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ABSTRACT

This report reviews the methods available in the literature.for including
dry deposition in a Gaussian plume model. 4 gradient-transfer or K-theory model
for the atmospheric transport and ground deposition of gaseous and particulate
pollutants emitted from an elevated continuous point source is outlined. This
analytical plume model treats gravitational settling and dry deposition in a
physically realistic and more straightforward manner than other approaches.
For practical application of the model, the eddy diffusivity ceoefficients in
the analytical solutions are expressed in terms of the widely-used Gaussian
plume dispersion parameters. The latter can be specified as functions of the
downwind distance and the atmospheric stability class within the framework of
the standard turbulence-typing schemes. )

The analytical plume diffusion-deposition solutioms are presented for vari-
ous stability and mixing conditions. In the limit when settling and deposition
velocities are zero, these equations reduce to the well-known Gaussian plume
diffusion algorithms presently used in EPA models. Thus the analytical model
for estimating deposition described here retains the ease of application
associated with Gaussian plume models, and is subject to the same basic assump-
tions and limitations as the latter.

The deposition model has been applied to particulate pollutants with appre-
ciable settling velocity and to:gases which deposit on ground without settling.
Calculated results of ground-level concentrations, vertical concentration pro-
files, surface deposition fluxes, and net deposition and suspension ratios are
-presented. The atmospheric stability and the magnitude of deposition velocity
are shown to have significant effects on.these results.

The specification of gravitational settling and deposition velocities in
the model is discussed. A field study is proposed to measure one or more of
the model parameters, and to provide a good data set for model validation over
a 10 km distance from the source. The proposed field experiment is based on a
modified Bowen ratio-turbulent variance approach, and it avoids the difficulties
associated with the vertical gradient and eddy-correlation methods of surface
flux measurements. )

.This report was submitted in partial fulfillment of Interagency Agreement
No. AD-13-F-0177-0 by Atmospheric Turbulence and Diffusion Laboratory. This
work, covering the period September 1980 to September 1981, was completed as
of September 30, 1981. . :
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SECTION 1
INTRODUCTION

Pollupant gases and suspended particles released into the atmosphefe are
transported by the wind, diffused and diluted by turbulence, and fﬁmoved by
several natura} processes. An important removal mechanism is dry deposition
of pellutants on the earth's surface by gravitational settling, eddy impaction,
chemical-absorptiqn, and other effects. Depletion of airborne pollutént mate-
rial in this manner affects its concentrations and residgnce time in the atmo-
sphere. Moreover, acidic and toxic pollutants deposited on the ground may
adversely impact on the local e;ology, human health, biological life, strucﬁures,
and‘ancieﬁt monuments. It is important, therefore, to obtain reliable estimates

of dry deposition and its effects.

This report presents an analytical plume model for diffusion and dry depo-~
sition of gaseous and -particulate pollutants from an elevated contiuous point
source; based on gradient-transfer_or K-theoxry. - The meihod essentiall& consists
of solving the atmospheric advection-diffusion equation subject to a raaiation
boundar& condition which equates the sum of the turbulent flux and the gravita-
tional settling flux to the pollutant deposition flux at the surface. Though

several analjtical solutions of this problem are available in the air pollution



literature of the past two decades, the approach has not hbeen widely used-so
far. This may be attributed to the complexity of the available solutions, and
the. usual difficulty in specifying the eddy diffusivity (K) coefficients under

different atmospheric stability conditions.

In order to facilitate practical application of thé model to air pollution
problems, the K-coefficients are expressed in Fhis reéort in terms of the wide-
ly used Gaussian plume dispersion parameters, which can be easily obtained from
standard turbulence-typing schemes. The parameterized diffus;on-deposition
algorithms'fo; various stability and mixing conditions are simplified and pre-
sented as analytical extensions of the well-known Gaussian plume diffusion
alggrithms presently used in EPA models. In the limit, when settiing and

deposition are zero, the new algorithms reduce to the Gaussian plume diffusion

equations.

