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ABSTRACT

The integral model equations for determining the dry deposi-
tion and resuspension of polydispersed aerosol particles in
the atmospheric surface layer to and from aerodynamic smooth
and rough surfaces are derived and discussed. These model
equations are based on micrometeorological ideas of height-
invariant vertical transfer of momentum, sensible heat and
matter as well as a representative terminal settling velocity
for the entire particle size distribution. The fluxes in the
turbulent region of the atmospheric surface layer are para-
meterized by flux-gradient relationships. The calculation of
molecular-turbulent fluxes in the underlying sublayer is
based on flux-gradient relationships for aerodynamic smooth
surfaces (where a representative Brownian diffusion coef-
ficient for the entire particle size distribution is taken
into account), and the sublayer Stanton number as well as
Reynolds' analogy between concentration, temperature and wind
velocity distributions for rough surfaces.

Model results which were derived from observation data of
wind velocity, dry- and wet-bulb temperatures and NHj=con-
centrations collected in the GREIV I experiment are presented
and discussed.

1. INTRODUCTION

Improved methods for determining the dry deposition of atmos-
pheric aerosol particles on vegetation, soil, and natural
water systems are needed in the fields of environmental pro-
tection, nutrient ecology, and so on. The procedure presented
here is based on the method for determining the dry depo-
sition of monodispersed aerosol particles which was derived
by Sehmel (1973). Most natural and anthropogenic generated
aerosol particles, however, are not of same size. The size
varies by several orders of magnitude, and the polydispersed
structure of the aerosol may be described by different par-
ticle size distributions (Spurny, 1985). In this study, it is
attempted to consider the size distribution of the aerosol
particles in a model of the atmospheric surface layer.
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2. MODEL DESCRIPTION
2.1 Basic Equations

By neglecting phoretic effects and assuming horizontal homo-
geneity, the vertical flux F_ of aerosol particles may be
described by (Businger, 1986; %ramm, 1989a)

dc
F,== (D, +K) — - vy c . (1)
dz

Here, c¢ is the mean concentration (e.g. in ug/nﬁ), z is the
height, D, is the Brownian diffusion coefficient, K.  is the
eddy diffusion coefficient, and v; is the terminal settling
velocity. Both D, and vp depend on the particle size distri-
bution and the shape of the particles.

For spherical particles, effective values for both quanti-
ties can be derived by (e.g., Kramm, 1991)

o
J n(r) r’ D(r) dr
0

D, = | (2)

n(r)  dar

© ey 8

and

00
I n(r) r’ vp(r) dr
0

- ) . (3)

Vr

[}
J n(r) r* dr
0

Here, n(r) is the particle size distribution, D.(r) is the
Brownian diffusion coefficient for particles of radius r, and
vp(r) is their terminal settling velocity.

The determination of particle fluxes on the basis of Egs.
(1) to (3) requires a detailed knowledge of D, vr and K.. In
the following these individual components are’ illuminated in
the frame of particle size distributions (to specify D, and

) and a micrometeorological transfer and deposition module
({o specify K, and F. in the turbulent reglon of the atmos-
pheric surface layer) Note, that D, is several orders of
magnitude smaller than K. in the tirbulent layer, but is
dominating in the viscous sublayer near the surface.
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FIGURE 1: Diffusion coefficient D, and slip flow correction
factor C, as functions of the particle size D (with reference
to Seinfeld, 1986).

2.2 D, and v Characteristics
2.2.1 Slip Flow Corrections

In the integral term of Eq. (2) the function D (r) is given
by the slip flow corrected Stokes-Einstein relation (e.qg.
Pruppacher and Klett, 1980)

kTC,
D (r) = — 8 — (4)
6mv p T

where X is the Boltzmann constant, T is the air temperature
in K, v is the kinematic viscosity of the air, and p; is the
density of air.

