Tellus (1988), 408, 23-4]

Dry deposition velocities of atmospheric aerosols as
inferred by applying a particle dry deposition
parameterization to a general circulation model

By FILIPPO GIORGI, National Center for Atmospheric Research*, P.O. Box 3000, Boulder,

Colorado 80307, USA

(Manuscript received October 29, 1986; in final form February 4, 1987)

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. Diffusiophoresis related to water evaporation over ocean surfaces is shown to
possibly play an important role in inhibiting deposition of accumulation-mode particles.

1. 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 é (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 k& 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 A (note,
however, that this assumption becomes less accu-
rate as 4 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 (usnally 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)-(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)-(h) are minimum in the size range
r=0.05-1 um, in which they assume values of
0.005-0.1 cm/s for u, =20-200 cm/s, 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.,
Chamberiain, 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 um 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~0.5 um to
about 5 cm/s for r > 5 um, decreasing by a factor
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Fig. 1. Deposition velocity on oceanic surfaces at the
height A = 10 m, as a function of the wind speed at 10 m
(U,o), for 1 g/cm? density particles, as predicted by
using (a)-(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
MA&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/cm?® density particle
deposition velocity on friction velocity u,, ‘“large
collector” projected radius a, and ‘‘small collector™
collection parameter A, (see Table 1 and GI), as
predicted using (a)-(h) of Table 1. Other parameter
values used for these calculations are C, =3 x 1072,
Cp!P=25,¢,/cs=1/3,¢,=0.3, a,, = 10 um (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 1.

of ~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 1. Reference equations and related parameters for particle dry deposition calculations as inferred
from the dry deposition parameterization scheme of Giorgi (1986)

Reference equation

¢h = l‘dcp ny (a)
Lyep = Kyep + Ko (b)
_ KSL(Kfouo + Ky~ Kan) ©
T Kat K feot Ky
172
D,
KSL:CDU"APEE——C? (d)
Ky =Cplu,G (e
Ky =¢, 48]
Ky =1t + tg =1, +10°m ®
G=8,G" )
Surface type Cy)? G
Smooth 13.5 Sc™3 + 4.7281%(Se> + 400) "
(Z,, <0.13)
Transition (bluff rough. elem.) 6.4322Z, %% 0.666720'1’-2&(70SJBZ‘;*U *
0.13<2,, <2) +2.25Z;0%% St + 400)”
Fully rough (bluff rough. elem.) 5 0.6849Z; 5 §c~ '
(Z,, 22) + 1.7581%(St* + 400) !
Vegetative canopy 2.5 (n/cy)'* where,

2
Ocean

n=c,Sc "+ R*2
+ 513%(St, +0.6)"*?
¢, =02-05
c,Jeq > 1/4-1/3
A~ 1075 — 1074

Joo=¢" *

+ AL R

sm “‘sm

In(1 + R,,)

a

u
Z,=0.015— then, depending on the value of Z,,, formulas for smooth to

fully rough surfaces are used

Juo is set equal to 1

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 cmy/s, 1.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, an uncertainty that prob-
ably exists also for the present calculations.

In the next sections the parameterization
scheme of Gl will be applied to a GCM 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

Tellus 40B (1988}, 1
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Table 1 continued

List of symbols used in this table

a Projected radius of the surface roughness elements

a., **Small collector™ projected radius

A, Ratio of particle diffusivity and momentum eddy diffusivity = 1
A **Small collector™ collection factor

B, Particle surface Stanton number = K| /u,

Average drag coefficient for single surface roughness elements
Average viscous drag coefficient for single surface roughness elements

b,  Surface drag coefficient relative to the height ¢
Particle diffusivity
S50 Rebound factor

Cy
CV
C, Surface drag coefficient relative to the height A
C
D

g Gravity constant

h Upper edge of the surface layer corresponding to the bottom level of the host transport model
k Von Karman constant

Ky Particle drift velocity at the height 6, A

Overall particle surface transfer velocity
K Interfacial-layer particle transfer velocity
Ky Surface-layer particle transfer velocity

Particle concentration, i.e., number of particles of a given size per unit volume, at the height h

m Rate of water evaporation (g cm~257')

n

r Particle radius

R Interception parameter = r/a

R, *“Small collector” interception parameter = r/a,,
Sc Schmidt number = v/D

St Stokes number = 11’ /v

St, Stokes number = 1,4 u, /a

u, Friction velocity

U, Wind speed at level A
Loep Particie deposition velocity (at the height /)
Tgon Diffusiophoretic drift velocity

t, Particle gravitational settling velocity

Z, Surface roughness height

Z,, Roughness Reynolds number = Z,u /v

& Height of the interfacial layer

n Particle collection efficiency of the single roughness elements

b, Particle flux, positive downward, at the height & (assumed to be equal to the flux at the surface)
v Air's kinematic viscosity