This report gives a brief review of the literature and existing methodolb-
gies of Gaussian diffusion-deposition models. Details of the forﬁulation
and solutions of the K-theory model are given, and the parameterized deposition
algor}thms are presented in such a way as to facilitate comparison with other
available models.  Calculated results of atmospheric concentrations, ground
deposition fluxes, and net deposition and sUspensioﬁ ratios are pfesented and
discussed. The specification of the settling and deposition veloci£ies in the
model is discussed, and a field study is proposed to determine one or more of

these model parameters.



SECTION 2
REVIEW OF DEPOSITION MODELS

Most applied air pollution models aée based on the Gaussian-plume formula-
tion. These models have been exte;sively modified over the years to include
pollutant removal mechanisms such as dry and wet deposifion, and chemical trans-
formation. An excellent review of air pollution deposition models, data
requirements, and research needs is given by Hosker (1980). In this section, we
briefly review Gaussian diffusion-depssition ﬁodels by a coéprehensive (though

not all-inclusive) literature survey. Details of the mathematical formulations

and results can be found in the liﬁerature cited.

Based on their theoretical approach, Gaussian plume diffusion-deposition

models can be broadly classified as follows:

1. Source depletion models
2. Surface depletion models
3. Partial reflection models

4. Gradient-transfer or K-~theory models

These models are discussed below for a continuous point source of strength Q

located at (x = 0, y =0, z = H).

Py

—



SOURCE DEPLETION MODELS - .-

To account for dry deposition, Chamberlain (1953) introduced the concept
of an "effective'" source strength Q', which depends on the amount of pollutant
removed from the plume and, therefore, decreases with downwind distance x. The

so-called source~depletion factor is given by

‘ Q'éxj - o2 1(x)

a—V_d 1(x) = xdl‘.C'_ ' .
where B T N T A H'(x)

' 2
nt H
H' (x) =,‘— o] exp( )
2 z 202'2 .

and Vd is the deposition velocity. Concentration at a receptor at x, y, z is

now given by - : -

Ve o2 o2
e = 252 oY - [
yz ZGZ

20
v

. 2
+ exp {:ﬁ%ﬁﬂ%_}]
20
- FA

Van der Hoven (1968) gave a good description of this method and graphical
solutions of the source-dépletion factors for several values of H under differ-
ent stabilities. To account for gravitational settling of particles; the source
depletion model can be combined with the "tilted plume" model (Csanady, 1958),

where ‘the plume slopes downward to compensate for the mean settling of the par-



“ticles. This essentially involves replacing H by H - Wx/U, where W is the set-

tling velocity, in the above equations.

Despite its popularity and wide use, which can be attributed to the simpli-
city of its formulations, the source depletion model is based on the physically
‘unrealistic assumption that the shape of the concentration profile is unaltered
by deposition, since material lost from the lower edge of the plumg is evenly
distributed through its entire depth. Tﬁis assumption of iﬁstantaneous mixing
is poor,. especially under stable atmospheric conditions when the vertical eddy
diffusivity Kz is small. Under these conditions, the source depletion model is
known to overpredict the surface air concentfations and ground deposition flux
at downwind locations close to the source, and to overestimate the total depo-
sition between the source and the receptor (see, e.g., Horst, 1977). The largest
errors appear for low sources in stable stratification éver surfaces where rela-
tively large deposition velocities .occur.

The performance of the source-depletion model would be satisfactory for
large Kz’ since the concentration throughout the plume would then quickly adjust

to ground-level removal of material by deposition. Taking T, = H‘/Vd as the .

d

time scale for removal of material by deposition, and T = H'Z/KZ as the time

k
scale for the effect of deposition to diffuse through the plume, Prahm and

Berkowicz (1978) emphasize that the condition

should be satisfied for the source depletion model to be applicable (Fisher, 1979).



