach does not take into account the Cbuaon_ of aerosol diameter _(solld line: total sca\_/englng_efflf:lency (fol-
structure in the grid box, since this information is often not '°"/ind EQ. ©)): dashed line: effect of Brownian motion in a cloud

. - . with a LWC of 1 g/kg; dotted line: parametrisation Byier et al,

provided by models, not even for cloud microphysics. 005

For very simple test cases also fixed scavenging coeffi-
cients are implemented in the scheme and can be selected

in the namelist controlling the SCAV submodel. However, Herey, s the transfer velocity across the droplet surface in
this approach is not recommended for regular atmospherigy/s ;, (the terminal velocity of the falling droplets) is given
chemistry applications. in m/s andv is the kinematic viscosity of air in Ats. Since
Within the chemical mechanism the reaction rates also intpe precipitation is not monodisperse, a droplet size distribu-
clude the transfer coefficients. These are limited by gas phasgon has to be assumed because an average droplet size would
diffusion, which can be calculated from the atmospheric con-yngerestimate the effective transfer coefficient. Therefore an
ditions and the molecular weight of individual species fol- jntegrated transfer velocity over all droplet sizes weighted

enging ratio

v

lowing: with the distribution function oBest (1950 is calculated.
3o To obtain the same transfer coefficient as in E).a(geom-
D, = 3 (1) etry factor has to be applied to transform the velocity across
the surface into a reaction rate coefficient:
Here v represents the mean molecular velocity from the 3
Boltzmann velocity distribution (in m/s) aridthe mean free  k,,, = bkl (4)
path (in m) at the particular atmospheric conditions resulting r
in the diffusivity D, of the respective gas in the air infa. For the determination of the transfer reaction rate coefficients
For cloud droplets the transfer coefficient can be describedkey:s (forward) andkexs.n (backward), both insl), k,,; has
by the following equationgchwartz 1986 to be multiplied with the LWC (in fj,e/mS;,) for the for-
. 4 ward and with the dimensionless Henry coefficié¢ht for
ki = 0/ (r . <X + @)) (2) the backward reaction rat&#&nder1999.
In this equation the transfer coefficigg; has the unit 3, keuit = ke - LWC )
kextb = ks - Hy (6)

r, the droplet radius is given in m aiad the accommodation

coefficient, is dimensionless. Even though the assumption ofrp¢ gissociation reactions follow the Arrhenius formula, and

an average cloud droplet radius does not reflect the realityy,o xidation reaction rates are taken from the literature (see
the error made by this approach is sufficiently small, sincey,q supplement oBander et a2005.

the transfer velocity of gaseous species does not differ much

in the size range of cloud droplets. 2.2 Aerosol scavenging
For falling rain droplets the equation originally derived by
Frossling(193§ is used: For this process SCAV also contains the dual approach us-
13 ing fixed coefficients as well as online calculated scavenging
— <2+ 0.6 2-r-u (L) ) 3) coefficients. The latter calculation, being recommended for
r v D, atmospheric chemistry applications is dependent on aerosol
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Fig. 3. Impaction scavenging and the effect of contributing pro- Fig. 4. Impaction scavenging coefficient for various rain rates (from

cesses on the collection efficiency as a function of aerosol diambottom to the top: 0.5 mm/h, 1 mm/h, 2 mm/h, 5 mm/h, 10 mm/h) as

eter (solid line: total collision efficiency (according to EQ0)); a function of aerosol diameter (calculated with E4$)) @nd (2)).

dash-dotted line: Brownian motion; dotted line: interception; short

dashed line: impaction; medium dashed line: constant efficiency

(for comparison only)). is a commonly used parameter in simple parametrisations,
is plotted (medium dashes). It is obvious that this does not
represent the physical processes involved.

