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ABSTRACT

A model for dry deposition of 502 and sulfate aerosol is presented. After a brief
review of the literature, a model is formulated and calculations are made for four
flow regimes: the outer boundary layer, the constant flux region, within the vege-
tative canopy, and the viscous sublayer next to a leaf or other smooth surface.

The results of a number of calculations are presented to demonstrate the sensiti-
vity of deposition to such variables as atmospheric stability, surface resistance,
plant area density, plant structural shape, aerosol particle size, Rossby number,
and canopy Reynolds number. A relatively simple parameterized model suitable for
the SURE regional model is constructed. Recommendations are included for experi-
ments to reduce remaining uncertainties.






EPRI PERSPECTIVE

PROJECT DESCRIPTION

This project is a theoretical evaluation of the properties of gases and particles
and of atmospheric processes which control the dry deposition Tosses of pollut-
ants to underlying surfaces. Advanced mathematical models of atmospheric turbu-
lent transport of gases and particles have been constructed and validated against
experimental measurements. These models are then systematically simplified and
adapted for use in the SURE regional air quality model. The models are also used
to design more accurate experimental measurements of dry deposition in terrain
and vegetation conditions for which satisfactory data do not now exist.

PROJECT OBJECTIVES

The primary objective of the project is to provide a comprehensive understanding
of the rates at which airborne pollutants are deposited on the earth's surface.
The second objective is to translate this understanding into mathematical forms
which can be incorporated into regional air quality models. The third objective,
to be pursued after the first two objectives had been met, is an evaluation of
experimental measurements required to correctly predict deposition losses. These
data would be required in any future use of the models.

PROJECT RESULTS

This project has met all of its objectives with remarkable success. The general
model of dry deposition processes has been validated for the case of a corn field
canopy {(the only complete data set availahle). The systematic simplification of
this model has progressed to the point where a single equation correctly portrays
the deposition transport within 10 percent of the more complex model's predic-
tion. The stage is now set for a much more accurate and reliable dry deposition
predictive scheme.

In order to realize this potential, however, model sensitivity analyses show that
further field measurements are required to account for variability of dry




deposition over different surfaces and vegetative conditions. The existing
experimental data do not, for the most part, contain the appropriate information
necessary to predict dry deposition within the accuracy this work has shown is
possible. The detailed design of such field measurements is being pursued as a
sequel to this project.

G. R, Hilst, Project Manager
Physical Factors Program
Energy Analysis and Environment Division
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NOMENCLATURE

measured plant area per unit volume

frontal plant area per unit volume

wetted plant area per unit volume

modeling constant equal to the neutral turbulent Prandtl number
mean species concentration

species concentration at the ground
layer-averaged mean species concentration
proportionality constant in Eq. 3-22

species diffusion coefficient

ui/uz, ug/u%

skin friction coefficient

profile drag coefficient

source term in species equation

slip correction factor in Eq. 4-1

'W!O/u*

diffusivity

model constants

diffusivity of particles due to Brownian motion
skin friction drag

diffusivity of particles due to inertial impaction
profile drag

displacement thickness due to canopy

particle diameter

electric field

electronic charge

body force

Coriolis parameter = 2q sing¢

gravitational acceleration

shape parameters for canopy flow and deposition
canopy height

inertial impaction as shown in Eq. 4-5




von Karman's constant u*/[z(su/az)]O in the neutral surface layer
empirical constant in Eq. 3-23

empirical constants in Eq. 4-9
Boltzmann's constant

layer height

~u3T /(Kg WO |

Monin-Obukhov length = )

0
leaf area index

wetted leaf area index

number density of particles

coordinate perpendicular to the leaf surface or other smooth surface
number of units of electronic charge e

plant area index

mean pressure

source term in energy equation

square root of twice the turbulent kinetic energy

g associated with the smallest turbulent eddies

q associated with the main turbulent eddies

resistance to deposition in the four regions as shown in Figure 3-1

chemical or biological resistance at the leaf surface
aerodynamic resistance

viscous sublayer boundary layer resistance

total resistance to deposition

sublayer resistance to diffusion

gaseous resistance to deposition

sublayer resistance to particle inertial impaction
surface resistance to deposition

total resistance to deposition

canopy Reynolds number = Gh/v

Rossby numbeyr = ug/fzO

dimensionless particle stopping distance
Schmidt number = /D

time
aerosol velocity
geostrophic wind in the x direction

mean velocity component in the x direction
u at z = 2h
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Cartesian velocity components
horizontal velocity at the edge of laminar sublayer
surface shear stress velocity = (V/p)%
geostrophic wind in the y direction
mean velocity in the y direction

v at z =2n

deposition velocity = ~5777_|0/C(z)
deposition velocity at the top of canopy
deposition velocity at the surface = -w

Tayer-averaged deposition velocity

It
1
=
(9]
o o

mean vertical velocity

horizontal coordinates

function defined in Eq. 3-8

vertical coordinate

surface roughness height

surface roughness height for heat
surface roughness height for species
inversion height

model constant
Kronecker delta
thickness of Taminar sublayer

critical length scale for particle deposition through the sublayer above
leaf surfaces

effective turbulent eddy diffusivity
alternating tensor

potential temperature

ground temperature

‘W—leTlo/u*

temperature at the edge of laminar sublayer
surface temperature

thermal conductivity

macroscale of turbulence model

dynamic viscosity

kinematic viscosity

density

density of aerosol

standard deviation of longitudinal wind velocity
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5} standard deviation of vertical wind velocity

T surface shear stress

Ty relaxation time of particle

¢ Monin-Obukhov functions for the constant flux layer
w1 function defined in Eq. 3-18

Q earth's rotation

Superscripts

- denotes ensemble average
denotes fluctuation about the mean
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SUMMARY

When airborne pollutants from multiple sources are transported over distances of
hundreds and thousands of kilometers, a key process which determines their fate
is deposition onto the earth's surface. Any regional air quality prediction
system must account for these losses since they control the airborne concentra-
tions produced by a quasi-equilibrium between continuous pollutant emissions and
deposition losses. Despite numerocus empirical attempts to parameterize dry
deposition rates, a satisfactory prediction scheme does not yet exist.

As a first step toward improving the reliability of predictions of dry deposition
losses of gases and aerosols, this project undertook the development of a
generalized theoretical framework for the processes which control the turbulent
transport of airborne materials to surface deposition sites. The comprehensive,
second-order closure models of turbulent transport previously developed by
A.R.A.P. have been modified for this purpose and have been validated against
experimental measurements. This effort has been very successful and offers a
guantum improvement in the understanding and quantification of dry deposition
processes.

Because the general equations are much too cumbersome to be used directly in
regional air quality models, a systematic, physically based simplification of the
general modei has been completed. This effort has produced a readily usable
parameterized model which is still accurate to within 10 percent of the complex
model predictions.

These developments, plus a sensitivity analysis of the model, have led to a
recommended experimental procedure for further field measurements which will
extend the model's applicability to terrain and vegetation types for which the
required experimental data do not now exist. The design of these experiments is
being pursued as a sequel to the work reported here,
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Section 1

INTRODUCTION

The dry deposition of a pollutant over a regional area is very complex involving
such diverse phenomena as turbulent transport of mass and momentum, aerosol dynam-
ics, leaf chemistry, plant biology, and land use. Deposition velocities have been
measured under conditions of Timited control so that insufficient information is
generally available to extrapolate the velocities to other field conditions. This
is a report on a study to unravel the contribution of turbulent transport to the
deposition process. The goal is to provide guidance to future field observation
so. that the accumulated data will have greater applicability to general field con-
ditions.

The next section gives a brief literature review. The intent is not as much to
review all that is known but rather to highlight some of the anomalies in predic-
ted deposition velocities. This is followed by our analysis of deposition which
emphasizes the role of turbulent transport while parameterizing the other major
variables. A sensitivity study is carried out on our model to determine the most
critical parameters. A number of uncertainties remain which require further ex-
periments before they can be removed. Recommendations for these experiments are
presented.

The primary use of dry deposition models is likely to be in regional studies such

as SURE (1). Our fundamental model developed here is too complicated to fulfill
this role, but a simple parameterization is proposed for this purpose.

1-1




Section 2

LITERATURE REVIEW

A number of reviews of sulfur deposition have been made. A recent historical re-
view of SO2 deposition studies was given by Chamberlain (2) and a recent review

of the available data on deposition of SO2 and sulfate aerosols, as well as for a
number of different gases and particulates is given by McMahon and Denison (3).
Numerical values of V4 for a wide variety of surfaces and species have been meas-
ured. However, the data can rarely be reliably extrapolated to general field con-
ditions, due either to insufficient documentation of the ambient conditions for

the experiment or to modeling deficiencies. Our aim in the present section is to
highlight some of the uncertainties surrounding deposition values.

