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This note was prepared for the twenty-forth session of the Steering Body to EMEP (Co-operative
Programme for Monitoring and Evaluation of the Long Range Transmission of Air Pollutants in
Europe). It presents a joint effort by the Meteorological Synthesizing Centres West (MSC-W)
and East (MSC-E) of EMEP to summarise the current work parameterisation schemes for
removal processes of particles in the atmosphere.
The MSC-E Persistent Organic Pollutants (POPs) and Heavy Metals (HMs) models use semiempirical approaches to calculate dry deposition velocity for particle-carriers to different types of
the underlying surface. A new parameterisation for dry deposition of particles to forests has
recently been implemented to the POPs model. The MSC-W Eulerian model for primary
particulate matter (PPM) calculates dry deposition velocities to varies land-use classes allowing
for different particle sizes. Modelled deposition velocities have been compared to field
measurements and results from other dry deposition models. The sensitivity of the model
calculated air concentrations and depositions of particulates with respect to different dry
deposition parameterisations has been tested and results are presented here.
Wet scavenging parameterisation schemes employed at MSC-E for POPs and HMs, and at MSCW for PPM are presented in the note, where the importance of in-cloud and sub-cloud processes
contributing to wet scavenging of particles is also discussed. The effect of varying scavenging
parameters on wet deposition and air concentrations of PPM has been studied with the MSC-W
model.
The authors are especially grateful to Arne Semb at CCC for generous sharing of his broad
knowledge and experience and a valuable contribution to the discussions preceding preparation
of this note. We would like to acknowledge a contribution to this note by Alexander Malanichev
at MSC-E. We would also like to thank Leonor Tarrason for an appreciable help in reviewing the
note, and all our colleagues at MSC-E and MSC-W for an encouraging working atmosphere.
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Calculations of long-range transport of particulates have been a part of the modelling activities of
EMEP since the beginning of the programme. Secondary inorganic particulates, namely,
sulphates, nitrates and ammonium are significant contributors to the acidification in Europe and
have been described by the EMEP/MSC-W Acid Deposition models since 1979 (Eliassen and
Saltbones, 1983). Heavy metals (HMs) and persistent organic pollutants (POPs) in the MSC-E
models are transported on aerosols either totally, as lead (Pb) and cadmium (Cd), or partly, as
mercury (Hg), benzo(a)pyrene (B(a)P) and polychlorinated biphenyls (PCB). Thus, although
particulates have not been included in the MSC-E dispersion models, they are important factors
determining the atmospheric transport of HMs and POPs.
Addressing the recognized adverse effect of fine particles on human health, work has been
initiated under the Convention on Long-Range Transboundary Air Pollution to compile relevant
information for evaluating the ambient concentration levels of particulate matter (PM) in Europe.
MSC-W was assigned a task to develop the EMEP Eulerian model to calculate the transboundary
transport of atmospheric aerosol in close collaboration with the other EMEP centres. This note is
a good example of the existing co-operation between MSE-E and MSC-W and it presents the ongoing work for improving the description of dry and wet removal processes of atmospheric
particles at these EMEP centres.
To date, rather coarse parameterisations have been used in the EMEP models to calculate
aerosols dry and wet scavenging. A constant dry deposition velocity of 0.1 cm/s is presently
adopted in the EMEP Eulerian Acid Deposition Model for sulphate, nitrate and ammonium
particles (Bartnicki et al., 1998). This assumption was based on the experimental evidence and
the assumption that most inorganic aerosol mass is associated with fine particles (diameter less
than 2.5 µm). The same assumption about the particle size is made for wet scavenging
parameterisation of inorganic aerosols. In the EMEP HM and POP models, dry deposition of
particles-carriers with diameters 0.55 µm (Pb and PCB) and 0.84 µm (Cd and B(a)P) was up to
calculated separately for land and water depending only on roughness length and friction
velocity. Bulk parameterisation with constant washout ratios is used for wet deposition.
In this joint MSC-E/MSC-W note, we make an effort to summarise some recent results, aiming
at improving the existing in the EMEP models parameterisation schemes for dry and wet
deposition of particulates.
In Section 2 gives a short description of physical processes and mechanisms responsible for the
dry deposition of particles in the atmosphere, as well as a brief review on the status of modelling
and experimental works to determine aerosols dry deposition velocity. Selected dry deposition
parameterisation schemes and their implementation in the EMEP transport models for HMs,
POPs and primary PM are then described. Sensitivity analysis of models results with respect to
dry deposition velocity is presented as well. Section 3 is devoted to wet removal of aerosols. The
parameterisations of aerosols wet scavenging in the MSCs transport models are presented; and
the relative importance of in-cloud and sub-cloud processes to the wet deposition of primary
particulates, as well as the MSC-W model sensitivity with respect to scavenging parameters is
discussed. Conclusions from the presented models experimentations on aerosol deposition
processes are drawn in Section 4.
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Dry deposition is the process of removal of pollutants from the atmosphere to the underlying
surface in the absence of precipitation. The most important factors affecting dry deposition of
particles are:
• particle properties, in particular their size, shape, density, hygroscopicity;
• underlying surface parameters, in particular roughness height, land-use type and state
(wetness);
• meteorological conditions, in particular turbulence intensity (wind speed, friction velocity),
atmospheric stability, relative humidity.
Dry deposition of particles has traditionally received much less attention than dry deposition of
gases, because theoretical estimates confirmed by wind tunnel studies have suggested that the dry
deposition velocity for sub-micron particles is very small. Possibility to validate the theoretical
and laboratory estimates of dry deposition against field data was hampered because it is rather
difficult to perform field experiments appropriately. Derived from the measurements, deposition
velocities were found to range from negative values apparently due to experimental errors to
several centimetres per second. However, a number of field measurements have been indicating
higher deposition rates than it was derived from theoretical and laboratory studies. In Tables A1
and A2 an effort has been made to compile and summarize experimental and theoretical results
on the dry deposition of atmospheric aerosols.
A rather comprehensive review of models to calculate particles dry deposition is given in
Ruijgrok ¨1©«ª3¬ . (1995). Dry deposition models based on bulk approximation do not usually
distinguish particle size or removal mechanism explicitly (e.g. Voldner et al., 1986, Hicks et al.,
1987, Wesely et al., 1985). Resistance, process oriented models describe each removal process to
calculate the dry deposition velocity of particles as a function of size. These models distinguish
several major processes governing aerosols dry deposition. In the surface (or constant flux) layer,
turbulent eddy diffusion is considered to be the primary mechanism to transport particles.
Within the viscous (quasi-laminar) sub-layer,
different transfer mechanisms can govern the
dry deposition process essentially depending
on the aerosols size.

¯®±°³² ´¶µ¸·º¹G»¼¹:»

Dry deposition velocity to grass
, 1999)
as a function of particle size (

½¸¾¯¿¸À

Fig.2.1.1 shows schematically the dependence
of dry deposition velocity on particles
diameter and action regions of the main
mechanisms defining dry deposition. A
pronounced minimum in deposition velocity
is seen for 0.1–1.0 µm particles, as there is no
essentially effective mechanism to transport
these particles through the viscous sub-layer.

However, deposition velocities in this aerosol size range are found to depend very much on the
surface microstructure and are subject to largest uncertainties. Differences between the dry
deposition velocities calculated with different models are reported to be rather large, notably for
6

0.1-2 µm particles. This is primarily due to the description in models of deposition mechanisms
and assumptions incorporated. Ruijgrok Á1ÂÃ3Ä . (1995) showed that the largest uncertainty (2-3
orders of magnitude) was in dry deposition velocity for these small particles, and the size of
particle-collecting elements within the canopy, the roughness length and the wind speed were
indicated to be the main factors causing this uncertainty.
Unfortunately, a credible validation of model results is rather difficult to perform because there is
a limited amount of reliable field measurements, and the validation against wind tunnel
experiments may not be representative of real situations. The closest agreement between
calculated and experimentally derived deposition velocities is obtained for smooth surfaces.
However, models tend to considerably underestimate the dry deposition on rough surfaces. While
models predict the dry deposition of 0.1-2 µm particles to be an order of 10-2 cm/s,
micrometeorological measurements (Wyers and Duyzer, 1997) show dry deposition velocities
0.1-1.0 cm/s (average 0.7±0.3 cm/s) for wind speeds 2-5 m/s. Wesely et al. (1985) reported for
pine forest the deposition velocities ranging from 0.5 cm/s for a neutral atmosphere to 0.9 cm/s
for moderately unstable conditions.
There is no doubt that the parameterisation for aerosols dry deposition on a smooth surface
cannot be directly applied to rough surfaces; and surface roughness height is apparently not a
sufficient parameter to allow for all the factors determining deposition on vegetation. Such
parameters as a Leaf Area Index, i.e. the total leaf area per unit area of ground, and leaf
«hairiness» which describes the dimension and number of small collecting elements should also
be accounted forÅ Furthermore, a presence of water is expected to enhance dry deposition, as high
relative air humidity and wet vegetation would cause particles hygroscopic growth by water
vapour condensation and thus, increase their deposition velocity.
Particles deposition to Æ,Ç7ÈÊÉÌËYÈ3ÍÇ7Î7ÏÆ,Ð.Î7ÑzÈ3Ò7Ç can be enhanced by several processes (Slinn at al.,
1978, Pryor , 1999):
• wave breaking at windy weather and formation of sea spray through the increase of effective
surface and the capture of aerosols by spray drops;
• slip of the water surface decreasing the viscous layer depth and bubble-burst activity
disrupting the laminar layer may reduce the viscous layer resistance;
• rapid growth of hydrophilic particles at high relative humidity near the water surface.
Interaction of particles with the surface (Ó5Ô.Õ9Ö3×5Ø ) completes the dry deposition process. Solid
particles, particularly the larger ones, may bounce off a smooth and dry surface; liquid aerosols
are more likely to adhere upon contact.
Finally, because of the very strong dependence of dry deposition on the particles size (Figure
2.1.1), it is important to integrate the deposition model over the particle size distribution in order
to calculate a realistic deposition velocity for an aerosol population (size mode) rather than
simply use the mass median diameter. Size integration was shown to be particularly important for
submicron particles (Ruijgrok et al., 1995): up to 4-5 fold increase in dry deposition velocities
was calculated depending on geometric standard deviation of the particle size distribution and
wind speed.
The rather great variety of values for dry deposition velocity presented in Tables A1 and A2, both
modelled (see also Ruijgrok Ù7Ú Û3Ü ., 1995) and measured, indicates the considerable uncertainties
in predicted deposition velocities of aerosols and the deficit of reliable field data for the
calculations validation.
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Work has been carried out at MSC-E to refine the calculation scheme for dry deposition of B(a)P
particles-carriers. A resistance approach applied to describe particles dry deposition has been
further developed to allow for different types of underlying surfaces. Calculations of dry
deposition velocity  are performed for the lower half of the first model layer. The layer is split
according to Slinn (1980) and Giorg (1986) into two sub-layers, corresponding to the constant
flux layer and viscous sub-layer.
Dry deposition velocity, "! , (m/s) is calculated (Hicks #$&%' ., 1987) as
(

d

=)

g

+ (* a ++ b + , a⋅- b⋅. g)-1

(2.2.1)