and droplet radius. Different parametrisations are imple- BOth figures show the well known ‘scavenging gap’, being

mented for nucleation and impaction scavenging: the nucleSlightly shifted to the smaller particles for nucleation scav-

ation scavenging takes into account Brownian motion (fol- €"9iNg compared to impaction scavenging. ,

lowing Seinfeld and Pandjg997 while the nucleation and ~ Since there is a dependency on rainfall intensity and

growth to cloud droplets is parameterised with an empiricdroPlet size, Fig4 shows the scavenging coefficient for
function shown in Fig2. The aerosol nucleation scavenging 11V rain rates (0.5mm/h, 1 mm/h, 2mm/h, Smm/h, 10mm/h

ratio is plotted versus the aerosol radius. For the small parifom lower to the upper curve, respectively). Followidg-
ticles the Brownian motion (dashed line) is dominant. For SON(1973, the mean rain droplet radius depends on the rain
the larger particles, above a threshold of about0rt, the ~ rate, yielding radii of 0.32mm, 0.37 mm, 0.42mm, 0.51 mm
nucleation and growth of cloud droplets is dominant, rapidly 21d 0.59 mm, respectively. _
reaching 100% aerosol scavenging ratio. The function for 1€ Scavenging of aerosols by frozen hydrometeors is pa-

the larger aerosol particles has been empirically determined@meterised followingstier et al(2009. This is determined

by measurements within clouds. Both processes in combiPy @ constant scavenging coefficient for each mode of the

nation result in a ratio shown by the solid line. The dotted M0dal aerosol distribution.
line shows a recently used parametrisation for NS in water ) o
clouds byStier et al.(2009. For the small particles of the 1echnical realisation:

nucleation and Aitken mode the latter parametrisation yields o )
much higher values. The parametrisations described above are part of the

SMCL. The calculated aerosol concentrations in the base
model are transferred in the SMIL into local fields of the

tergeption, a_nd impaction follqwing.aformula originally de- SMCL, similarly to the gas phase species. In each grid box
scribed bySlinn (1983. Its applicability has also been shown NS and IS are calculated in the same way as described for

by Andronachg2003 2004. Figure3 shows the three ma- yho 4aq phase scavenging adopting the required input values

jor processes that control impaction scavenging, showing th, ¢ hroutines of the SMIL. Again the scavenged fraction is
collection efficiency as a function of the aerosol radius for ;.04 in the wet deposition flux separately for each aerosol
rain droplets with 1 mm radius. The dotted dashes show th pecies

Brownian motion induced scavenging, again dominant for "\usin the SMCL for nucleation scavenging the Brownian

the smallest particles. The dotted line depicts the intercep-motion effect is determined by the semi-empirical formula
tion and the short dashes the results of impaction. Impactioqrom Pruppacher and Klef2000):

and interception are clearly dominant for the larger particles.
The solid line shows the net effect. For comparison, acon-,  1.35-LWC-D,

stant collection efficiency of 0.7 for all aerosol sizes, which B= rrZain

Impaction scavenging depends on Brownian motion, in-

@)
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Here A g represents the scavenging coefficient for BrownianFor this calculation the terminal velocity of the rain-
motion in s'1, the LWC is in g/cm, D, is the diffusivity ~ drops is computed followingeard and Pruppachét969.

of the particle in /s and the unit of the cloud droplet ra- Parametrisations and definitions of all other required param-
dius rrain is m. This coefficient is applied in an exponential eters can be found in the textbooksRruppacher and Klett

approach for each aerosol species: (2000 and Seinfeld and Pandi€l997). Subsequently, the
scavenging coefficient can be calculated by:

C(to + Ar) = C(tg) - exp(—Ap - At) (8) P

C is the concentration of a species and the model time ~ * = Frain 0.75- Frain (12)

step in s. The empirical function for the nucleation of cloud o ) o
droplets is applied in a different way. In this case it is not the Here againA is the scavenging coefficient in'$, rrain, the
scavenging coefficient, but the scavenging ratio, calculated@dius of the droplet, is given in mm, the effective precipi-

by: tation flux Frain in kg m—2 s~1, pertaining to the fractional
dimensionless part of the grid box covered by precipitating
C=Co-(1—arctan(5.0- 10° - raen®) - 2/m) 9) clouds. The coefficienA is applied as in Eq.g).