Gaseous and particulate removal rates from a polluted atmosphere to environmental
surfaces historically have been reported as deposition velocities, Vq o defined
as the flux to the surface w'c‘lO divided by the airborne concentration, C,
i.e.,

Vg = -w‘c']O/C(z)

Since a concentration gradient is necessary to deliver a flux to the surface (ex-
cept in the nominal case of simple gravitational settling of large particles),

vy is necessarily a function of the height at which the normalizing concentration
is measured. Table 2-1 gives the estimated deposition velocities for a number of
different surfaces as agreed upon at a workshop of the 1977 International Symposium
on Sulfur in the Atmosphere (4). Definition heights are not given but generally
assumed to be about 1 m.

The Titerature often deals with the resistance of the surface layer to deposition
which is defined as the reciprocal of the deposition velocity,

o
Ra = VY4

This concept has the advantage that it can conveniently be divided into the re-
sistance of the various layers through which the pollutant must pass to reach the

2-1




Table 2-1

DEPOSITION VELOCITY ESTIMATES
[From 1977 International Symposium
on Sulfur in the Atmosphere (4)]

-1
vd(cm s )
SO2
Nature of Surface Range Typical
Vegetation
grass =~ 0.1 m height 0.1-0.8 0.5
crops &~ 1 m height 0.2-1.5 0.7
forest =~ 10 m height 0.2-2.0 ?
Bare soil s 7
pn > 0.3-1.0 0.8
dry { pi < 4 0.1-0.5 0.4
pH > 7 0.3-1.0 0.8
wet { oy < 4 0.1-0.8 0.6
Water 0.2-1.5 0.7
ory snow 0.1
Countryside 0.2-2.0 0.8
Cities ? 0.7

surface. In Table 2-2, Garland (5) summarizes the deposition velocity and the ele-
mental surface resistance found for a number of different surfaces by a number of
investigators and wherever possible divides the resistance into gaseous, Rg , and
surface, Rs, contributions. Of course, the aerodynamic resistance to diffusion
must vary strongly with wind speed and stability. This was fully recognized by
farland who also gave Rg for different heights. Table 2-3 shows the difference
for three different surfaces.

It is equally clear that the surface resistance can be highly variable. Fowler (6)
shows the diurnal variation in 502 deposition to wheat during both a period of rapid
growth, Figure 2-1, and senescence, Figure 2-2. Figure 2-1 shows a peak in Vg
during the middie of the day when photosynthesis should be at a maximum, while
Figure 2-2 shows a peak at night. The first is attributed to the open stomata of
the crop during growth and the second to nighttime dew. Although the dew appears

2-2
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Table 2-2

THE RESULTS OF SEVERAL EXPERIMENTAL
INVESTIGATIONS OF SO, DEPOSITION®

v

R s
Surface Method etc. cm/gec scn?'1 sem”! Author
Water Gradient, Lake Ontario 2.2 - - Whelpdale and Shaw {1974)
Gradient, Reservoir 0.41 1.86 0.56 Garland (1977)
Calcareous soil Laboratory, mass balance 0.24-0.39 Payrissat and Beilke (1975)
Acid soil N 1.2-3.8 !
Calcareous soil Gradient, field 1.2 0.83 0.1 Garland (1977)
Grass Gradient, field
Summer 0.8 0.8 Shepherd (1974)
Autumn 0.3 3.0

" 3950, tracer, field 0.3 Owers and Powell (1974)
Short grass Gradient, field 0.85 1.2 0.34 Gartand (1977)
Medium grass " " 0.89 0.46 0.66 "

! Tracer, field 0.19 0.38 0.45 "
Cotton Sedgemoor Gradient, field 0.7 - - Holland et al (1974)
Wheat Gradient, field 0.74 0.5 1-2.5 Fowler (1976)
Wheat 0.44 0.28 2.0 Dannevik et al (1976)
Soybean 1.25 0.11 0.69 "
Pineforest (dry) Tracer 0.1-0.6 0.1 1.5-5.0 Garland and Branson (1978)

" " " 1.0 Belot et al (1976)

qFrom Garland (5).




Table 2-3

EXAMPLE OF CALCULATED VALUES
OF THE GAS-PHASE RESISTANCE

Wind speed Monin-0Obukhov

Surface and z, at 100 m length, L Uy Rg(l) Rg(IOO)
(m) (ms™)) (m) (ms™h)  (sen™)  (sem™)

Grass 3 o0 0.13 1.25 2.1

(0.01) - 11 0.18 0.839 1.21

10 o 0.45 0.41 0.67

- 215 0.49 0.38 0.57

+ 630 0.41 0.44 0.77

Cereal crop 3 oo 0.18 0.8 1.5

(0.1) - 27 0.25 0.66 0.93

10 oo 0.59 0.32 0.50

- 480 0.64 0.30 0.45

+1700 0.57 0.33 0.54

Rg(5)

Forest 3 %o 0.27 0.26 0.54

(1.0) - 85 0.36 0.20 0.43

10 o 0.89 0.11 0.24

- 1500 0.93 0.10 0.22

0.88 0.11 0.24

Unstable conditions (L negative) assume a heat flux of 50 _W m'2 and stable condi-
tions (L positive) assume a downward heat flux of 10 Wm™4. L =« when conditions
are neutral. In stable conditions at the lower wind speed, the surface is isolated
from the 100 m level, preventing diffusion from this height and making resistances
from 1 m unpredictable.

Source: Garland (5).

to have reduced the surface resistance during the early night hours, it does not
appear to be effective during the early morning hours. Fowler suggests this is
because the early morning dew is light enough that it could become saturated with
SOZ‘ Figure 2-3, from Liss and Slater (7), shows that the resistance of 802 a-
cross an air-water interface increases sharply as the pH of the water decreases.
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Fowler goes so far as to claim that dry deposition of 502 is usually controlled by
the affinity of the surface for 802 rather than the conductivity of the atmosphere.
However, this does not appear to agree with Garland's comparative resistances in
Table 2-2. A consistent analysis of many of the factors affecting 502 deposition
is given by Wesely and Hicks (8).

The status of estimating sulfate aerosol deposition is even more confusing than
that for SOZ' The report from the International Symposium of Sulfur in the At-
mosphere estimated that the deposition velocity for such aerosols was < 0.1 cm/sec.
This seems to be based on the fact that particles of the size (0.1-1 um diameter)
containing most of the mass of sulfate aerosol are not transported efficiently a-
cross the laminar sublayer adjacent to a surface. This is shown in Figure 2-4,
taken from Sehmel and Sutter (9). Estimates of low values have also been obtained
from the field measurements of Droppo (10) and Lindberg et al. (11), but the most

Nominal
U., |zo, | velocity
cm/seciecm [m/sec| mph
[ A-mem- 1t Looz| 2.2 5
~ a— — 44 02| 7.2 16
- © 17 41 13.8 31
10 Moller 8 Schumann /
C |m/sec|mph / /
- = +-———-—~3108\7to|8
O
& [ k 2
~ -
£ /
(&)
R /
= F / [
-~ E
S F /
Q
g -
‘C_:> A= Z
% = / 4
- /,
S W /
o \ ’ ,
SR *// Termina)l
L 4\+ + (&} + + seHIir"tg
\ + + velocity,
Ol =+
- [s] U, =0
YT JJJJK ot oy
A | 10

Particle diamefer, um

Figure 2-4, Deposition velocities to a wa-
ter surface (particle density of ].Sg/cm3).
[Source: Sehmel and Sutter (9)]
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recent estimates made by Sheih, Wesely and Hicks (12) predict values as high as

1 cm/sec.

A number of the factors affecting the deposition of particles is given by Slinn
(13). The most consistent available analysis of the dry deposition of small parti-
cles appears to be that by Sehmel and Hodgson (14). They correlated a number of
different measurements to obtain an empirical relationship between the particle

size and its resistance to transport across the viscous sublayer. This was combined
with an analysis of diffusion in the constant flux layer similar to that to be dis-
cussed in the next section to obtain curves such as that reproduced here in

Figure 2-5.

UNSTABLE,L=-1OM

j0°2

1073}

DEPOSITION VELOCITY, Kl_M,cm/sec

L P | ' PRSI | 2 2 1al T

jo- 8 io-! 1 10
PARTICLE DIAMETER, pm

Figure 2-5. Predicted deposition velocities at
1 meter for u, = 10 cm/sec. [Source: Sehmel
and Hodgson (14)]

Note that there is some inconsistency between Figures 2-4 and 2-5. The A data
points of Figure 2-4 which refer to ux = 11 cm/sec, and 2z, = 0.002 cm lead to
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a minimum value of v, Gu10'2cm/sec) about an order of magnitude higher than that
indicated for the same conditions in Figure 2-5.

The recent paper by Sheih, Wesely and Hicks (12) presents estimates of surface de-
position velocities of both SO2 and sulfate particles over the eastern half of the
United States, southern Ontario, and nearby oceanic regions for use in studies of
regional scale atmospheric sulfur pollution. Based on land-use and likely biolo-
gical status of vegetation during mid-summer conditions, average deposition velo-
cities for grid cells corresponding to half-degree increments of longitude and lati-
tude are presented for a range of atmospheric stabilities. The maps for neutral
conditions are repeated in Figure 2-6. The most surprising thing about these fig-
ures is that over most of the land Vg is higher for sulfate (0.8-0.9 cm/sec)

than it is for 502 (~0.3 cm/sec). This surprising result is a consequence of their
assumption that the surface resistance to particle deposition is constant at 1.0 s
cm_1. It is also somewhat surprising that the only dependence on wind speed comes
in the consideration of stability class.