The terminal settling velocity vp(r) in Eq. (3) is given by
the slip flow corrected Stokes' terminal velocity (e.g.
Pruppacher and Klett, 1980)

2 g PP - ”L 2 g Pp
vp(r)= = - ———r?c % - rc (5)
9 v L 9 v py
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where Pp is the density of the particle. 1In equations (4)
and (5) the slip flow correction C. is a function of the
Knudsen number Kn = A/r (with A being the mean free path).
It is expressed by the Cunningham correction factor

C.=1+ aKn (6)

with (Pruppacher and Klett, 1980)

a = 1.257 + 0.4 exp(-1.1/Kn) ’ (7)
which can be approximated by
[ 1.257 , ifKng€ 1 |,
a = (8)
1 1.657 ’ if Kn » 1 .

Figure 1 shows that both approximations are enveloping the
exact function. Note, that the approximation for large
Knudsen numbers (small particles) is also an excellent
approximation over the total particle size range.

2.2.2 SRA-Particle Size Distribution

Generally, the particle size distribution n(r) in Eqgs. (2)
and (3) is a result of time-dependent (and space-dependent)
micro-physical and chemical interactions (e.g., Herbert and
Beheng, 1986). However, in the frame of the constant flux
approach implying steady-state conditions, time-invariant
particle size distributions, such as the r3-distribution
(Junge, 1963), the modified <-distribution (Deirmendjian,
1963) and the log-normal distribution (e.g., Jaenicke, 1985),
may be taken into consideration.

The International Radiation Commission (IRC) suggested a
sum of three log-normal distributions as the SRA-distribution
(SRA = Standard Radiation Atmosphere) for wurban and
industrial areas (Deepak and Gerber, 1983), i.e.:

dN 1 3 N, (1n(x/R))?
—=n(r) == £ —————— exp{- (9)
dar r i=1 (2 m)!2 1in g 2 (1n oy)?

TABLE I: Characteristics of the SRA-distribution

Aerosol component R, (um) o; (e Q

water-soluble part. | 2.85:102% | 2.239 | 0.61 | 8.416-1072
e.g. (NH,),SO,

dust-like particles | 4.71-10" 2.512 0.17 2.125'104 { 6
e.g. Sio2
soot particles 1.18-102 | 2.000 | 0.22 | 9.158-10"
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FIGURE 2: Normalized SRA-distribution of the urban-industrial
aerosols ( ) (Deepak and Gerber, 1983),

Mode 1 (— —/): water-soluble particles (e.g. (NH,) ,S0,)

: dust-like particles (e.g. Si0,)

Mode 2 (==—==—- )
Mode 3 (——+——): soot particles.

or in normalized form (see Figure 2)
(1n(r/Rp)2}

d(ln N) 3 a,
= n*(r) = I exp{- (10)
d(ln r) i=1 (2 m)¥? 1n o, 2 (1n o))
with
S
vi
N, =N = N, (11)
3 .
1
= ————
i=1 v,
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and

<
]

W

Z A

1

«©
4

J n(r) ' dr = - 7 R? exp{4.5 (ln op?} . (12)
3

0

Here, N = T N; is the total number concentration of par-
ticles, N, is the integral for the individual log-normal
distribution, o; is the geometric standard deviation, R is
the mean radius, and C, = N, v;/(Z N; v;) is the individual
volume normalized by the total volume. Table I summarizes the
values proposed by the IRC.

For this sum of log-normal distributions one obtains

-]
3 n, A (In(r/R))?
f ———— | r (1 +a-) exp{- —————
i=1 (2 'rr)l/2 in o; r 2 (1n 092
kT 0
Dc =
6TV p ©
L 3 . (1n(r/R))?
1 2 1
-Z ——-l_/2— r° exp{- '———-—2} dr
i=1 (2 m) ln o; 2 (1n o))
0
(13)
and
e 2
3 Pp: 0. A (in(r/R))
> Rt ! (1 +a ~-) exp{- _...Rl_.} ar
i=1 (2 m)¥2 1n o r 2 (1n g)?
2 g 1)
Vp = =
T 9y pL © 2
% ; J 2 ‘ (In(r/R))) y a
—_— r‘ exp{- r
i=1 (2 ;2 1n g 2 (1n o)?
0
(14)

Approximative Solutions

The integrals which contain the slip flow corrections cannot
be solved in an elementary manner. However, estimates for the
upper and the lower limits of these integrals can be derived
on the basis of the relationship (see Egs. (7) and (8))