– dry deposition velocity at 50 m height ;
–
gravitational settling velocity;
0 g
1 a – aerodynamic resistance in the constant flux layer;
2 b – viscous sub-layer resistance.
All particles are assumed to adhere the surface, therefore the surface resistance is put to zero.
where:

/

d

34 56785879:;5<=?>88<7:@A6>"<9B78 C
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. It is assumed in the MSC-E HM and POP models that
particles-carriers are spherical with aerodynamic diameters of 0.55 µm for lead (Pb) and
polychlorinated biphenyls (PCB), and 0.84 µm for cadmium (Cd) and benzo(a)pyrene (B(a)P),
and have density of 103 kg/m3. Then, the gravitational settling velocities are estimated to be of
the order of 10-5 m/s and 3⋅10-5 m/s respectively. Compared to the other contributions to the
deposition velocity, gravitational settling for these particles, as the first approximation, may be
neglected, so that
D

F

d

E

= (G a + H b)-1

(2.2.2)
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where g is the von Karman constant, h * is the friction velocity, i is the Monin-Obukhov length,
ψh is the similarity functionjlk ref is the reference height (m?npo q = 50 m), rts is the aerodynamic
roughness length, found as utvxwzy{| ⋅ }~ , where  is the height of roughness elements.
The form of ψh function is taken as:
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The ??R; xY?;"x ¢¡ is calculated depending on the underlying surface type. The
following surface categories are considered: water, land subdivided into forests (deciduous and
coniferous), grassland and others.
£¥¤¦§¨ª©?«¨ ¬¤®§x©

(Lindfors ¯°±² ., 1991; Pekar, 1996):
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−
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º
t
µ
¸
¶
·
´
¹ 2
¼
= 0.84 µ
î0.0015 * + 0.00023
* (m/s) – friction velocity. For water surfaces , ¿ s is assumed to be 10 m.

(2.2.5)
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Vegetation is believed to play an essential role in removing particle-bound pollutants from the
atmosphere. For example, the paper (McLachlan and Horsman, 1998) indicates that total annual
deposition of some persistent organic pollutants (POP) on forest exceeds several times their
deposition on other surfacesÇ A new calculation scheme for particles dry deposition on forests
was implemented using a parameterisation by Ruijgrok ÈÉËÊÌÍ (1997). The proposed
parameterisation was developed based on field measurements data and believed to allow for a
more adequate description of the aerosol deposition to forests.
Viscous sub-layer resistance in a forest canopy is calculated as
-1

ÎÐÏ

= Ñ ⋅Ò

2
* /ÓÔÕ

(2.2.6)

where Ö b is in s/m, × is the total collection efficiency for particles within canopies, ØÙ (m/s) is the
wind speed at the upper edge of the forest, and hs=20 m (Bartnicki ÚÛÜÝ , 1998)
Assuming the logarithmic wind profile and making corrections for the atmospheric stability, the
wind speed at the upper edge of the forest, Þß , is calculated by the formula:
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where è – von Karman constant; é - zero-plane displacement height; ψm(ξ) – similarity function
for momentum calculated as

ψ
ò

− β ξ , β

=   (ò 1 + íó)ò 2
ln
4
î 

=6
1+ í

 + ln
 2


2


 − 2ë?îïðì ñ

ú

ô

= (1-γmξ) , γm = 16, ξ =
1/4

Here û =15 m and
ü

0=

−
õ

í

+

ù
÷¸ø

π
2

ë?ì

ê

< 0,

(2.2.8)

ö
õ

0

.

2 m (Bartnicki ýþÿ , 1998)

An expression to calculate the total collection efficiency E for two particle sizes has been derived
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through interpolation and simplification of the relevant expressions presented in (Ruijgrok   ,
1997), and is written as
=α( )⋅

0.3
* ,

where α (  ) – coefficient depending on particle diameter   .
α (  ) = 0.06 for   = 0.55 µm,
= 0.075 for  = 0.84 µ
!#"$&% '()%+*,(-/.01%
Surface sub-layer resistance, 2 3 , is parameterised following Pekar (1996)
4
5
;
2
3 0.33 687:9
<
= = 0.55 µ4
9 −1 (0.0002 * + 0.0001) ⋅ ( 0 10 )
> =
8
6
:
7
9
5
; 2
= = 0.84 µ
î0.0004 * + 0.0002
?
s, is assumed to be 1 m.
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(2.2.9)

For surfaces covered with grass and seasonal cereals, b c for submicron particles (dp≈0.5 µm) is
calculated as proposed in dfeg1eh ijek,lh&m (1985):
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where  (m) – Monin-Obukhov length,  = 0.002, and  = 300. In this case 

(2.2.10)

s

is set to 1 m.
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The dry deposition scheme described in the previous section has been applied in the computation
of B(a)P long-range transport. To study the model sensitivity to particle dry deposition to forests,
two model runs have been compared: without (henceforth referred to as Run1) and with (Run2)
inclusion of particle dry deposition to forests. The calculations have been carried out for one year
using 1995 meteorological data. B(a)P emission data for 1990 are taken from Berdowski  ¡
(1997). Detailed description of B(a)P relevant physical-chemical properties can be found in
Pekar ¢£,¤¥ . (1999).
In Run1 (earlier version of the MSC-E POPs model), the following assumptions were made:
•
•
•

Only two surface categories, i.e. land and water, are considered for particles dry deposition
calculation
Dry deposition on waters is calculated with (2.2.5)
B(a)P particles-carriers are dry deposited directly to the soil. Dry deposition on land depends
only on ¦ 0 and § *, and deposition velocity is calculated for entire land area with formula
(2.2.9) (Pekar, 1996)
10

•

Dry deposition on vegetation is only parameterised for gas-phase according Pekar ¨©Bª« .,
(1999)

In Run2 ( a new model version), particle dry deposition to forests is parameterised under the
following assumptions:
•
•
•

B(a)P particles-carriers deposited to forest primarily accumulate on the vegetation surface,
then they fall down with the leaves and after some time penetrate the soil. Dry deposition
velocity is calculated with formula (2.2.6)
B(a)P degradation in vegetation, wind erosion and scavenging by precipitation from the leaf
surface is not taken into account
Deposition to a deciduous forest is considered from May to September

The effect of allowing for particles dry deposition to forests has been studied in relation to the
B(a)P mass balance in different compartments, as well as in relation to the seasonal and spatial
variations of air concentrations and depositions.
¬®F¯D¯±°² ³´µ³² ¶¯1·¯
The mass budget for B(a)P comprises the following elements: B(a)P content in different
compartments (air, soil, sea, vegetation and forest litter fall), the amount of B(a)P decomposed in
these media, and the fraction exported beyond the domain boundaries. Figure 2.2.1 shows how
the inclusion in the model of dry deposition to forests alters the mass balance by redistributing
the mass. Here, it is assumed that all wet deposition to land falls to the soil, but not to vegetation
elements. It is seen in the diagram that the inclusion of particle dry deposition to forests results in
a decrease of B(a)P content in the air by 5%, in soil – by 18% and in sea - by 5%. The
degradation in these compartments decreases proportionally to these values. On the other hand,
the B(a)P content in vegetation (mainly forest) and consequently in litterfall increases by an order
of magnitude. The decrease is found in B(a)P content in soil, even though the total deposition
flux over land has increased, is thus due to the considerable increase of B(a)P deposition to
forests. The calculations show that dry deposition to forests accounts for about 30% of the total
B(a)P deposition to land areas, and for 24% of the total deposition in the model domain.
30%
Forest
No forest
20%

10%

¸¹ º»¼½¿¾À¾ÀÁ

Out

Degr. Soil

Degr.Air

Litterfall

Vegetation

Sea

Wet soil

Dry soil

Air

0%

Comparison of B(a)P mass balance in different media with and without
incorporation to the model of dry deposition to forests.
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Allowance for the particle dry deposition to forests has little influence on the total (gas +
particles) air concentrations in the surface layer (Figure 2.2.2), resulting in an average reduction
of air concentrations by 4-7%. This reduction is found to be somewhat larger in the winter
season. The month-to month variation of air concentrations, with minimum from April to
September, reflects the annual variation of B(a)P emissions applied.

