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Abstract. We present the submodels DRYDEP and SEDI distributions calculated onliné&Sanzeveld et al2006. This

for the Modular Earth Submodel System (MESSy). Dry approach was used for the first time Byier et al.(2005.
deposition of gases and aerosols is calculated within DRY-Often, publications illustrate only the idea of an approach
DEP, whereas SEDI deals with aerosol particle sedimentafor the implementation of a distinct process, but crucial de-
tion. Dry deposition velocities depend on the near-surfacetails of the technical realisation are omitted. This Technical
turbulence and the physical and chemical properties of théNote is dedicated to describe the details for the MESSy sub-
surface cover (e.g. the roughness length, soil pH or leaf stommodels DRYDEP and SEDI for the sake of reproducibility.
atal exchange). The dry deposition algorithm used in DRY-Every mathematical relationship required for the implemen-
DEP is based on the big leaf approach and is described imation is given in this article to set the reader into the po-
detail within this Technical Note. The sedimentation sub- sition to understand and modify the code, if needed. Sec-
model SEDI contains two sedimentation schemes: a simpldion 2.1.1 describes the dry deposition algorithm for trace
upwind zeroth order scheme and a first order approach. gases, whereas Se2tl.2contains details about the aerosol
dry deposition scheme. The sedimentation process is often
treated together with dry deposition. But two major differ-
ences between these two processes render it useful to simu-
late them separately.

1 Introduction

The current knowledge about the dry deposition process is

relatively poor Wesely and Hicks2000, as dry deposition 1. Dry deposition is only applied in the lowermost model
has only been measured for a relatively small set of species  layer, whereas sedimentation takes place within the
(e.g., @, NOy, HNOg3, SO, and sulphate) and that mostly in whole vertical domain.

rather short intensive field campaigns. In addition, identifica-

tion and quantification of the role of the various controlling 2. Sedimentation is a significant sink process for aerosol

biological, chemical and physical processes poses large chal-  particles (as they carry enough mass), whereas sedimen-
lenges to the experimentalists. Consequently, a commonly  tation of trace gases is negligible.
applied approach to estimate the dry deposition velocities

(needed to calculate the dry deposition flux) is that proposedl_he MESSy coding standard presents an additional reason

by Wesely(1989: The solubility and reactivity of a tracer is ) B
used to estimate its dry deposition velocity relative to those ofI or _th_e se_paratlo_n of these two process Kel et a!, 2003,
as it implies the idea that every specific process is coded as a

ozone and sulfur dioxide whose dry deposition velocities are te. ind dent entitv. | bmodel which b
relatively well known. Our algorithm is adopted from prior separate, independent entity, 1.€. as a submodetwhich can be

work of Ganzeveld and Lelieveld 995 andGanzeveld et al. switched on/off individually. ) ) o
(1999. The latter already included particle sulphate dry de- The calculation of the sedimentation velocities is based on
position based on a predefined particle-size distribution. Thi" @pproach usually found in textbooks (see S2@). The

was expanded to deal with aerosol dry deposition for aerosoﬁubsectsz.z.land2.2.2describe the zeroth order and. first
order scheme, respectively. SectidsB focuses on the im-

Correspondence toA. Kerkweg plementation of the two submodels into the MESSy system
(akerkweg@mpch-mainz.mpg.de) and Sect3 shows some examples.
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2 Submodel description

A. Kerkweg et al.: Dry removal processes in MESSy

vg(X) of atrace gaX (in m/s) depends on the aerodynamic

resistancer,, the quasi-laminar boundary layer resistance

DRYDEP and SEDI are implemented as independent SUqubr(X), and the surface resistan@ (X) (all resistances
models in adherence to the MESSy standard as described dte in units of gm):

Jockel et al.(2005. This also implies a good portability due

to the coding in standard Fortran95 (ISO/IEC-1539-1). No,,
compiler-specific language extensions are used. The code
quality has been further checked by application of the For-
tran analyser forcheck(ftp://www.forcheck.nly.

Applying the dry deposition and/or sedimentation process
to additional tracers does not require any recoding, only the
definition of the Henry’s Law coefficient and a reactivity fac-
tor is necessary.

4 (X)

1
" Rg+ Rgpr (X) + Ry(X)

)

where R, is a function of the physical state of the atmo-
sphere, R, (X) is controlled by molecular diffusion and
R, (X) depends on the chemical, physical and biological
properties of the surface. The resistances are given as fol-
lows:

In the following the units of the variables in each equation 1. The aerodynamic resistangg:

within this Technical Note are explicitly given, even if the
physical correctness of the equation is not dependent on the
unit. This is because this Technical Note gives an overview
of the implementation of the dry deposition and the sedimen-
tation process within the MESSy submodels DRYDEP and
SEDI and thus the equations as implemented in these sub-
models (including unit conversions) are given.

2.1 DRY DEPosition (DRYDEP)

The representation of the dry deposition process is based on
the algorithm used for online calculation of dry deposition
velocities according to the big leaf approach in ECHAM3
(DKRZ, 1992) and ECHAM4 Roeckner et al.(1996;
http://lwww.mpimet.mpg.de/en/wissenschaft/ueberblick/
atmosphaere-im-erdsystem/globale-klimamodellierung/
echam.htn)l as published byGanzeveld and Lelieveld
(1995 andGanzeveld et a(1998.

The core of the DRYDEP submodel is based on parts of
the submodel EMDEPQanzeveld et al.200§. The mod-
ular structure of MESSy allows for the implementation of
different parameterisations of the same process in different
submodels (sedckel et al, 2009.

EMDEP is a so-called “development” submodel, which is
continuously updated. As DRYDEP contains evaluated and
well documented parameterisations of dry deposition it pro-
vides a suitable benchmark for atmospheric chemistry stud-
ies with MESSy that do not primarily focus on the surface/air
exchange processes, but which nevertheless require those
processes to be taken into account.

2.1.1 DRY DEPosition of trace gases

The dry deposition flu¥gep(X) (kg/(m?9)) is given by 3.
MX) Ap

Faepn(X) = X —_— X 1

dep(X) = pg(X) x MaingAZXUd() 1)

with uq(X) being the gas phase mixing ratio of specles

in mol/mol and M (X) and My;, the molar mass of species
X and dry air (in kgmol), respectively. g is the gravita-
tional acceleration (fs%), Ap and Az are the layer thick-
nesses in Pa and m, respectively. The dry deposition velocity

Atmos. Chem. Phys., 6, 4614632 2006

1
Ryt = |:|Og (L) - q>h,t:| 3
Upt K 20,m

with u, , being the friction velocity in s, x=0.4 being

the dimensionless von Karman constarthe reference
height, andz , the momentum roughness length (both
in m). The dimensionless stability functiob; ; de-
pends on the Monin-Obukhov-Length, and thus on the
horizontal wind speed and the temperature profile.

In this algorithm four different surface types @re dis-
tinguished:

— vegfor vegetation

— slsn for bare soil/snow

— icefor sea ice/snow and

— watfor water.