1.257 Kn < Kn (1.257 + 0.4 exp(~ 1.1/Kn)) < 1.657 Kn

for which the following solutions exist:
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3
© T 0 R {R exp(2(1ln 0)? + @ X exp(0.5(1n o))}
kT i=1
D, =
6 MV pL 3
= a R} exp(4.5(1n 0)?)
i=1
(15)
and
3
T pp; O R} (R exp(12.5(1n a9 + a A exp(8(ln o)?)}
2 g i=1
Vo = =
T
9 v pp 3 3 s
Z 0 R exp(4.5(1n 0))%)
i=1
(16)

For the arbitrary values T = 293.15 K, p; = 1013.25 hPa (pg
is the air pressure), and pp; = 1 g/em®, 1 =1, ..., 3, one
obtains (Kramm, 1991) !

4.87-10% cm?/s for @ = 1.657 ,
D, = 3.97-10% cmF/s , for a = 1.257 ’
1.17-10% cm¥/s for @ = 0
and
0.4068 cm/s ' for a = 1.657 .
vr = 0.4063 cm/s ' for a = 1.257 R
0.4045 cm/s . for a = 0 .

Comparison with the Jaenicke-Distribution
Jaenicke (1985) suggested another set of values for his sum

of three log-normal distributions for urban aerosols (see
Table II):

TABLE II: Characteristics of the Jaenicke-distribution

Aerosol component R; (um) o; G o,
Mode 1 6.51-10° | 1.758 | 0.005 | 7.258-107
Mode 2 7.14-10% | 4.634 | 0.653 | 8.113-10%
Mode 3 2.48-102 | 2.173 | 0.342 | 2.661-107

The same arbitrary values for T, p; and pp; yield the fol-
lowing results (Kramm, 1991): !
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1.49-10% cmF/s , for a = 1.657 ’
D, = 1.23-10% cm¥/s for a = 1.257 ,
4.33-107 cmﬁ/s , for a =0
and
$9.37 cm/s v for a = 1.657 '
Vp = 59.36 cm/s ' for a = 1.257 .
59/55 cm/s R for a =0 .

Results of Estimates

The results of these estimates show that 1) in the case of D
the slip flow correction is important, and 2) in the case o
vy the slip flow correction is negligible, which can also be
expressed by a = 0. Note that for both distributions the
results for the terminal settling velocities of the particle
ensembles are nearly the same as the terminal settling velo-
cities of the mode 2 of both particle ensembles, i. e. the
contributions of Aitken nuclei and coarse particles to vy are
negligible. Since mode 2 of the Jaenicke distribution con-
tains much more giant particles than mode 2 of the SRA-dis-
tribution, it is reasonable that its terminal settling velo~-
city differs from that of the SRA-distribution by two orders
of magnitude.

3. Micrometeorological Transfer and Flux Relations
3.1 Eddy Diffusivities

The eddy diffusivity K. in Eq. (1) is related to the eddy
diffusivities for heat ixh) and momentum (K ) by

K. =K (17)
K, B ifRi >0 R
K, = (18)
h sy 1/4 : :
K, (1 - 16 Ri) ' if Ri < 0 p
(1 - 5 Ri) ’ if 0 < Ri < Ri, ,
K, = x (z - d) u, (19)
(1 -16 R , ifRic<coO ,

where Ri is the Richardson number, Ri_ = 0.2 is the critical
Richardson number, x = 0.4 is the von K&rmé&n constant, d is
the zero-plane displacement, and u, is the friction velocity.
Relations (18) and (19) were derived from the non-dimensional
wind and temperature gradients empirically determined by Dyer
and Hicks (1970) in unstable air and by Webb (1970) in stable
air, where the dimensionless stability parameters Ri and ¢ =
(z - d)/L (L is the Monin-Obukhov stability length) are
related to each other by

/(L +5¢) ifL>o ,

Ri = (20)
¢ ’ ifL<oO ’
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with
u2
L = . (21)

g9
x — (8, + 0.608 & g.)
em
The quantities 6. and q. are the scaling parameters for heat
and water vapour, and 6_ is a characteristic temperature for
the atmospheric surface'&ayer.