ìîíðï1ñ:òôóõ,ö õ[ö õ[ö

Seasonal variations of B(a)P
total (gas+particles) concentrations in the
surface layer with and without inclusion of
dry particle deposition to a forest

÷îøðù1ú:ûôüþý[ÿ ý[ÿ [ÿ

Seasonal variations of
particle dry deposition fluxes to forests
and other surfaces

Monthly mean B(a)P deposition fluxes over land have increased due to the additional deposition
to forests from 0.9 to 1.37 µg/m2. Its components, i.e. fluxes over forest and over all other land
areas are shown in Figure 2.2.3. The dry deposition flux to forests is estimated to be 3-5 times
higher than that to the other land areas. The annual deposition to a forest estimated here
compares fairly well with e.g. results by Horstmann and Mclachlan (1998) for two forests in
northern Germany. The seasonal variation of deposition fluxes of B(a)P follows quite closely the
seasonality of the air concentrations. There is a spring-summer deposition minimum, consistent
with the concentration minimum, due to the lower B(a)P emission during that period. The
additional summertime deposition to deciduous forests only causes a slight decrease of the
variation amplitude.
ÙÕÚUÛÜ Ý&ÛÞ,ßÝà_Ü áDÝ&âãJÜ&Ý äåæäÎçèÛÝ&áéäåéêåÜ&áDÛÜ Ý&äåà±ÛåJß#ßêÎÚUäFà1Ý Ü&Ý äåÕà
Figure 2.2.4 shows the spatial distribution of forest in the EMEP grid (left) and B(a)P dry
deposition fluxes to forests (right). The largest modelled values of dry deposition are found in
central Europe, close to emission sources (Figure 2.2.5).
To quantify the effect of inclusion of particles dry deposition to forests on B(a)P air
concentration and dry deposition, a relative difference in results is calculated as
∆
α= ë

ë
⋅ 100% ,

(2.2.11)

1
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where  – either deposition or concentration in Run1 (no special treatment of deposition to
forests), ∆ – difference in either depositions or concentrations between Run1 and Run2. ∆
  for air concentrations, and ∆   for depositions, where  – either deposition or
concentration in Run2 (with inclusion of deposition to forests)

!#"%$'&)(#*+(#*+,#*

Spatial distribution of forests (left) and B(a)P dry deposition density in
ng/m2/yr (right)

-.0/#1%2'3)4#5+4#5+6#5

B(a)P emission distribution for 1990, t/yr

Figures 2.2.6 and 2.2.7 show the spatial distribution of relative difference in B(a)P air
concentrations and depositions. The introduction of the special parameterisation of dry
deposition to forests generally implies an increase in the calculated deposition velocities. The
largest decrease in air concentrations due to the increased dry deposition to forests amounts to
30-47 % and occurs in the north of Russia (Figure 2.2.6). This decrease in B(a)P air
concentrations is due to the enhanced dry deposition to extensive forests under the particles
transport from main emission sources to that region, as well as increased deposition in the
northern Russia itself. In most of Europe, concentrations decrease by less than 10 %. For dry
deposition, the largest increase (40-92 %) is found as expected in the forest areas of northern
Europe and Russia (Figure 2.2.7). An enhanced dry deposition is also found in the vicinity of
major emission sources in central Europe.
13

qAr?s;tbuMvxwDy wCyRz;y Relative difference in B(a)P

{A|?};~bMxD CR; Relative difference in B(a)P dry

surface air concentrations (%).

depositions (%)

(positive values mean decrease)

(positive values mean increase)

Table 2.2.1 summarizes the relative changes in B(a)P total mass balance and maximum gridded
values due to the introduction of dry deposition to forests

798;:=<?>A@CB @DBFE;B

Model sensitivity to particle dry depositions to forests: relative difference between
Run1 and Run2
Calculated values
Air content/concentrations
Soil content
Sea content
Dry deposition flux over land

Mass balance
(total area)
5%
18% *
5%
49%

Maximum in grid
squares
47%
113% *
46%
92%

GIHKJMLON)P NMQRLTS?UVSWLTQXP NZY[QRJML]\T^Z_F`ZLTaP QbP aCNZLTcTLOadaW^MS+efQRg[QR^MhOLiP NMQRg[^ZcTcOgM`MNZQ'QFJZ^MQ'^McOcTgMSWjVP NMY
QRg[QRJML]^MaWad`MkDUlQmP gMNZaC^Z_F_'jZLXUVgZanP QFLOj%Ul^MSWQmP cT_RLTaDadLOQFQR_FL]gMNoQRJML]\TLTYZLTQR^MQXP gZNMp

Dry deposition velocities to forests are estimated to be 3-5 times larger than over other
underlying surfaces. Since forests cover about 31% of the land, the total dry B(a)P deposition
flux over land and forest calculated with use of the new parameterisation scheme is increased by
about 50 %. Nevertheless, allowing for dry deposition to forests appears to have little influence
on B(a)P content in the air (only 5% change), though maximum changes in B(a)P air
concentrations associated with forest areas can exceed 40 %.
Further improvement of deposition parameterisation scheme for particles on vegetation, forest
litterfall and soil should include processes of degradation in vegetation, wind erosion and
washout by precipitation of particles from leaf area, as well as redistribution of wet depositions
between vegetation, litterfall and soil.
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The EMEP Eulerian Acid Deposition model employs a resistance approach to parameterise dry
deposition of gases, and a constant dry deposition velocity 0.1 cm/s to model the deposition of
secondary inorganic aerosols. Last year, the model was extended to calculate concentrations of
primary particulate matter (PPM). At the present, the model includes fine particles, PM 2.5, with
aerodynamic diameters less then 2.5 µm, and coarse particles, which have aerodynamic
diameters between 2.5 and 10 µm. Emissions of primary PM2.5 and PM10 for 1990 were
provided to EMEP/MSC-W by TNO (Berdowski et al., 1998).
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As our colleagues at MSC-E, we use the following expression for dry deposition velocity of
particles in the lower model layer, at the reference height of 50 m:
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where ÌÍ is the aerodynamic resistance, ÎÐÏ is the viscous (or quasi-laminar) sub-layer resistance,
ÑMÒ is the gravitational settling velocity. Again, an assumption is made here that all particles stick
to the surface and, thus, the surface resistance is set to zero.
The Ó#Ô'ÕÄÖ#×#ØxÙ%Ó#ÚÃÛ!ÜÝÕ'Ô'ÞÛ0ÞßÓ#Ù%Ü'Ô for particulates is determined by the turbulent diffusion and
computed in the same way as for gases:
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(2.3.2)

where κ is the von Karman constant, u* is the friction velocity, derived from meteorological input
data, z = 50 m is the reference height, z0 is the roughness length (taken as 10% of roughness
elements height), d is the zero-plan displacement height (70% of roughness elements height), ç is
the Monin-Obukhov length, and Ψ is the Businger similarity function. The model distinguishes
between 10 land-use classes. The landuse data from the RIVM land-use database was aggregated
to the EMEP 50 km grid (Bartnicki et al., 1998). Values of roughness length, z0, adopted are
given in Table 2.3.1
Table 2.3.1 Roughness parameters, èVé (m)
Month

Grass

Arable

Oct-Apr
May-Sept

0.03
0.03

0.005
0.1

Perm.
Crops
0.2
0.2

Conifer.
Forest
2.0
2.0

Decid.
Forest
0.1
2.0

Urban

Other*)

Desert**)

Ice**)

2.0
2.0

0.01
0.02

0.001
0.001

0.001
0.001

*) includes e.g. unimproved grassland, rocks, swamps and marshland
**) from NWP model at the Norwegian Meteorological Institute
***) Sea areas are taken from EMEP data, and a roughness parameter is calculated by Charnock relation:
z0,water= 0.032 ⋅ u*2/g

The importance of ê#ë'ìÄíxî!ïWì#ïî0ð#ñxì#ò%óôÄïïò0î!ñ%ê increases with particles size. While for relatively small
particle-carriers of POPs and HM the gravitation settling could be neglected, we need to take it
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into account when considering PM2.5 and PM10 (particles with aerodynamic diameters smaller
than 10 µm). The settling velocity is calculated as

û÷

ú ö ρö ù ø õ
2

=

(2.3.3)

18 µ

here üÐý and ρþ are respectively the particle aerodynamic diameter and density, µ is the air
dynamic viscosity, g is the gravitational acceleration, and ÿ is the slip correction factor
(Cunninghan correction factor) found as

  = 1 + 2 λ 1 . 257 + 0 . 4 exp  − 1 . 1   
(2.3.4)
 


 
2 λ  

here λ is the mean free path of gas molecules in air



  !"$#%& '( $")"$$*!$+-,/.0

is largely controlled by processes of
Brownian diffusion, interception and impaction depending on size of particles.
For very small particles with diameters smaller than about 0.1 µm (Aitken mode), 12$3465785
9 7:;:< =&735 provides an efficient means for the particles rapid transport to the surface, and
deposition velocity increases with decreasing aerosol size due to the increase in Brownian
motion. For particles within the size range of 0.1-1.0 µm, interception and impaction appears to
be major processes sustaining the transit of aerosols across the laminar sub-layer. >?@A$BC$A$D@EF?
occurs when particles moving with the mean air motion pass sufficiently close to an obstacle to
collide with it. Removal by GHJIKL$MGNO means that particles cannot follow the rapid changes of
direction in the mean flow; they leave the flow and cross the viscous sub-layer to the surface due
to their inertia. Dry deposition by impaction is believed to be rather inefficient for particles
smaller than 2.0 µm, unless the obstacles are microscopic, resulting in a pronounced minimum in
deposition velocity for 0.1–1.0 µm particles.
Several approaches to describe the viscous layer resistance have been proposed in literature and
employed in aerosol models. This resistance is primarily determined by the particle size, the size
and shape of surface roughness elements, and meteorological conditions, in particular wind
velocity and relative humidity. Deposition velocity to smooth, grassy and forest surfaces due to
aerosols Brownian motion was shown to be proportional to D2/3 (D - Brownian diffusivity
coefficient of particles) (Chamberlain, 1983). The effect of impaction is incorporated through the
Stoke number, which is defined as the ratio of particle stopping distance due to viscosity to the
characteristic dimension of the obstacle.
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Thus, viscous sub-layer resistance can be written (see e.g. Slinn et al., 1978, Seinfeld, 1997) as

lh
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is the friction velocity,
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(2.3.5)

is the Schmidt number,
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t u

is the Stokes number:

y z

x 2w {
*
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ν

, ν is the kinematic viscosity of air, and D is the Brownian diffusivity coefficient

defined as



  
|
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where k is the Boltzmann constant, T and ρair are the temperature and air density, and
slip correction factor, defined as given above.



is the

Calculations made with the Eulerian model using this scheme give rather low values for
deposition velocities of fine particles. They hardly exceed 0.05 cm/s in a summer day in forest
areas and are below 0.02 cm/s over most land and sea areas (not shown here). In winter day,
deposition velocities from below 0.01 cm/s to 0.02 cm/s prevail in most of Europe. For coarse
aerosol, estimated dry deposition velocities are 2-5 cm/s over most of Europe in summer and
somewhat lower in winter. Integration of deposition velocities over particles size distribution
increased them by about 1.5 times resulting in deposition velocities of fine aerosols in the range
of 0.03-0.07 cm/s at the conditions most favourable for dry removal. These velocities appear to
be considerable underestimates when compared with field data in Table A2 and Figure
A1.Therefore, the further experimentations on improving dry deposition scheme were carried out
to achieve deposition velocities more in agreement with measurements at different atmospheric
conditions and on varies landuse.
This parameterisation is used in a number of size resolved mesoscale and regional aerosols
models (e.g. Wexler, 1994) and expected to give reasonable deposition velocities for smooth
surfaces. In the Eulerian model, this scheme is used to calculate deposition on surfaces covered
with &  or $ and $$ .
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Based on field experiment results, an expression for calculating long-term dry deposition velocity
for particulate sulphur over grass was suggested by Wesely et al. (1985). Measurements data
showed that larger values of deposition velocity for similar values of u* were usually associated
with large mixing heights and often occurred during windy afternoon conditions. These
observations suggested that the mixed layer height (zi) might be an important factor to effect
particle deposition processes during unstable conditions. The boundary layer motions whose
largest scales are limited by zi were thought to enhance turbulent mixing at the surface and cause
rapid multidirectional flow around fine surface elements, which may lead to more efficient
impaction. Thus, expression (2.3.5) for laminar layer resistance can then be modified as
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w* is the convective velocity scale for the PBL :
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here H is the sensitive heat flux, zi is the mixed layer height, calculated based on the
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parameterisation developed by Iversen and Jakobsen (1995) .
This scheme, used in e.g. the Modal Aerosol Dynamics Model for Europe (Ackermann et al.,
1999) and the Regional Particulate Model (Binkowski and Shankar, 1995), provides somewhat
larger deposition velocities than parameterisation (2.3.5). The tests performed have shown that
the effect of unstable boundary layer on dry deposition is particularly pronounced over land in
summer day and over warmer sea surface in winter. However, even in summer day, calculated
deposition velocities of fine particles are well below 0.1 cm/s, which is too low compared to field
studies.
This correction for the convective atmospheric conditions is applied in the Eulerian model for
primary PM to allow for the enhancement of dry deposition velocity to surfaces covered with
½ ¾$¿¾$À'ÁÀÂÃÄ .