SURFACE DEPLETION MODELS

In the éurface deplefion models given by Horst (1974, 1977), the deposition
flug to the surface is envisioned as due to material sinks (or negative sources),
distributed continuoﬁsly over the ground, which emit negative plumes that diffuse
upward into the atmosphere. Superposition of the reél plume and the integrated
contributions of the distributed negative-plumes yields the depleted plume con-

centration at receptor location (x,y,z) as
C(X,Y,Z) = Q - R(x,y,z)

® .y
- f f VdC(x',y',O) R(x-x',y-y',z) dx' dy',
- Q .

where R is the relative concentration given by

2 2 2
R(x,y,z) = Eﬁala_ﬁ exp(:x_é) [EXP{ZLEZE%H} + exp{;(z+H; }] ) ]
vy z

20 20 20
zZ z

The calcﬁlation of-thg atmospheric concentration as described above is a
tedious procedure since it involves the‘solution of a convolution integral of
the areal source strength distribution with a point source relative céncentration
function. Numerical computations tberefore take considerably more time than for
the source depletion model. Horst (1976) also gave a simplified analytical pro-
cedure, and compared its results with those of the more complex computer model.
Yamartino (1981) derived a formal solution for the crosswind-integrated form of
the concentration in the surface depletion model, and gave practical‘representa-
tions of the solution for assumed exponential and power law forms of Gz(x),

though these representations are only approximate in the latter case.

6



Horst (1979) has introduced a modified source depletion model which
uFilizes a factor to account.for the dry deposition-indﬁced chapge in vertical
concentration distriﬁution as a function of downwind distance. Though this
method is easier to apply than the surface depletion model, their predictions

differ close to the source in stable conditions. The original papers should be

consulted for details.

Thoﬁgh the underlying éoncept is phys?cally appealing, the surface deple--
tion model has not been widely used so far, primarily due to iis mathematical
and computational complexities. Simplificati;ns, such as those mentioned above,
are aimed at‘reducing these difficulties and providing approximate solutions.

It should be noted that the surface depletion model in its current form cannot
be applied to cases where gravitational settling is impo?tant. Though thg.
surface depletion model-is a mathematically correct modification (for deposition)
of the Géussian plume model, it should be emphasized that the latter is only

empirical, and not an exact solution of .the diffusion problem.

PARTIAL REFLECTION MODELS

Baron et al. (1949) developed a dispersion medel that includes both ghe
real and the image source contributions, and suggested that the removal of air-
borne particles by deposition can be treated by adjusting the Strength of the
image source only. (sanady (1?55) derived an analytic solution for this image
'source‘strength coefficient. In subsequent papers, Csanady (1957,1958) reéast

his equations into Gaussian form. Overcamp (1976) extended Csanady's theory to



-cover the case in which the settling velocity does not equal the deposition
velocity, and gave an analytical expression for the concentration of gases and

particulate pollutants as

2 2
C(x,y,z) = ‘Z‘Ebgﬁexp(:Lz) . [exp{-(z_l{+wx/g) }
Yy z

20 20
z

2
- z+H~-
o) exy{ (z+H-Wx/U) }]
oG 2
20
z

Here the reflection coefficient ao(xG} can be determined by solving an implicit
relation for Xo» and an expression for uo(x) which depends on W, Vd’ U, H, and
Uz(x). The latter equation was derived by setting the deposition flux equal to
the difference in fluxes from the real and the image sources. Thus, in this

model, the image source strength is adjusted to be a fraction & of the real

source strength to account for deposition.

Overcamp (1976) showed that.the partial reflection model predicts substan-
tially lower values than the source depletion model for ground level concentra-
tion and depositioﬁ undér stable conditions. Horst (1979) found that the partial
reflection model is the easiest to use-and, at short distances, is fairly close
to his surface depletion model. Further downwind, hbwever, the difference

between the two models becomes quite large.

GRADIENT TRANSFER OR K-THEORY MODELS

The analytical gradient transfer model treats pollutant deposition in a

8



more physica}ly realistic manner than the source'depletion approach, and yet
retains the ease of application associated with Gaussian plume dispersion models.
Dry deposition is hgndled by takiﬁg both the gravitational seétling flux and the
ground deposition flux proportional to the local air concentration. In addifidq,
this model uses other basic assumptions of the Gaussian plume model. The atmos-
pheric transport equation is soived and analyfical eépressioné are obta?ned for
the atmospheric concentration and surface deposition flux. The theoretical formu-
lations and concentra£ion algorithms under various stability and mixing condi-

tions are given in the next section.