2. The quasi-laminar boundary layer resistaigg, :

2/3
qur,t(X) =In (ZO_,m> ! <SC> s (4)

20,x ) Uxys K \ Pr

wherezg,, andzg x are the surface roughness lengths
(in m) of momentum and a trace gas X, respectively,

is the Prandtl number (here assumed to be 0.72), and
Sc the Schmidt number, which is defined as the ratio of
kinematic viscosity of air to the molecular diffusivity of

a trace gas. Usually the influence Bf (X) is small
compared taR, andR; (X).

The surface resistandg (X):

R, (X) depends on the surface type and on the properties
of the respective trace gas. In DRYDEP the calculation
of the surface resistance follows the scaling approach of
Wesely(1989 for all gases that are not explicitly con-
sidered in the studies @anzeveld and Lelieveld 995
andGanzeveld et al1998. As the dry deposition ve-
locities of ozone and sulfur dioxide are relatively well
known, the approach dMesely(1989 uses these two

www.atmos-chem-phys.net/6/4617/2006/
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Fig. 1. lllustration of the index definition for the surface resistangg¢left) and the aerodynamic resistances and the quasi-laminar boundary
layer resistancesR(; and R, right). ForR; 6 surface types are distinguished, whereas only 4 are taken into acco®ytdod R . For
the latter the moisture content of the soil and the vegetatiai ic ignored. Vegetation covered by snow is considered as part of the surface

typesisn.

trace gases to scale all others; &d SQ represent re-
active non-soluble and non-reactive soluble trace gases,
respectively. The effective Henry’s Law coefficieHt

(in mol/(dm?3 atm)) is used as a measure for the solubil-
ity of a trace gas, whereas the reactivity of a trace gas
is given by a so-called reactivity coefficientae The
empirical formulas taken frorvesely(1989 are only

valid if sreachas values of 1, 0.1 or 0. Here, 1 indicates

a trace gas similarly reactive as ozone, whereas 0 stands
for a nearly non reactive gas. 0.1 is for slightly reactive
gases. For more details about this approach the reader
referred toWesely(1989. Unlike R, and R, a uni-
versal formula does not exist for the surface resistances.
The individual equations are given in Appendif. In
grid boxes over land, four different land types are take
into account:

made for the surface resistance (Flg.left). For R,

and R, only the typesslsnandvegare distinguished
(Fig. 1, right).

Over the ocean, a distinction is made between the open
ocean (indexwat) and the sea ice covered fraction
(fice)- The surface resistance of the latter is equal to the
surface resistance for snow covered regions over land
(Rs,ice = Rs,snow)-

The formulas for the calculation of the aerodynamic resis-

fances and the surface resistances are given in Appédix
andA2, respectively.

As the different surface properties influence the dry de-

position velocities, the actual dry deposition velocity in each
n9rid box is a composition of the individual dry deposition ve-
locities for the different surface types existent in the grid box.

First an overall classification of a model grid box as water or

— the snow/ice covered fraction (inderow

— bare soil (indessoil),

— vegetation (indexeg and

— the water in the wet skin reservoir (indes) (i.e.,

va(X) = {

where fi..q 1S the land covered fraction of a grid box. The

land box is applied:

for
for

fland > 05
fiana < 0.5 7

Vd,land
Vd,wat

®)

the fraction of the vegetation and bare soil wetted dry deposition velocities over land; ;,,s are determined

due to rain fall interception and dew fall).

Figure 1 illustrates the different types of resistances: vy j4nq(X) =

The typessoil and snow are only distinguished for
the surface resistances (left). For the aerodynamic re-
sistances and the quasi-laminar boundary layer resis-
tances these two types are combined within the sjgpe
(right). This simplification is justified with the assump-
tion of comparable roughness for bare soil and snow
covered surfaces. Additionally, the difference between
wet skin reservoir (indews) and the dry overgrown sur-
face (indexveg or the dry bare soil (indesoil) is only

www.atmos-chem-phys.net/6/4617/2006/
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(6)
Fsnow X (Ra.sisn + Rogr.sisn(X) + Ry snow (X))
+ (L= fonow) X (L — fus) X Sveg
X (Ra,veg + Rbgr.veg(X) + Ry peg (X)) 71
+ (A= fonow) X (L — fus) x (1 — fveg)
X (Ra,sisn + Rogr.sisn(X) + Ry soi1 (X))
+ (L= fonow) X fus
X (Ra,veg + Rigr.veg(X) + Ry ws (X)L,

Atmos. Chem. Phys., 6, 4632-2006
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ice, respectively. The individual dry deposition velocities (in
m/s) are calculated as follows:

R S ©)
Vd,p,veg - 100 vkd,p,veg(X)
Ra sisn 1 o
o _ (R 10
vd, p,sisn(X) < 100 de,p,slsn(x)> o
Ra wat 1 -
- ’ ] 11
vd,p,waz( ) ( 100 vkd,p,wat(x)> ( )

The aerodynamic resistances are the same as in the gas phase
dry deposition scheme (see Appendik). AppendixB con-

tains the equations for the calculation of the specific dry de-
position velocitieSuiy, p,veg: Vkd, p,sisn AN Vg, p war- They
depend on the particle radiug, the particle density, and

— for modal distributions — on the radius standard deviation

o, of the mode (see algBanzeveld et al2006.

Fig. 2. lllustration of the index definition for the surface fractions
within one model grid box. The fractions within each black frame
add up to 1: the ocean fraction (f}3,,4) and the land fractiorf; 4

add Up 10 1;fice+ fwar=1; foeg+fps=1. The fractions addition- For the _d_ry deposition velocity ca_lculation for part?cle
ally needed for the surface resistancgis{(and fy,o,y) overlapwith ~ nNumber mixing ratios (Amol) the ambient number median
foeg and fis. Furthermore it isfys+ fsnow <1. radiusr, , as provided by the aerosol models is taken di-

rectly, whereas for the dry deposition of aerosol compounds

(e.0. SCﬁi Na’ or CI~) the mass mean radius .., is used,
fsnow 1S the snow fractionf,,; the wet skin fraction angt., ie:

the fraction of vegetation.

The dry deposition velocity over wate; ., is deter- rp(k) = rpa() s for bins and numbers
mined by 7 p.a(k) 35N )” for compounds of modes
V. war (X) = (7)  Since aerosol modes are described as lognormal distribu-

1 tions, the centre of mass of a mode is associated with the
fice X (Rasice & Rabr.ice(X) + Rs.snow (X)) mass mean radius and not with the mass median radius. In a
+ (L= fice) X (Ra,war + Ryprowar(X) + Ry war (X)) 71, distribution of particles with constant density larger particles
deposit faster than smaller particles. Thus it is more appro-
priate to use the mass mean radius for the dry deposition of
the mass instead of the median radius.

The aerosol compound dry deposition flH¥eq. in units

where f;.. is the sea ice fraction anf,,. is the land frac-
tion. Figure? illustrates the sectioning of a model grid box
into the different parts described by the indexed fractions.