The existence of such deposition maps should not be construed as an indication that
all the questions surrounding deposition have been resolved. In fact, two of the
same authors, Wesely and Hicks (15), have reported on measurements over a pine for-
est in Southeastern United States which show emission of small particles over most
of the day with deposition only for a few hours near midday. From these measure-
ments they conclude that further investigations are required to unravel surface
deposition. The following sections represent our efforts to help in this endeavor.
By constructing a model of turbulent transport to a vegetal canopy we hope to pro-
vide a framework for using the results of carefully controlled experiments to esti-
mate deposition rates under general field conditions.
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Figure 2-6. Map of deposition velocities of sulfur dioxide and sulfate particles for neutral
stability. The alphanumerical symbols (0,1,2,...,9,A,B,..., and F) in the map represent
deposition velocity intervals of 0.1 cm s71y i.e., 0 and F represent the ranges of deposi-
tion velocities O <v < 0.1 and 1.5 <v < 1.6 cm s~/ respectively. [Source: Sheih,
Wesely and Hicks (8)]




Section 3

DEPOSITION ANALYSIS

It is convenient to break up the boundary layer into four different regions as shown
in Figure 3-1. The total resistance to deposition is the sum of resistance pre-
sented by each separate region plus a fifth resistance at the surface.

= (R, + R, + Ry +R +R5)'] (3-1)

Y4 2 7R3 T Ry
For flow over a smooth surface, region 3, the canopy, does not exist and R3 = 0.
When a vegetal canopy exists at the surface the effective surface area is increased,
and R4 is decreased and incorporated within R3 . A fifth resistance, a surface
chemical or biological resistance, must be added to the four aerodynamic resist-
ances in the most general case. Each of these layers will be considered separately.

R, @ Outer boundary
layer
R, @ Consiant flux
layer
¥
Ra :
Vegelotion canopy
Vi @
Smooth
surfoce

Sublayer + leaves or
other smooth surfaces

Figure 3-1. Four different regions of the
planetary boundary layer for study of the aero-
dynamic resistance to SO, deposition.
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OUTER BOUNDARY LAYER (Region 1)

The fundamental equation governing the species concentration in the outer boundary

Tayer is
DC . _aw'e" av'e'  au'c -
Dt 9z 3y X (3-2)

For regional scales the resulting distribution is essentially determined by a bal-
ance between vertical diffusion and horizontal advection, i.e., the equation can
be approximated as

oc _ aw'c' A
Dt T oz (3-3)

Our approach to solving this equation has been to couple it to the equation for
Dw'c'/Dt obtained by a careful modeling of certain terms in the exact equation
derivable for Dw'c'/Dt. The fundamental assumptions of this approach were out-
Tined by Donaldson (16). The solution for point and line source dispersal within
the atmospheric boundary layer were given by Lewellen and Teske (17). The modeled
equation for Dw'c'/Dt is

Dthc = - W%% ¥ T%c'e' + 0.3:—7_(% awazc )- 0’!7\5‘] W' (3-4)

The last two terms are the modeled terms representing turbulent diffusion and de-
correlations terms. The second term on the r.h.s. of Eq. 3-4 is a buoyancy term
which requires no modeling but couples in an additional equation derived in an ana-
logous way.

Dc'sg!’ T v 06 3 S—ré_r 0.459 —&—
%t = -we' = - wc' —= + 0.3 52-<qA & ) - 3 1% (3-5)

?Z z 9z

Equations 3-3 to 3-5 form a complete set when the wind, temperature, and second-
order velocity and temperature correlations are known or calculated from similarly
modeled equations (11). When the surface and upper boundary conditions are spatial-
1y homogeneous, then the background wind and turbulence distributions may be taken
to be functions of a single parameter, Rossby number = ug/zof, provided the flow is
neutral. Under stable temperature conditions, one stability parameter is reguired,
say ug/Lf; while for unstable conditions a second stability parameter, such as
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zi/L nmust be added. The surface, or top of the surface layer, condition on Egs.
3-3 to 3-5 introduces one more parameter th/u* . The deposition velocity is also
a function of the height at which one chooses to define it.

In anticipation of using the deposition velocity in a regional scale model, it seems
appropriate to define a layer averaged deposition velocity

Vg, = -werly/t, (3-6)
with
% %
61 = fquz/f udz (3-7)
Zg 25

Based on the preceding argument, we expect V4 /u, to depend on the following di-
4
mensionless variables

Vd z
~ h o o
Vg /ux = fen(—", —, &/L, Ro, z/L (3-8)
% % !

Uy

or in terms of the resistance

pA
Ry Uy = fcn.(TO, /L, Ro, zi/L) (3-9)

The relative sensitivity of the different parameters will be explored in a later

section.

CONSTANT FLUX REGION (Region 2)

The region of the boundary layer most amenable to simple analysis is the constant
flux layer above any vegetative canopy and below advective contributions in the
boundary layer. In this layer

Kz aC

. oz - elz/L) (3-10)
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This normalized species gradient is assumed to be the same function of z/L as the
appropriately normalized temperature gradient. This assumption is based on the
similarity of the fundamental heat and species diffusion equations, and there does
not appear to be any reliable data which would refute this similarity. The function
¢ , shown in Figure 3-2, has been measured, e.g., (18) and predicted theoretically

(19).

-2 -1 0 1.0 .0
2.0 3/2
z ™Y L]

2/ = -7Kg w0 /Golu w'|
Figure 3.2a. Normalized velocity Figure 3.2b. Normalized temperature
gradient as a function of the as a function of the Monin-Obukhov
Monin-Obukhov similarity variable: similarity variable: model predic-
model predictions, solid lines; tions, solid 1lines; observations
observations (circles). [Source: (circles). [Source: Businger et
Businger et al. (18)] al. (18)]

Equation 3-10 can be integrated to obtain the species distribution
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z
o o ]
c-¢ = = [ ta (3-11)
z
OC

If we define surface resistance as the ratio of the surface concentration to the
mass flux to tne surface

Rg = = = (3-12)

—_O -
vglz) = () (3-13)
1.€.,
Z
3—*~ UgRg = %f ¢(z/L)9—ZZ— (3-14)
d %o,

Under neutral conditions ¢ = a constant =B (=0.75) and a simple expression can
be obtained for V4

-1
Vg = u*[% 2n Z/ZOC + u*Rs] (3-15)

Equation 3-14 can also be integrated for the full range of stability conditions
from -« <z/L <+, e.g., (20)

-1

+ UueR

[N
S
i
1_1 O
N
N
—

Z
SLnE—-- 2n) % +

O¢

a1

_ B
Vd = Ug 'K“ 5

(3-16)
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(3-16)
continued

Similar equations can also be derived for the wind distribution within the surface
layer to permit u, to be eliminated in favor of the velocity at any desired

height.
i = J_ wn _Z_. - Y _Z_ < 0
Uy K z, 1 L
a1 z z z
G = E(Rn% + 4.7 t) 3 > 0
where (3-17)
Yy = 22n[%(1 + x])} + sm[%(] + x%)] - Ztan‘] X + g—
with
3
- z\*
xg = (1 -152)

For the Timiting case of Eq. 3-15 this leads to
-1
- z z -
Vg = ujan <B an —Z--> + Rgu (3-18)

From Eq. 3-13 it is evident that the deposition velocity generally increases as

o

the wind velocity and/or the surface roughness increases. However, as the wind
velocity continues to increase V4 asymptotically approaches R;] . These two
generalizations still hold true under non-neutral stability conditions.
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LEAF OR OTHER SMOOTH SURFACE LAYER (Region 4)

The degree to which the surface absorbs or chemically reacts with a species is a
chemistry/biology problem. It appears that it must be measured empirically. For
our sensitivity analysis, we will parameterize it as proportional to the concentra-
tion of the species in contact with the surface. The constant of proportionality
RS
problem, there is the aerodynamic problem of transportation of the species through

will be considered as a known input. In addition to the surface chemistry
the viscous sublayer next to the surface.

Before considering species diffusion across the sublayer, let us consider momentum
transport. In this sublayer, the momentum transport, ui is given by

2 U u
G = v = v—g’i- (3-19)

The sublayer thickness §. 1is determined by the minimum size turbulent eddies which

S
can be supported by the turbulent energy which is being dissipated, i.e.,

8 = v/g (3-20)

The turbulent energy in these smallest eddies is tied to the energy in the large
eddies through the cascade process which essentially conserves tne energy flowing

from one eddy size to the smaller size. Thus,

13

§
= S

and

2 v
ug = C]<qT1\> Gy U, (3-22)

From the empirical correlations in Schlichting (21) c, 0.12.



