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ABSTRACT 

A particle dry deposition parameterization is applied to a general circulation model to carry 
out a diagnostic study of global scale dry deposition velocities of ambient aerosols. Bulk 
deposition velocities are calculated for observed nuclei, accumulation, and coarse modes using 
two models, one with a more complete description of surface processes. Seasonal as well as 
diurnal effects are analyzed. The spatial and temporal variability of deposition velocities 
depends in a complex fashion on both microphysical (particle size and characteristics of the 
surface elements) and meteorological (surface wind speed and atmospheric stability near the 
surface) variables. For individual snapshots, mass-average dry deposition velocities are found 
to lie in the range of 0.01--0.2 cm/s for the nuclei mode. 0.001--0.05 cm/s for the accumulation 
mode, and 1.25-5 cm/s for the coarse mode. When averaged over long-term simulations, the 
corresponding values are 0.015--0.15 cm/s, 0.002--0.03 cm/s, and 1.25-3.5 cm/s, respectively. 
Averaged deposition velocities are larger over vegetated areas than over snow, bare ground, 
and ocean surfaces by a factor of about 1.5-3 and seem also to be sensitive to different 
vegetation types. Over oceans, the deposition rates tend to mainly correlate with the surface 
wind speed patterns. Over land areas, however, the effect of the surface thermal response to 
insolation on convective mixing in the boundary layer becomes important, especially in 
conditions of small mean solar zenith angle. In this case, the deposition velocity shows a 
marked diurnal trend, being larger during daytime than during nighttime by a factor of 1.5-
2.5. The seasonal variation of surface wind speed and insolation, thus, affects the deposition 
patterns. Ditfusiophoresis related to water evaporation over ocean surfaces is shown to 
possibly play an important role in inhibiting deposition of accumulation-mode particles. 

I. Introduction 

Dry deposition of atmospheric aerosols (i.e., 
deposition on the earth's surface not related to 
precipitation) is a very complex process that 
depends upon meteorological conditions near the 
surface, particle properties, and characteristics of 
the surface roughness elements. Because of these 
dependencies, particle deposition can be highly 
variable in space and time. This variability in 
turn affects the deposition patterns of aerosols 
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that may have significant environmental and/or 
climatic impacts. As illustrations, acid deposition 
in Europe and in regions of United States and 
Canada, the phenomenon of Arctic Haze, and 
the "nuclear winter" hypothesis are related to 
possible effects of perturbations of the atmos­
pheric particulate loading. Since dry deposition is 
one of the processes that regulate the atmospheric 
residence time of aerosols, it is important to 
determine the sensitivity of the corresponding 
deposition rates to relevant physical factors. 

In a previous paper (Giorgi, 1986; hereafter 
referred to as GI), following a semiempirical 
approach, the author developed a particle dry 
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deposition parameterization scheme that ex- 
plicitly describes the effects of meteorological 
variables and particle dynamics on the dry 
deposition velocity, the ratio of particle flux to 
particle concentration at a specified reference 
height. The scheme is designed to be incorpor- 
ated into tracer-transport models by acquiring 
from the “host model” a number of surface 
meteorological variables and surface characteris- 
tics. In the present work, the GI parameter- 
ization is applied to a general circulation model 
(GCM) to calculate dry deposition velocities of 
atmospheric aerosols. The purpose here is to 
investigate on a global scale, using a realistic 
description of atmospheric circulation generated 
by an operational GCM, the spatial and temporal 
variability of calculated deposition velocities as 
affected by meteorological and microphysical 
variables. As we will see, the flexibility of the GI 
parameterization scheme renders it particularly 
suitable for such a study. 

Although the extension of semiempirical de- 
scriptions of dry deposition to field conditions is 
rather tentative and may be subject to large 
uncertainties, a diagnostic study of this type can 
be useful both for deposition assessment and 
modeling purposes. First, it provides first-order 
estimates of deposition rates for observed aerosol 
distributions under a number of simulated, but 
realistic, atmospheric conditions. Second, it 
emphasizes the relative importance of, and the 
possible interactions among, the different physi- 
cal factors that affect the deposition process, and 
as a consequence, the importance of including 
such dependencies in simulations of atmospheric 
particulate budgets. The interest of carrying out 
such an analysis on a global scale is then raised 
by the increasing concern about possible global 
climatic and environmental effects of atmos- 
pheric injections of particulate material (of 
natural and/or anthropogenic origin). 

In the following sections, first the basic charac- 
teristics of the GI dry deposition parameter- 
ization scheme will be briefly reviewed. Mass- 
average deposition velocities will then be calcu- 
lated on a global scale for different observed 
aerosol distributions, on several types of surfaces, 
as a function of time and space. To determine the 
influence on the simulated particle dry deposition 
velocities of an accurate treatment of surface 
processes, results will be presented as obtained 

using two models, one with a more accurate 
description of the atmospheric boundary layer. 
Diurnal as well as seasonal effects will be 
analyzed. 

2. A parameterization scheme for particle dry 
deposition on different types of surfaces 

In this section, we will briefly review the 
particle dry deposition parameterization scheme 
of GI (for details the reader is referred to the 
original paper). This scheme makes use of a two- 
layer boundary layer model consisting of an 
“interfacial layer” of depth 6 (depending on the 
type of surface), immediately adjacent to the 
earth’s surface, and a “surface layer” extending 
from the height 6 to the height h of the bottom 
level of the host transport model. Steady state 
conditions are assumed, that is, the particle flux 
is assumed to be constant throughout the layer 
extending from the surface to the level h (note, 
however, that this assumption becomes less accu- 
rate as h increases). Transfer of aerosols through 
the surface layer is dominated by gravitational 
settling and by turbulence, for which it is 
assumed that particle transfer occurs at the same 
rate as momentum transfer. This approximation 
has been widely used for modeling purposes (e.g., 
Slinn, 1982; Slinn and Slinn, 1980), and was 
preferred in the development of this particle 
deposition parameterization for two reasons. 
First, most of the available laboratory studies 
used to derive the expressions for the particle 
deposition velocity reported only quantities, such 
as the friction velocity, describing momentum 
flux to surfaces. Second, many dynamical models, 
in particular current operational GCMs, make 
use of the surface drag coefficient to parameter- 
ize momentum as well as heat and water vapor 
transfer to the surface. As also pointed out by one 
of the reviewers, however, an analogy to heat 
transfer through the surface layer would probably 
be more correct and should in the future be 
investigated. Transfer through the interfacial 
layer includes the contributions of Brownian 
diffusion, interception, and impaction on the 
surface roughness elements, diffusiophoresis over 
evaporating or condensing water surfaces, and 
again, gravitational settling. Electrical and 
thermophoretic effects are neglected. 