T Particle relaxation time = ¢,/g

characterized by a log-normal size distribution of

the form

dn N —(nr—1Inry)
26]

B

]dlnr (1

where (dn/dr)dr = number of particles per unit
volume (concentration) having radu between r
and r+dr, and N = total particle concentration,
r, = geometric mean radius, and o, = geometric
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standard deviation for each mode. The grand
average of Table 2 in Whitby (1978), taken over a
large number of observations, yields r, = 0.0065
pum, g, = 0.53 for the NM, r, =0.035 um, g, = 0.7
for the AM, and r, = 0.5 um, ¢, = 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 | for the meaning of the various symbols

Maximum fractional Seas. change
Ref. no. Surface type Z, (cm) veg. cover, Fyg qmmer N Fug wmmer
1 Crop 6 0.85 0.6
2 Short Grass 2 0.8 0.1
3 Evergreen Needle-leaf For. 100 0.8 0.1
4 Deciduous Needle-leaf For. 100 0.8 0.3
5 Deciduous Broadleaf For. 80 0.8 0.3
6 Evergreen Broadleaf For. 200 09 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
11 Semi-desert 10 0.1 0.1
12 Ice-cap 1
Glacier 1
13 Bog or Marsh 3 0.8 0.4
14 Inland Watert
— 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 1.
t Treated as ocean.
Table 2 continued
Ref. no. Surface type I a (mm) ag, (pum) A, c.feq (N
l Crop 0.3 1 10 10—+ /3 2.5
2 Short Grass 0.3 0.5 10 5x10-% 1/3 2.5
3 Evergreen Needle-leaf For. 04 0.5 — — 1/4 3
4 Deciduous Needle-leaf For. 0.4 0.5 — — 1/4 3
S Deciduous Broadleaf For. 0.4 10 10 104 1/4 3
6 Evergreen Broadleaf For. 0.4 10 10 10~+ 1/4 3
7 Tall Grass 0.3 0.5 10 §5x10-% 1/3 2.5
8 Desert}
Sea-icet
9 Tundra 0.3 0.5 10 5x10-% 1/3 2.5
10 Irrigated Crop 0.3 1 10 10—+ 1/3 25
11 Semi-desert 0.3 0.5 10 5x10°° 1/3 25
12 Ice-cap}
Glacier}
13 Bog or Marsh 0.3 0.5 10 5x 1075 1/3 2.5
14 Inland Watert
— Ocean*
16 Evergreen Shrub 0.4 0.5 — — 1/4 2.5
17 Deciduous Shrub 0.4 10 10 10-+ 1/4 2.5
18 Mixed Woodland 0.4 0.5 — — 1/4 3
® See Table 1.

+ Treated as ocean.
 Treated as a surface with bluff roughness elements (see Table 1).

Tellus 40B (1988), 1
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for the particles in a given mode) are 0.015 ym
for the NM, 0.15 um for the AM, and 3.4 um for
the CM. Here, number-average and mass-
average deposition velocities, respectively ¥ and
Vs will be calculated for the NM, AM, and CM,
where

=g
= e e

[,

dr

4 , dn(r) 2
) 3 Mgep(F) Py 17 “dr dr
" fin 20 .

J 3" ar

In (2), vy, is the particle deposition velocity
calculated from (a)-(h) of Table 1, (dn/dr)dr is
given by (1), and p, is the particle density,
assumed 1o be equal to 1.5 g/cm? 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 r, and o, the
corresponding values mentioned above given by
Whitby (1978} are used. Note that a specification
of the total number concentration N appearing in
(1) 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

Tellus 40B (1988), |

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)

T, = =0 Cp U, Uy,

1.=—p,Co U, Uy
" hEp CnUpn 3)