Equation 3-21 is consistent with an effective eddy diffusivity (qA) which is pro-
portional to n*3 . Thus close to the surface Eq. 3-19 may be written as

2 du
2= (K] NV v)gﬁ (3-23)
1.€.,
n
U f(K s+ \)>-] u, dn (3-24)
Uy 1
0

Figure 3-3, which compares Eq. 3-24 with K} picked to match at one point with
velocity profile data close to the surface, demonstrates that this representation
is valid through the transition vregime from u =n to u = logn.

log u,z/v

Figure 3-3. \Velocity distribution in the sublayer next
to a flat surface. Data taken from Reichardt (22).
£q. 3-24. ----- Togarithmic variation.

An expression analogous to Eq. 3-24 can be written for either species or heat
transfer.
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n

K -1
B - 0 = 04Uy f (—él— n3 + K) dn (3-25)

0

Equations 3-24 and 3-25 can be manipulated to give

n We oy U

o(7) - o5 = ou(2) (B)™ L (n) (3-26)
. ~ v \3M . . . .

with n = (E) n. Since the velocity and temperature (or species) gradients be-
come much smaller outside the sublayer this Teads directly to

1

e = B (o) (q:A> ar(s, - o) (3-27)

Equation 3-25 is a valid approximation for /v of order one but is not appropriate
for «/v <« 1 since the 4/3 exponent is no longer valid for n <« v/u,. Very close
to the surface various investigators have approximated ¢ as proportional to n
[Garratt and Hicks (23)1, n2 [Brutsaert (24)1, n3 [e.g., Reichardt (25)], or
n4 [e.g., Deissler (26)]. The currently used model coefficients in our Reynolds

n3’25 very close to the surface. These different

stress equation lead to & ~
choices lead to quite different dependences of Eq. 3.27 on «/v. The Garratt and
Hicks' choice leads to the mass flux proportional to en(D/v) while the other de-
pendences of n2, n3, n3‘25 and n4 lead respectively to the 1/2, 2/3, 0.69 and
3/4-th power of D/v. Experiments on mass transfer in fluids at high Schmidt num-
bers {(v/D » 1) shown in Figure 3-4 tend to favor the exponent of 2/3. For the

case of particle deposition where the Schmidt number based on Brownian motion is

quite large we have used 0.7 consistent with our other model coefficients.

When we include in the relation between surface concentration and absorption, the
species flux relationship may be written as

007 [ N4
“\v) \agx) ™%

; (3-28)

Us Cx = 007 v /4
T+l —— qTRs
v qTA
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u O Mizushina et al. (27)

A Hubbard et al. (28)

10-4— O Harriot et al. (29)
- [w]
o-s N R ]
102 0% sc 104 10°

Figure 3-4. Deposition on a flat surface as a function of
Schmidt number. ’

CANOPY FLOW (Region 3)

The lower boundary for atmospheric flows is seldom an aerodynamically smooth, flat
surface, so the relations developed in the last section cannot be directly used.

The surface is usually covered with some type of vegetal canopy. For flow above

the canopy in the constant flux layer, it is possible to characterize the boundary
in terms of an effective aerodynamic roughness, Zoe which may or may not be equal
to z,; a top of the canopy deposition velocity Vdy, 3 and a stability parameter
L. The purpose here is to see how these parameters are related to the physical
characteristics of the canopy. ‘

A second-order closure model for canopy flow has recently been developed by Wilson
and Shaw (§Q). The principal difference between their model and ours is that we
consider heat and species transport as well as momentum transport. We also use a
somewhat more general representation of the drag per unit volume of the vegetation.
Although detailed plant area densities must be given for any type vegetation, the
model can predict the variation in species transport as a function of surface Rey-
nolds number, Schmidt number and surface resistance.



The canopy introduces source and sink terms into the basic conservation equations.
The skin friction drag forces of the canopy can be estimated by multiplying Eq. 3-22
by total surface area per unit volume. In addition to, and often more important
than, the skin friction drag is the pressure drag imposed by the pressure difference
between the upwind and downwind surfaces of a leaf or other object in the flow. We
will take the profile drag vector as

}/

s (2, 2V -
Dp, * cp(i5 +a°) Agi (3-29)

so that the total drag term is given by

1
- 227 .
0; = [epy + cphet + 88 /a%) ] gy (3-30)
with
]ﬁ
_ v
et = alar) (3-31)

This reduces to the form used by Wilson and Shaw if we set cg =q =0. There
are two reasons for distinguishing between the skin friction drag and the profile
drag. First, the species transport to the Teaf surface is analogous to only the
skin friction portion of the drag. Second, in solving for the turbulent fluctua-
tions within the canopy the energy lost to the mean flow due to profile drag will
show up directly as turbulent kinetic energy.

There are two areas appearing in Eq. 3-30; the frontal area per unit volume Ag

and the wetted area per unit volume A, . These two areas differ at Teast by a
factor of two and in a moderate wind when the leaf aligns itself with the wind they
can differ by an order of magnhitude.

The sink terms in the energy and species equations may be taken from Eqs. 3-26 and
3-27 to be

A, a8 - 5) (3-32)




L = ccAWqC (3-33)

with

. = < (%)0'7/[1 + cf(%)m qTRS} (3-34)

Both a source and a sink term need to be added to the Reynolds stress equations.

MY L g (3 + )" ATz 6. - 2c.A qUIUT  (no sum i,3)  (3-35)
ot p\Yg T 4 FUi¥j %43 AT »J

The first term represents the creation of wake turbulence due to the profile drag
while the second recognizes that the skin friction can also dissipate the turbulent
fluctuations of velocity. The profile drag can also break up the eddies to increase
the dissipation, but this will be accounted for by reducing the dissipation length
scale A. Following Wilson and Shaw (30), A 1is constrained by

l—-‘ < 0.65

and (3-36)

]

[@]
e
=

with A =0 at z=20.

The additional terms in the temperature and species correlation equations are

modeled as
36U 0.7
. 1 - FUTE K -
n ceA, Q80 [1 + (\)) } oL, (3-37)
dc'u:
1 _ T -
v = '(cf + cC)AW(Jc Ug + oo (3-38)




2@‘* = — E_ '2 "
o 2c () A0 (3-39)
T Ny (3-40)
v A, -

1 ] 0-7
3C 6 _ -7 K

st - TAac’e UU) Ce * Cc] (3-41)

The complete set of equations and boundary conditions for the transport of momentum,
heat, and species within a vegetal canopy are summarized in Appendix A.

With this model it is possible to calculate the function th/“* needed in Eq. 3-8
as a function of plant characteristics, i.e.,

V'

d

__.ll = b a3
- f(Afh, h/L, Rue A /Acs Sc, Re) (3-42)

Shaw et al. (31) measured the flow within a corn canopy with hot-film anemometers.
Observations were made at fixed points between rows but variations between similar
locations at the same height above the ground were found to be relatively small.

In the first set of experiments, measurements include profiles of plant area density
(Figure 3-5), mean longitudinal velocities, Reynolds stress, and standard deviations
of longitudinal and vertical velocities (Figure 3-6). Wilson and Shaw (30) used

Ch = 0.2 and o = 0.1 to produce best agreement between their computed results

p
and observations.

den Hartog and Shaw (32) reported Cp = 0.16 and Uchijima and Wright (33) reported
Cp = 0.17 when measured scalar wind speed rather than the longitudinal velocity,
are used in the drag vector. The plant area density A for a deciduous vegetation
is usually measured as the total Teaf (upper side only) area per unit volume viewed
from the top of the vegetation. The most relevant area in computing the profile
drag is the frontal (or cross sectional) area in the direction of the flow, Af,
and hence is generally somewhat less than the traditionally measured plant area.

As a result, Cp would be higher than 0.16 if the frontal area Af is equal to
the measured plant area.



oL

Figure 3-5. Profile of plant
area density of corn canopy.

We will use the measured distribution of Ah shown in Figure 3-5 as Afi1; a = 0.1
and Cp = 0,16 . This Tow value of Cp indicates that the frontal area ,’-\]c is
~ 25 percent of the measured leaf area A. C]AW/Af was given a value of 1
(C]== 0.12, AW kf8Af ) such that the skin friction drag is about one-third of the
profile drag within the canopy, a relation measured experimentally by Thom (34).
Based on these parameters, the equations and boundary conditions as shown in
Appendix A are solved and steady-state results are obtained. As shown in Figure
3-6, there is close agreement between computed and observed data. Most of the mo-
mentum is absorbed within the upper part of the canopy and little is transported
to the ground. The results of our model appear to agree slightly better with ob-
servations than those of Wilson and Shaw (30). In particular they appear to have
over-estimated ou/u* and Gw/u* since skin friction dissipation of turbulent
correlations was not accounted for in their model.

The data as shown in Figure 3-7 were taken in October 1971 by Shaw et al. (31).