Tellus 40B (1988), 1 
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The scheme produces particle deposition 
velocities relative to the height h expressed in 
terms of wind speed, temperature, and air density 
at the bottom level of the host transport model, 
surface momentum drag coefficient (usually pro- 
vided by the host model), particle size and 
density, characteristics of the surface roughness 
elements and several parameters derived for dif- 
ferent surface types. Four surface types are 
considered: smooth surfaces (such as snow and 
water surfaces at low wind speeds), surfaces with 
bluff roughness elements (bare soil fields, 
developing water waves, irregular ice and snow 
surfaces, and many urban environments), ocean 
surfaces, and vegetative canopies. 

Table 1 shows the expressions obtained in GI 
for the surface deposition velocity, and related 
model quantities, over the various surface types 
(details on the derivation of these relations can be 
found in GI). Figs. 1 and 2 show examples of 
particle deposition velocities over oceans and 
vegetative canopies as  predicted by ( a t ( h )  of 
Table 1 (these figures and other.aspects of this 
parameterization scheme are discussed in detail 
in GI). In general, deposition velocities predicted 
by ( a t ( h )  are minimum in the size range 
r=0.05-1 pm, in which they assume values of 
0.0054.1 cm/s for u, = 20-200 cmjs, where r is 
the particle radius and u. the friction velocity. 
They then increase for lower and higher particle 
sizes (owing to the increasing efficiency of 
Brownian diffusion and impaction, respectively) 
and with wind speed and surface drag coefficient 
(owing to the more effective turbulent transport 
through the surface layer). These deposition 
velocities are generally consistent with laboratory 
measurements of particle deposition over grass 
and other types of short vegetation (e.g., 
Chamberlain, 1967; MacMahon and Denison, 
1979) and with predictions of semiempirical 
models based on laboratory data (e.g., Slinn, 
1977, 1982). They are also consistent with the 
field data of Jonas and Heinemann (1985), who 
measured deposition velocities for radioactively 
tagged mono- and polydispersed aerosols with 
radii in the range of 0.2-8.5 pm on water, smooth 
surfaces, and various types of vegetation. Jonas 
and Heinemann found, for example, that the de- 
position velocity over grass, at u. = 30 cm/s, 
varied from about 0.01 cm/s for r 5 0.5 p m  to 
about 5 cm/s for r > 5 pm, decreasing by a factor 
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Fig. 1. Deposition velocity on oceanic surfaces at the 
height h = 10 m, as a function of the wind speed at 10 m 
(Ul , , ) ,  for I g/cm3 density particles, as predicted by 
using (at(h)  of Table 1 (solid curves) and by the model 
of Slinn and Slinn (1980) (dashed curves). Also shown 
are the deposition data of Moller and Schumann (1970) 
(M&S) and Sehmel and Sutter (1974) (S&S). For the 
M&S data the wind speed was in the range of 3-8 m/s; 
for the S&S data the wind speed was in the range of 
2-14 m/s. 
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Fig. 2. Dependence of 1 g/cm3 density particle 
deposition velocity on friction velocity u,, "large 
collector" projected radius u, and "small collector'' 
collection parameter A,, (see Table 1 and GI), as 
predicted using (a t (h)  of Table I .  Other parameter 
values used for these calculations are C,= 3 x lo-*, 
CG,,' ' = 2.5, CJC, = 1/3, c,, = 0.3, usm = 10 pm (see Table 
1 and GI). These parameter values are typical of grass 
and other types of vegetative canopies (e.g., Slinn, 
1982). Note that particle rebound is also included via 
the factor f,, of Table I .  

of 5 3  for water and smooth surfaces, and 
increasing for various kinds of forests (these last 
estimates based on model considerations). 

Eddy-correlation measurements of submicron 
aersols' deposition velocities yield values that are 
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Table I . Rejerence equations and related parameters for particle dry deposition calculations as inferred 
from the dry deposition parameterization scheme of Giorgi (1986) 

Reference equation 

Surface type G 

Smooth 
(ZO+ Q 0.13) 

13.5 sc-2" + 4.72Sl*(S12 + 400)-' 

Transition (bluff rough. elem.) 6,432Z7: 1614 O,6667Z,;O 2 S2-O sr87,;? 

(0.13 6 Z,,, Q 2) + 2.25Z,-,0*'4S12(Sf* + 400-1 

Fully rough (bluff rough. elem.) 5 0.6849Z&?'25Sc-1f2 
@(I+ 2 2) + 1.75Sf2(StZ+400)-' 

Vegetative canopy 

Ocean 

2.5 (q/cd)' where, 
q = c,Scc' + R2/2  

+Sf :2 (Sf ,+0 .6 )~12+A, ,R , , ln ( l  +R,,) 
Cd = 0.2-0.5 
C,/Cd = I /4- I13 
A,,  = 10-5 - - 10-4 
lBo = e- \  

U' 

g 
2, = 0.015' then, depending on the value of Z, , ,  formulas for smooth to 

fully rough surfaces are used 
Jm is set equal to I 

about an order of magnitude larger than those of 
Fig. 2 (e.g., Wesely et al., 1985). The limitations 
of the eddy-correlation technique in measuring 
small deposition velocities, however, have been 
pointed out and extensively discussed (Slinn, 
1983; Wesely et al., 1985). Moreover, radio- 
nuclides deposition observations have been 
recently used to estimate deposition velocities of 
small particles on vegetation of the order of 0.03- 
0.06 cmjs, i.e., closer to model-derived values 
(Russell et al., 1981; Lindberg et al., 1982; 
Bondietti et al., 1984). A large uncertainty is thus 

present in current field estimates of aerosol dry 
deposition velocities, a n  uncertainty that prob- 
ably exists also for the present calculations. 