3.2 Deposition and Resuspension Relations

Integrating Eq. (1) over the constant flux layer zg < 2 < 25
provides (Kramm, 1991)

Vr Cgr , Cg
F,= - (1 - — exp(- vy r,)) . (22)
1 - exp(- vy r,) CR

Here, c, is the concentration at the reference height zp and
cg is é%e concentration at the height z; very close to the
surface. The quantity r, is the aerodynamic resistance which
is more closely discussed in section 3.3. Note that Eq. (22)
leads to the flux equation for long-lived trace gases when vg
decreases to zero (vp = 0):

1
F, = - (cg - Sg) - (23)

LY

The expression u, = cg/cg exp(-vp r,) in Eq. (22) determines
i : P, R, T ~a
the direction of

the vertical particle flux, i.e.
[ <0 ’ if pp <1 (Deposition) R

F, = 0 ' if bp
>0 ' if pp > 1 (Resuspension) .

1 (Compensation) . (24)

If up € 1 (cg < cgp exp(vr r,)), the deposition flux can be
calculated approximately by

Vy C
T °r
F, = - . (25)
1 - exp(- Vg IL,)

Equation (25) was derived by Sehmel (1973) for monodispersed
aerosols.

The resuspension factor f, = c/M. and the resuspension
rate A _ = R /M,  are used to describe the resuspension (pp > 1)
of par%iculate matter. Here, M_ is the contamination of the
surface (in pg/m?), and R, is the resuspension flux which is
equal to F, in the case of up > 1. Resuspension factor and

resuspension rate can be used to formulate a resuspension
velocity v, = A /f.. For pp > 1, one obtains
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v,
F, = T R . (26)

f.c

(1 + ) exp(- vy r,) - 1

c

where f is the resuspension factor at the height z; which
can be estimated by

F. (1 - exp(= Vp r,)) + vp cp
fc’G = . (27)
M, vp exp(- vy r,)

3.3 Layer Resistances

In the particle flux relations (section 3.2) the aerodynamic
resistance r, proves to be of fundamental importance. It is
defined by r, = r, + r_,, where r, is the resistance of the
turbulent region of the surface layer against mass transfer,
and r_  is the resistance of the underlying thin molecular-
turbufént sublayer. r, is given by (Kramm, 1989Db)

z
R 1 2g - da
r,= | x1!az = (ln ——— - ¥, (¢, €4)) . (28)
U, X § - d
é

In the frame of the constant flux approach r, is related to
the turbulent height-invariant scaling parameters u,, 6,, and
q. (see section 3.1) via

x (Ug = Uy
U = ’ (29)
zZg - da v
in ——— - (¢ $g)
s - d m R/’ §
and
0, GR - 9‘
1
= B (30)
u, r,
d. ) dr — 9

where u,, 6, and q. can be determined on the basis of wind

speed, U, potential temperature, €, and specific humidity, q,

at the heights é§ and z;. \Ilm(g , $g) and ¥, (¢p, $,;) are the

dimensionless integral stab:.ligy functions for momentum and

heat, respectively (Kramm and Herbert, 1984; Kramm, 1989Db).
The molecular-turbulent resistance r , is given by

5
' . 1 U, .
T =| (D + Kt dz = — (— +BH (31)
U. U.
g
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FIGURE 3: Coefficients a and b of the B!l relationship for
smooth surfaces as different functions of the dimensionless
height n_ = u, §/v. The results are based on the numerical
solution of the integral expression in Eq. (32).

with (Miiller et al., 1991)

Ne

dn
Bl = sc J . (32)
(1 + Sc K /v)

%6 *a.

Here, U; is the wind speed at the height § (which separates
the two regions of the atmospheric surface layer), Sc = v /D,
is the Schmidt number, and B is the sublayer Stanton number.