Å-ÆgÇÈÉ¢ÊËÊÈÌXÈÌXÍ$ÆdÎ Æ$ËÏËÊÍ$ÆRÉ¢ÐÑ ÒÓÏÔ$ÆdÉ
Most of theoretical dry deposition models fail to predict deposition velocities of aerosols on
vegetative surfaces. Particularly large discrepancies between the theoretical and measured
deposition velocities are found for forest areas, where models tend to underestimate considerably
the particle deposition velocities. Dry deposition of sub-micron particles may be significantly
enhanced by the presence of very small surface roughness elements. Hairs on leaves
(summertime ÕÖ$×$ØÕÙ ÚÙÛÝÜ;ÚÞÖ$ÛßÛ ), which are typically 5 to 10 µm diameter, act as filters to
remove particles by interception or impaction. As a result, they can considerably increase the
collection efficiency. Particularly, a capture of aerosols by à$áâãä;åæ$áçè é;êëì$íîí is expected to be
very efficient because of the shallow viscous sub-layer developing over conifer needles (Ruijgrok
et al., 1997; Becket et al., 1998). Deposition velocity to the pines is estimated to be about 5 times
greater for the same wind speed than that for the grass due to the smaller typical size and greater
total surface of collecting elements (Chamberlain, 1983).
The semi-empirical fit presented above to calculate collection of particles by impaction, namely
Eim= 10–3/St (see expressions (2.3.5) and (2.3.6)) is believed to be a reasonable approximation for
dry deposition on smooth surfaces. Slinn (1982) suggested that given a distribution of wind
speeds and length scales of collectors in vegetative canopies, the cut-off Stokes number (below
which there is no inertial capture) should not be so definite as for smooth surfaces, and therefore,
proposed to use a function that is more weakly dependent on Stoke number. Thus, an
approximation averaged over all wind speeds and collector sizes for the particle deposition by
impaction was given as

ñ

=

ð ï
1+

ð ï
÷ ø

An average Stokes number is calculated as

=

öùõ
*
ó òˆ = ô ó òˆ

τõ

*

where c is a numerical factor, expected to be near unity, Â is a characteristic «radius» of large
collectors, e.g. grass blades, stalks, needles, etc. ( Â = 1mm is used in present work).

So that (2.3.6) becomes
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This parameterisation has been implemented in the model for all vegetative snow free surfaces.
To coniferous forests this scheme is applied for all the seasons.




In order to account for the fact that the surface of natural waters slips, a modification was
introduced to the expression for dry deposition of aerosols on solid surfaces. According to Slinn
and Slinn (1980), the dependence of aerosol flux across the viscous sublayer on particle diffusion
coefficient was changed from D2/3 to D1/2, and an explicit dependence on the wind velocity was
introduced so that


=

κ ⋅




 2

(

*

− 12

1

+ 10 − 3 / )

(2.3.8)

here !" is the wind speed at the reference height (50 m). Effects of the particles growth by water
vapour condensation, bubble burst and aerosols capture by sea spray have not been allowed for in
this version.
#%$&')(*,+-$/.0.

A number of experimental studies showed that particles larger than about 5 µm in normal winds
could bounce off natural surfaces. The possibility of bouncing-off is expected to increase with
increase of the particle size and with decrease of the obstacle size. More particles were found to
bounce off needles than stems of pine (Chamberlain, 1983). Even though a sticky layer is
applied, bounce-off from small obstacles at high wind speed may occur. Therefore, it is likely
that bounce off of particles considerably reduces capture of larger particles by coniferous forests
and other canopies, unless the particles or the leaves are wet. Particles smaller than 5 µm are not
likely to bounce off even at dry conditions.
An expression was suggested (Slinn, 1982) to calculate bounce-off from natural grass:
4

= exp(−

3

12

)

(2.3.9)

here b is an experimental parameter (b is assumed to equal 2)
This parameterisation has been applied as a preliminary coarse approximation to estimate the
bounce-off for coarse PM from dry vegetative surfaces (the surface in the model is assumed dry
if it has not been exposed to rain last three hours). However, further theoretical and experimental
work is still needed for more adequate description of rebound on different type of land-use.
Dry deposition velocities on different surfaces calculated with the described above schemes
(MSC-W) for two aerosol sizes have been compared with the respective velocities on derived
from the MSC-E parameterisations (Table 2.3.1).
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Table 2.3.1 Comparison of dry deposition velocities (m/s) at 1 m height (rb-1) calculated with
MSC-W and MCS-E parameterisations (u*=0.3 m/s, uh=5m/s, (*) w* = 0.6-1.0)
dp = 0.55 µm
Forest
Water
other

MSC-W
(3.6-6.6)·10-4
1.0·10-4
(1.5-2.7)·10-4

(*)

(*)

dp = 0.84 µm
MSC-E
9.0·10-4
2.6·10-4
3.2·10-4

MSC-W
(5.7-10.0)·10-4
1.0·10-4
(1.2-2.1)·10-4

(*)

(*)

MSC-E
12.6·10-4
3.6·10-4
2.3·10-4

Although the comparison is rather tentative due to a number of different parameters involved, the
deposition velocities presented here compare reasonably well (MSC-W deposition velocity
values, except for on water surface, will vary depending on the atmospheric stability).

56 76 5
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Dry deposition velocities, RS , were calculated based on the described above parameterisation
schemes for fine and coarse primary particles in winter (1 January, 1998) and summer (1 June,
1998) atmospheric conditions, for daytime and night time. Hygroscopic effects at high relative
humidity on the dry deposition have not been considered in the present model version. Given a
relatively low solubility of primary PM compared to secondary inorganic aerosols, inaccuracies
due to neglecting the hygroscopic growth for these particles are not expected to be very large.
Skipping the intermediate model tests (some calculations have been present in the previous
section), we shall discuss here the results obtained with implementation in the model of full
parameterisation, so that deposition to vegetative snow free surfaces and conifer forests for all
seasons is calculated with (2.3.7), to water with (2.3.8), to surfaces covered with snow, and also
on ice and desert with (2.3.5) and (2.3.6) is used for all other surfaces. Rebound of coarse
particles from dry surfaces is allowed for according to (2.3.9).
T%UV)W)XYZI[U\]WC^

Fine particles were described by the mass median diameter (MMD) of 0.3 µm. To account for a
strong dependence of mass average deposition velocity on the particle size distribution, _` was
integrated over the particle sizes assuming a log-normal size distribution with geometric standard
deviations of 2.0.
For fine particles, deposition velocities between 0.2 and 0.5 cm/s are found on coniferous and
deciduous forests in summer day (Figure 2.3.1). In most of the remaining Europe covered with
shorter vegetation, estimated dry deposition velocities are 0.1-0.2 cm/s. Prevailing deposition
velocities over seas are below 0.02 cm/s, and 0.02-0.05 cm/s in the NE Atlantic.
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Since neither hydroscopic
growth nor the effect of
bubble burst has presently
been
included,
these
velocities
are
likely
underestimated.
When
comparing
these
model
results to measurement data,
it should be remembered that
these deposition velocities
are calculated for the specific
meteorological conditions of
1 June 1998. The values are
expected to vary considerably
depending particularly on the
atmospheric stability.
Figure 2.3.1. Dry deposition velocities for PM2.5. 1 June, 1998
(day time average)

A pronounced diurnal variation is found as expected in calculated deposition velocities, with less
effective dry removal at night due to the low turbulent exchange and predominantly stable
atmosphere (compare with measurements in Table A2).

Figure 2.3.2. Dry deposition velocities for PM2.5. 1 June, 1998
(night time average)

Prevailing night time dry
deposition velocities (Figure
2.3.2) over land covered with
grass or crops are 0.05-0.1
cm/s, exceeding 0.2 cm/s in
some forest areas, and are in
the range of 0.1-0.2 cm/s in
areas with mixed tall and
short vegetation. In winter
conditions (Figure 2.3.1), dry
deposition of fine particles
appears enhanced over sea
surface ( 0.02-0.1 cm/s)
compared to the summer
situation due to the unstable
marine atmosphere.

Over land, largest dry deposition velocities 0.2-0.5 cm/s are found to coniferous forests in the
north of Sweden and Russia. The values of 0.1-0.2 m/s are associated with mixed conifers and
free of snow shorter vegetation. Prevailing winter values of deposition velocity are estimated
from 0.02 to 0.05 cm/s for snow free surfaces and below 0.02 cm/s for surfaces covered with
snow.
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Figure2.3.3. Dry deposition velocities for PM2.5. 1 January, 1998 (daily average)

These computed fine aerosol dry deposition velocities compare reasonably well with the
measurement data for different surfaces and meteorological conditions values given in the
Appendix, Table A2 and Figure A1.
acbdef g)hdeIijklgCf

For coarse particles, the mass median diameter of 6.0 µm was used. As for the fine particles,
deposition velocities of coarse particles were integrated over the particle sizes. Here, a lognormal size distribution with a geometric standard deviation of 2.2 was assumed.