For this parametrisation the aerosol radigs is used in m. 2.3 Coupling of aerosol scavenging and liquid phase chem-
The scavenging ratio resulting from this equation is shown in istry
Fig. 2. The equation is derived from the measurements pre-
sented bySvenningsson et a{1997) andMartinsson et al. When the chemical composition of the aerosol has been
(1999. While Eq. @) describes only the uptake of aerosol calculated, a coupling between the aerosol and gas phase
particles in cloud droplets, the actual removal of aerosol parscavenging is required because of the chemical interaction
ticles by the cloud depends on the ratio of precipitation pro-in the aqueous phase. Note that it is irrelevant whether
duction to the liquid water content of the cloud. Since thea specific molecule originates from a dissolved aerosol
uptake is formulated without using cloud droplet attributes, particle or from gas phase species (e.g. sulfate, which can
an assumption about the cloud droplet distribution is not re-be transferred by sulfate aerosol particles, by the dissolution
quired. of gaseous KISy or by the liquid phase oxidation of SP

Itis assumed that the microphysical properties of the cloudFurthermore, the chemical cloud processing of aerosol
and precipitation formation are already calculated by otherParticles which have not been removed from the atmosphere
submodels and can be used as input values. If the aerosol di§y wet deposition, but rather have been released through
tribution is already used for this purpose and modified by thisdroplet evaporation can thus be addressed explicitly.
process, the aerosol nucleation scavenging of the presented
submodel should not be applied. A formulation of aerosol- Technical realisation:
cloud interactions considering the supersaturation and chem-
ical composition of the aerosol would be useful, but has not The calculations in each column are performed step-
been implemented in the model system yet. Due to this lackWise. First, as described above, NS is calculated for aerosol

the simplified approach has been made. species, afterwards the chemically active, scavenged frac-
For impaction scavenging the scavenging coefficient istions are used as initial concentrations for the species in the

calculated from the collision efficiency shown in Fgy.This ~ liquid. Effectively, there is only a different transfer mecha-

dimensionless efficiency is determined by: nism for these species (dissolution of aerosol particles com-

pared to diffusive uptake from the gas phase). Next, the gas
4 . .
E— (14 0.4ReY25cY/3 1 0.16ReY25cY2) + (10) phase concentrations from the base model are fed into the

ReSc chemical core and assigned to the selected chemical species.
40 (w1 + (1 + 2ReY?) D) + Now the actual chemical integration is performed including
St — §* 3/2 the reactions and transfer mechanisms from and into the gas
<—> phase. If species of limited solubility enter a model layer
St —8*+2/3

with low gas phase concentration these can partly be trans-
Re is the Reynolds number of the rain dropletc the  ferred to the gas phase. Additionally, the aqueous phase
Schmidt number of the collected aerosol particke, the ~ chemistry in the droplets may cause a release of species pro-
Stokes number of the collected particie the ratio of radii ~ duced within the droplets, e.g. chloride ions that have been
of particle and dropletrparticie/ rdropled, andew the viscosity reduc_:ed in chemlcal reactions can be released as volqtlle
ratio of water to air. The parametéF is derived from the  chlorine species to the gas phase. At the end of each time

Reynolds number by: step it is assumed that the cloud completely evaporates and

all volatile species will be released to the gas phase, while

. L2+ 1i2 IN(1+ Re) the ions are transferred to the aerosol phase, thus affecting
T T 1+In(l+ Re) (1) the aerosol properties. As an example, the $%dation to