For rough surfaces B may be calculated on the basis of the
formula

Bl=asc®nf+a , (33)

with a = 0.52, b = 0.8, c = 0.45, and 4 = 0, empirically
derived by Owen and Thomson (1963). Other empirical relations
of the same structure exist; Brutsaert (1982), for instance,
suggested the following values: a = 7.3, b = 0.5, ¢ = 0.25,
and @d = - 5,

For smooth surfaces, the integral in Eq. (32) was
numerically solved by Romberg integration techniques using
Reichardt's (1951) K -approach
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K, n
— = x (n - np tanh —) ' (34)
v 1p
where 7 = u, z/v is a dimensionless height or a special
Reynolds number, 7, = 11 is an empirical constant (which

defines the thicknegs of the viscous sublayer) determined by
Reichardt to fit his measured velocity profiles. Results of
the numerical solutions are described in terms of Bl = a sc°
7., similar to the empirical formulae for rough surfaces.

e dependence of the coefficients a and b on the upper inte~
gration limit n, (= u. §/v) for different c-values is shown
in Figure 3. The exponent b does not depend on c, but varies
considerably with n,. The coefficient a evidences an inter-
relation with c¢ and’ shows the largest variation for ¢ = 0.
Note, that the values suggested by Deacon (1977), i.e. a =
15.2, b = 0.61, and ¢ = 0 (for 0.6 < Sc. < 10 and n, = 50),
are confirmed by our results. The same 1s true for the other
special case (n, = 30) published by Brutsaert (1982) with a =
13.6, b = 2/3, and ¢ = 0 (d = -13.5, see Eq. (33)).

The upper limit of n, = 600 in Flgure 3 _corresponds to § =
4.5 cm when u, ® 0.2 m/s and v = 1.5-10° n? s is adopted.

GREIV I, 21-APR-74, 14:52 LT
10 (rer—r—r—r—r—r— B REER N B —r—r—r=—y 10

u, = 0,170 m/s e, = -0.3350 K Q. = -0.275 g/kg | NHg'
[ 2o = 0,014 m 8 = 286,26 K qr = 7.600 g/kg Tc, = -0.42 ug/kg 1
d = 0,333 m ¢, = 4,89 pg/kg
s F g + 1 + o+ 1 8
[=3 L
[
—_ 6 6
N
-
5 o} 1
'g + +

(Ul =m/s (8] = K [q] = g/kg {c] = pgrkg

FIGURE 4: Vertical profiles of wind speed (U), potent1a1 tem-
perature (8) and specific humidity (q) as well as NH -con-
centrations (calculated with F, = const. and v; = 0) for
unstable air (6., < 0). The crosses represent ge observed
values and the lines the calculated profiles (Kramm, 1991).
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FIGURE 5: Vertical profiles of wind speed (U), potential tem-
perature (©) and specific humidity (q) as well as rng*-con-
centrations (calculated with F, = const. and v, = 0) for
unstable air (6. < 0). The crosses represent the observed
values and the lines the calculated profiles (Kramm, 1991).

3. TEST RESULTS AND CONCLUSIONS

Vertical profile data of wind speed, temperature, humidity,
and particle concentrations as well as particle size distri-
butions are required to determine the deposition (or resus-
pension) fluxes. Unfortunately, only a few profile data sets
exist, which allow testing of numerical methods as described
here. Moreover, a check of our method by comparison with
simultaneously measured particle fluxes has to be postponed
until such fluxes are available.

Test calculations with the deposition model were carried
out with observation data from the GREIV I experiment (Beyer
and Roth, 1976) which took place over a flat site, covered
with winter barley (about 25 cm high) and rape (50-75 cm
high), near Meppen/Emsland in northern Germany in April 1974.
Data sets of wind speed, dry- and wet-bulb temperatures
(simultaneously measured 30-min averages) obtained by the
group from the University of Kiel were used for the calcula-
tion of the turbulent fluxes of momentum, sensible heat and
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water vapour (Kramm, 1989¢c). The measurements were carried
out at heights of 0.5, 1.26, 3.18 and 8 m. Vertical particle
fluxes were estimated on the basis of NH +_-concentrations
measured (2 hours sampling intervals) at heights of 2, 4, 8
and 16 m. These measurements were performed by the group of
the University of Frankfurt, where, however, the size distri-
bution of the Nﬁj¥partic1es was not determined. Since our
estimates have shown that the contributions of water-soluble
particles (mode 1) to the terminal settling velocities are
small, sedimentation effects were neglected. Furthermore,
since no data observed close to the surface are available,
only the fully turbulent part of the atmospheric surface
layer is taken into account. Consequently, molecular-turbu-
lent transfer effects are not considered.