2.1.2 Dry deposition of aerosols of kg/(m?s) is calculated by
o _ MX) Ap
The aerosol dry deposition is also based on the big leaf ap#depc(X) = 1p(X) x U XAz % vg,p(X), (12)
proach. In contrast to the gas phase dry deposition only three ar § 22
surface types are distinguished: where 1), is the mixing ratio of an aerosol compound in
o mol/mol andM (X) the molar mass of the aerosol compound
— vegetation (indexeg (e.g. 0.096 kgmol for SGE"). ¢ is the gravitational acceler-
— bare soil and snow (indesisr) and ation (nys?), Ap and Az the layer thicknesses in Pa and m,
respectively. _
— water (indexwaj). The particle number dry depositidfyen  (in %‘#n':—zgs)
The overall dry deposition velocity, ,(X) is determined by ~ Of @n aerosol size bin/mode is given by
vd,p(X) = (fsnow + fos) X Ud,p,slsn(X) 8 Fdepp(X) = /Lp(X) S gAzz X vd,p(X) . (13)

+(1 = fsnow)(1 — fws)fveg X Ud,p,veg(X)
+(A = fsnow) fuws X vd,p,veg(X)
+ fice X Va, p,sisn(X) 2.2 Aerosol SEDImentation (SEDI)

X). . . .
+ fwar X Va, p,wat (X) In contrast to dry deposition, which occurs in the lowermost
Here, fiwow: fos) fwarr fveg, fws @nd fi.. are the surface part of the atmosphere only, sedimentation happens through-
fractions of snow, bare soil, water, vegetation, wet skin andout the atmosphere. It describes the settling process due to

W p(X) is here the number mixing ratio irydnol.

Atmos. Chem. Phys., 6, 4614632 2006 www.atmos-chem-phys.net/6/4617/2006/
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gravity, thus it is negligible for gases, but it is an important L h
sink for particles.

The formulas applied for the calculation of the terminal
sedimentation velocity are based on the theory of aerosol
sedimentation (see for exam@euppacher and Klefl997),
page 451). The terminal sedimentation veloeity(in m/s)
is given by the Stokes velocitysiokes modified by the
Cunningham-slip-flow correctiorfcss and the Slinn factor
fslinn:

-
Ui = UStokesX fSlinn X fcsf (14)
with
2 g o
vsiokes= g (Pp(®) = pai) - rp()? (15) e
Fig. 3. Simple upwind scheme sedimentation assumes that if par-
. ticles fall a distanceggqy all particles from the lowermost layer of
fost= 1+ 1.257 ?}{r) (16) thicknessiseqOf a grid box reach the next grid box below.
Tp
04 )\.air _1.1 }’p(k) . .
+0. ) exp T In the sedimentation scheme of zeroth order the amount of
particles falling down from one box into the next box below
. can also be associated with a cuboid moved from the lowest
1 for bins and numbers

fslinn = { Do (0 (17) part of the higher box to the highest part of the box below.
op(k)="or™ for lognormal modes sseq in Fig. 3 (which shows a cross section of a column of
the radius standard deviatiop, (k) the aerosol density (in the mixing ratio, of these particles in the respective box
kg/m®) andr, (k) the ambient radius (in m) of aerosol mode leads to a tracer tendency due to sedimentation out of this
k. nq denotes the dynamic viscosity of air (in kgn®s)), g box:
the gravitational acceleration (in/sf) andxajr the mean free . .
) ; . . . App(i) o up(@)
path of air molecules (in mysiokesis the sedimentation ve- Q| = E@) x v
locity of spheres in is. The Cunningham-slip-flow factor out

corrects for aerodynamic differences between ideal spherep,icies leaving one box enter the box below, i.e. the incom-

and real non-spherical particles. In case of lognormal distri-ing flux Fi, for boxi equals the outgoing flukoy: of the box
butions the particle radius varies over a wide range. As theypoye (—1):

mean sedimentation velocity of all particles of a lognormal

(19)

mode is larger than the sedimentation velocity for a parti- ) . App@i—1) Ap(i — 1)

cle of the mean radius, a correction factor has to be applied/in(?) = Fouli = 1) = At X (20)
This is the meaning of the Slinn factggin, (Slinn and Slinp out

1980. Ap(i) is the thickness of the box in pressure units (Pa)and

There are different possibilities to calculate the change inthe gravitational acceleration (1f). The incoming flux for
the tracer concentration due to sedimentation with one terthe uppermost box is zero.
minal velocity. SEDI comprises two schemes: a zeroth order The tracer tendency for the lower box can be calculated

scheme and a first order scheme. using the incoming flux:
2.2.1 Sedimentation scheme of zeroth order / Simple up-Au, (i) o 8
: ———| = Fin(i) x . (21)
wind scheme At 0 Ap(i)

The sedimentation scheme of zeroth order is a simple upwindCombining Eqg. {9) and Eq. 21) results in the overall tracer
scheme. The assumption is made that all particles of one gritendency in box
box are equally distributed with height. The fractig) (in

1/s) of particles falling out of one boxper time stepAt is App@) _ App@ | _ App@) (22)
simply determined by the geometric vertical extension of the At At 0 At out

rid box Az(i) (in m) and the terminal velocity, (in m/s): . . i
g ZA(lt)( ) y: (inm/s) _Aupi-D Ap(i—1)  App() 23)
§Q)=v—-— . (18) At out Ap(i) At out

Az(i)

www.atmos-chem-phys.net/6/4617/2006/ Atmos. Chem. Phys., 6, 4632-2006
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Ah Ah

> Hp
Hp
_ o o Fig. 5. The linear approximations above a local maximum lead to
Fig. 4. In the trapezoid/first order scheme, the constant mixing ra-jncreased particle transport. The red circles indicate particles which
tios in each grid box (compare Fig) are replaced by first order 4o sediment in the trapezoid scheme but would not sediment in the
approximations. simple upwind scheme.

2.2.2 Sedimentation scheme of first order / TrapezoidWhiCh may be andi+1 ori—1 andi. Its slope is

scheme _ pp(z2) — pp(z1)

"2 ) — pn) )
A possible improvement of the zeroth order sedimentationand its intercept is
scheme described in Se2t2.1is the use of first order poly- 10y(22) — thp(21)
nomials for the vertical profile of the mixing ratige). The — b12 = pp(z1) — L= p(z1) . (25)
sedimentation scheme was developed in the context of the p(z2) = p(z1)
MESSy submodel PSC (a submodel for the simulation ofThe linearly approximated mixing ratio is therefore
polar stratospheric clouds, s&ichholz 2005. With the 1 (z22) — wp(z1)
. . . . P P
first order scheme, the determination of the changes in thetp(z) = T2 — p(y) p(2)
wp profile due to sedimentation is no longer based on.the Pl = pia
step function shown in Fig3. Instead, the amount of the + up(z1) — 1p(@2) = tpc1) p(z1). (26)
particle substance to move from grid bodownwards into p(z2) — p(z1)

the grid boxi+1 is calculated by means of a straight line ap- For the simple upwind scheme, the part of hidrkom which
proximation for thew , profile in grid boxi. The advantage particles move into the next lower grid bex1 within one

of a first order vertical profile compared to the step func- model time step corresponds to a rectangle in the f)-

tion used in the simple upwind scheme becomes apparent bglane. Using the straight line approximation fo (z), this
considering a local maximum in the vertical profile. Imag- rectangle is replaced by a trapezoid (see Fsgmd6).

ine a peak located around boxsee Fig4). A step function In mathematical terms, the rectangle in the simple upwind
does not distinguish between those parts of the bok or scheme is represented by the produgti —1) ssedi—1).

i+1 which are near the local maximum and those parts away The area of the corresponding trapezoid in the first order
from it. Straight line approximations fqr, inside the grid  scheme is

boxes, on the contrary, can reproduce the feature that in the 1

box above {—1) more aerosol particles are located at the bot-Atrap = E(Mp(ﬂ) + up(z2)) Apsedi — 1)

tom of the box than at the top. Similarly, in béx 1, straight = (m1.2 p(z1) + b1.2 4+ m12 p(z2) + b12)
line approximations increase, near the top, i.e. near the 1
peak. Consequently, in the first order scheme more particles X 5% Apsedi — 1)
move from the grid box immediately above the local max-
imum into the next lower grid box than in the zeroth order = <m1,2 P + pz2) + b1,2> (27)
simple upwind scheme (see FR). 2
X Apsedi — 1) .