Atmos. Chem. Phys., 6, 56574, 2006 www.atmos-chem-phys.org/acp/6/565/
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sof; can significantly increase the aerosol sulfate amountaccording to Henry’s law for equilibrium, these species are
The evaporation approach is used for numerical reasons, beeleased into the gas phase via the phase change mechanism
cause the model would become computationally very expenédescribed above. For ions, the lower water content raises
sive if in addition to the gas phase species all aqueous phageir concentrations. This changes the dissociation equilib-
species including ions were to be transported together withia and the rates of reaction pathways. In case of complete
the cloud water. Since usually longer time steps are used foevaporation, i.e. if the LWC decreases below the threshold
transport compared to the chemistry sub-steps, the differenc@roplet must then be considered as deliquescent aerosol),
in the uptake time is expected to be of less importance. Thaon-volatile species and ions produced by liquid phase chem-
ratio of the precipitation formation to the total cloud water ical processes are transferred to aerosol species of the largest
content within one time step determines the fraction of theavailable mode. This also depends on the degree of coupling
species actually scavenged, entering the next lower grid-boketween the aerosol composition and the SCAV scheme. As
by the precipitation flux. a consequence new aerosol particles can be created. The
For the impaction scavenging the procedure is similar.volatile compounds are either directly released to the gas
First the aerosol impaction scavenging is calculated. Subsephase or through the chemistry scheme of the aerosol sub-
guently, for chemically active species (determined by the seimodel, again dependent on the availability of a scheme that
lected mechanism) the transformation of scavenged aerosglerforms the process calculations.
material into the rain water is performed and subtracted from
the aerosol wet deposition flux. Then the chemical integra-
tion is performed and the species concentrations are stored in L
the wet deposition flux for the layer below. 3 Application
Several degrees of coupling complexity can be selected
by the user, depending how detailed the information of the3-1  Column model
chemical composition of the aerosol can be provided. If there
is no aerosol submodel available, assumptions are made ts described above a single column version of the submodel
create a set of passive aerosol tracers (e.g. aerosol sulphaig,available suitable for comparison with measurements at a
nitrate, H", and ammonium) to ensure mass conservationspecified location or for idealised case studies. As an exam-
These are affected by the typical aerosol sinks, but microple, the scavenging of nitric acid and formaldehyde calcu-
physical aerosol properties are not assigned. lated with this simplified column model is shown in Fhy.
Each level of the column model has a vertical extent of
2.4 Evaporation of rain and release of dissolved species 500 m. A standard temperature profile is assumed. A cloud
is placed at 1000 m above ground with a vertical extension of
If cloud or falling rain droplets evaporate completely the 1500 m. The precipitation production leads to a rain rate of
dissolved species are released. Any neutral, volatile comabout 1 mm/h within the cloud levels, resulting in a rain rate
pound is transferred to the gas phase. Scavenged aerosof about 1.5 mm/h in the levels below the cloud base. Both
particles are redistributed into the aerosol distribution. Inspecies were initialised with a mixing ratio of 1 nmol/mol.
many previous model approaches, the ions were neglectedig. 5 depicts the temporal development of the vertical dis-
assuming that they would stay attached to aerosols antribution of the mixing ratios. Because it changes by orders
eventually be scavenged by precipitation before they wouldof magnitude, a logarithmic scale is applied. On the left side
be released back to the gas phase. Alternatively they weref the figure it can be seen that after only two hours almost
transferred back into the gas phase species from whictall HNOs is depleted from the gas phase in and below the
they originate (e.g., N is released as gaseous HBO cloud. This corresponds quite well with the scavenging co-
The former approach is not mass conserving and neitheefficients given byevine and Schwart@1982. On the right
assumption is physically and chemically realistic. Due to theside of Fig.5 the scavenging of HCHO is shown. Because
coupling with the aerosols this weakness has been overcomiae simple mechanism selected for this application does not

in the new scheme. include any chemical HCHO reactions in the aqueous phase,
only the transfer is calculated. Within the cloud layers sig-
Technical realisation: nificant uptake into the droplets takes place, evident from the

decreasing gas phase mixing ratio. Below the cloud base, in
Note that we do not apply the commonly used approach tcan area with higher temperatures, some fraction of HCHO
release part of the dissolved species according to the effeds released from the falling droplets, because of the temper-
tive evaporation rateRoelofs and Lelieveld1995. Rather  ature dependence of Henry’'s law coefficient. Therefore, an
we attempt a more mechanistic approach. As long as there imcrease in the gas phase mixing ratio can be seen. Since the
liquid water available (LWC greater than a threshold value),scheme is mass conserving the scavenging leads to a redis-
the liquid phase chemistry is calculated as described aboveribution of HCHO between the cloud layers and those be-
In case of higher liquid phase concentrations than allowedow the cloud, whereas the overall HCHO removal from the
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Fig. 5. Time series of gas phase log[HN[Xleft) and log[HCHO] (right), as influenced by scavenging in an atmospheric column with a
precipitation rate of about 1.5 mm/h over 10 h. Each model level has a thickness of 500 m.

column is determined by wet deposition, i.e. the precipitationConvective scavenging:
flux in the lowest model layer.