Corn was planted in 76-cm rows; at the start of the experiment the crop was about
290 cm tall and was starting to senesce. By mid-October, few leaves showed any
areas of green, the stand was noticeably less dense, and the crop height was reduced
to 260 cm. As shown in Figure 3-7, there is good agreement between the computed

and observed heat transfer rate within the corn canopy. Various measurements in

a corn field (35) have indicated that when u, increases, the roughness length z,
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Figure 3-6. Comparison of A.R.A.P. model predictions with data from Shaw et al. (31) in and

above a corn canopy.
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Figure 3-7. Heat transfer within a
corn canopy. [Source: Shaw et al.
(31)]

increases but zero-plane displacement d decreases. Our model also predicts such
trend. When u, increases from 0.1 m/sec to 1.2 m/sec, zo/h increases from 0.03
to 0.16, while d/h decreases from 0.9 to 0.5.

Additional calculations in a forest canopy will be presented in later sections to
demonstrate the sensitivity of the results to the various parameters indicated in
Eq. 3-42.



Section 4

PARTICULATE DEPOSITION

Particles will be diffused by the turbulence in the same manner as a gaseous species
as long as the particle is sufficiently small that it can faithfully follow all of
the turbulent eddies. This will be true whenever the relaxation time of the parti-

cle T the time required by a particle to reduce its velocity relative to the

gas byv e'] when acted upon by the fluid drag only, is much less than the eddy
time scale a/q. Table 4-1 gives some values of Ty for different size particles
with a density of 1 gm/cm3 . Since A grows proportional to z near the surface
it is possible to estimate the height at which qu/A =1 for a given value of q

(1 m/sec). At large distances above this height there should be no difference be-

Table 4-1

AEROSOL TRANSPORT PROPERTIES 3
(Spherical particles with oy = 1 gm/em” in
air at 20°C, 1 ATM; and” g = 1m/sec)

Particle Diffusion Relaxation Terminal Height at Stopping distance
diameter coefficient time velocity which microscale
20 p Tt t,9 REWIN Q% /2v
(um) (cmz/sec) (sec) (cm/sec) Ym)
0.05 2.5x107° 3.6 x107° 3.5 x107° 1.1 % 1073
0.1  6.7x10°%  8.8x10° g8.6x107° 2.9 % 1073
0. 6.3x 1077  1.0x10°% 1.0x103 3.3 x 1072
1. 2.8x1077 3.6x10°% 351073 0.12
5 4.9x 108 8.0x107° 7.8x10% 12.3x 107 2.7
10 2.4 x10% 3.2x10% 3.1 107! 5 x 107 10.6
50 7.7 x 1073 7.58 0.012 2.6 x 102
100 3.1 x 1072 30.3 0.048 1.0 x 10°

*Friedlander (36).
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tween the turbulent diffusion of a particle and the turbulent diffusion of a gaseous

species. For particles with diameters less than a few microns, the table indicates
that the only region where the particulate nature of species will generally make
any difference is within the surface sublaver. It can also be seen from Table 4-1
that the gravitational settling contribution to deposition velocity of this size
particles will generally be quite small.

The particulate nature of the species must be accounted for in estimating the dif-
fusion coefficient within the sublayer. We will account for three contributions

to the diffusion of the particle; the Brownian motion of the particle, gravitational
settling and inertial impaction. Other mechanisms, such as thermophoresis, diffusi-
ophoretic forces, or electrical migration, which may play a role under certain con-
ditions are discussed in Appendix B. Brownian diffusion is calculable from kinetic
theory (36)

o EKT _
% = Fnd, (4-1)

with ¢ a slip correction factor. Some values as a function of particle diameter
‘ have been inciuded in Table 4-1.

‘ The mass continuity and momentum equations for a particulate species may be written,
following Marble (37), as

|
oC SCUA° 82C
— 4 —1 - g — (4-2)
ot axj BX.i
BCUA' 8CUA'UA_ (UA. - u.l>
i, MR L LN F CFy (4-3)
ot SXJ- Tv

where the subscript A on the velocity represents the aerosol velocity, and Fi
represents any body force on the particle. Equation 4-2 can be rearranged to read

ac acuy C(UA‘ - u1-> s2¢
= S v s VA s (4-4)
at 9%, B, ax%
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When the ensemble average concentration and velocities are assumed to be function
of only one coordinate normal to a surface, Eq. 4-3 can be used to formally inte-
grate Eq. 4-4 to obtain

= WL L) "2 _Tf [P I R T,
q ° cw - DB?}W - TV[Cg + EH<CWA + CwA + 2¢ Wy Wy F c'wAwA>:|

"VdC

(4-5)

The first term on the right hand side is the turbulent transport if the particle
follows the fluid velocity which by analogy with Eq. 3-23 is equal to %—e 3C/3n .
The second term is that due to Brownian diffusion. The term in the brackets repre-
sents the sum of the contribution from gravitational settling and inertial impaction
which we will symbolize as equal to CI. If I s assumed independent of n then
Eg. 4-5 may be formally integrated to give

z
d 4e -1
Vg = T, I/ - expl-n 1l f (—3— + DB) dz (4-6)

As seen earlier in Egs. 3-25 to 3-27

4
d -1 d -1 0.3 /p.\-0.7 ulzq)
4e _ 3 ) - (3Y (%
S/ <“3_+DB> @ -3 f (€+SDB> dz '(4) (v) 2

0 0 Use

so that £q. 4-5 may be written as

2\0-3 /4 \0-7 u,
Vg = TVI/[T - exp(-rvl(*47> (B—B-> E)] (4-7)

We will further approximate Eq. 4-7 as equal to

0.3/p.\0.7 ,2
vg = ot 0+ (%) (Ji) s (4-8)

Y U}Z’

which never differs from Eq. 4-7 by more than 25 percent.
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In an earlier report (38) an attempt was made to derive conservation equations for
WX? and ETWK' and model the required higher order terms in wA to close the
system. The result is several new modeling coefficients which must be empirically
determined. Rather than pursue this attack in determining I, we will approximate
I as equal to

[1 - exp(-l<3q—rv/6s>] to, 9 (4-9)

The form of Eqg. 4-9 is suggested by the bracketted terms in Eqg. 4-5. The particle
fluctuation velocities in the sublayer can be expected to be proportional to the
fluid velocity filuctuations outside the sublayer times a damping factor which is
exponentially related to the ratio of the particle stopping distance to the sub-
layer thickness. For particles bigger than =10um diameter it would be necessary
to divide Eq. 4-9 by a factor [1 + K4(q TV/A)]Z to account for the fact that the
particle will not be following the turbulent fluctuations even outside the sublayer.
This term will not be included in the current formulation because the largest mass
of the sulfate aerosols is believed to consist of particlies with diameters around
Tum or less (39).

Friedlander (36) reports that no completely satisfactory theoretical solution to
the particle impaction problem exists, but in the regime where deposition is domin-

ated by impaction he develops an expression which has the ratio of the deposition
velocity to the shear stress velocity proportional to the square of the ratio of

the particle stopping distance to the viscous sublayer thickness. For q /g < 1,
Eq. 4-9 has the same dependence.

When Eq. 3-20 is used for &g and empirical information is used to estimate the
constants, Eq. 4-9 can be approximated as

2
y Y

Vv

T

I = 0.lceq [1 - exp(—0.08q2rv/vﬂ + 1,9 (4-10)

This is compared with some data of particles deposited on the underside of a flat
plate in the range where inertial deposition dominates (40) in Figure 4-1. In
Figure 4-2, the combination of Eq. 4-8 and Eq. 4-10 is compared with Sehmel's (41)
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Figure 4-1. Comparison of Figure 4-2, Comparison of A.R.A.P.
A.R.A.P. model prediction model prediction with Sehmel's deposi-
with Lane & Stukel's deposi- tion data over a smooth brass surface
tion data underneath a flat (41). u, = 73cm/sec, u_ = 1340cm/sec.
plate (40).

data for depasition on smooth surface for particles in the transition regime. Both
comparisons appear satisfactory. Inclusion of C¢ in Eq. 4-10 removes some of the
scatter which would be indicated if the data in Figure 4-2 were included on Figure
4-1. Such a summary plot of vy4/u, versus rvug/v as given by Montgomery and
Corn (42) shows considerable scatter.

Considerable uncertainty still surrounds the deposition of particles across the
sublayer. As noted in Appendix B, forces neglected in the present analysis can,
under certain conditions, dominate deposition over the various range of particle
sizes between 0.1 and 1um diameter. Also in the real world the particle size dis-
tribution is seldom known and may undergo significant shifts due to such things as
a sharp gradient in relative humidity and the strong velocity shear in the boundary
layer.

For use in our canopy model a factor of 1/3 will be placed in front of the gravi-

tational settling term to approximately account for the fraction of the wetted area
which corresponds to the top half of the horizontal projected area.
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Section 5

SENSITIVITY ANALYSIS

DEPOSITION WITHIN THE OUTER BOUNDARY LAYER AND CONSTANT FLUX LAYER

Deposition velocity in the outer boundary layer, as shown in Eg. 3-8, is a function
of vdh/u*, zo/x, 2/L, Ro, z;j/L and distance from the source. We will invest-
igate the sensitivity of Vdg/”* to each of these parameters.