The base of the first order scheme are the local straight
line approximations for the mixing ratio. A straight line in  The mixing ratiosi,(z1) andu,(z2) form the two parallel
the (p,..»)-plane is defined by the two pointg(z1), 1, (z1)) sides of the trapezoid\psed(i —1) is the height of the trape-
and(p(z2), up(z2)), wherez; andz; indicate the box indices  zoid, which equals the distance in Pa the aerosol particles fall

Atmos. Chem. Phys., 6, 4614632 2006 www.atmos-chem-phys.net/6/4617/2006/
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Ah Ah A K,

l:p ' Hp Hp

Fia. 6. Bel local . i imati d th Fig. 7. The linear approximation below a local maximum is based
9. 5. BEIow a local maximum, finéar approximations reguce e , 'y, o mixing ratiou, from grid boxi andi—1 above ifu, (i)

amount of transported particles. The red circles indicate particleﬁS relatively small compared ta, (i—1) (see left figure). (i)

:’mlﬁg ;%;?; 323\;;22?&?;:12”@620@ scheme but would sedlmen}s only slightly smaller tham, (i —1), the linear approximation is

based on the., values in grid boxes andi+1 (see right figure).
The criterion is which approximation yields the smaller trapezoid.
within one time step. (Please note: in contrast to the simple

upwind scheme which works with height coordinates (inm), The above choice leads to the usewof values from the
the first order scheme is formulated for pressure units.) Asgrid boxi andi—1, if 1, (i) is relatively small compared to
pointed out above, there are two possibilities for choosingﬂp(,-_l) (see left hand side of Fig). These cases are inter-
the two points which define the straight line approximation. preted as a local maximum in the vertigg) profile which is

In addition to the box of interesti the grid box above mainly in grid boxi—1, but extends slightly into grid bax
(i—1) or the box belowift+-1) can be chosen. There is no Thus it seems appropriate to approximatgi —1) in such a
optimal choice in general, as each variant of the straightyay that most particles are located in the upper part of grid
line approximations has advantages for some profiles angoxi. For steep:, gradients, however, the above equations

disadvantages for others. The one selected for the MESSyan |ead to negative trapezoid areas. In those cases, no parti-
submodel SEDI has performed well in a series of tests withincle sedimentation takes place.

the submodels PSC (for more details Behholz 2005. It For u,(i) values only slightly belowu,(i—1), the

is characterised by a rather straightforward implementation,ertical 1, profile is interpreted as a peak which has fully

as explained in the following: arrived in grid boxi and extends into grid boik+1. The
vertical 1, profile near the to (i41) interface is thus best

Approximation above a local maximum: approximated by means pf, (i) andu ,(i4-1) (see Fig.7).

If the grid boxi, from which sedimentation is to be cal-
culated, is located above a peak, the straight line is drawrnTreatment of local extrema:
through the mixing ratio values in the grid boxeandi+1 For local extrema in the verticat, profile, the influence
(see Fig5). This leads to increased sedimentation comparecf nearby grid boxes on the particle distribution inside grid
to the simple upwind scheme. box i is less evident. Therefore, if the grid bexunder

For steepu,, gradients above a local maximum, the above consideration is a local maximum or a local minimum, the
equations can lead to trapezoid areas larger than the produgertical n, profile is not approximated by straight lines.
wp(i) x (ppot(i)—prop(i)). If these large trapezoid values Hence the area which defines the amount of sedimenting
are used in the sedimentation calculation, more particle subsubstance is not a trapezoid but a rectangle corresponding to
stance than currently present in grid bowould be moved  the productu , (i) Apsed(i—1), similar to the simple upwind
into grid boxi+1. To avoid this unphysical behaviour, the scheme.
transported substance is limited to the total available amount.

Finally, it is important to note that both schemes are not

Approximation below a local maximum: monotonic as it is necessary for sedimentation schemes, as
For grid boxes below a peak in the, profile, the routine cal-  a particle mixture can disperse, because larger particles fall
culates the two alternative straight line approximations. Thefaster than smaller ones. This characteristic in particular
sedimentation is then calculated using the smaller trapezoidiules out the application of advection algorithms for simu-
Compared to the simple upwind scheme, sedimentatiorating the process of sedimentation, since advection requires
below a local maximum is reduced (see Fay. monotonicity Buchholz 2005.
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2.3 Integration of the submodels into the MESSy system  — The flux is directly provided as the lower boundary con-

dition for the vertical diffusive flux.
The key component to automatise the calculation for all trac-
ers is the functionality provided by the generic MESSy sub- — A tracer tendency(Ax/At in mol/(mols)) is calcu-
model TRACER. The properties of the tracers including the lated from the flux:
switches which processes should be applied to the tracers are
all stored within the meta-information structure provided by An _ Fudep ¥ Ap (30)
the submodel TRACER and are defined during the definition At 8

of a tracer (seetikkel et al., 2008).
This tendency is then applied to the tracer within the

2.3.1 Gas phase dry deposition time integration scheme of the base model.

The important information held by the tracer meta- In the diagnostic output, the dry deposition flidepdiag
information structure required for the gas phase tracer dryin the more common units of/im? s) is given, calculated by
deposition are:
— medium: The medium of the tracer must BéR . Fdendiag = Fddep X W’# (31)
air

— ndrydep : This switch must be setONindicatingthat .+, N4 Avogadro constant (622x 1073 1/mol) and Mair
a tracer should be subject to dry deposition. the molar mass of dry air in/gnol.

— molarmass and henry : With the exception of
H>SOy the molar mass and the effective Henry’s Law
coefficient (in mof (dm? atm)) must be declared for the
tracer in order to activate the dry deposition calculation.
The effective Henry’s Law coefficient is defined for wa-
ter with near-neutral pH (Wesely, 1989).