In the next sections the parameterization 
scheme of GI will be applied to a G C M  to 
calculate global scale dry deposition velocities of 
aerosols of continental origin. Whitby and 
Cantrell (1975) and Whitby (1978) have shown 
that the distribution of most continental aerosols 
can be approximated by the sum of three modes, 
the nuclei mode (NM),  the accumulation mode 
(AM),  and the coarse mode (CM), each 
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Table I continued 

List of symbols used in this table 

Projected radius of the surface roughness elements 
"Small collector" projected radius 
Ratio of particle diffusivity and momentum eddy diffusivity = 1 
"Small collector" collection factor 
Particle surface Stanton number = K , ,  /u. 
Average drag coefficient for single surface roughness elements 
Average viscous drag coefficient for single surface roughness elements 
Surface drag coefficient relative to the height h 
Surface drag coefficient relative to the height 6 
Particle diffusivity 
Rebound factor 
Gravity constant 
Upper edge of the surface layer corresponding to the bottom level of the host transport model 
Von Karman constant 
Particle drift velocity at the height 6, h 
Overall particle surface transfer velocity 
Interfacial-layer particle transfer velocity 
Surface-layer particle transfer velocity 
Rate of water evaporation (g cm-2 s-I) 
Particle concentration, i.e., number of particles of a given size per unit volume, at the height h 
Particle radius 
Interception parameter = rja 
"Small collector" interception parameter = r / q m  
Schmidt number = v / D  
Stokes number = q c l u ~ / v  
Stokes number = T , ~ , U . / ~  

Friction velocity 
Wind speed at level h 
Particle deposition velocity (at the height h )  
Diffusiophoretic drift velocity 
Particle gravitational settling velocity 
Surface roughness height 
Roughness Reynolds number = Z,, u, / r  
Height of the interfacial layer 
Particle collection efficiency of the single roughness elements 
Particle flux, positive downward, at the height h (assumed to be equal to the flux at the surface) 
Air's kinematic viscosity 
Particle relaxation time = c,/g 

characterized by a log-normal size distribution of 
the form 

d l n r  ( I )  

where (dnldr)dr = number of particles per unit 
volume (concentration) having radii between r 
and r + dr, and N = total particle concentration, 
r, = geometric mean radius, and o, = geometric 

Tellus 408 (19XX) .  I 

1 -(In r - In rs)' 

standard deviation for each mode. The grand 
average of Table 2 in Whitby (1978). taken over a 
large number of observations, yields rs = 0.0065 
pm, ug = 0.53 for the NM, rg = 0.035 pm, up = 0.7 
for the AM,  and rg = 0.5 pm, us = 0.8 for the CM, 
where these values refer to the distribution by 
number. The corresponding values of geometric 
mean radius relative to the distribution by vol- 
ume (or by mass if  we assume a uniform density 
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Table 2. Surface type characteristics used ,for CCM calculations with detailed surface physics 
parameterization ; see Table I .for the meaning ojthe carious symbols 

~~ 

Maximum fractional Seas. change 
Ref. no. Surface type 2, (cm) veg. cover, ‘vc,rumrncr in ’VG surnrncr 

1 Crop 6 0.85 0.6 
2 Short Grass 2 0.8 0.1 
3 Evergreen Needle-leaf For. 100 0.8 0. I 
4 Deciduous Needle-leaf For. 100 0.8 0.3 
5 Deciduous Broadleaf For. 80 0.8 0.3 
6 Evergreen Broadleaf For. 200 0.9 0.5 
7 Tall Grass 10 0.8 0.3 
8 Desert 5 

Sea-ice 5 
9 Tundra 4 0.6 0.2 

10 Irrigated Crop 6 0.8 0.6 
I I  Semi-desert 10 0. I 0.1 
12 Ice-cap 1 

Glacier I 
13 Bog or Marsh 3 0.8 0.4 
14 Inland Watery 
- Ocean* 
16 Evergreen Shrub 10 0.8 0.2 
17 Deciduous Shrub 10 0.8 0.3 
18 Mixed Woodland 80 0.8 0.2 

* See Table I .  
Treated as ocean. 

Table 2 continued 

Ref. no. Surface type cd o h m )  arm (pm) A,,  c, lc ,  C,’  

9 
10 
I I  
I2 

13 
14 

16 
17 
18 

Crop 
Short Grass 
Evergreen Needle-leaf For. 
Deciduous Needle-leaf For. 
Deciduous Broadleaf For. 
Evergreen Broadleaf For. 
Tall Grass 
Desert1 
Sea-ice1 
Tundra 
Irrigated Crop 
Semi-desert 
Ice-cap 1 
Glacier: 
Bog or Marsh 
Inland Watert 
Ocean* 
Evergreen Shrub 
Deciduous Shrub 
Mixed Woodland 

0.3 1 
0.3 0.5 
0.4 0.5 
0.4 0.5 
0.4 10 
0.4 10 
0.3 0.5 

0.3 0.5 
0.3 I 
0.3 0.5 

0.3 0.5 

0.4 0.5 
0.4 10 
0.4 0.5 

10 
10 

10 
10 
10 

10 

~ 

10-J 
10-J 
5 x 10-5 

5 x 10-5 
10-4 
5 x 10-5 

5 x 10-5 

113 2.5 
1 13 2.5 
1 /4 3 
I 14 3 
1 i 4  3 
114 3 
113 2.5 

I 13 2.5 
113 2.5 
113 2.5 

113 2.5 

1/4 2.5 
114 2.5 
114 3 

See Table 1.  
t Treated as ocean. 
1 Treated as a surface with bluff roughness elements (see Table I ) .  
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for the particles in a given mode) are 0.015 pm 
for the NM, 0. I5 pm for the AM, and 3.4 pm for 
the CM. Here, number-average and mass- 
average deposition velocities, respectively VN and 
V,, will be calculated for the NM, AM, and CM, 
where 

In (2). vdep is the particle deposition velocity 
calculated from (a)-(h) of Table I ,  (dn/dr)dr is 
given by (I), and pp is the particle density, 
assumed to be equal to 1.5 g/cm3 for the NM and 
AM, representative of particles with a large 
sulfate component. and 2.5 g/cm" for the 
CM. typical of dust particles (Whitby, 1978; 
Pruppacher and Klett, 1978). For re and og the 
corresponding values mentioned above given by 
Whitby (1978) are used. Note that a specification 
of the total number concentration N appearing in 
( I )  is not necessary since N appears in both the 
numerator and the denominator of (2). The inte- 
grals in ( 2 )  are calculated numerically. 