Effect of Canopy Resistance

Figure 5-1 exhibits the dependence of le/u* on th/u* for three values of 2
under neutral conditions. As th/“* increases, the surface resistance decreases
until eventually the surface resistance becomes unimportant and hence de/u* is
independent of th/u* . According to Eq. 3-1, the resistance in one region will
be important only when it is of the same order as (or larger than) the sum of the
other resistances. Consequently, the dependence of deposition velocity on many
other parameters can be expected to have similar character as exhibited in Figure
5-1. vdllu* as a function of th/u* during stable conditions (L = 35 m) are
shown in Figure 5-2. Due to the increased stability and less mixing of the flow,
the dimensionless deposition velocity has an asymptotic value for large th which
is less than that for the neutral case by a factor of 5 or more. The differences
ahong the various layer-averaged deposition velocities are also less.

Effect of Surface Roughness Resistance in the Outer Boundary Layer and the Constant
Flux Layer

To show the effect of surface roughness  u,/vq - U*/th = u*(R] + RZ) is plotted
against Ro in Figure 5-3. Curve 1 is plotted from Eq. 3-15 and hence indicates
UxRo . The resistance between the top of the constant flux region and 300 m, as
shown by the difference between curve 3 and curve 1, is almost independent of Ro.
Curve 2 is under curve 1 since layer-averaged concentration is used in computing

the deposition velocity.

Effect of Downwind Distance

Figure 5-4 shows the deposition velacity as a function of downwind distance. The
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Figure 5-1. Layer averaged deposition velocity
for three layer thicknesses as a function of can-
opy deposition velocity.
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Figure 5-2. Layer averaged deposition velocity for three
layer thicknesses under stable conditions as a function
of canopy deposition. Ro = 106, L =35m.
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deposition velocity under neutral conditions reaches an asymptotic value after a
few kilometers. Under stable conditions, due to the smaller deposition velocity,
the initial concentration at higher altitude remains unaffected until relatively
longer distance is reached. Consequently, the deposition velocity shows appreci-
able change even at 10 km. However, the rate of change is much less at farther
distances. Also the dependence on distance would be wmuch less if a higher canopy
resistance was assumed.

Effect of Stability

The effect of stability on deposition as measured by Eq. 3-16 is shown in Figure
5-5, It shows a strong effect during stable conditions and almost no effect during
unstable conditions. Figures 5-6 and 5-7 compare the incremental resistance to
deposition computed from the constant flux relations and those computed from the
A.R.A.P, boundary layer model. Since the constant flux region only constitutes a
small fraction of 300 m in the stable case, large differences can occur (Figure
5-6), but relatively small differences occur in the neutral and unstable cases
(Figure 5-7). It is expected that under stable conditions, the simpler equation
(3-16) can be employed to accurately estimate the deposition velocities. Under
stable conditions, as shown in Figure 5-6, the concentration above 200 m remains
unchanged until after 100 km.

300

200+

Height, m

{00

-050 (o] 50 100

F Function
(Rous =19 n 2/2,¢)

Figure 5-5. Incremental resistance
to deposition as a function of
height and stability as given by
surface layer functions.
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Figure 5-6. Incremental resistance to de-
position under stable condition given by
surface layer function (1) and A.R.A.P. model
based on layer averaged deposition velocity
(2) and local deposition velocity (3).
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Figure 5-7. Incremental resistance to deposition
under neutral and unstable conditions given by
surface layer function (1) and A.R.A.P. model
based on local deposition velocity (3).
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DEPOSITION WITHIN THE CANOPY

The dependence of deposition velocity at the top of a forest canopy (the most common
land use of Northeastern U.S.) is also investigated. Figure 5-8 shows the plant
structure of the oak forest canopy considered in the present study. The canopy
height is taken as 10 m and whenever not specified otherwise A, /A¢ and Cp were
assumed to be 8 and 0.16 respectively. Notice that below z/h ~ 0.4, the plant
area is primarily composed of the tree trunks. The high plant area density near

the ground represents the presence of grass and shrub vegetation underneath the
forest stand.

The turbulent length scale within the forest canopy satisfying the constraints given
by Eq. 3-36 is shown in Figure 5-9. Within the crown height of the canopy, the
dense leaves significantly cut down the length scale of the turbulent flow. For

the purpose of our sensitivity analysis, the Schmidt number of the gas species is
assumed to be 1 (the Schmidt number of SOp in air is approximately 0.9).

For a given wind velocity of 5.2 m/sec at twice the canopy height, the wind profile
across the canopy is shown in Figure 5-10. Due to the blockage of the dense leaves
in the crown height, the effective zero plane is about 74% of the canopy height,
while the equivalent roughness length is only about 7% of the canopy height. The

Figure 5-8. Profile of plant area
density within a deciduous forest
during summer time. Total plant
area/unit ground area = 3.
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Figure 5-10. Profile of wind
velocity within and above the
summer deciduous forest.

zo/h = 0.07, d/h =0.74,

uy = 70 cm/sec.

total profile drag in the canopy for this case is about three times the total fric-
tion drag.

One profile as given in Figure 5-10, of course, cannot represent all the wind pro-
files that may be found in forest canopies under different conditions. That could
be the subject of another large report. Cionco (43) has given the wind profiles
measured in a variety of different canopies under different conditions. What we
are primarily interested in here is the sensitivity of deposition velocities to
different conditions. Indications of the sensitivity of deposition velocity in a
forest canopy to leaf surface resistance, stability, Schmidt number, leaf shape,
wind speed, particle size, and canopy distribution follow.

Effect of Leaf Surface Resistance

Figure 5-11 shows th/“* as a function of Rgu,, the leaf surface resistance.

As Rsu* decreases, the leaf surface resistance becomes increasingly unimportant
and th/“* approaches an asymptotic value. Figure 5-12 shows Zoc/zo as a func-
tion of Rgu, under the same conditions.
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Figure 5-11. Gaseous deposition velocity at the top of the
summer deciduous forest as a function of leaf surface resist-
ance. upp = 5 m/sec, neutral stability.

Effect of Stability

As shown in Figure 5-13, the dimensionless deposition velocity and the friction
velocity both decrease as the flow in the forest canopy changes from unstable to
neutral and stable conditions. iote that the change in dimensionless th/u* is
significantly less than the change in u,. ‘“hen h/L 1increases from -0.5 to
1.0, u, decreases from about 1 m/sec to about 0.3 cm/sec.

Effect of Schmidt Humber

The deposition velocity increases as D/v increases, as shown in Figure 5-714. At
large D/v the increase decreases as the sublayer resistance becomes unimportant.
Under conditions of higher surface resistance the asymptotic condition would be
reached at lower values of D/v.

Effect of Ay/Ag

As A, /As increases, the effect of skin friction becomes increasingly important.
As shown in Figure 5-15, the deposition velocity increases with A /Ay and ap-
proaches an asymptotic value.
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for gaseous transport in the summer city as a function of stability in the
forest. up, = 5 m/sec, neutral stabil- summer forest.
ity.

Effect of Wind Speed above the Canopy

As shown in Figure 5-16, the deposition velocity of gas increases with the wind
speed at 2h in an almost linear fashion. This is consistent with the sublayer
resistance formula developed in previous sections of this report.

Particulate Deposition within the Canopy

Figure 5-17 shows the particulate deposition velocity in a forest canopy as a func-
tion of particle size. The minimum deposition velocity which occurs at approxi-
mately 0.5 um particle diameter is increased over that for a flat surface but only
by approximately one order of magnitude. The increase is not as much as would ap-
pear to be indicated by Sehmel and Hodgson's (14) correlation based on scaling up
results from surfaces with much smaller aerodynamic roughness. Two curves are in-
dicated on Figure 5-17 based on using different assumptions regarding the charac-
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Figure 5-17. Particulate deposition velocity within
the summer forest as a function of particle diameter
for usy, = 5 m/sec, neutral stability and

pp = 1 gm/cm3.

teristic length and canopy structural characteristics. The resulting differences
in deposition velocity represent the uncertainty due to unknowns in the canopy
structure.

It should be noted that the result in Figure 5-17 appears to be at odds with the
recently reported measurements of Wesely and Hicks (15). They reported deposition
velocities as high as 1 cm/sec to a Loblolly pine forest in the afternoon for sut-
fate particles believed to be in the size range of 0.01 um to 1 um diameter. Uhen
we attempt to account for differences between the oak and the pine forest we obtain
deposition velocities higher than those in Figure 5-17 but still much less than

1 cm/sec. Appendix B speculates on mechanisms ignored from the present analysis
which could conceivably be responsible for such a large increase in deposition.




For particles of 0.5 um diameter, the variation of Vd, as a function of A, /Af
is shown in Figure 5-18. Variation of th/“* as a function of up, s shown in
Figure 5-19.
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Figure 5-18. Deposition velocity of Figure 5-19. Deposition velocity of
0.5 um-diameter particles at the top 0.5 um-diameter particles at the top
of the summer forest as a function of the summer forest as a function of
of Ay/As.  upp = 5 m/sec, neutral ugp . Neutral stability.

\
stabifity.