2.3.2 Aerosol dry deposition and sedimentation

The processing of aerosol tracers subject to dry deposition
and/or sedimentation is very similar. Both submodels take
advantage of the TRACER meta-information structure. Dur-
ing the initialisation phase of the submodels all tracers are
— dryreac_sf : This is the factor especially defined for tested if their flagsdrydep or nsedi for dry deposition
dry deposition calculationglryreac_sf  isthe factor  or sedimentation, respectively are switch@d and if the
sreac(see SecR.1.1and AppendixA2). It scales the re- medium of the tracer iISAEROSOLIn this case the name
activity of a respective tracer to the reactivities of ozone of the aerosol model (with which the tracer is associated) is
and sulfur dioxide. memorised. Thereafter, it is checked whether the required
aerosol models are running. For all tracers which are asso-
ciated with an aerosol model that is not switched on, no dry
removal (neither dry deposition, nor sedimentation) is cal-

To take into account that the mixing ratio used to CalCu_culated. This is because the dry removal of an aerosol par-
9 ticle depends on its properties, i.e. on the radiygin m),

late the dry deposition flux continuously decreases during thethe aerosol density,, (in kg/m?) and — for modal distribu-

e e s on th radis standar st (e Apperc
HNO) the effective dry deposition velocity; o (in m/s) s " and S_ect2.2_.1for DRYDEP and SEDI, respectlvely.) Thgse
calculated from the dry deposition velocity ’(ecalculated as three input fields for each ae_rosol model are obte_uned via the
described in Sec.1), according to MESSy Qata transfer/export interface. This also mpludes the
s information about the number of modes and/or bins treated

e Az 11— exol — v At (28) in the respective aerosol model.

d.eff = A P d Az The terminal velocities are calculated for each mode/bin
with A7 time step in s anaz layer thickness in m. of each aerosol model. After those calculations are finished

From this effective dry deposition velocity and the current for all aerosol models, each tracer is checked fomieslium

tracer mixing ratiow (in mol/mol) the drv deposition flux and the flagsdrydep ornsedi . For the flux calculation
. molg kg “ ( /mol) yaep of the individual tracer, the terminal velocity of the mode/bin
Fdep (ln ol ) is calculated by

If a tracer fulfils all these requirements the dry deposition
velocity for this tracer is calculated according to the formulas
given in Sect2.1.1and in AppendiXA.

(m2s) of the corresponding aerosol model is used.
Fddep= 1 X A X Vg eff (29) 2The automatic detection of the required aerosol models by in-
8Az quiring the TRACER meta-information structure is not part of the
DRYDEP provides two possibilities to assign the dry de- versions of the DRYDEP and SEDI code included in version 1.1
position flux to the tracer: of MESSy, but will be provided with future releases. In version
1.1 instead, a list of all aerosol models implemented in MESSy is
1 Jockel, P., in preparation, 2006. coded.
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In addition to the three dimensional application, sim-
ple box models exist which calculate in dependence on the
aerosol radius, the aerosol density and the standard devia- €N
tion the aerosol dry deposition or aerosol sedimentation ve- .
locities, respectively. As the numerical representation of the
sedimentation process is operating within a column, an addi- “*"
tional 1-dimensional (1D) model for SEDI is available. Re- 0°
sults of these box and column models are shown in Sezt.
and Sect3.3 respectively.

80°N

LATITU

20°S
40°S

2.3.3 Coupling to the AIRSEA submodel 60°S

The MESSy submodel AIRSEAPpzzer et a).2006 deter- 807 4 —
mines the exchange of distinct tracers at the ocean surface. 150°W  100°W 50°W  0°  50°E  100°E  150°E
. . LONGITUDE
These exchanges are net fluxes of emission and dry depo-
sition. Thus it is desirable to switch off the dry deposition iy g Annually averaged dry deposition velocity of 0zone (sin
calculation of the respective tracer in grid boxes over the
ocean, to avoid “double counting” of this removal process.
DRYDEP automatically tests if the submodel AIRSEA is
switched on, and which tracers are affected. For those tracers
whose ocean/atmosphere exchange is calculated directly by
AIRSEA, the calculated dry deposition velocity within DRY-
DEP is set to zero for grid boxes with a land fraction smaller
than 0.5:

LATITUDE

_va for  fiana = 0.5
Va = { 0 for  fiana <0.5. (32)

3 Examples

3.1 Gas phase dry deposition

— I e L e e e | T T
150°W  100°W  50°W 0° 50°E 100°E  150°E

LONGITUDE
As ozone and sulfur dioxide are the two trace gases to which

the other gases are scaled, Figsand 9 depict the annu-  Fig. 9. Annually averaged dry deposition velocity of 5@&my/s).
ally averaged dry deposition velocities of ozone and sulfur
dioxide, respectively. Ozone reaches the highest deposition
velocities over land due to the dense vegetation cover in

summer associated with an efficient uptake by the stomata?ffeCtive Henry's Law coefficient of PAN is smaller than that

whereas S@shows its deposition maxima over the oceans,]?f SQ andtt:e reactlvr;y coefﬂ;:lint for_PtAN IS §n;aller than it
due to its higher solubility. or ozone, the sea-surface uptake resistance is larger result-

Figure10 shows the annually averaged dry deposition Ve_ing in a smaller dry de_position velocity compared to ozone
locity of peroxy acetyl nitrate (PAN). PAN is associated with (see Eq.A15), AppendixA2).
a reactivity coefficient of;eac=0.1, i.e. the reactivity of PAN Formic acid (HCOOH, see Fid.1) is a second example
is between those of ozone and sulfur dioxide. The same holdfor a species which dry deposition velocity is calculated by
for the solubility. According to its effective Henry’s Law co- scaling to S@ and ozone. The reactivity coefficient is 0O,
efficient PAN is more soluble than ozone, but less solubleas for SQ, but the solubility of HCOOH is higher than the
than SQ (see Tablél for the assumed reactivity coefficients solubility of the two other trace gases. This causes higher dry
and the effective Henry’s Law coefficients). deposition velocities as compared toS8hd ozone.

The scaling of the deposition velocity of PAN between
those of the two trace gases ozone and B&omes obvious 32 A .
. . . erosol dry removal: box model examples
in the desert regions and over the oceans. In the desert re-
gions the deposition velocities of PAN are smaller than those
of ozone showing minima similar to the S@eposition ve-  The following two examples are calculated in simple box
locities in these regions. Over the ocean the dry depositiormodels prescribing standard pressure (101 325 Pa) and atem-
velocities are smaller for PAN compared to ozone. As theperature of 298.15 K as environmental conditions.
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0.28

LATITUDE
LATITUDE

0.08

T T L B e e L L s o T R
150°wW  100°W  50°W 0° 50°E 100°E  150°E 150°W  100°W  50°W Q° 50°E 100°E  150°E
LONGITUDE LONGITUDE

Fig. 11. Annually averaged dry deposition velocity of HCOOH

Fig. 10. Annually averaged dry deposition velocity of PAN (cm/s
g Y g y Cep Y ( ) (cm/s) as example of a soluble less reactive species.

as example of a relatively unsoluble, but reactive species.

~3.60 4 F

Table 1. Assumed dimensionless reactivity coefficient.) and 400 /,//-/'/"'//"6'4'0 3
effective Henry’s Law coefficients (in mgidm? atm) for the four R - 3
gas phase species shown in the examples. The effective Henry's 4,40 320 E

Law coefficients are for water with near-neutral pH. As the resis- E 2

tances for @ and SQ are pre-described according @anzeveld g—wog ‘_4__--,-1—6-0---'3
and Lelieveld(1995 and Ganzeveld et al(1998), i.e., following 3 EREE g
Wesely (1989, their Henry’s Law coefficients are the same as in =~ g > =7~ — 3
Wesely(1989). oo //
3 T 40 E

SpeciesX @ SO, HCOOH PAN 6004 =777 —

sreadX) 1 0 0 0.1 R e

H(X) 0.01 1x10° 4x1cP 3.6 1.40 1.80 2.20 2.60 3.00 3.40

aerosol density (105 kg/m?)