(a)

(b)

Figure 2.3.4 Dry deposition velocities for coarse PM2.5 in 1998: (a) 1 June-day, (b) 1 January-day

Daytime dry deposition velocities of coarse aerosol in summer (June 1) are calculated to be
within a range 1.0-3.0 cm/s over most of surfaces and 3.0-5.0 cm/s, exceeding 5.0 cm/s in some
grid cells, on coniferous forests (Figure 2.3.4(a)). Nighttime deposition velocities are in general
smaller. Based on the discussion in Section 2.1.1 we can expect an enhanced dry deposition of
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coarse particles during or after precipitation events relative to that in dry periods, when the
particles are likely to bounce-off. Deposition velocities 1.0-2.0 cm/s are estimated in most area
for winter conditions, and vg = 2.0-5.0 cm/s to coniferous forests (Figure 2.3.4(b)).
Unfortunately, it is rather difficult to validate these estimates, as very little experimental data on
dry deposition of specifically 2.5-10 µm particles is available. However, the calculated values
seem to be rather consistent with deposition velocity of base cations (MMD=4.5 µm) to conifer
forests of 5.1 ± 3.9 cm/s, derived by Ruijgrok et al. (1997) during 9-month field campaign (Table
A2).
Application of the discussed parameterisation method in the MSC-W Eulerian model for PPM
gives 1998 average dry deposition velocities of 0.5-2.0 cm/s for fine particles and 1.0-4.0 for
coarse particles.
Comparison of the modelled dry deposition velocities for fine and coarse particles to available
measurement data (Table A2) shows that the calculated values are of the same order of
magnitude as the field data, given rather wide variability and high uncertainty of measurements.
Moreover, the parameterisation scheme tested appears to describe quite well the diurnal and
seasonal variation of deposition velocity and its dependence on the underlying surface. It is
worthwhile to point out that the wide variation of measured deposition velocities is probably due
to variations in the experimental conditions and also to measurements errors. Among plausible
reasons for experimental errors, the most important to be mentioned are:
• for collection on surrogate and natural surfaces and throughfall measurements - presence of
uncontrolled amount of large particles, absorption of trace gases, leaching or uptake by
vegetation, effect of high humidity, contamination by wet deposition;
• for micrometeorological techniques (profile and eddy correlation) - very low concentration
gradients, complex flow over and around roughness elements, poor selection of the
measurement site (outside the constant flux layer, violation of the request for stationarity and
horizontal homogeneity). Furthermore, in many experiments there is no specification of the
particle size, measurements height, and meteorological conditions, what reduces their
significance for the validation of model results.
mn on oDprqs)tuwvItx)vIyzy|{yz~}yz0tv t zzqs,}Dst qv yz0yqx

There are significant uncertainties in dry deposition velocities of particles, both measured and
modelled. Therefore, it is important to estimate to what extend the model results are influenced
by expected uncertainties in predicted deposition velocities. An analysis of the model sensitivity
to dry deposition velocity has been carried out based on three model experiments. Calculations
have been performed to estimate air concentrations of PM2.5 and coarse PM using 1998
meteorology with following dry deposition parameterisations used:
(A) constant deposition velocities:  = 0.1 cm/s for PM2.5 (same as for secondary inorganic
aerosols in the Eulerian Acid Deposition model) and  =1.5 cm/s for coarse particles
(approximate deposition velocity for 6 µm particles estimated from (2.3.5)).
(B) size integrated deposition velocities are calculated with parameterisation (2.3.5): 
considerably smaller than 0.1 cm/s for PM2.5 and larger than 1.5 cm/s for coarse PM.
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(C) land-use specified parameterisation based on (2.3.5)-(2.3.9) (see discussion in the previous
subsection)
Those tests are selected to represent cases with rather larger difference in deposition velocity
values and have been specified in order to (1) understand the difference between the old
parameterisation of aerosols dry deposition and the new one by comparison of cases A and C,
and (2) estimate the effect of using different parameterisations on the resulting particulates air
concentrations. To quantify the model sensitivity to dry deposition relative differences between
the air concentrations of PM2.5 and coarse PM in cases A-C were calculated and shown for most
relevant cases in Figures 2.3.5 and 2.3.6.
%))IC

5-10 times difference in the dry deposition velocities between tests A and B (see section 2.3.2 for
calculated  values) has a relatively moderate effect on PM2.5 air concentrations over land (2040 %) because dry deposition of fine aerosols is rather inefficient removal process.
Therefore, it can be expected that changing between dry deposition parameterisation schemes
would not result in great changes in the air concentrations of PM2.5.The air concentrations of
PM2.5 are more dependent on wet removal, which will be essentially controlled by the
occurrence and intensity of precipitation
1998 12 31 12 +12
1000 [1 - PM2.5B / PM2.5]

> 0.5000
0.3000 - 0.5000
0.2000 - 0.3000
0.1000 - 0.2000
< 0.1000

Even smaller changes in
air concentration of
PM2.5
are
found
between cases A and C
(Figure
2.3.5).
The
relative differences are
largely within 10-20 %,
and 20 to 30 % in
association with forests
and other rough surface
types.

Figure 2.3.5 Relative differences in PM2.5 air concentrations
due to the difference in dry deposition in cases (B) and (C)
c )¡I¢£¤¥C

2-3 times larger deposition velocities in test B compared to test A result in 50-80 % reduction of
the air concentrations of coarse PM, as for those particles dry deposition plays a significant role
in their removal from the atmosphere;
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1998 12 31 12 +12
1000 [1 - PMcoarB / PMcoar]

> 0.7000
0.5000 - 0.7000
0.4000 - 0.5000
0.3000 - 0.4000
< 0.3000

Figure 2.3.6 Relative difference in concentrations of coarse PM
due to the difference in dry deposition velocities
in cases A and C

In case C shown in
Figure
2.3.6,
concentrations of coarse
aerosols are still lower
than in case A, but the
relative differences are
smaller
that
those
between A and B due to
the
allowance
in
parameterisation B for
particles rebound effect.
Nevertheless, they are
from 20-50 to 50-70 %
in most areas, and
exceed 70% over forests
and other surfaces with
tall roughness elements

The results of the sensitivity analysis show that even very large variation in dry deposition
velocities result in relatively moderate changes of the model air concentration calculations. This
is particularly true for PM2.5 for which dry deposition velocity estimates are most uncertain.
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As it was discussed in previous section, dry deposition of aerosol particles, except for the larger
ones, is a rather slow process. Therefore, wet scavenging plays an essential role to remove
particulate matter from the atmosphere.
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Decrease rate of the aerosol concentration due to wet scavenging in a layer with uniform
concentration can be described by a first-order equation:
æ

æ
∂ å
= −λ å
(3.1.1)
ç
∂
here ècé is the aerosol concentration, and λ [s-1] is the scavenging coefficient. This scavenging
coefficient depends on the particle size and solubility, the collectors size distribution and fall
speeds, and the precipitation rate and form (rain or snow).

Another parameter to quantify particles wet removal is a scavenging ratio W defined as
í

ì

=
ì

ë

(3.1.2)
ê

îcï is the air concentration of aerosol aloft, in the air forming the precipitating cloud, and
where
ðcñ
is the aqueous-phase concentration in precipitation arriving at the surface (Baart et al., 1995;
Pekar, 1996, Seinfeld, 1997). Some experimental data and theoretical estimates for scavenging

25

ratio W are summarised in the Appendix (Table A4). Wet scavenging occurs at different
atmospheric layers. For a layer of height ∆ò , the relationship between these parameters takes a
form:
λ=
ó

⋅ôöõ ∆÷

(3.1.3)

where ø is the precipitation rate. Here one of two assumptions must be fulfilled: either the
distribution of aerosol concentration within the layer is uniform or ù is averaged over the layer.
The aerosol wet deposition flux úûÓüþý can then be defined as
ÿ
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In-cloud wet scavenging of particles includes: $%"&'()*,+-$/.0&)1"($2+$2 (i.e. activation and growth
of particles to cloud droplets) and collection of a non-activated fraction of particles (3#4"5,6785,35,39:
967;80;:8 ) by coagulation with cloud and rain droplets. While the latter process is rather slow and
removes mainly the smallest (d<0.1 µm) and most mobile aerosols, the former one is quite
efficient to incorporate in cloud droplets most of aerosol mass. For example, in field
measurements performed in Jungfraujoch (Baltensperger, 1998), a nearly complete activation of
particles with diameter ≥0.2 µm was observed. The scavenged fraction was shown to increase
steeply from close to 0 % to almost 100 % within an aerosol diameter change from 0.1 to 0.2 µm
(Svenningsson et al., 1997). The incorporated into cloud droplets particles can further be
removed from the atmosphere by precipitation. A number of estimates indicates that in-cloud
scavenging, at least for fine aerosols, is the most efficient removal process (Table 3.1.1)
<>=?@#ACB"DEDE

Estimates of the contribution (%) of different processes to wet scavenging of Pb210
aerosols-carriers in global models. (FHGIJJIKILNMJ#O , 1998a)

In-cloud scavenging
Convective
clouds
47
74
26
-

Stratiform
clouds
38
12
61
-

Sub-cloud
washout

Dry deposition

<1
-

~ 15
< 15

References
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A parameter describing the probability for aerosols to get embedded in cloud droplets, namely
{|}~""# |#|
ε, is defined as the ratio of aerosol aqueous concentration Cw to the total
aerosol air concentration Ca:

ε=

 

  #


(3.1.5)
In-cloud scavenging efficiency depends on the particle chemical composition and size.
Scavenging efficiency was experimentally estimated to be on average 0.6–0.7 for sulphate and
0.8 for nitrate and ammonium, but it is observed to vary significantly depending on the type of a
cloud and pre-existing aerosol number concentration (e.g. Hegg and Hobbs, 1988, Saxena and
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Hendler, 1983, Pandis et al., 1990). Warneck (1988) assumes for bulk aerosol values of ε ≈ 0.75
for continental clouds in background regions, and ε ≈ 0.95 for marine clouds. Scavenging
efficiency was found to range from 0.35 to 0.95 for particles-carriers of some POPs (Kaupp and
McLachlan, 1999), and from 0.1 to 0.97 for lead (Kasper et al., 1998). Some examples on
parameterisation of in-cloud scavenging can be found in Table A3.
C#" "# 

refers to the collection by falling raindrops of particles under their
collision. The collision efficiency depends on the size of particles and raindrops. Experimental
data suggest that all particles that hit a raindrop stick, i.e. get collected by the drop. According to
theoretical estimates, ¡¢ £#¤¥¡¦¦£#£¡¤§ approaches unity for very large and small particles
and shows a minimum gap (10-4-10-3) for particles in the size range 0.1-2 µm. Thus, sub-cloud
scavenging is expected to contribute appreciably to the wet removal of smaller particles (d<0.1
µm) and coarse particles (2.5 µm<d<10 µm), but is rather negligible for the particles within the
accumulation size range.