Deposition in Various Canopies

A major portion of the land in the Northeastern United States is covered with de-
ciduous forests. Due to the growth and senescence of the leaves, the plant area
density of a deciduous forest varies significantly with season. As shown in Figure
5-20, the plant area density of the forest during winter is only composed of non-
leaf area and hence the plant area index (PAI, integral of plant area density) is
only a fraction of that during the summer. Some fraction of the land in the North-
eastern United States is composed of suburbs with a mixture of houses and isolated
trees. It is assumed that the plant area density for a suburban canopy can be re-
presented by a profile such as that shown in Figure 5-20. Based on these profiles,
the flow and deposition as affected by the three different types of canopies may
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Figure 5-20. Profile of plant area Figure 5-21. Profile of wind
density within a (1) summer forest, velocity within and above (1)
(2) winter forest, and (3) suburban summer forest, (2) winter for-
canopy with trees and houses. est, and (3) suburban canopy.

be computed according to our model. The wind distributions are presented in Figure
5-21. In all the calculations, ¢, and A /Af were assumed to be 0.16 and 8
respectively. The deposition velocities of gas in the three different kinds of
canopies are shown in Figure 5-22. It is interesting to note that the increased
penetration of the wind into the winter canopy increases the turbulence sufficiently
to counterbalance much of the decrease in th/u* due to the loss in surface area.
0f course, in this comparison, we are assuming essentially no surface resistance,

corresponding to a wet canopy.
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Section 6

PARAMETERIZATION FOR REGIONAL MODELS

Dry deposition rates can be an important variable in determining the transport of
S0, and sulfate aerosols on the regional scale. Our model as developed in the pre-
ceding sections is certainly too compliicated for use in any practical regional
model. Here we will attempt to present a relatively simple parameterization that
approximately represents the output of the complete model.

Qur procedure will be to start with Eq. 3-1 and parameterize each of the separate
resistances. Regional models ordinarily need to deal with a surface drag coeffi-
cient in their representation of the wind distribution, so our primary task will
be to relate vyq to ¢p.

From Egs. 3-15 and 3-17 it may be deduced that under neutral conditions

(Ry + R,) = B<é—;> (6-1)

This expression does not remain exactly valid over the full range of stability
conditions. It yields a value that is slightly high under unstable conditions and
Tow under stable conditions, but it brings in the effect of stability as accurately
as it would generally be possible to estimate it over regional areas. Also Eq. 6-1
does not include all the subtleties involved in precisely defining the resistance
in the boundary layer above the surface constant flux layer, but as seen in the
preceding section these will differ with distance downwind from the source and with
the thickness of the bottom Tayer in the regional model to be considered. However,
it is essential to amend Eq. 6-1 to account for the difference between the momentum
sinks and the species sinks within the surface canopy.

From the mean species diffusion equation (Eq. A-4)
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thch = f cCAwq(C - Cg)dz (6-2)
0

while from the momentum equation

n h

e
uf = fcf/-\wqudz + fcpAf[lJru—Z—] qudz (6-3)
q

0 0
Thus the canopy resistance may be written as

h
! f cwaq(u/uh)dz

Rets = —b (14 Dp/Dg) —2 (6-4)
e S cohya [(c-c5)/cy ] a2

where Dp/Df is the ratio of profile drag to skin friction drag. From Eq. 4-8,
C. can be related to cy¢

R
Cc = C-f:(DB/\))O'7 1 + _Diff (6-5)
RImp

The ratio RDiff/RImo represents the ratio of the sublayer resistance to diffusion
to its resistance to particle inertial impaction. With the aid of Eq. 6-5, Eq. 6-4
may be written as

(1 + 0,/0¢) H
RC Uh = (6-6)

Co, (0g/9)°” <<] i RRDiff >>

Imp

where H should be an order one shape parameter
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n u
ceA,q— dz
6/. fw up,
h

S s [(c-cs)rey]az

and the angled brackets represent an average througnout the canopy.

Before estimates of H can be made it is necessary to examine how distributions

of C-Cg typically relate to distributions of wu

in the canopy.

Figure 6-1 shows
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Figure 6-1.

Similarity profile of gaseous concentration (1) and wind velocity (2)

predicted by A.R.A.P. model and wind velocity measured by various workers (3).




that to a rough approximation

C-Cg . ~1fu
- 1)Reuy = oy | — -1
Ch h \Up

To the accuracy to which Eq. 6-8 holds it is possible to write 6-7 as

. -1
L (1—H)<Rcuhc0h>

with
h h
H = fcwaqdz/f‘cwaquidz
0 0 h

With the aid of Eq. 6-9, Eq. 6-6 can be rearranged to give

af 7 (o RDiff/RImp>>
(1 + ppog)

RCCDuh = H

When the surface absorption resistance is added to the canopy contribution
external Tayer the total resistance may be parameterized as

. . 3 (uz-uh) , Un ] (v/0)2+7 (1 + Dp/Df> e
‘ A % {1+ Ryseg/ lep»

4 m® T (1 + 0/,

(1 + Rosee/ R mp )

6-4

(6-8)

(6-10)

(6-11)

and the

Rg Uy

LAWI

+

(6-13)



Except for approximating the stability variation in the first term on the right
hand side of Eq. 6-13 and the approximation involved in Eq. 6-8 this expression
still reflects the results of our compiete model as long as H, Dp/Df » Cp and
RDiff/RImp are taken from the complete model. At this point we make further ap-
proximation to the bracketed term in Eq. 6-13 to write it as

0.7

3 (v/D) T+ Dy/D Re U

Rou, = 3¢50 |1+ A p/0f) + 32 (6-14)
(0 + LAD (1 + Rygee/Rpnp)) LA, L
(1) (2) (3)

The 3 terms representing (1) resistance to turbulent transport, (2) canopy sublayer
resistance, and (3) surface resistance, have different time scales over which they
vary. The first term's principal variation is diurnal. Two to three orders of
magnitude difference between values at 1 p.m. and 1 a.m. Tocal time is expected.
The second term may be expected to only vary seasonally as the canopy structure
changes. The last term will vary diurnally as stomata open and close, seasonally
as the plant evolves and on a somewhat more random time basis depending upon whe-
ther the plant is wet or dry.

Different terms will be important in Eq. 6-13 under different conditions. For ex-
ample, when considering the deposition of SO2 to a surface covered with a tall flex-
ible grass covered with dew, the first term on the right hand side of Eq. 6-13 will
be the only term making a significant contribution. In this case the last term

will be negligible because of the high solubility of 502 (unTess the pH of the water
is Tow). The remaining terms, after the first term, will be relatively Tow because
the Schmidt number is approximately 1 and the ratio Dp/Df is small. Under these
conditions Reynolds analogy should approximately hold and mass will be diffused to
the canopy surfaces in much the same manner as momentum.

Table 6-1 presents some estimates of representative values of the 3 different terms
in Eq. 6-13 under different conditions. When indicated, the estimates are obtained
from the cited references. The uncited values are either commonly accepted values
or our estimate of the particular resistance.

Unfortunately, considerable uncertainty still exists about the last 2 terms in Eq.
6-14. For a gas such as 802 the uncertainty in the second term, which represents
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| (1) Aerodynamic
| turbulent?

(2) Laminar
sublayer
(Rs,p.)

(3) Surface Rg
(for SOZ)

Table 6-1
‘ REPRESENTATIVE VALUES OF DEPOSITION RESISTANCE TERMS IN EQ. 6-14
(sec/cm)
Minimum Low Typical High Maximum
0.05 0.2 1 5 20
Unstable Modest Light Stable winds Light
flow over neutral neutral stable
rough winds winds winds
surface
0.01 0.1 1 20 1000
Gas species Gas species 0.01 um 0.5 um 0.5 um
transferred transferred particles particles particles
to pine to smooth on pine deposited on deposited
forest surface forest pine forest on smooth
under mederate  surface
wind conditions
0.02 0.2 0.5 1 10
(Water) (Calcarious  (Grass or  (Pine with (Pine
s0il) wheat) open stomata) with
closed
stomata)

%Total resistance to turbulent transport from the surface sublayer to 100 m height.

the difference between the canopy resistance to momentum transfer and its resistance

to mass transfer, will generally not be critical because the other 2 terms will gen-

erally be larger.

Some improvement in gas deposition estimates may be accomplished

by improvements in estimating the surface resistance as a function of the inter-

action between plant physiology and the atmospheric environment.

However, for re-

gional modeling the biggest uncertainties are probably involved in the spatial and

time averages required.

The situation is quite different for the deposition of particles.
second term in Eq. 6-14 is both the largest and the most uncertain.

In this case the
Appendix B



discusses several mechanisms which may play a role in determining the size of this
term. It is clear that further investigations will be required to significantly
reduce the uncertainty in this term.
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Section 7

CONCLUDING REMARKS

A model for dry deposition of SO2 and sulfate aerosol has been presented and a num-
ber of calculations made to clarify the role of the critical parameters involved.
Based on the results of this detailed model a much simpler parameterized model was
also constructed for use with regional models.