Fig. 12. Logarithm of the aerosol sedimentation velocities (in
m/s) dependent on aerosol density (in k§fmThe velocities in-

. . ) . crease with increasing density and radius. The corresponding radii
Figurel2illustrates the dependency of the sedimentation ve-rom hottom to top are 20 nm, 40 nm, 80 nm, 160 nm, 320 nm and
locity of aerosol particles on the aerosol density and on thes40 nm.

particle radius. The curves are shown for radii of 20 nm,
40 nm, 80 nm, 160 nm, 320 nm and 640 nm, respectively. The
sedimentation velocity increases with increasing density and
increasing radius.

3.2.1 Aerosol sedimentation velocities

107" 4

3.2.2 Aerosol dry deposition velocities

In Fig. 13 the aerosol dry deposition velocity (in /s) is
shown versus the aerosol radius calculated for land surfaces
and for three different aerosol densities. To give arange of re-
alistic dry deposition velocities, the densities of 5001k,

-3
1500 kg/m? and 3000 kgm? are chosen to cover the usual 1 1a00 g
aerosol density range. P i
The aerosol dry deposition velocity as function of the T
aerosol radius shows a minimum around @B. The in- aerosol radius (m)

fluence of the. aerosol density is negligible for aerosol radiiFig. 13. Aerosol dry deposition velocity (in m/s) dependent on the
below approximately m. For particles larger thang m aerosol radius for three different aerosol densities.
the dry deposition velocities are the higher the denser the

particle is.
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Fig. 14. SEDI column model example. The upper panels display the initial vertical distributions of the number deimsdl).(The panels

in the middle row show the evolution of the vertical distribution calculated with the simple upwind scheme and the results for the first order
sedimentation scheme are depicted in the lower row. For a better visualisation of the particle distribution, the logarithm of the number density
is shaded with an irregularly spaced colour bar. Left: example 1; Right: example 2.

3.3 Aerosol sedimentation: column model examples der and of first order are shown. For all examples a constant
aerosol density of 1000 kgn® and a constant aerosol radius

In the following results of the SEDI column model are of 1 um have been chosen. The example simulations have

shown. Using two different initial conditions the advantages been performed with a timestep of 1000 s.

and disadvantages of the sedimentation schemes of zeroth or-
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3.3.1 Column example 1 than 0.03. For all other surface types the unchanged pre
is used. The prescribed roughness length and the prescribed

As a first example a sharp peak of up to 100@nbdl in the  Leaf Area Index (LAI, used for the calculation of the sur-
initial tracer number density spread between 100 and 180 hPace resistance over vegetation in ) have been prepro-
(see Figl14, upper left) is chosen. The left panel in the mid- cessed using land cover datalgon 1992 and additional
dle row of Fig.14 shows the resulting evolution of the ver- NDVI (Normalised Difference Vegetation Index) data. For
tical distribution of the number density calculated with the more information se&anzeveld et a(2002 andGanzeveld
simple upwind sedimentation scheme. et al.(2006.

The initially sharp peak broadens over time; a few par- The friction velocityu, ; (m/s) depends on the surface
ticles reach the surface within 25 days. In contrast to thistypez:
the first order sedimentation scheme (Hid, lower left) pre-
serves the shape of the initial distribution while the maximumu
slowly moves downward.

*xt = A/Cm,t X |vnl (Al)

where|vy, |=y/ (124+v2) is the horizontal wind speed (ins),
3.3.2 Column example 2 and the dimensionless, surface type dependent drag coeffi-

cientcy, ; is the product of the neutral drag coefficieny ;,
In the second example a wider particle distribution is ini- the momentum dragr(d) coefficientc,,; , and the exchange
tialised (Fig.14, upper right). The maximum is by a factor of parameter,, , (all dimensionless and provided by the base
10 lower than in example 1 and located further down aroundmodel):
400 hPa. With the simple upwind scheme the overall ver-

. L . ) . Cnd,t X Cmd,t

tical distribution does not change much with time (Fid, Cmyp = —— ——— (A2)
middle right). Nevertheless, the uppermost layers are near% et o

depleted of particles at the end of the simulation. ote, that all these coefficients depend on the surface type.

For the first order sedimentation scheme it becomes ap- The stapility function®y,, not only depends on the sur-

parent that it is — as the process in reality — not monotonicface type, but also on the Richardson numbi&in(which is

(Fig. 14, lower right). Therefore, new local maxima develop provided by the base model, (see &gull, 1988 pp.383):

over time in addition to the initial peak which is preserved in - Ri>0, i.e. stable conditions:

shape and slowly moves downward. In this case the stability function depends on the Monin-
Obukhov-Length (m), and on the layer thicknegsz
inm.

4 Summary A
Oy = 47 % TZ (A3)

We have presented the new MESSy submodels DRYDEP ) ] o ]
and SEDI for dry deposition of gas and aerosol tracers and — Ri=0, i.e. neutral and unstable conditions: The stabil-
sedimentation of aerosol particles, respectively. As part of Ity function®; , depends on the profile functions at the
the community model MESSy they are available to our col- surfacew;. This is constant for neutral conditions
leagues in atmospheric chemistry and climate research upon _

. . W, neut= 0.74
request. Sehbttp://www.messy-interface.oifgr details. '

and depends on the Richardson number for unstable

conditions
Appendix A Calculation of resistances
pp \Ijh,t,us = 074 X 4/ l — 9 er . (A4)
Al Aerodynamic resistances SNote: These assumptions are appropriate, as the external in-

put field of surface roughness is in ©:50.5° resolution. During
The aerodynamic resistances strongly vary depending on ththe model initialisation phase this high resolution information is re-
three surface types land, water and ice/snow. The aerodydiscretisedbckel 20069 for the usually coarser model resolution.
namic resistance over land is split into a bare soil and snowf he resulting average within a model grid box is potentially too
(slsr) and a vegetatiorveg part. Thus, in Eq.3) the index large for the_bare soil and snow fraction of the box. Consequently
r indicates the surface type, i.eis one ofveg(vegetation), the assumption of a constant surface roughness of 0.005 sfsfor

slsn(bare soil/lsnow)ice (sea ice/sea snow) ameat (water) yields more realistic results. For overgrown surfaces the opposite is
g ) the case. In a model grid box with a high fraction of bare soil and

Some special assumptions are made for the roughnesg,oy, the average value for the roughness length is potentially too
lengthzo,» (in m). It is set to 0.005m for the surface type small for the vegetation covered fraction. As the roughness length
slsnand for the surface typeegit is set to a minimum of  of vegetation is normally larger than 0.02 m a minimum of 0.02 m
0.02 m if the prescribed roughness lenggh, pre is smaller s appropriate.
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Table Al. Predefined gas phase tracer resistanceg/ir) ;1 DRY-
DEP: Rmes is the mesophyll resistance,cig the cuticular resis-
tance, R soi1» Ry snows Rs,ws and R yqr are the surface resis-

tances for bare soil, snow/ice, wet skin and water, respectively. A,

B and C indicate special cases as listed in AppeAdix.