Caldér (1961) discussed the atmospheric diffusion of particulaté material
as a boundary value problem. He gave theoretical formulations in terms of the
;ddy diffusion coefficient, Kz’ for the steady state two-dimensional problem of
particulate material released from an elevated uniform crosswind line source.

In particular, he suggested a radiatiog boundary chdition.to account for éravi-
tational settling and deposition at the su;face, and discussed its physics in

relation to the diffusion of particles and gases.

Using the radiation boundary conditiAn and the assumption that KZ = constant,
Monin (1959) sol%ed the problem 6f particulate diffusion from an instantaneous
elevated point source of unit inteﬁsity. He gave ‘exact analytical solutions-for
the crosswind integrated concentration and the normalized net‘deposition in terms

of the normal integral probability functions.

Smith (1962) gave several analytical solutions to the problem of deposition
of gases and particulate matter for steady state diffusion from a uniform cross-

wind line source. These solutions were based on a constant wind speed U, and
9



the eddy diffusivity coefficient specified by (a) Kz = constant, (b) Kz = kz,
and (c) K = k(L-z), where k is the von Karmdn constant and L is the height of

.

the inversiom 1lid. Rounds (3955) solved this problem for an elevated line
source with Vd =W>0, Kz = Ez; and a power léw variation of U with z.. ﬁqines
and Peters (1974) studied the diffusiom of pollutants from an elevated point or
line source, which are partially absorbed at thé earth's surface. _Their analy-

tical solutions apply to the case when W = 0 and the diffusion coefficients are

power functioms of the downwind distance.

Scriven and Fisher (1975) gave an exact analytical solution for the cross-
wind'integrated concentration from an elevated continuous point source, consider-
ing the dry deposition of the gaseous pollutant at the surface and its washout

aC

in rain. For Kz 32 - 0 at z = L (representing the perfect reflection of material

at the top of the boundary layer) and a constant Kz’ the solution can be repre-
sented by the sum of a series whose terms involve the roots of a transcendental
equation. In the limit when L > o, the sum becomes an integral, and the solution

reduces to the expressions given by Monin (1959) and Smith (1962).

Rao (1975) adapted these solutions to study the dispersion, deposition, and
chemical transforma;ion ;f.thé 802 plume from a powér plant stack represented by
an elevated continuous point source. In order to apply the analytical solutions,
Ky and K; were expressed in terms of the Gaﬁssian dispersion parameters 0& and
- A constant first-order transformation rate of 802 to soz was assumed. Con-
centrations of both species were calculated, and compareﬁ with observations at
several downwind-receptors. Izrael, Mikhailova, and Pressman (1979) used Monin's

instantaneous source solution to estimate the long-range transport of sulfur

10



dioxide and sulfates, assuming KZ = constant, W = 0, and non-equal V., > 0 for -

d
the two species.
< ) F

Ermak (1977) solved the steady state atmospheric advection-diffusion equa-
tion for an elevated continuous point source, considering gravitational settling
and depositioﬁ of the'particleé. The K-coefficients were expressed in terms of
the corresponding o(x). Ermak gave analytical expressions for the concentration
and net deposition rate, and presented the results in non-dimensional form.
Following a similar approach, Rao and Satterfield (1980) calculated the atmo-
spheric concentrations and surface deposition fluxe; of fugitive dust emissions
‘from a coal unloading facility. Assuhing a lognormal probability of the par-
ticle size distribution, a mass spectrum was developed for six partic1e size
ranges of the airborne coal fines, and each range was represented by its charac-
teristic deposition and gravitational settling velocities in the model calcula-

tions.

No direct comparisons between the various analytical K-theory models and
other deposition models are available. Based on the gradient-transfer theory,
Berkowicz ;nd Prahm (1978) described a pseudospectral two-dimensional nu@erical
model, with height-dependent wind and eddy diffusivity profiles, for the disper-
sién and dry deposition of pollutants. They éompared their results to the pre-
dictions of the conventional sdurbg depletion model as well as the analytical

X-theory model for the case of constant wind and diffusivity.