The results of our test calculations are shown in Figures
4 and 5. The calculated least-squares fits match the observed
values very well. In the first case (21 April 1974), an
upward flux (F, = 0.088 ug mw s*) was calculated. In the
second case (22 April 1974), the estimated deposition flux
was F,_ = ~0.080 pg m- s, where the deposition velocity at
the height z = 1 m was 6.4 cm st.

Upward particle fluxes were also observed by Wesely and
Hicks (1979) and were determined by Garland and Cox (1982)
and Nicholson and pavies (1987). Since during the GREIV I
experiment the contamination of vegetation and the soil by
lﬂg*-particles was not investigatead, and since no measure-
ments. of Nﬂflconcentrations near the surface were carried
out, the upward flux of Nﬂf=particles should not be con-
sidered as an example of resuspension. Note, that fluxes of

determined for the same measuring periods were of oppo-
site directions. It may be suspected that these opposite flux

directions were caused by chemical transformations, e.g., via
NH, + HNO; + NHNO; . (35)

However, if such a transition is taken into consideration,
then it is necessary to check whether the constant flux
assumption is appropriate or not, pecause Brost et al. (1988)
suggested that the transition between nitric scid and ammo-
nium nitrate may produce slightly height-dependent fluxes
when the lifetime of the dissociation equilibrium is less
than or equal to 100 s. Since no concentrations of HNO, were
measured during the GREIV I experiment, such a check could
not be carried out.

Model estimates of the vertical transfer of aerosol par-
ticles in the atmospheric surface layer leads to qualita-
tively and quantitatively reasonable results. However, the
verification of the overall physics of the model is still
necessary. This would presuppose that directly measured par-
ticle fluxes can be used for the purpose of comparison. There
is an urgent need for future field experiments to determine
directly the vertical flux of particles, in addition to the
vertical profiles of wind speed, dry- and wet-bulb tempera-

Y

tures, particle concentrations and size distributions.
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DISCUSSION

V.M. VOLOSHCHUK. Why do you add the coefficient of Brownian
diffusion of particles, D, to the coefficient of turbulent
diffusion, K, if D /K, = 1012

G.KRAMM. The Brownian diffusion coefficient, of course, plays
no role in the turbulent region of the atmospheric surface
layer because K,  is much larger than D,. However, in the vis-
cous sublayer fthe layer in the immediate vicinity of any
receptor surface), which controls and limits the diffusion
processes, D_ is of same order or larger than the decreasing
K,. Therefore, it is necessary to include D_. in Eg. (1) to
describe the transition from turbulent to Brownian diffusion
(see also Eg. (34)). Note, that Brutsaert's results on
diffusive transfer to and from smooth and rough surfaces
mentioned above (see Egs. (33) and (34)) are in close
agreement with experimental results reported by Chamberlain
A.C., Garland J.A., and Wells A.C., 1984, Transport of gases
and particles to surfaces with widely spaced roughness
elements, Boundary-Layer Meteorology 29, 343-360.

S.E. SCHWARTZ. It would be useful (to my thinking) to present
a size-dependent deposition velocity (graph) and an overall
deposition velocity = mass flux/mass concentration for the
two cases you present, or do you consider this anathema?

G.KRAMM. We do not. However, the size distribution of the
NH4*-particles was not determined during the GREIV I-experi-
ment, but the profile data of particle concentration, wind
speed, dry- and wet-bulb temperatures used here were the best
data sets available for our model tests (we hope to receive
additional data sets in the future). Therefore, we could not
calculate any terminal settling velocity (neither in a size-
dependent, nor in an overall form). Sedimentation effects
were neglected, because our estimates have shown that the
contributions of water-soluble particles (mode 1) to the ter-
minal settling velocity are small (since relative humidity
was less than 80 %, effects of water vapour adsorption, which
may produce an increase of particle size, are negligible; see
also G. Hdnel, 1982, Influence of relative humidity on aero-
sol deposition by sedimentation, Atmos. Environ. 16, 2703-
2706) .
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