Species  Res Rcut Rysoil Rssnow  Rs,ws  Rswar
SO, 1 1 C B 100 1

O3 1 106 400 2000 2000 2000
HNO; 1 1 1 B 1 1
NO A 100 10° 1P 1P 10°
NO, A 10° 600 16 100 1P

The constant 0.74 is an approximation for the ratio of

the diffusivities of heat and momentum (s&till, 1988

p. 384 for details). The dimensionless stability function

dy, ; is then given by

1+ W 1+ w2,
(Dh,t _ |:2 |Og< + 2h,t,us> + |Og < 2h,l,u.s>

-2 arctamwh,t,us)] (A5)

1+ 1+ w?
—|:2log< + 2h,neut)+|og( 2h,neut)

-2 arctam\yh,neuo] .

A2 Surface resistances

As stated above, the calculation of the surface resistances for

most of the trace gases is taken frakiesely(1989. Thus

most of the following equations can be found in that paper
where also more details are given about the ideas of this pa-
rameterisation. The surface resistances depend on the prop-

erties of the individual trace gas. They are calculated ac-

cording to Wesely (1989), except of the trace gases listed in
Table Al. These specific surface uptake resistances are ex-
plicitly calculated according to parameterisations described
in more detail below, or are assigned specific values based on

an extensive review of available observations (Gaazeveld
and Lelieveld 1995 Ganzeveld et 311998. For most of the

4629

e The surface soil resistand® ;. (X):
The parameterisation is given by Eq. (9) \Nesely
(1989:

-1

Rys0it(X) = ( H) _ sread®) ) . (A6)
1@ X Rs,soil,SOg RS,S()il,Og

where H(X) is the Henry’'s Law coefficient in

mol/(dm? atm) of the respective trace gas R; 50il,50;

andR; 01,0, are the soil surface resistances of,%0d

Og, respectively.

e Surface vegetation resistan®g ., (X):

RS,Ueg(X) = |:(Rcan+ qur,veg(X) (A7)

EVANVYERN e
+ Rs,soil(X)) + (m)

R; s0i1 1S the soil surface resistance as defined in the pre-
vious item andR,, ve, is the quasi-laminar boundary
layer resistance for vegetation, as described by £q. (
LAI is the prescribed leaf area index irffm?. The
canopy resistancBqanis calculated by

an

h
Rcan= 14 x —L ) (A8)

Ux veg

wherehcanis the canopy height (m) and, .., the fric-

tion velocity for vegetation (ifs). The leaf resistance
Rieaf depends on the cuticular resistarRg, the mes-
ophyll resistanceRmes and on the stomatal resistance
corrected for differences between water and the respec-
tive speciesX, Rstomcorr(X):

Rieai(X) = (A9)

(Fam* e )
Reut(X) — Rstomcorr(X) + Rmes(X) '
The three resistances are determined by

— Mesophyll resistanc&mey X):

trace gases, the surface resistances are estimated from the re-

spective resistances of 3@nd Q. The factorsiead X) de-

fines a weight, i.e., whether a species behaves more like SO

or Oz. In addition to SQ and @G, most surface resistances

of HNO3, NO and NQ are also predefined and not calcu-

lated (see Tabld1). The exceptions (indicated by a letter in
TableA1l) are explained in detail at the end of this section.

The surface resistances required for the calculation of the

dry deposition velocities in Eqs6) and @) are determined
as follows:

www.atmos-chem-phys.net/6/4617/2006/

H(X -1
RmedX) = (ﬁ +100x Sreac(X)) . (Al10)

as given by Eqg. (6) inesely(1989.
— Cuticular resistanc®&c(X):

RcuL03
10_5 X H(X) + Srea((X) ’

see Eq. (7) inVesely(1989.

Rcut(X ) =

(A11)
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— Corrected stpmatal rgsistanE&omcorr(X): Table A2. pH classes according to Batjes, 1995 and the respective
The calculation of this term is based on Eq. (4) of gy resistances (in/sn) for SOp.

Wesely(1989:

Rutom co (X) = M(X) o Rstom . (A12) pHclassj pH range Ry 50i1(SOp)
Muo  Wom 1 pH<5.5 115

Here,M (X) andMu,o are the molar masses of the 2 5.5<pH< 7.3 65

speciesX and water, respectively (g0l). RsiomiS 3 7.3<pH<8.5 25

the leaf stomatal resistance/is) andW¥,,, the soil 4 8.5<pH 25

moisture stress function. Both are provided by the S 4<pH<85 70

base model.
e Surface snow resistan@g gy (X):

C: The soil resistance of S0Os soil pH dependent. For the

Ry snow(X) = calculation ofR; 5,i1(SO) 5 soil pH classeg (as given
H(X) Sread X) -1 py Batje§ 1995 are d|st|ngq|shed. _Each of these c!asses
( + ) (A13) is associated with a prescribed soil resistaRgg,i; (/).
10° X Ry snow,50,  Ry.snow,0s Table A2 lists the different pH classes and the respec-
This formula is given by Eq. (8) ilVesely(1989. tive solll resistances. The final soil resistance fop 80
given by

e Wet skin resistanc@&; s (X):
The solubility of the trace gas is of special importance

in the wet skin fraction (se@/esely(1989, Eq. 14): Ry 50i1(SOp) = 1000x exp(269— Ty)
Ry s (X) = + 2,: fj % Ryoit, - (A20)
(—1/ S 1077 X H(x) 4 St >_l (A14)
Rsws.s0; 5,ws,03 The f; denote the grid box fractions with soil pH class
* Sea-surface uptake resistamig,a: (X): ']I"he soil resistance is further modified for arid regions

Ry war (X) = (relative humidity in 2 m above surfacei?) less than

0.4):
< H(X) sread X)
+
10° x Rs,wat,SOz Rs,wat,Os

-1
> (A15)

A2.1 Special cases
Rsoil,arid (SO;) = R s0il (SO) %3.41—-85

TableALl lists the predefined resistances used to calculate the +((0.4 — rh2)/0.4) x 10°) (A21)

surface resistances. There are three exceptions indicated by .

the letters A, B and C within the table. +1000x exp(269— 1)

A: The mesophyll resistances of NO and Nére calcu-

lated from the corrected stomatal resistance of ozone: and for semi-arid regions (0drh, <0.6)
Rmeg(NO) = 5 x Rstomcorr,03 (A16)
Rmes(NOZ) — 05 x Rstomcorr,Og (Al?) RSOIl,SemFarld(SOZ) =
Rs,soil(SOZ) * 3.41— 85 (A22)
B: For SQ and HNQ; the surface resistances over snow + 1000x exp(269— Ty).
are mainly determined by the surface temperaiyre
Ry snow(SD) = Ry snow (HNO3) (A18) More details about this approach to account for the
— 10-0.09(T;—273)+24) soil pH dependence of the soil resistance are found in