Different versions of the Community Climate 
Model (CCM) of the National Center for Atmos- 
pheric Research (NCAR) will be used to generate 
the meteorological fields necessary for the com- 
putation of the particle deposition velocities. 
Since this GCM is extensively documented 
elsewhere (Williamson, 1983; Williamson and 
Williamson, 1984; Pitcher et al., 1983; Malone et 
al., 1984; Ramanathan et al., 1983), only descrip- 
tions of the surface layer processes that affect our 
calculations will be presented for each model 
used. 

3. Global scale deposition velocities of 
ambient aerosols: GCM simulations with 
simple surface physics parameterization 

In this section, calculations of particle depo- 
sition velocities are carried out using the standard 

version of the CCM under January conditions. In 
this version of the CCM the boundary layer 
processes that lead to surface exchanges of 
momentum, heat, and water vapor are par- 
ameterized using the well-known bulk formulas 
(e.g., Williamson, 1983) 

where the subscript h refers to the bottom model 
level and U ,  =magnitude of the wind, Ulh and 
Up, = eastward and northward components 
of the wind, respectively, ph = air's density, 
C, = surface drag coefficient, Th= air tempera- 
ture, T, = surface temperature, cp = specific heat 
at constant pressure. k ,  = R&c, with R, = gas 
constant for dry air. oh = ph/pr. where p = press- 
ure and p ,  = surface pressure, D, = surface wet- 
ness factor, 4,  = specific humidity, 4s = specific 
humidity at the surface, and T ~ .  T, = surface 
fluxes of the eastward and northward com- 
ponents of momentum. H, = surface heat flux, 
and W =  surface water vapor flux. The height h 
of the bottom CCM level is about 70 m. 

The parameter needed from (3) for the particle 
deposition calculations is the surface drag coef- 
ficient C,. Only three types of surfaces are 
defined in this version of the CCM, with 
corresponding prescribed constant values of C, : 
ocean with C,= snow and sea ice with 
C, = land with C,, = 4 x lo--'. The distri- 
bution of land. snow, sea ice, and ocean surfaces 
is prescribed. Snow and sea ice areas can be 
identified approximately by land and sea areas 
north of a latitude of about 45"N and south of a 
latitude of about 65"s. Snow and sea ice are 
treated in the fully rough regime as surfaces with 
bluff roughness elements having a roughness 
length of 0.03 cm (Brown, 1981). The land 
surface is assumed to be covered by an "average" 
canopy characterized by a "large collector" 
radius a =0.5 mm, a "small collector" radius 
arm= 10 pm, a value of the parameter 
A,, = 5 x cJcd = 113. cd = 0.3, and 
C;,,' ' = 2.5 (see Table I and GI). The choice of 
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these parameters gives deposition velocities 
roughly characteristic of grass fields (see Fig. 2). 

Fig. 3 first shows an example of snapshots of 
the calculated mass deposition velocity fields for 
typical model-produced conditions in the absence 
of the diffusiophoretic effect over ocean. Also 
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Fig. 3 .  Surface wind speed U,, and aerosol mass- 
average deposition velocity V,, standard CCM, 
January conditions, day 15. (a), U,, shaded areas 
+ 10Q Uh Q 21 m/s, elsewhere U, < 10 m/s. (b), VM. 
nuclei mode, shaded areas + 0.07 < V, < 0.2 cm/s, else- 
where V, CO.07 cm/s. (c), V,, accumulation mode, 
shaded areas + 0.012 < VM < 0.03 cmjs. elsewhere 
V,  <0.012 cm/s. (d), V,, coarse mode, shaded 
areas + 1.8 6 V, < 3.5 cm/s, elsewhere V, < 1.8 cmjs. 

shown is the corresponding surface wind speed 
field. The calculated VM are in the range of 0.01- 
0.2 cm/s for the N M ,  0.001-0.03 cm/s for the 
AM, and 1.25-3.5 cm/s for the C M .  Correspond- 
ingly, the values of VN (which are not reported 
since they present a similar spatial distribution) 
are 0.04-0.5 cmjs for the N M ,  0.003-0.08 cmjs 
for the AM, and 0.024.4 for the CM. The bulk 
deposition velocities can thus vary considerably 
for different particle size distributions and for 
different moments of the distribution. A strong 
dependence of VM on the surface wind speed is 
observed (hereafter the notation “surface wind 
speed” will indicate “wind speed at  the height h 
of the lowest model level”), implying that the 
spatial and temporal variability of the deposition 
will to some extent correlate with the surface 
wind speed variability. Also, particularly for the 
A M  and the CM, particle deposition seems to be 
significantly sensitive to the surface type, as 
indicated by the presence of high deposition 
velocities over land even in regions of low wind 
speed. This is better illustrated in Fig. 4, which 
shows deposition velocities and wind speeds 
averaged over a 20-day simulation. 

Two features are of particular interest. First, 
the values of the mass deposition velocity remain 
in the fairly well defined range (after averaging) 
of 0.015-0.12 cm/s for the N M ,  0.0024.024 cm/s 
for the AM, and 1.25-3 cm/s for the CM. Second, 
in addition to the already mentioned wind speed 
dependence (more evident over ocean), we notice 
that all modes have deposition velocities that are 
on average higher over ‘‘land’’ than over snow, 
sea ice, and ocean surfaces. This difference, 
about a factor of 1.5-3, becomes more pro- 
nounced as the particle mode radius increases, 
due to the effect of impaction. 