Scavenging coefficient λ for monodisperse particles and rain drops with diameters d and D
respectively can be calculated as proposed e.g. in Seinfeld (1998)
©
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(3.1.6)

where P - precipitation rate, E(d,D) - collection efficiency of particles by drop, i.e. the ratio of
particle number collection by drop to the total number of particles in the volume crossed by the
drop during its motion.
Charateristic dependence of subcloud washout
ratios ¬ on the particle size (Figure 3.1.1),
where ¯®±°>²,³´µ·¶ ⋅ ¸R¹º , shows a pronounced
scavenging gap for 0.1-1.0 µm particles.
However, a number of measurements has
indicated a smaller than theoretical predictions
dependence of scavenging coefficient on the
particle size, and rather larger dependence on
the raindrop size distribution and, therefore,
precipitation rate. Results of field studies (see
e.g. Radke et al., (1980), Schuman (1989), Ebert
et al. (1998)) have shown reasonably good
agreement
with
theoretically
estimated
Figure 3.1 Dependence of washout ratio W
collection
efficiencies
for
particles
larger
than 1on particle size (Doskey and Andren, 1981)
4 µm. However, for submicron sizes
experimental collection efficiencies were much
higher, and the “scavenging gap” was found much narrower than theories predict.
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Presently, a bulk approach is used in the MSC-E POPs and HM models to describe wet
deposition of particles. The approach at present does not distinguish the in-cloud and sub-cloud
processes, and calculation of the wet scavenging rate is based on using scavenging ratios. Then at
each layer:
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(3.2.1)

were Ca(kg/m3) is the aerosol air concentration, W is the scavenging ratio, P(m/s) is the
precipitation rate, and ∆z is the thickness of the layer.
In the POP‘s model, constant annual values for scavenging ratio are adopted for the particles –
carriers, namely W= 4⋅104 for PCBs and 2.4⋅104 for B[a]P.
In the HMs model, W values are assumed to change from month to month. Scavenging ratio
varies from 1.7⋅105 to 5⋅105 for lead and from 3.6⋅105 to 9⋅105 for cadmium. For particles
containing mercury scavenging ratio is taken to be equal to 7⋅105. Presently, an improved wet
deposition scheme to the HM model is being tested using a separate treatment of sub-cloud and
in-cloud scavenging. In the future, a similar approach could be applied to the POPs model.
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In the EMEP Eulerian model wet deposition is calculated based on a parameterisation scheme
described in Berge (1993).
A loss of aerosol mass in a grid cell due to %&'()*+,.-/(0
∂

9 <
:
∂

9 < ε 687
= − 5
; ∆4

12&3%&3

is found as:
(3.3.1)

where =?> (kg/m3) is the aerosol air concentration, ε is the mass fraction of aerosol incorporated
into the cloud water (scavenging efficiency), @8A (kgw/(m2⋅s)) is the local precipitation release in
the grid cell, mw (kgw/m3) is the cloud water density, and ∆z is the height of the layer.
Scavenging efficiency, ε, is dominated, as it discussed above, by the effect of nucleation
scavenging. Efficiency of in-cloud scavenging depends primarily on the particle solubility and to
a smaller degree on their size. Atmospheric aerosols, particularly the aged ones, are a mixture of
both water-soluble and water insoluble substances. Depending on the relative mass of watersoluble fraction, aerosols can be more or less hygroscopic.
The major chemical constituents of primary particulate matter (PM) are elemental carbon (EC),
mineral dust and crustal material that are essentially hygrophobic, and organic carbon (OC),
which incorporates a hygroscopic fraction. It is expected that initially insoluble primary PM can
be changed under their transport to more soluble due to the atmospheric ageing processes, e.g.
condensation on their surface of soluble species from the gas phase (H2SO4, soluble organic
acids) or coagulation with hygroscopic particles. Field experiments (Svenningsson et al., 1997)
showed that particles with high amount of insoluble carbonaceous matter had lower scavenging
efficiencies than more soluble (sulphate-rich) particles. They concluded that in the submicron
size range, the internal mixture of water-soluble inorganic salts and water insoluble carbon was
dominating. Therefore, the assumption on aerosols internal mixture is quite an appropriate
28

approximation for modelling nucleation scavenging of atmospheric aerosols in regional models.
The fraction of insoluble carbonaceous matter was found to increase with decreasing particles
size. In the other words, depending on the soluble vs. insoluble composition ratio, there is a
certain threshold where particles with greater soluble fraction will be scavenged by nucleation,
while those with a smaller soluble fraction will not. For example, 65-75 % soluble fraction was
measured in fine aerosols at both polluted, rural and background sites in June-September, 1996
(Zappoli et al., 1999). Some experimentally estimated scavenged fractions for different aerosol
components are displayed in Table 3.3.1.

B8CDEFHG G
I I J Experimental estimates for the fraction of wet scavenged particles
KMLNOPQRST
UQL VSWXSYZ[NLQ OP\W
U\]NQS
Sulphate
Soot (EC & OC)
Smoke
(submicron)
Smoke

0.77
0.62
0.57
0.44

(continental clouds)
(marine clouds)
(continental clouds)
(marine clouds)

Svenningsson et al.,
(1997)

0.4 – 0.8

Radke et al. (1991)

(cloud and precipitation processes)

0.53 – 0.71

Chuang et al. (1992)

In the EMEP Eulerian Acid Deposition Model, secondary inorganic aerosols are assumed to be
completely soluble, so that scavenging efficiency ε is set to 1.0. For the purpose of regional scale
modelling of primary PM, an assumption was adopted of an internally mixed aerosol. Since no
chemical speciation was available for the primary PM emission, and the ageing process is not
described in the model explicitly, it was not possible to estimate the solubility of aerosol as a
function of its chemical composition. Therefore, an efficiency of 0.6 for the nucleation
scavenging of fine and coarse PM was assumed (Hansson, H.-C^`_"abdcfeg^h eiji kg ).
The aerosol loss rate of due to lmnopqrmsutvw pxtxydzyxr{ulpz |w{}x{} is calculated in the Eulerian
model based on the parameterisation proposed by Scott (1979) and described in Berge (1993):
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(3.3.2)

where M (kgw/m3) is the concentration of precipitation water (calculated from the precipitation
rate P (kgw/(m2⋅ dd"/du8  dd ¢¡ [d ¢£¤8¥¦§§`£¨ 
efficiency averaged over all raindrop sizes, assuming the Marshall-Palmer precipitation size
distribution, and estimated e.g. to be 10-3 and 0.7 for particles with diameters 2 µm and 10 µm
respectively.
The value of 0.1 is adopted for collection efficiency for sulphate, nitrate and ammonium aerosols
in the Eulerian Acid Deposition model. In the Eulerian model for primary PM, the collection
efficiency values of 10-3 and 10-1 for PM2.5 and 0.1 and 0.4 for coarse particles have been
selected for our tests (see Section 3.3.2).
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In order to study the sensitivity of model results with respect to selected scavenging parameters,
numerical experiments have been carried out with the EMEP Eulerian model for primary PM.
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The calculations for PM2.5 and coarse PM have been performed for September 1997. The main
purpose of the tests was to evaluate the response in model computed wet deposition and air
concentration of primary PM to the rather large uncertainties in wet scavenging parameters,
namely the in-cloud scavenging efficiency and sub-cloud collection efficiency. Moreover, the
importance of in-cloud and sub-cloud scavenging to the total wet deposition of particles has been
considered separately. In these tests, the aerosol solubility varied from 100 % (as for secondary
inorganic aerosols in the Acid Deposition model) to 60 %; the collection efficiency values
selected are 0.1 (as for secondary inorganic aerosols) and 0.001 for PM2.5 and 0.1 and 0.4 for
coarse particles. Defined here, the range of scavenging parameters variation is believed to
represent rather well the existing uncertainly in their values.
Integrated over the modelling domain budgets estimates for different cases of wet deposition of
fine and coarse PM are presented in Table 3.3.2.
For both sizes, the greatest scavenged mass is calculated for case A, assuming 100 % soluble
aerosol species and largest collection efficiencies of 0.4 for coarse PM and 0.1 for PM2.5. The
comparison of results in tests A and C shows that the total mass of scavenged coarse PM changes
only slightly even though the scavenging parameters are varied significantly.

Æ?ÇÈÉÊ¢ËÌ ËÌ Í

Budgets of the wet removal (in kg) of coarse and fine primary PM integrated over
the modelling domain, as calculated with varying scavenging efficiencies.