T,
Hy=c,p,CoUy{ T, — “;‘).
oyt

W= prhCD Uh(qﬁ(Ts) - qh)‘

where the subscript h refers to the bottom model
level and U, = magnitude of the wind, U, and
U,,=eastward and northward components
of the wind, respectively, p,=air’s density,
Cp = surface drag coefficient, T,= air tempera-
ture, T, = surface temperature, c, = specific heat
at constant pressure. k = R /c, with R, =gas
constant for dry air, 6, = p,/p,. where p = press-
ure and p, = surface pressure, D, = surface wet-
ness factor, g, = specific humidity, ¢,= specific
humidity at the surface, and 7,. 7, = surface
fluxes of the eastward and northward com-
ponents of momentum, H;=surface heat flux,
and W = surface water vapor flux. The height 4
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 Cp. Only three types of surfaces are
defined in this version of the CCM, with
corresponding prescribed constant values of Cp,:
ocean with Cp=107%; snow and sea ice with
Cp=107%; land with C,,=4 x 10~3. 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 c¢cm (Brown, 1981). The land
surface is assumed to be covered by an “‘average”
canopy characterized by a *“large collector”
radius ¢ =0.5 mm, a “small collector” radius
a,=10 pum, a value of the parameter
A, =5x10"% ¢ jcg=1/3, ¢4=0.3, and
Cp!?=2.5 (see Table 1 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
- 10< U, <21 m/s, elsewhere U, <10 m/s. (b), Vy,
nuclei mode, shaded areas - 0.07 < ¥, £ 0.2 cm/s, else-
where V), <0.07 cm/s. (c), Vy, accumulation mode,
shaded areas —0.012< ¥, <0.03 cm/s, elsewhere
Vu<0.012 cm/s. (d), V,, coarse mode, shaded
areas » 1.8 < ¥, < 3.5 cm/s, elsewhere V,, < 1.8 cm/s.

shown is the corresponding surface wind speed
field. The calculated V), are in the range of 0.01-
0.2 cm/s for the NM, 0.001-0.03 cm/s for the
AM, and 1.25-3.5 cm/s for the CM. Correspond-
ingly, the values of Vy (which are not reported
since they present a similar spatial distribution)
are 0.04-0.5 cm/s for the NM, 0.003-0.08 cm/s
for the AM, and 0.02-0.4 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 V), on the surface wind speed is
observed (hereafter the notation *“‘surface wind
speed™ will indicate “‘wind speed at the height A
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
AM 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 NM, 0.002-0.024 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 V), 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-

Tellus 40B (1988), 1
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Fig. 4. Surface wind speed U,, and aerosol mass-
average deposition velocity V},, standard CCM, January
conditions, time-average, days 0-20. (a), U,, shaded
areas -+ 10 < U, < 17 m/s, elsewhere U, <10 m/s. (b),
Vus nuclei mode, shaded areas - 0.06 < ¥, < 0.12 cm/s,
elsewhere V,, < 0.06 cm/s. (c), ¥y, accumulation mode,
shaded areas »0.012< ¥V, €£0.024 cm/s, elsewhere
Vu <0.012 cm/s. Also shown is the 0.018 cm/s isoline.
(d}, Vy. coarse mode, shaded areas - 1.8 < V,, < 3 cm/s,
elsewhere V), < 1.8 cm/s. Also shown is the 2.4 cm/s
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
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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 ¢m) 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 1.

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 —0.015-0.001 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 5x 10~5 cm/s. 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 role 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-
ocities. It is nevertheless interesting to estimate
what its influence would be on our simulated

particle deposition.

For this purpose, the growth model of Slinn
and Slinn (1980) can be used. In this model a
“wet” particle radius is used in place of the dry
radius in the expression of interfacial layer trans-
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fer velocity and gravitational settling velocity at
the height 4. The wet radius is obtained using the
formulas of Fitzgerald (1975) under the assump-
tion that the particle 1s 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 98.29%; 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—
959%. Here, in order to estimate an upper limit of
the particle growth effect over ocean, the value of
989 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
100%, ammonium sulfate NM and AM particles.
For these particles the equilibrium radius growth
at 989, 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-
959, 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 989/ 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
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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 Fy; is defined, the remaining fraction
Fgs =1~ F; being assumed to be covered by
bare soil. Referring to Table 2, Fy varies roughly
as a quadratic function of the model subsoil
temperature T,, (see below) from Fyg ymmer if
T >298 k to Fyg qmmer — AFyg if Ty <273 k,
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Fig. 7. Surface land-type distribution for the CCM with detailed surface physics parameterization (see Table 2 for
the meaning of the various surface type reference numbers). Also indicated are the grid points relative to Figs.

8-10.

where AF,; is the seasonal change in Fyq
(Dickinson et al., in press). Fractions of snow
cover for both vegetation and bare soil, respect-
ively Fgyg and Fg, are then diagnostically
calculated depending on the local temperature
and precipitation type.