The combined wind- and surface-type depen- 
dence is also revealed by the time and zonally 
averaged deposition velocities of Fig. 5. The 
distribution of the peaks in the VM field matches 
the peak structure in the surface wind speed field 
(note how the surface midlatitude westerlies and 
subtropical easterlies appear in Fig. 5), but the 
magnitude of the peaks is modulated by the 
amount of land present in the corresponding 
zonal bands. For each mode the deposition veloc- 
ity presents relative maxima in the midlatitude 
and subtropical belts (higher in the northern 
hemisphere) and relative minima in the equa- 
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Fig. 4. Surface wind speed Uh, and aerosol mass- 
average deposition velocity VM, standard CCM. January 
conditions, time-average, days 0-20. (a), Uh, shaded 
areas + 10 Q U ,  Q 17 m/s, elsewhere Uh < 10 m/s. (b), 
VM. nuclei mode, shaded areas + 0.06 < V, Q 0. I 2  cm/s, 
elsewhere VM < 0.06 cmjs. (c), VM, accumulation mode, 
shaded areas + 0.012 6 V, < 0.024 cm/s, elsewhere 
V, <0.012 cmis. Also shown is the 0.018 cm/s isoline. 
(d), VM, coarse mode, shaded areas + 1.8 < V, < 3 cmjs, 
elsewhere VM < 1.8 cm/s. Also shown is the 2.4 cmjs 
isoline. 

torial, tropical, and polar regions. Interestingly, 
this trend is generally observed also in individual 
zonally averaged snapshots. 

Thus, while the deposition velocity can be 
locally highly variable depending on the surface 

wind conditions, long-term averaged trends in the 
deposition velocity patterns are definitely ob- 
served, which are affected by particle size distri- 
bution, wind fields, and surface characteristics. 
Note that, since a single value of C, (corre- 
sponding to a roughness length of approximately ‘ 
10 cm) is used for all “land” areas, the particle 
deposition patterns over snow-free continental 
regions are related to the corresponding surface 
wind-speed patterns. The dependence of the 
deposition velocity on the characteristics of dif- 
ferent land types will be examined in the next 
section. 

Some authors in the past have speculated that 
the surface diffusiophoretic effect induced by 
water vapor evaporation and condensation could 
be relevant for deposition over ocean (Slinn, 
1977; Slinn and Slinn, 1980; Slinn et al., 1978). It 
thus seemed interesting to estimate this effect on 
a global scale with the present model by intro- 
ducing a diffusiophoretic drift velocity as  given 
in Table I .  

The effect of diffusiophoresis is illustrated in 
Fig. 6 where AM time-averaged deposition 
velocities are reported. The model-produced 
diffusiophoretic drift velocities generally varied 
in the range of -0.0154).001 cm/s, the inhibiting 
action of evaporation (negative drift velocities) 
being strongly dominant. The effect associated 
with evaporation is especially noticeable in the 
tropical and equatorial regions where deposition 
of AM particles is strongly inhibited. In these 
regions the calculated deposition velocities 
become less than 5 x cmjs. Since the 
diffusiophoretic drift velocity is size-independent, 
the effect on NM and CM deposition is relatively 
less important. Nevertheless, if the formula of 
Table 1 can be considered valid for field 
conditions, this example shows that for the long- 
lived background aerosol, diffusiophoresis plays a 
significant r61e in slowing deposition over the 
ocean. 

Another issue often discussed in the literature 
is the effect of growth of soluble particles due to 
condensation of water vapor at the high relative 
humidities near the ocean-air interface. Slinn and 
Slinn (1980) hypothesized that particle growth 
could considerably enhance the deposition of 
submicron particles. However, in a recent work, 
Jenkin (1984) has shown that this effect is not 
larger than the uncertainty present in measured, 
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and probably model-derived, deposition vel- For this purpose, the growth model of Slinn 
ocities. It is nevertheless interesting to estimate and Slinn (1980) can be used. In this model a 
what its influence would be on our simulated "wet" particle radius is used in place of the dry 
particle deposition. radius in the expression of interfacial layer trans- 
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fer velocity and gravitational settling velocity at 
the height 6. The wet radius is obtained using the 
formulas of Fitzgerald (1975) under the assump- 
tion that the particle is in equilibrium at the 
relative humidity near the water interface. The 
general validity of this assumption has been 
criticized on the basis of comparisons of typical 
particle residence times near the surface and 
characteristic particle growth times (e.g., Ferron, 
1977; Jenkin, 1984). The equilibrium assumption 
seems to be valid only for very small particles 
that very rapidly reach the equilibrium size; for 
this reason only results from calculations for the 
NM and the AM will be reported here. 

The other major uncertainty of this model 
concerns the value of relative humidity for use in 
the equilibrium radius calculations. The relative 
humidity at the air-ocean interface is equal to 
about 98.2:; because of the presence of dissolved 
salts (e.g., Williams, 1982). On the other hand, 
since the relative humidity in the interfacial 
laminar sublayer drops rapidly away from the 
interface, Jenkin (1984) and Garland (1983) 
suggest that a more suitable range would be 90- 
95%. Here, in order to estimate an upper limit of 
the particle growth effect over ocean, the value of 
98% will be used in the context of Slinn and 
Slinn's model. 

With this assumption, mass deposition vel- 
ocities over ocean surfaces were recalculated for 
lOOo/,, ammonium sulfate NM and AM particles. 
For these particles the equilibrium radius growth 
at 98% relative humidity is about a factor of 3 .  
While the deposition spatial and temporal 
patterns remained basically unchanged, the 
values of V,,, decreased by a factor of about 2 for 
the NM and changed only slightly for the AM. 
Note that these variations would be even less 
pronounced when using relative humidities of 90- 
95% in the wet radii calculations. This result can 
be understood when noting that for the NM, and 
to a lesser extent the AM, most of the particles lie 
in a region of the size spectrum where an increase 
in size of the order of that produced by equilib- 
rium growth at 98% relative humidity results in a 
decrease in the corresponding deposition velocity 
(see Fig. 1). 