I. Coarse PM
Scavenging
A: ε=1.0
B: ε=0.6
E=0.4
E=0.4
7
In-cloud
8.08 ⋅ 10
7.56 ⋅ 107
Sub-cloud
2.13 ⋅ 107
2.16 ⋅ 107
Total
10.2 ⋅ 107
9.72 ⋅ 107
Rel. difference (%)
100.
95.3

Scavenging
In-cloud
Sub-cloud
Total
Rel. difference (%)

II. PM2.5
A: ε=1.0
B: ε=0.6
E=0.1
E=0.1
2.67 ⋅ 108
2.55 ⋅ 108
3.44 ⋅ 107
3.57 ⋅ 107
3.01 ⋅ 108
2.91 ⋅ 108
100.
96.7

C:

ε=0.6
E=0.1
8.13 ⋅ 107
7.41 ⋅ 106
8.88 ⋅ 107
87.1

C:

ε=0.6
E=0.001
2.80 ⋅ 108
4.72 ⋅ 105
2.80 ⋅ 108
93.0

In cases A, in-cloud scavenging is responsible for 79 % of coarse PM and 89 % of PM2.5 wet
scavenged from the atmosphere. The decrease of nucleation scavenging efficiency from 1.0 to
0.6 results in the reduction of 4.7 and 3.3 % in the total scavenged mass of coarse and fine PM
respectively. The moderate reduction in the total wet removed mass is probably because the
decreased in-cloud scavenging is partly compensated by some increase in scavenging below
clouds. Still, in cases B the nucleation scavenging removes 78 % of coarse and 88 % of fine
aerosols scavenged from the atmosphere, which confirms the importance of in-cloud scavenging
for atmospheric particles, notably the smaller ones.
Reduction of collection efficiency from 0.4 to 0.1 for coarse PM (tests A and C) results in a
considerably smaller aerosol mass fraction scavenged by precipitation below clouds. However,
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the decrease of sub-cloud scavenging by 65 % is to some extend compensated by the increased
nucleation scavenging, as the greater mass of airborne aerosol becomes available. As a result, the
total scavenged mass of coarse PM is decreased by only 13 %.
As anticipated, even smaller influence of sub-cloud scavenging is found for fine particles. For
PM2.5, collection efficiency E = 0.001 has been tested together with the assumption of 60 %
soluble mass fraction of aerosol particles. It is seen that when the sub-cloud scavenging
efficiency is very low more PM can remain airborne and be transported to higher levels and
become available for nucleation scavenging, so that the in-cloud scavenging appears practically
totally responsible for the aerosols wet removal. The tests results have shown that despite the
significant reduction in both in-cloud and sub-cloud scavenging efficiencies in case C, the total
scavenged mass decreased only by 7 % compared with case A. This outcome means that the
considerable uncertainty in the input scavenging parameters will not be expected to cause large
errors in particles wet deposition.
(a)
1997 09 30 12 +12
1000 [1 - wetB / wet]

> 0.3000
0.1000 - 0.3000
0.0500 - 0.1000
< 0.0500

(b)
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Figure 3.3.1 Relative difference in wet deposition of PM2.5
calculated in cases: (a) A and B, (b) C and B
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Spatial
distribution
of
relative changes in wet
deposition of PM2.5 due to
the changes in scavenging
parameters (Figure 3.3.1)
shows the local character of
the effect. While relative
difference smaller than 10 %
is found in most of areas, it
may reach and exceed 30 %
in some regions. The greater
significance of in-cloud
scavenging relatively to subcloud processes is clearly
seen because the relative
differences of approximately
the same order (up to 30%)
was due to the in-cloud
scavenging
efficiency
reduction by only 40% (case
B), while the sub-cloud
collection efficiency was
decreased by two orders of
magnitude (case C) .

Furthermore, sensitivity tests have been performed to study the influence of scavenging
parameters on model predicted air concentrations of primary PM.
(a)
The results for PM2.5 are
presented in Figure 3.3.2.
For these particles dry
deposition is very slow and
a
considerable
mass
fraction can be transported
to the longer distances.
Therefore, the importance
of wet removal increases
with the travel distance,
especially in the northsouth direction because of
the distribution of emission
sources in Europe. For
instance, the reduction of
nucleation
scavenging
efficiency of PM2.5 from
1.0 to 0.6 (test A and B)
caused 1-5 % decrease in
air concentrations over
most of Europe, and up to
10 % in northern and
southern peripheries. When
sub-cloud
collection
efficiency was decreased
by two orders of magnitude
(from 0.1 to 0.001), the
surface concentrations of
primary PM2.5 increased
by 2 to 10 % (10-20 % in
remote areas).
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Figure 3.3.2 Relative difference in air concentrations of PM2.5
calculated in tests: (a) B and A, (b) C and B.

Much smaller (just a few percent differences on average) sensitivity to wet scavenging efficiency
has been found for the air concentration of coarse PM (not shown). This result is not surprising
because the concentrations of coarse aerosol are to a greater extend than for PM2.5 controlled by
dry deposition. This is also the reason why the largest increase in air concentrations of coarse PM
due to the reduction of wet scavenging efficiency is found closer to emission sources, where the
concentrations are still high. The results also confirm a larger effect of the in-cloud scavenging
processes on the air concentration of coarse particles.
Based on the discussions presented in this section, we can conclude that air concentrations of
primary PM are only slightly affected by the rather large changes in the tested wet scavenging
efficiencies. The selection of parameters to describe wet removal of aerosols, given the present
parameterisation scheme, is not expected to influence significantly the calculated PM air
concentrations.
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The work carried out at MSC-E and MSC-W was intended to refine the descriptions of dry and
wet removal of atmospheric aerosols employed in the EMEP operational transport models. There
are rather large uncertainties in both theoretically predicted and experimentally derived values of
dry deposition velocity; and results from dry deposition models also differ considerably.
However, we believe that the resistant approach for dry deposition of fine and coarse particles
tested with MSC-E and MSC-W dispersion models and discussed here represents a valuable
improvement of the presently used parameterisations of dry deposition of particles in EMEP.
Furthermore, the effect of different scavenging parameters used to describe particles wet
deposition on modelled air concentrations of fine and coarse PM has been studied. The main
conclusions of the sensitivity tests are summarised below.
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• A new calculation routine for dry deposition to forests of B(a)P particles-carriers has been
implemented to the MSC-E POPs model. The parameterisation is based on field
measurements data and believed to be quite an adequate description of fine aerosols dry
deposition to forests.
• The model calculations show the importance of dry deposition to forests, which contributes
with 30 % to the total B(a)P deposition to land. Incorporation of dry deposition to forests
affects noticeably the mass balance of B(a)P between different media.
• Application of the new dry deposition routine to the model results in considerable relative
changes in annual B(a)P deposition (49 % for the total deposition on land, and 40-90 % to
forests). However, much smaller effect is found on air concentrations (about 5 % for the total
area and up to 20-40 % in forest areas of northern Europe and Russia).
• A similar dry deposition parameterisation scheme has been incorporated to the MSC-W
Eulerian model for fine and coarse particles. The scheme allows for the enhancement of dry
deposition under convective conditions and applies different parameterisations for viscous
sub-layer resistance for the specific surface types. The dry deposition model is shown to
predict fairly reasonable deposition velocities of fine and coarse particles compared with
available measurements to various landuse types. The model accounts also for the seasonal
and diurnal variation of deposition velocities.
• Dry deposition velocities of fine particles are shown to be rather sensitive to the
parameterisations applied, while deposition velocities of coarse aerosols are found somewhat
less dependent on the parameterisation scheme. However, the model sensitivity analyses show
that 5-10 times increase in dry deposition velocities of fine particles results on average only in
20-40 % decrease in their air concentrations because dry deposition is a rather ineffective
removal process for those particles. Wet deposition largely controls the transport and removal
of fine particles. For coarse particles, 2-3 times larger deposition velocities result in the
reduction of the modelled air concentrations by 50-80 %, because for those particles dry
deposition contributes significantly to their removal from the atmosphere.
• For both coarse and especially fine primary particles, the model results in air concentrations
are not greatly influenced by the choice of dry deposition parameterisation. In the other words,
despite the large uncertainty in dry deposition velocities we can expect that the model
calculates rather realistic levels of particles air concentrations.
• The bulk approach used in the EMEP Acid Deposition Model, which assumes a constant
deposition velocity of 0.1 cm/s for secondary inorganic aerosols, is verified to give an
appropriate description for dry deposition of those particles. However, the dry deposition
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parameterisation scheme that can allow for particles size will be relevant for a new sizeresolved aerosol model, which is under development at MSC-W. We also believe that given
the significant dependence of particles dry deposition on underlying surfaces and
meteorological conditions, the allowance for these effects makes a better description of spatial
and temporal variation of particles deposition velocity.
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• Wet deposition is described in the MSC-E HMs and POPs transport models as a bulk process
with scavenging ratios given as either mean annual or monthly varying value. A scheme with
separate treatment of sub-cloud and in-cloud scavenging is under development.
• Wet removal process of primary particles in the MSC-W Eulerian model includes in-cloud
and sub-cloud scavenging because this distinction is expected to be relevant particularly for
fine particles. Dependence of in-cloud scavenging on the particle solubility is allowed for by a
scavenging efficiency parameter (set to 0.6), while the efficiency of sub-cloud scavenging is
characterised by the collection efficiency coefficient, which depends primarily on the particle
size.
• The total wet deposition is found to be rather insensitive to the scavenging parameters tested
here, especially with respect to the sub-cloud collection efficiency (two orders of magnitude
decrease in the collection efficiency resulted in only 5-10 % on average decrease in wet
deposition of PM2.5).
• The modelled PM2.5 air concentrations are estimated to change moderately, within 1 to 10 %
(up to 20 % in remote areas), due to the changes either in in-cloud scavenging efficiency from
1.0 to 0.6 or in sub-cloud collection efficiency from 0.1 to 0.001. Even smaller effect on air
concentrations of coarse PM is registered due to the changing scavenging efficiency from 1.0
to 0.6 or collection efficiency from 0.4 to 0.1, because coarse particles are subject to rather
rapid dry deposition, which limits their exposure to precipitation.
• These sensitivity tests show that rather large uncertainties in the parameters characterising
particles wet scavenging have relatively slight effect on the model results, because wet
deposition is primarily controlled by the intensity and, in particular, by the occurrence of
precipitation. Therefore, the selection of scavenging parameters to describe wet removal of
aerosols is not expected to influence significantly the model calculated wet deposition and air
concentrations of atmospheric aerosols. The new developing EMEP aerosol model will be
able to predict the particles chemical composition and thus their hygroscopic properties.
Therefore, implementation in this model of the wet deposition scheme presented here is
expected to improve calculation of in-cloud scavenging, which is a primary contributor to the
wet deposition of atmospheric particles.
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water

Vegetative
canopies

conifer forest

14 land-use
classes

sea surface

4 types:
smooth; with
roughness
elements;
oceans;
vegetation
sea surface

Slinn and Slinn (1980)

Slinn (1982)

Ruijgrok et al. (1997)

Brook, 1999

Pryor et al. (1998)

Giorgi, 1986, 1988

Lindfors et al., 1991

grass

Wesely et al. (1985)

õ÷ö

surface

øù÷ú

Model
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two layers, process oriented

10-3 - 102 µm

two layers, process oriented

0.1 - 10 µm

Two layers; turbulent transport; gravitational
settling, process oriented with dependence on
particle size (Brownian diffusion, impaction,
interception)

tall canopies (forests) - Ruijgrok et al. (1997)
short canopis (also bare soil, water) - Wesely et al.
(1985)

Fine SO42-

3 modes:
nuclei
(N); accumulation
(A); coarse (C)

parameterisation based on Slinn (1982) model by
intregration of E over particle sizedistribution, E
depends on relative humidity and compound

velocity profile in canopies, Brownian diffusion/
interception/impaction (rebound)

two layers, size dependent, process oriented
allows for water surface slip, hygroscopic particle
growth, effect of diffusiophoresis (DF)