Over land, surface exchanges of momentum,
sensible heat, and water vapor are calculated via
a bulk parameterization that makes use of a
“transfer resistance” model including (a) a turbu-
lent atmospheric ayer extending from the bottom
CCM level h (again, of about 70 m height) to the
top of the canopy, or to the bare ground, in which
turbulent transport also depends on the atmos-
pheric stability; (b) a canopy layer (in presence of
vegetation) in which the transfer rate depends on
the characteristics and leaf area index of the
vegetation elements; and (c) a diffusive (soil or
snow) layer consisting of a surface ground
sublayer of about 10 cm depth and a subsoil
sublayer typically of a few meters depth. The
temperatures within the canopy, of foliage
elements, of the top ground layer, and of the
subsoil layer are calculated via energy balance
considerations. Over oceans, the temperature is
seasonally prescribed, and exchanges of momen-

tum, sensible heat, and water vapor are calcu-
lated via relations such as (3).

The hydrologic cycle is also represented in
great detail. The processes included are precipi-
tation (in the form of rain or snow depending on
the temperature in the bottom model level), inter-
ception of rain by foliage, plant transpiration,
evaporation (or sublimation) from the soil, infil-
tration and percolation to groundwater, surface
runoff, and water phase changes in the soil layer.
The model also includes the seasonal as well as
the diurnal cycle.

Since in our particle deposition scheme the
surface is treated as a perfect sink (i.e., having
zero resistance to particle transfer), the quantities
needed for the deposition calculations from the
new boundary layer package are (a) characteriz-
ations of the surface types; (b) momentum drag
coefficient (which parameterizes the bulk trans-
fer in the turbulent atmospheric layer); and (c)
fraction of the grid point occupied by soil (or
water), vegetation, and snow. Table 2 presents
for each surface type the values assumed here for
the relevant quantities appearing in the depo-
sition velocity calculations (see Table 1). These
values, particularly for quantities such as the
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large collector radius @ and the parameter A,
are admittedly only tentative and have been
chosen mainly for illustrative purposes.

The drag coefficient Cp, is calculated
(Dickinson et al., in press) as a function of Cpy,
the drag coefficient for neutral stability, and the
surface bulk Richardson number
Rij, = fﬁ(,l,TTE/ZQ 4)

Us
where U; = Ui + U, + UZ, T,=top ground (or
snow and sea ice) temperature, Ty, Uy, U, = air
(potential) temperature, and eastward and north-
ward components of the wind at the height of the
lowest model level A, and U, the convective wind
speed. is given by

U=0.1mjs, T,T,

13
U.=10mjs, T,T,

1

L (5)

2
=
In the presence of vegetation, the air temperature
within the canopy is used in (4) in place of T,.

With these definitions, Cj, is assumed to be
equal, for Ri; <0, to

Cp = Cpnll +24.5(= Cpu Rig)' ) (6)
and for Ri; 20 to
Cp = Cpn/(1 + 11.5Riy). (7)

Egs. (6) and (7) are a 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

. 2
C[)N { ln (h,“Z(,)" . (8)
where x 1s 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
Zy,=123x107* m. For bare soil Z,, is taken to be
equal to 1072 m and for snow Z, =3 x 10~ m.

After the stability correction the drag coefficient
is lower bounded by the value 4 x 10+,
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Given these model-produced parameters, at
each grid point the deposition velocity is
calculated as

Udep = Fogtps + Fyqtyg T Fontsns 9)

where Fiq. Fyg. and Fgy (= Fgy + Fggs) are the
fraction of grid point occupied respectively by
bare soil (or water), vegetation, and snow (or sea
ice), and rgg, ryg. and ryy the corresponding
deposition velocities derived from the formulas in
Table 1. Eq. (9) is then used in (2) to calculate the
mass deposition velocity Vy,.

For these calculations U, as defined in (4) is
used in (a)-(h) of Table | 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 ot 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
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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 1n 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 NM 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 1s accentuated.

A similar analysis was also carried out for grid
points at 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. 11
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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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due to the increasing efficiency of interception
and impaction. For the AM and CM 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 cm/s for the AM and 3.5 cm/s for
the CM, and instantaneous values of 0.05 c¢m/s
for the AM and S 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
0.015-0.15 em/s.

Seasonal effects can be deduced by comparing
Figs. 11 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 role 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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Fig. 13. Time- and zonally averaged (over 18.00 GMT snapshots, days 0-20) surface wind speed U, (Fig. 13a) and
mass-average deposition velocity for NM, AM, and CM (Figs. 13b, ¢, d, respectively), CCM with detailed surface

physics parameterization.

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
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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 cmy/s, 0.05
cm/s, and 5 cm/s for individual snapshots, and
0.15 cm/s, 0.03 cmy/s, 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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