Although the growth model employed to derive 
these estimates is affected by a high degree of 
uncertainty, these calculations show that for ob- 
served ambient aerosol size distributions the 

effect of particle growth probably represents only 
a minor contribution to the overall deposition 
rate, at this stage well within the range of uncer- 
tainty present in current modeling of particle 
deposition over the Ocean surface. 

In summary, the calculations presented in this 
section show a quite intriguing pattern of depen- 
dencies of the aerosol deposition velocities upon 
particle properties, wind speed, and surface char- 
acteristics. However, highly parameterized sur- 
face physics was employed in these simulations, 
along with a very limited number of surface 
types. It is thus necessary to evaluate how sensi- 
tive the calculated deposition velocities are to a 
more accurate treatment of the boundary layer 
and to a more detailed specification of the land 
type distribution. This problem will be addressed 
in the next section. 

4. Global scale deposition velocities of ambi- 
ent aerosols: GCM simulations with a 
more detailed surface physics parameter- 
ization 

In this section, global scale deposition vel- 
ocities are calculated using a version of the CCM 
containing a more detailed description of surface 
physics. The new boundary layer parameter- 
ization package has been developed by various 
members of the Atmospheric Analysis and 
Prediction Division of NCAR and other collab- 
orators, and is described in detail in Dickinson et 
al. (1981, 1987), and Dickinson (1984). 

Many innovations are of interest for our calcu- 
lations. Briefly, 18 land-surface types are defined 
in the standard CCM horizontal resolution 
(approximately 5" latitude and 7.5" longitude), 
based upon the land-use data archives of 
Matthews (1983, 1984), Wilson (1984), Wilson 
and Henderson-Sellers (1985). and Henderson- 
Sellers et al. (1986) (see Table 2 and Fig. 7). 
At each land grid point, depending on surface 
type assignment, season, and surface tempera- 
ture, a fraction of the grid point covered by veg- 
etation FVG is defined, the remaining fraction 
F,, = I - F,, being assumed to be covered by 
bare soil. Referring to Table 2, FVG varies roughly 
as a quadratic function of the model subsoil 
temperature T,. (see below) from FvG,summcr if  
Tg2 > 298 k to Fv<;,summcr - AF,, if T,, <273 k, 

Tellus 40B (1988). I 



7 1 /I 
Ill 2 TI I 11 

z IT1Illll 1 I1 77( 

u 9 E I R R ira R n IIA n II 91 
I I 9 511 17 IIR ll‘lli R P R R Ill1 77 

I I I 817 7 017 Z 7 illlfl H IllIR 11 7 7 I1 
I I 12 6 h 7 z 1 2 Ill1 Ill11 151ZZ 

I I I22 llH77 117 [ 1 I I < < I 17 117 
UII 7 llIII1z 7 11111“ bI)I< I 1 < I I I ‘11‘11r 

0 ;lypl ; ; ; u11 7 7 2 2 112 7 113 Ill I I I I I 1 
U181817 UIF 811 7 7 2 1 I Z 7 I I I 1 I 

RI R t t t t I r c I 7 I nil z UIQII, I h I, I II iIr I RII I 
6 6 66 1 RIb D D D I I I I I C UI( I I 11 It h $1 I1 h (I I I k Rll, h h I2 

6 6 6 6 6 6 8lRlHlAlRlAlRlb IIC C E L r 1- C R 71 U 1, 718 6 6 (I h I IIIII I I I R h 
6666666<<66bb6hh6 666 R 71?111f, I1 6 6 6 b 6 I h h 6 b h 11 h R R 1, 
8 R R 8 R R b 6 13 h 6 b 6 R I1 H 8 R h (1(1!1/111 $1 R I, h R I1 11 h H R 14 U U H R R 
8 R R R n 8 R n A ?in n A n II n u n R R II ZT A R ?1;17171;1fit, n 6 f, R $1 u H I? n n n II R II 51 
R A A A R A R H R A u a A R u R n n R R u n Q n 71r11, II n n II u II n IT H it ,/ R 12 R A II II ii 11 R 
R R A R R H n n R n R n R II n R a u R u 5, n A H H n P I, $2 11 :I ;I ii ,I u :j R ,I ,; u $1 51 R ti $1 n il ii 



DRY DEPOSITION VELOCITIES OF ATMOSPHERIC AEROSOLS 35 

large collector radius a and the parameter As,,,, 
are admittedly only tentative and have been 
chosen mainly for illustrative purposes. 

The drag coefficient C,  is calculated 
(Dickinson et al., in press) as a function of C,,, 
the drag coefficient for neutral stability, and the 
surface bulk Richardson number 

(4) 

where U i  = U,:, + Ujh + U,!. T, = top ground (or 
snow m d  sea ice) temperature, T,, UAh, Ugh = air 
(potential) temperature. and eastward and north- 
ward components of the wind at the height of the 
lowest model level h,  and U,,  the convective wind 
speed. is given by 

U, = 0.1 m/’s, 
( 5 )  U, = 1 .0 mls. 

In the presence of vegetation, the air temperature 
within the canopy is used in (4) in place of T,. 

With these definitions, C,  is assumed to be 
equal, for Ri, 0, to 

C, = CDb( 1 + 2 4 . 3  - C,,, Ri,)’ ’) (6) 

and for RiB 2 0 to 

Th/Tg 2 1 
T,,’T, 2 I .  

C,  = C,,,,i( I + 1 I .SRi,). (7) 

Eqs. (6) and (7) are B slight modification of 
formulae given in some notes of Deardoff (see 
Dickinson. 1981, 1987). For heat transfer the 
same values of C,, are used, even though in reality 
the value for heat is somewhat larger for unstable 
conditions and somewhat smaller for stable 
conditions. As explained in Dickinson (1981. 
1987). “This refinement did not seem to 
be numerically large enough to warrant its 
inclusion.” 