Main features
bulk surface vdS, empirical fit to field data,
allows for atmospheric stability

acidifying aerosols
base cations

0.1 - 1.0 µm

2

10 – 10 µm

-3

0.1-2.0 µm
(sulphate)

Particle size

. Review of some dry deposition models for aerosol particle

ûü

L≥0
L<0
very
unstable

vd(cm/s) this
Slinn(1982)
NH4
1.13
1.02
SO4
1.20
1.17
NO3
1.47
1.78
Na
4.94
5.06
conifers - vd=0.96 cm/s
deciduous forest -=0.75
grass
=0.34

Results
0.06 cm/s
0.5 cm/s
(L=-20)
0.6 cm/s
(Zi/L=-100)
( for u*=0.3 )
0.1 µm:
10-3-10-2cm/s for 1-15m/s
1 µm:
0.05-0.07 cm/s
0.1 and 1 µm:
0.01-0.1 cm/s for 1-10m/s
0.2 µm (min) :
0.005 - 0.05 cm/s

turbulent transfer, gravitational settling;
Brownian diffusion/inpaction, bubble burst,
hydroscopic particles growth

turbulent transfer, Brownian diffusion/
0.1µm: vd= (0.8-1)·10-3cm/s
inpaction, bubble burst, hydroscopic particles 0.3 µm
(3-5)·10-3
growth
1.0µm
1.5 ·10-3
5.0µm
0.2-0.6
N mode: 0.01-0.2 cm/s
Vds=CDO1/2⋅Gi,
A mode: 0.001-0.5 cm/s
CDO – drag coefficient at height hs,
C mode: 1.25-5 cm/s
Gi accounts for mentioned processes

upper limits for tall canopies - 4 cm/s
for short
- 1 cm/s
at 55 m heigh

collection
efficiency
due to Brownian diffusion,
interception,impaction
v
2
vd = vg + [ra+ 1/vdS]-1
dS = Ê·u* /uh
allows implicitely for hydroscopic growth
and bounce-off

vd=vg+CDuref[1+ uh/uref F(Ε)]-1
v
g-gravitational settling,, E- total

VdS = DF+CDuh/κ [Sc-1/2 + 10-3/St]
Sc-Schmidt ans St-Stokes numbers

Vds= 0.002 u*
Vds= 0.002 u*[1+(-300/L)2/3]
VdS= 0.002 u*[1 + (-0.3 Zi/L)2/3]

Basic expressions / Processes

= 2-15 m/s
0.1 µm: ·10-3-10-1 cm/s
1.0µm: 10-2-2⋅10-1 cm/s
5.0µm: 5⋅10-2-1 cm/s

ý
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. Different available field measurements of aerosols dry deposition
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$ %
%

sulphates
0.1-1.0 µm

coniferous forest

summer

0.7 (0.0-4.0)

-0.025<L-1<-0.005
-0.005<L-1<0.005

0.90 ± 0.09
0.48 ± 0.05

summer day

0.7 (0.41-1.44)

Sulphate
MMD=0.6µm
σg = 2.0

9 months:
daytime
nighttime

1.3 ±1.2
1.0 ±1.4

MMD=4.5µm
σg = 1.6

9 months

5.1 ±3.9

783+9+:6<;#=.

Wyers and Duyzer (1997) *) taken from Brook et
al. (1999)
Wesely et al. (1985)
z0 =150 cm
Hicks et al. (1982)

coniferous forest

0.5µm
SO4
NH4

Spruce stand
(Sweden)

deciduous
forest

grass

5 years
(05.92-04.97)

z ≅2 m

spring
winter

Lindberg and Harriss
(1981)

*)

0.6 (0.0-1.0)
-0.08 ± 0.18

Hicks et al.(1989)

z0 =150 cm
*)

long term

0.22 (0.0-0.5)

Wesely et al. (1985)

L-1<-0.1
-0.1<L-1<-0.025
-0.025<L-1<-0.005
-0.005<L-1<0.005
L-1> 0.005

0.42
0.38
0.35
0.02
0.04

unstable
overall

GMD =
0.2 µm

Ferm, Hultberg (1999)

0.13

stable

grass
(h=3-7cm)

z=36m

0.5
0.82

summer

long term

sulphates
0.1-2.0 µm

Ruijgrok et al. (1997)

(0.3 - 1.8)
0.07 (-0.53-0.57)
1.4 (0.9-2.5)
1.4
1.0
1.0
2.3
1.2
1.6

van Aalst,Diederen (1985)
Nicholson and Davis
(1987)
u ≤ 4.5 m/s
Everett et al. (1979)
u > 4.5 m/s
u ≤ 4.5 m/s
u > 4.5 m/s
u ≤ 4.5 m/s
u > 4.5 m/s

long term
(06.88-0.6.89)

0.1
(-0.33 - 0.57)

Allen, Harrison and
Nicholson (1991)

u=4.0 (1.6-6.7) m/s
u*=0.23 (0.110.4) m/s

pastured grass

L-1<-0.1
-0.1<L-1<-0.025
-0.025<L-1<-0.005

Wesely et al. (1985)

z0 =2.5 cm

wheat/rye field
(h=1m)

stable
unstable

0.24 ± 0.05
0.20 ± 0.03
0.17 ± 0.03
0.1-0.4
0.6-1.0

Sievering, 1987

u5=6.4 m/s, u*=0.49m/s
u5=8.7 m/s, u*=0.59m/s

night
day

1.0
>2.0

Sievering, 1989

0.05

Sievering, 1983

at z = 5.5 m

MMD =
0.8 µm
0.09-2.5 µm

agricultural land

sulphate
0.1-2 µm

lush grass
(40-50 cm)

sulphate

frozen bare soil

June 1982

0.17 (0.05-0.21)

Wesely et al. (1985)

at z=6 m
z0 =3.6 cm

-0.10<L-1<-0.025

-0.014 ± 0.006

Wesely et al. (1985)

z0 = 0.1 cm
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cm/s
6
5
4
3
Vd (50%)
Vd mean

2

\^]C_C`aQbQced

1
0
0,058

0,153

0,245

0,348

0,449

0,61

0,822 u*(cm/s)

f ghi#j<k

lnm . Deposition velocities (average, median at 36m, and surface) of ammonium
bisulphate to the coniferous forest (Wyers and Duyzer, 1997
oqprstu v#w

Scavenging ratio estimates for aerosol particles
x
Comments
4

5⋅10 - 2.5⋅10

6

Rainout, Washout, Snow

4⋅10 - 1⋅106
5

6

10 - 10
5

7⋅10 - 1.5⋅10
4

6

5

Calculated

[Doskey and Andren, 1981]

Typical value

[Scott, 1981]*

Soluble;

[Peterson, 1983]*

6⋅10 - 9⋅10

Radioactivity carriers

2⋅102 - 5⋅104

POP’s

[Ligocki et al., 1985]*

Metals, S, Cl

[Jaffrezo and Colin, 1988]

B(a)P, mainly rainout

[Rovinsky et al., 1988]*

PAH

[McVitti and Hites, 1988]*

Metals

[Tsybulski, 1993]

10 - 10

HM&POP’s

[Baart et al., 1995]

5⋅105

HM&POP’s

[Pekar et al., 1998]

5

6

3

5

10 - 10
10 - 10
5

1.5⋅10 - 2.5⋅10

5

1⋅105 - 1.5⋅106
5

6

5

6

4

5

10 - 10
10 - 10

105 - 107
103 - 105
(1.5-2.5)⋅105
1⋅106

Reference
[McMahon and Denison, 1979]

for  < 1 µm

y z|
{
µ
>
} y{z| 
µ
<
POP’s
}

 
 

~PH 
 POP’s
HM, on the basis of CCC data

[Poster and Baker, 1996]*

[Franz and Eisenreich, 1998]

[Ryaboshapko et al., 1999]

for 1µm< <2.5µm

* References to original papers containing the table data see (Vozhzennikov  ., 1997)
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Rate of removal from level by precipitation
P-precipitation rate (cm h-1)
S-scavenging coefficient(cm-1)

§
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In-cloud
Sub-cloud
0.
7⋅105
5
5⋅10
3⋅105
5
5⋅10
3⋅105
5
8⋅10
6⋅105
0.
7⋅105
5
7⋅10
5⋅105
Scavenging ratio:
6.7⋅105
4.0⋅105

²/³
/° ±
¯

Guelle et al. (1998a)

Wet scavenging is a function of the local Scavenging coefficient λ* [m-1] = λ/P
precipittation formation (F - fraction of grid area Stratiform clouds:
λ* = 240 F=1.0
with precipitation)
Convective clouds:
λ* =470
F=0.3
Stratiform:
Allows for in-cloud and subcloud scavenging
in-cloud λ depends on the local condensation rate and cloud
for both stratiform and convective types.
fraction F,
Shallow and deep convection is considered
sub-cloud λ depends on local precipitation rate and F
Convective: λ is a fraction of mass fluxes which entrain the
ascending motions (50% for shallow, 100% for deep)



Walton et al. (1988)



Uniform scavenging between the surface
and: 3.6 km height - for stratiform clouds
8.6 km height - for convective clouds



Rehfeld and Heimann
(1995)

¡

Scavenging ratio W for:
SO4 nucleation mode
accumulation small
accumulation medium
accumulation large
BC nucleation
accumulation



Iversen and Seland
(1999)

¢

Aged hygrophilic aerosol,
S = 2.1 cm-1 for stratiform precipitation
0.6 cm-1 for convective precipitation

¬®

Liousse et al. (1996)

!
! 
 

Aerosol global models

Hemispheric scale Eulerian
model for black carbon and
sulphate

In a global 3-D model for
black and organic carbon

Regional and mesoscale
models

 

Soluble particles,
Marshall-Palmer size distribution for precipitation
(rain or snow),
Collection efficiency E = 0.65 for rain
= 0.1 for snow

¥ 

Scott (1982)

¢

Scavenging coefficient [h-1]:
for snow: λ= 0.88 P
(P -precipitation
for rain: λ= 1.26 P0.78
rate [mm h-1])
Dependent on altitude, e.g. for rain:
P(z)0.22= P(z0)0.22- 3.10⋅10-4 m (z-z0)
m - average cloud liquid water in z-z0

. Review of some parameterisation approaches for particle wet scavenging
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