Laboratory experiments can play an important role in improving sulfur deposition
estimates particularly by investigating the sublayer resistance to fine particulate
deposition on natural leaf clusters. However, there remains a need for carefully
chosen field experiments to validate parameterization for use in a regional model
such as SURE. Such field experiments should be designed to measure 302 and sulfate
aerosol deposition at a few sites chosen for spatial homogeneity and to represent
the different land uses prevalent in the SURE region. At each of these sites data
should be taken for a number of different well-documented meteorological and surface
conditions. Relatively short time averages (<1 hr) should be used so that the
variation with surface and ambient air environment remain in the data. With such
a data set, it should be possible to

(a) use the present or similar model of turbulent diffusion to deter-

mine the sum of the surface stomatal and/or absorption resistance
and the sublayer viscous resistance;

(b)  compare the results at the same site with results for similar con-
ditions but with very small surface resistance (such as wet foli-

age) to determine the relative contributions of surface and sub-
layer resistance under different conditions.

This provides the means for estimating separately the 3 contributions to Eq. 6-14.
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Appendix A
SUMMARY OF EQUATIONS AND BOUNDARY CONDITIONS FOR DIFFUSION IN A CANOPY

In the present study, although we are primarily interested in the steady-state solu-
tion, the one-dimensional nonsteady equations are solved. The mean flow equations

are:
AU
-1 - 9 (A-1)
BX.I
Momentum
i L CITHTY 5 au
1 -2 2 = - J
— = wlcA +CA(1+U-/CI) qu. - +—(V‘_)
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Diffusion of heat
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Diffusion of species
a(ulc -7 gC) 3 aC
DE . e A qC - v +~——<D———) (A-4)
Dt cw
X X X

In addition, there are six equations for Reynolds stresses:
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three equations for the heat fluxes
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three equations for the species fluxes:
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and three equations for the scalar correlations of temperature and species
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The above equations reduce to those describing the flow outside the canopy when

Cp = C¢ = C¢ = 0. The scale equation is as shown in Eq. 3-36. To study the flow
and diffusion within a canopy, the top boundary of the domain of calculation is
usually taken at twice the canopy height. At 2z = 2h, the boundary conditions
are:

u = u
V=Vv=20
w =20

8 = constant

C = constant

du'w' 13

S * ;‘3‘3 =0 (A-11)
1 1
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The Tower boundary extends all the way to z = 0, at which:

u = v = w = 0

6 = constant

€ = -w'c'R

wio' = (31(K/v)0'7 (v/an) g3, - 8) (A-12)
we = ¢ M%7 wran* g(c, - o)

g%'(all other turbulent fluxes) = 0

where R indicates the ground resistance to deposition and + represents the value
just above the surface. When R s given, expressions for C and w'c' may be
combined to give a relation between w'c' and C,. The value of C_ and o _ at
the bottom grid point are determined by solving the averaged conservation equations
for the half-cell adjacent to the ground. Averaged values of A and D over the
half grid cell are generally used in the expressions for w'e' and w'c'. When
initial conditions on all the variables are given, the complete solution can then

be obtained.

By proper nondimensionalization of the above system of equations and boundary con-
ditions, one can show that the dimensionless deposition velocity at the top of
canopy, th/”* » 1s a function of Af, h/L, vds/u* > Ay/Ag, Sc and canopy Rey-
nolds number Uh/v .

From the steady-state flow profiles above the canopy, one can determine an equiva-

lent roughness height z_ and displacement thickness d, 1in neutral case, from:

o

i o= g, z-d (A-13)

Using the same d, one can then determine the equivalent roughness height for heat

and species, z and z from:
O Oc
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Under strong stability conditions, the simple logarithmic relations (A-13) and
(A-14) no longer hold and 2z, and d have to be determined from Eq. 3-17.



Appendix B
SOME OTHER FACTORS WHICH CAN INFLUENCE FINE PARTICULATE DEPOSITION

The deposition model discussed in the main body of this report simulates the trans-
port of fine particulates by 3 mechanisms across the thin, relatively laminar, sub-
layer next to a surface. These 3 mechanisms, Brownian diffusion, turbulent inertial
impaction, and gravitational settling, should be the primary means. But other
mechanisms may, under certain circumstances be important or even dominant. The
purpose of this appendix is to estimate when some of these mechanisms need to be
considered.

ELECTRICAL MIGRATION

The mobility of a charged particle in an electric field, E, is given by (36)

) neeE

(B-1)

Ve 31rudp

when ng, is the number of units of electronic charge e which the particle car-
ries. For the standard atmospheric electric field of approximately 1 volt/meter
this leads to a velocity of approximately 10_6 cm/sec for a particle with a 0.1 um-
diameter and a charge of 10 electrons. This is approximately 2 orders of magnitude
below the gravitational settling velocity. Thus it appears that special circum-
stances such as much stronger electric fields (The normal surface field increases
several orders of magnitude in the vicinity of thunderstorms.) and/or large charges
on the particles are required for this mechanism to be important.

PARTICLE SIZE EVOLUTION

As evidenced by Equations 4-8 and 4-10, particle deposition is a strong function
of particle size. In field experiments the exact particle size distribution is
seldom known. Added to this uncertainty, there is the possibility that the size
distribution can undergo considerable evolution within the canopy.
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Numerous investigators have shown that sulfate aerosel size distributions depend
strongly on relative humidity, particularly in the neighborhood of 100% R.H. A 10%
increase in R.H. from 90% to 100% can increase the equilibrium radius of a NH4HSO4
aerosol by an order of magnitude, Fitzgerald (44). Thus the fact that the relative
humidity varies from 100% within the leaf stomata to ambient conditions above the
canopy can make the particle subject to considerable size evolution within the
canopy.

Another mechanism possibly responsible for particle size distribution variations
within the canopy is coagulation due to turbulent shear. Friedlander (36) estimates
the reduction of the number density of particles of a prescribed density with time
due to coagulation in a turbulent flow to be

N = N(o) exp[--% dg N(i§>2 t] (B-2)

For 1 um-diameter particles with an initial concentration of 105 cm'3 in the pre-

sence of a high turbulent dissipation of 106 cm2/sec3 (corresponding to q=2 m/sec
and A =1 cm) the concentration will be reduced by a factor of 2 in approximately
10 minutes. If we assumed that the larger coagulated particles deposit on the cano-
py surface then this coagulation rate could be converted into a deposition rate by

1/2
V v DAl 23 (3d~> Nh (8-3)
(coagulation) ¢

For our previous numerical example with h = 10m this gives

Vg =~ 0.17 cm/sec (B-4)

Thus under conditions of high concentration and strong turbulence, coagulation can
play a significant role in particle deposition.

DIFFUSIOPHORESIS AND THERMOPHORESIS

Under some conditions the transport of heat or of another species between the sur-
face and air can have an influence on the deposition of fine particles to that
surface. In marked contrast to Brownian diffusion and inertial impaction, diffusio-
phoresis and thermophoresis are nearly independent of particle size. Therefore they
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are likely to exhibit the strongest influence on particles in the size range from
0.1 to 1.0 um-diameter where Figure 4-2 shows A to be a minimum.

Where another species (denoted here by subscript 2) is diffusing toward the surface
a drift velocity of the medium is set up which can help carry the particles across
the Taminar sublayer adjacent to the surface. The incremental deposition due to
this mechanism is given approximately by (45)

AV =V
Diffusiophoretic

d, "2/air (8-5)
This contribution may be ratioed to that due to Brownian motion. This ratio may

be written as

AV
doier  _ pp Dpol/an Gy (B-6)
v o . D.aC /on C
dBrownian air "B 7p 2

2/3
P D C
() (-2) 7
Pair \Pp Coe

In the case of moist air passing over a colder surface the 3 factors on the right
hand side of Eq. B-3 may be estimated to be respectively pz/pair ~ 0.01,
(Dz/DB)Z/3 ~ 4><1O3 (for 0.5 ym-diameter particles), (1 - CZS/CZw) = 0.1 so

that diffusiophoresis would dominate. Of course, in this case there would be an

exchange of heat between the air and the surface.
The incremental deposition due to thermophoresis may be written as, whenever the

ratio of the particle diameter to the mean-free path in air is <5, following
Friedlander (36):

AV = 0.5 X 2= B-8
4hermo T on (6-8)

The ratio of this incremental deposition to that due to Brownian diffusion may be
written as



AV 1/3
U hermo ~ v (DB) AT

- B-9
) 300 (8-9)

Brownian

For a 0.5°C difference between the surface and the air above the sublayer this ratio
would be ~3.3. Thus thermophoresis can exceed Brownian diffusion when relatively
modest temperature differences exist. Temperature differences between the air and
the leaf depend principally upon net thermal radiation to the surface, the relative
humidity of the air and the moisture content of the leaf. From Figures 13 and 14

in the review article by Jarvis, James, and Landsberg (46) it appears that even in
the day time when the solar radiation forces the top layer of the canopy to have
leaf temperatures exceeding air temperatures, the increment may be reversed in the
Tower portions of the canopy.

A detailed treatment of the contributions of thermophoresis and diffusiophoresis
to deposition would require an accounting of the radiation exchange and the water
balance within the canopy. This is beyond the scope of the present report.