Since convective scavenging is closely related to con-
3.2 Global model vective tracer transport, these processes are addressed

. following a common principle. Two different approaches
The SCAV submodel has been applied on a global scalg,ye peen implemented. The first is a modification of the

within the ECHAMS/MESSy Roeckner et al.2003 Jockel o, ective tracer flux within the convection scheme and
etal, 2009 model system. Model simulations for periods of yho second an external convective tracer transport scheme

several years have been performed within an acceptable timﬁ_awrence and Ras¢l2005 (CVTRANS submodel, see

frame. The cj‘oupliing to the glpbal scale is straightforward ashttp: /hvww.messy-interface.ofg which also includes an

the scheme is written according to the MESSy standard.  jnterface for the convective scavenging. This is essential
_The choice of the chemical mechanism is quite importanty e se the two processes compete with respect to the trans-

within a global modelling framework, because it determlnesport of trace species. To take into account the scavenging

the additional computing resources required, which can beby liquid water in the upper part of cumulus clouds, it is

substantial for a comprehensive set of reactions. A MINIMUM, 55 med that a fraction of the total convective water remains

mechanism as described above is quite suitable for 1onGy iq pelow the freezing point. This fraction is assumed to
term climate studies while a detailed chemical reaction Selecrease linearly with altitude.

can only be used for short-term process studies, e.g. for
simulations of a period of up to one year. Detailed resu"STechnical realisation:
will be presented in an upcoming paper (Tost et al., 206

The same routines for the physical and chemical process
of the scavenging process are used for large scale and con-
vective precipitation. The difference is that different input
arameters and a separate coupling to the tracer transport for
onvective precipitation are used.

Distinction between large scale and convective precipi-
tation:

Since tracer tendencies are calculated for each grid—bo>€
precipitation fluxes across upper and lower box boundaries
have to be calculated. Large scale and convective precipi-
tation need to be distinguished, as they are calculated sept Conclusions
arately in many models. Nevertheless, the same processes
take place in all precipitation events regardless of the originA new modular numerical scheme for scavenging of trace
of the precipitation. A distinction of the wet deposition fluxes gases and aerosol particles has been developed. Because of
of each rain type is possible, e.g. to determine the effects sefts structure, the submodel is highly self-consistent and based
arately. on mechanistic process descriptions to the extent possible. It

can be used both for large scale and convective clouds and
precipitation. The scheme processes include scavenging as
well as cloud and precipitation chemistry.
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Since the scheme is quite flexible it also allows applicationFrossling: The evaporating of falling drops, Beitr. Geophys., 52,
in a simplified form in a global general circulation model  170-216, 1938.
with acceptable computational effort, e.g. in long-term cli- Jockel, P., Sander, R., Kerkweg, A., Tost, H., and Lelieveld, J.:
mate simulations. Technical Note: The Modular Earth Submodel System (MESSy)
— a new approach towards Earth System Modeling, Atmos.
Chem. Phys., 5, 433-444, 2005.
5 Outlook Lawrence, M. G. and Crutzen, P. J.: The impact of cloud particle
gravitational settling on soluble trace gas distributions, Tellus,

. . . 50B, 263-289, 1998.
Since this submodel lacks the treatment of scavenging Of_awrence, M. G. and Rasch, P. J.: Tracer transport in deep con-

gases bY ice _particles, thi_s is a required fur_ther develop- vective updrafts: plume ensemble versus bulk formulations, J.
ment which will be added in near future. Additionally, the  atmos. Sci., 62, 2880-2894, 2005.

scavenging of aerosol particles by frozen hydrometeors will elieveld, J. and Crutzen, P. J.: The Role of Clouds in Tropospheric
be improved. The aerosol-cloud-interactions of the global Chemistry, J. Atmos. Chem., 12, 229-267, 1991.
model system ECHAMS/MESSYy will be reformulated and Levine, S. Z. and Schwartz, S. E.: In-cloud and below-cloud scav-
from these results a new approach for the nucleation scav- enging of nitric acid vapor, Atmos. Environ., 16, 1725-1734,
enging will be achieved. 1982.

This submodel has been applied in several multi- Liang, J. and Jaqob, D. J.: Effect of agueous phase cloud chemistry
year simulations in the global chemistry climate model M;E;;Z%?,S%]egc ?:ngzi’éeggggglefgs:i 12%232%_6;0}3‘;397'
ECHAM5/MESSYy and the data will be analysed and com- o o e I '

. . O. H., Zhou, J., Bower, K. N., Bradbury, C., Birmili, W., Strat-
pared to wet deposition measurements in near future. mann, F., Wendisch, M.. Wiedensohler, A.. and Yuskiewicz,

o B. A.: Droplet nucleation and growth in orographic clouds in re-
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