The neutral drag coefficient is given by 

where K is the von Karman constant. equal to 0.4. 
and Z , ,  is the roughness length. For water sur- 
faces it is assumed that the neutral drag coef- 
ficient relative to a height of 10 m is equal to 
0.0014, which gives from (8) an average value of 
Z,, = 7.3 x lo-& m. For bare soil Z,  is taken to be 
equal to lo-’ m and for snow Z, = 3 x m. 
After the stability correction the drag coefficient 
is lower bounded by the value 4 x 

Given these model-produced parameters, at 
each grid point the deposition velocity is 
calculated as 

(9 )  

where FBs. F,,;, and FSN (= FsV,; + FsBs) are the 
fraction of grid point occupied respectively by 
bare soil (or water), vegetation, and snow (or sea 
ice), and vBs, rV(;. iind rSN the corresponding 
deposition velocities derived from the formulas in 
Table I .  Eq. (9) is then used in ( 2 )  to calculate the 
mass deposition velocity VM. 

For these calculations U , ,  as defined in (4) is 
used in (a)-(h) of Table 1 in place of the wind 
speed at the bottom CCM level U, .  The addition 
of a convective velocity to U, prevents the par- 
ticle turbulent deposition rate from vanishing 
when the calculated surface wind speed is equal 
to 0. Note that in grid points composed of 
different types of surfaces (for example, veg- 
etation and bare soil, or vegetation, bare soil, and 
snow), the same value of surface wind speed and 
bulk Richardson number are used to calculate the 
corresponding deposition velocities. As shown by 
Walcek et al. (1986). this procedure may some- 
what overestimate the computed averaged depo- 
sition velocities; however, its use was motivated 
by consistency with the momentum transfer cal- 
culations in the host model. 

Simulations have been carried out using the 
CCM with the new boundary layer package for 
both January and July conditions. Figs. 8, 9, and 
10 first show the temporal variation of relevant 
aerodynamic parameters and mass deposition 
velocity for the various aerosol modes at two grid 
points, for July and January simulations. Figs. 8 
and 10 refer to a grid point located in the 
midcontinental United States characterized by 
vegetation type 18 (mixed woodland), while Fig. 
9 refers to a grid point in the Northern 
Hemisphere Atlantic Ocean (see Fig. 7). 

Fig. 8 emphasizes the effect of the diurnal 
cycle on the deposition velocities calculated over 
land areas when the mean solar zenith angle is 
relatively small (i.e., in conditions of maximum 
insolation). During daylight hours, as indicated 
by a sharp decrease in bulk Richardson number, 
the insolation increases the surface temperature 
and, as a consequence, the convective instability 
near the surface. As indicated by the friction 
velocity trend, this enhances turbulent transport 

“dcp = FBS “BS + ‘VC, “ V ( ;  + FSN “SN 7 
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Fig. 8. Richardson number, surface wind speed U(,, 
friction velocity, and mass-average deposition velocities 
for NM. AM, and CM as a function of time over a 
continental United States grid point (see Fig. 7); July 
conditions. Shaded areas indicate nighttime conditions. 

through the boundary layer and in turn the 
particle deposition velocity. For all modes, 
deposition is in fact more efficient during 
daytime than during nighttime on average by a 
factor of about 1.5-2.5, and is mostly correlated 
with the friction velocity. Interestingly, the 
higher wind speeds associated with nighttime 
conditions tend to somewhat compensate for the 
effect of the convective stability trend. 

As shown in Fig. 9, the situation over ocean is 
quite different. Because of the high heat capacity 
of water, simulated in the model by prescribing a 
seasonal ocean surface temperature, the influence 
of the diurnal cycle becomes much less important 
(the Richardson number's temporal trend is basi- 
cally determined by large scale temperature 
advection), and the dependence on wind speed 
dominates for the N M  and AM.  For the CM, at 
the simulated low surface-wind speeds over this 
grid point, the contribution of gravitational set- 
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Fig. 9. Richardson number, surface wind speed U,, 
friction velocity, and mass-average deposition velocities 
for NM, AM, and CM as a function of time over a 
northern hemisphere Atlantic Ocean grid point (see 
Fig. 7); July conditions. Shaded areas indicate night- 
time conditions. 

tling is largely dominant. At higher wind speeds, 
due to the enhanced efficiency of impaction, the 
wind speed dependence for the CM becomes 
more evident (see below). 

Finally, Fig. 10 refers to the same land grid 
point of Fig. 8, except for a January simulation, 
i.e., in conditions of high mean solar zenith angle 
and lower insolation. In this case, as expected, 
the diurnal cycle is much less evident than it is 
for summer conditions, and the'effect of synoptic 
systems is more important. The boundary layer is 
generally more stable, and the surface wind speed 
dependence is accentuated. 

A similar analysis was also carried out for grid 
points a t  different locations, corresponding to 
different surface types, and the results showed a 
behavior similar to that indicated in Figs. 8-10. 

The dependence of the mass deposition vel- 
ocity on the surface type is revealed by Figs. 1 1  
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and 12, which show surface wind speed and 
deposition velocity for the three modes over the 
entire domain averaged over 20-day simulations. 
Because of the dependence of the results on the 
diurnal cycle the averages were taken using snap- 
shots corresponding to the same time of the day, 
namely 18.00 GMT. Areas roughly corresponding 
to night- and daytime are indicated in the figure. 

Averaged deposition velocities over Ocean lie 
in the same range as for the standard CCM 
simulations and show a similar wind speed 
dependence. On the other hand, deposition over 
land presents some interesting features. With 
reference to the land type distribution of Fig. 7, it 
can first be noted that, for each mode, deposition 
velocities over vegetated areas are higher than 
over desert, semidesert, and snow-covered (or sea 
ice) areas by a factor of 1.5-3. This difference 
becomes more pronounced for the AM and CM 
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Fig. 11. Surface wind speed Uo. and aerosol mass- 
average deposition velocity V,. CCM with detailed 
surface physics parameterization, January conditions, 
time-average over 18.00 GMT snapshots, days 0-20. 
Daytime and nighttime areas are roughly indicated. 
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Fig. 12 Surface wind speed U,,, and aerosol mass- 
average deposition velocity VM, CCM with detailed 
surface physics parameterization, July conditions, time- 
average over 18.00 GMT snapshots, days 0-20. 
Daytime and nighttime areas are roughly indicated. 
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U ,  < 10 mls. (b), VM. nuclei mode, shaded areas 
-, 0.06 C VM Q 0.15 cmis, elsewhere VM < 0.06 cm/s. (c). 
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C 0.03 cmis, elsewhere VM < 0.012 cm/s. Also shown is 
the 0.018 cm/s isoline. (d), V,, coarse mode, shaded 
areas -, 1.8 C VM < 3.5 cm/s, elsewhere VM < I .8 cm/s. 
Also shown is the 2.4 cm/s isoline. 