Ganzeveld et al(1998. The required soil pH maps
The resistances are further limited to a maximum and are imported from external input fields. They are in
minimum value: netCDF-format and are provided with the submodel

code.
10 < Ry snow(SO2) = Rysnow(HNO3) < 10° (A19)
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Appendix B

Calculation of aerosol dry deposition velocities

e The particle dry deposition velocity over vegetation
Vkd, p,veg 1S given by

—-0.5
Vkd,p,veg = eXFX_Stveg )

X(Ub,veg + Vim,veg + Uin,veg) . (Bl)
The variables are

— the dimensionless Stokes number over vegetation
covered surfacest, g :

100 x u?
— (B2)

Styee =
veg frelax ¢ x 0.1

whereu, .. is the friction velocity for vegetation
in m/s as aboveg is the gravitational accelera-
tion, and 0.1 is the characteristic radius (in cm) for
the so-called “largest collector” (= aerosol particle).
The relaxation factorfejax is given by

2p

3 0p(arp)? X feun

—=1038p P/ ~ JCn
Jrelax 180

(B3)
with p, aerosol density (in kgn®), r, the
particle radius (in cm),n; dynamical viscosity
(=1.789x10~*g/(cm$9), ¥=0.4 von Karman con-
stant andr andg given as follows:

a=1-(102—237s+ 1455%)(1— 0.6)
— (-6.7+ 1555 —9.25%)(1— 0.6%) (B4)

0.066
+ 1.2 exp(—“)
— S
0.00077x s
— exp[ 220077x s B
p eXp< 1009—s ) (B5)
0.0155(s — 0.9
with & = 1.058— (s =097 (B6)
1.02— 514

wheres is the relative humidity in 2m above the
surface (in %). The Cunningham-slip-flow correc-
tion factor fcyn is given by

fcun=
A 11
1+ —g<1.257+o.4exp<— A”’)). (B7)

ary P

Ap=0.066x 104 cm is the free mean path of a par-
ticle. (Note: A, is basically the same a;;, in
Eqg. (16), but the units in the formulas are different
and in SEDI),;,, must be calculated for all model
layers, whereas., is only defined in the lowest
layer.)
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— Upveg IS the dry deposition velocity due to Brown-
ian diffusion:
2
100 X u*gveg SC% (BS)
K|op|
With u,, yeq, k€ and|vy,| given as above. The Schmidt
numberSc is calculated by

-1
ksT,
Sc = DL —0.15x (B—fw”) (B9)

c 3r ndarg

Ub,veg =

v is the kinematic viscosity (0.15 &), kp is the
Boltzmann constanfl.38x 10~23(J/K)), T; (K) is
the surface temperature angd, «, r, and g are
given as above.

— Vim,veg 1S determined by the impact of the vegeta-
tion surface

100x u? , St2,
Vim,veg = 2 % vcgz (B10)
K |vp | 1+ 8t

veg

— Vin,veg IS that part of the deposition including the
interception collection efficiency:

100 x u? 1 2
,veg ( Ip ) (Bll)

X f—
Kk |vp| 2\104
The particle dry deposition velocity for snow and bare
SOil via, p s15n 1S Calculated in a similar way:

Vin,veg =

Vkd, p,slsn = Ub,slsn + Vim,sisn (812)

with dry deposition due to Brownian diffusion:

2
100 M*,slsn S

3 (B13)

Up,slsn = |vn]
h

and due to impaction

100 x u? _ 3
*,5lsn % 10 St |

(B14)
i |vp |

Vim,slsn =
where Sty, is the dimensionless Stokes number for
bare soil and snow

100 x u?

*,slsn

Stsisn = frelax (B15)

The dry deposition velocity over wateg,, . wa: is cal-
culated followingHummelshgj et al(1992) :

Vkd, p,wat =

(1 — @) (Vp,war + Vim,war) + AVbubble (B16)

Equation B16) is equivalent to Eqg. (10) in the paper
of Hummelshgj et al(1992. « is the relative area of
bursting bubbles, approximated by

o =17x10"°x o3} (B17)
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(seeHummelshgj et al(1992), Eq. 12). Ganzeveld, L., Lelieveld, J., and Roelofs, G.-J.: A dry deposition
parameterization for sulfur oxides in a chemistry and general cir-
culation model, J. Geophys. Res., 103, 5679-5694, 1998.

Ganzeveld, L., Lelieveld, J., Dentener, F.,, Krol, M., and

100 Bouwman, A. J.: Global soil-biogenic NOemissions and

— X Uywar X Sc™ 93 « Re™ 03 (B18) the role of canopy processes, J. Geophys. Res., 107, 4298,
doi:10.1029/2001JD001289, 2002.

Ganzeveld, L., Aardenne, J., Butler, T., Lawrence, M., Metzger,
S., Stier, P., Zimmermann, P., and Lelieveld, J.: Anthropogenic
and natural offline emissions and the online EMission and dry
DEPosition submodel EMDEP of the Modular Earth Submodel

Vim.war = 100X 1ty war X 10—W3(,, (B19) System (MESSy), Atmos. Chem. Phys. Discuss., 6, 5457-5483,
2006,
http://www.atmos-chem-phys-discuss.net/6/5457/2006/

Hummelshgij, P., Jensen, N., and Larson, S.: Precipitation scaveng-

100 2 ing and atmosphere-surface exchange, chap. Particle dry deposi-

X Uy wat (B20) tion to as sea surface, 820-840, Hemisphere Publishing Corpo-

v ration, Washington, 1992.

) . . Jockel, P., Sander, R., Kerkweg, A., Tost, H., and Lelieveld, J.:
and Ububble describes the influence of bubble bursting  technical Note: The Modular Earth Submodel System (MESSy)
and consists of two parts: — a new approach towards Earth System Modeling, Atmos.

Chem. Phys., 5, 433-444, 2005,

vp.war 1S the dry deposition velocity due to Brownian
diffusion, given by

Ub,wat =

with Re Reynolds number andc Schmidt number.
Vim.war 1S the impaction velocity

Stwar 1S the dimensionless Stokes number for water

Stwar = frelax

100x u? ., http://www.atmos-chem-phys.net/5/433/2005/
Ububble = T (B21) Jockel, P.: Technical note: Recursive rediscretisation of geo-
2 scientific data in the Modular Earth Submodel System (MESSy),
+Eff x 27rg x 2y x 500 . Atmos. Chem. Phys., 6, 3557-3562, 2006,

http://www.atmos-chem-phys.net/6/3557/2006/
The first part describes the atmospheric diffusion veloc-Olson: World ecosystems (WE1.4): Digital ratser data on a 10
ity, and the second part the wash out velocity. The col- min geographic 1080 x 2160 grid square, edited by: NOAA
lection efficiency Eff is assumed to be 0_5”% is the Natl. Geophsys. Data Cent. Boulder Colorado, global ecosystem
area of a spray drop-t( in m), andrh is the average database version 1.0: disc aedn., 1992.

height reached by the spray drop (in m). For more de-Pozzer, A, dckel, P., Sander, R., Ganzeveld, L., and Lelieveld,
tails seeHummelshgj et a(1992 J.: Technical Note: The MESSy-submodel AIRSEA calculating

the air-sea exchange of chemical species, Atmos. Chem. Phys.
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