due to the increasing efficiency of interception 
and impaction. For the AM and C M  there also 
seem to be detectable differences in the large 
scale deposition efficiencies over different veg- 
etation types. Note, for example, the relatively 
higher deposition velocities (up to averaged 
values of 0.03 cmjs for the AM and 3.5 cm/s for 
the CM, and instantaneous values of 0.05 cmjs 
for the AM and 5 cm/s for the CM) over needle- 
leaf forests and tall grass due to the high 
collection efficiency of the vegetative collectors. 
Conversely, relatively lower values are calculated 
over broadleaf forests due to a combination of 
low collection efficiency and low averaged 
surface wind speeds. Deposition rates over other 
vegetation types lie between these two limits. For 
the NM, the deposition velocity over vegetation 
appears to be more uniform, lying in the range of 
0.01 5-0. I5 cm/s. 

Seasonal effects can be deduced by comparing 
Figs. 1 I and 12. The surface wind speed, and so 
the deposition velocity, is generally larger in the 
winter hemisphere midlatitudes, particularly over 
oceans. Over land, the surface vegetation type 
and the diurnal cycle dependencies play the most 
important rBle as indicated by the generally 
higher deposition velocities over vegetated, 
daytime (at small mean solar zenith angle) areas. 
Seasonal differences on a regional scale can be 
noticed (for example in the Northwestern United 
States and Canada and areas of continental 
Asia), being related to the interactions of season- 
al surface wind speed and insolation patterns. 

The time and zonally averaged deposition vel- 
ocity profiles (Fig. 13) show characteristics 
similar to those obtained with the simple bound- 
ary layer simulations. A similar pattern of 
“modulated” peaks is in fact found, corre- 
sponding to the wind speed peak distribution, the 
main modulation factor being in this case the 
fractional vegetation cover in a latitudinal band 
in place of the fractional land cover. Relative 
maxima are, again, roughly located in the 
midlatitude and subtropical belts, with deposition 
velocities generally increasing in the winter 
hemispheres. 

In summary, although of a rather crude and 
somewhat tentative nature, the deposition calcu- 
lations presented in this section emphasize, in 
addition to the already investigated wind speed 
dependence of the deposition rates, the following 
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two effects: (a) The diurnal cycle affects the 
particle deposition patterns over land, especially 
for small mean solar zenith angle conditions, in 
that it influences the convective stability near the 
surface and thus the turbulent transfer through 
the boundary layer; and (b) deposition is more 
efficient over vegetated areas than over bare soil 
or snow fields, and can significantly vary from 
one vegetation type to the other. Thus, the use of 
diurnal and/or land-use-type averaged deposition 
velocity over land may lead to significant errors 
in simulating global ambient aerosol deposition 
rates. 

5. Conclusion 

In this work the semiempirical dry deposition 
parameterization scheme described by Giorgi 
(1986) has been applied to a general circulation 

model to study global scale deposition velocities 
of ambient aerosols assuming no shifts of particle 
size distribution with location. This study has 
first of all effectively illustrated the versatility of 
this dry deposition parameterization scheme, 
which has been applied to a number of case 
studies including deposition over a variety of 
surface types, effects of various meteorological 
variables, and relative importance of different 
deposition mechanisms. 

The calculations presented here show that large 
scale dry deposition velocities are highly variable 
in space and time, this variability being sensitive 
in a complex fashion to local meteorological 
conditions near the surface (wind speed and 
atmospheric convective stability), surface charac- 
teristics (surface roughness length and properties 
of the roughness elements), and particle proper- 
ties (particle radius and density). Since this vari- 
ability can affect the deposition patterns of 
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atmospheric pollutants, it should in some way be 
accounted for in models of atmospheric aerosol 
cycling. Calculated mass deposition velocities for 
the continental aerosol nuclei, accumulation, and 
coarse modes are less than about 0.2 cmis, 0.05 
cmis. and 5 cmis for individual snapshots, and 
0.15 cm/s, 0.03 cmis. and 3.5 cm/s when averag- 
ing over long-term simulations, respectively. 
They are higher on average over vegetated areas 
than over bare soil, ocean, snow, and sea ice by a 
factor varying from 1.5 to 3 ,  can significantly 
depend on the vegetation type, and increase with 
wind speed and boundary layer convective insta- 
bility. The diurnal cycle is here found to have an 
important effect on the deposition rates over land 
areas, particularly for high insolation (i.e., small 
mean solar zenith angle) conditions. The depo- 
sition velocities are in fact higher during daytime 
than during nighttime by a factor of 1.5-2.5 
depending on insolation. Following the surface 
wind speed and land distribution patterns, 
zonally averaged deposition velocities show rela- 
tive maxima in the midlatitude and subtropical 
belts, generally more pronounced in the winter 
hemispheres. It was also found that diffusio- 
phoresis over evaporating ocean surfaces may be 
significant in inhibiting deposition of accumu- 
lation-mode particles. 

As already pointed out, our calculations are 
only tentative in many aspects, particularly in the 
extension of a semiempirically based description 
of dry deposition to field conditions, and as such 
should be viewed as preliminary and illustrative. 
Future studies should also investigate the analog 
with heat (rather than momentum) transfer to the 
surface. and the changes in dry deposition 
velocities caused by the evolution in the particle 
size distribution due to microphysical processes. 
Measurements of particle deposition in which 
relevant meteorological and microphysical vari- 
ables are carefully monitored are needed, both in 
the laboratory and in the field, to narrow the 
uncertainty that exists today in estimates of 
atmospheric aerosol residence times. 
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