11



SECTION 3
GRADIENT-TRANSFER OR K-THEORY DEPOSITION MODEL

In this section, the mathematical formulation of the K-theory for pollutant
dispersion and déposition from an elevated continuous poinF source is given.
The analytical solutions are expressed as extensions of the Gaussian plume &lgo-
rithms (without' deposition) currently used in EPA modélé. The non-reacting
pollutant may be gaseous or suspended particulate matter. Level terrain is’

assumed.

MATHEMATICAL FORMULATION

We consider the steady state form of the atmospheric advection-diffusion

eguation:
U ac/ox = X 52c/ay” + K, 8°C/az" + W aC/0z (1)

Here, %X, y, z are the horizontal downwind, horizontal crosswind, and vertical
coordinates, respectively; U is the constant average wind speed, and W is the
gravitational settling velocity {taken as positive in the downward negative z-

direction) of the pollutant particles, C is the pocllutant concentration at

12



(x, v, z), and KY and kz are the eddy diffusivities in the crosswind and’

vertical directions, respectively. -

" For a continucus point source of strength Q located at (x =0, y = 0,
z = H), the boundary conditions are given by
(0, ¥, 2) = QU+ 8 o) - (2)
C(®, v, 2) =0 (2b)
C(x, *», z}) = 0 - ) (2¢)
Cx, v, ®) =0 L (2a)
[k, - 8C/3z + W - C]__, - vy - C'].z=0 . (2e)

In Eq. (2a), which is the limiting form of the mass continuity equation at the

source, § is the Dirac~delta function such that T 6(y) dy = 1 when y = 0, and

-0 -

S5(y) = 0 when y # 0; T 8(z-H) dz = 1 when z = H, and 6(z-H)
-G .

Equation (2e) states that, at the ground-level, the sum of the turbulent transfer

0 when z # H.

of pollutant down the concentration gradient and the downward settling flux due
to the particles' weight is balanced by the net flux of material to the surface
resulting from an exchange between the atmosphere and the surface; Vd is the

deposition velocity which characterizes the interaction between the diffusing

pollutant and the surface. For V 0, the lower boundary acts as a perfect

d

», it acts as a perfect sink; for the more

reflector of the pollﬁtant; for Vd

-13



general case of 0 < Vd < ®, the pollutant reaching the earth's surface is
partially retained aﬁd the rest reflected by it into the atmosphere.i A so-called
radiation boundary condition, which is analogous to Eq. (2e), commonly occurs in
the theofy of heat conduction.

The above formulations are gengral enough_ to be applicable to thé calcula-
tion of dispersion and deposition of both gaseous and suspended particulate
pollutants (see Appendix B). These formulations were discussed in detail by
Calder (1961). For constant KY and Kz (Fickian diffusion), the exact analyti;al
solution of the ;rqblem was first given by Monin (1959), and later by Smith
(1962), Scriven and Fisher (1975),fRao (1975), and Ermak (1977). These sclu-
tions due to variqus authors, though basically similar, differ somewh;t due to
different source conditions (instantaneous/continuous, line/point, elevated/
ground-level), pollutant-species (gas/particles), and other assumptions used in

their studies. ) -

ANATYTICAL SOLUTION

* The solution of Egs. (1) and (2) can be expressed as

Clx, v, 2) = ¢ * p(x, ¥) * alx, 2) 3)

Substituting (3) in Eqs. (1) and (2) and using the separafion of-variables tech-
nique, two independent systems of equations and boundary conditions in p and g
can be obtained. These equations can be solved using Laplace transform

methods (Carslaw and Jaeger, 1959). The final solutions can be written as

14



p(x,y) = — N (4a)
Y
LY = 2 Jn ny/ﬁ (4b)
) .
" g, (x,y) = EXP{' ZYTE?TJ} . (4c)
. y
and
gé(x,Z)
q(x,z) = —5 (5a)
z
L, = 2{nKx/U - _(5b)
g5(x,2) = m«fp{-~ WZ(I‘:-H) - ———‘Zixu}
z
2 2 -
I:exp{ (lthH:)c U} + exp { (ZI:H;)c U} (5¢)
pA z )
LV, {Vl(zﬂ{) V12x | (zHH#2V,%/U ]
- exp ot = * erfc{ }
K K, KZU} _ 27sz7u
vV, =V, - W2 (5d)

In the above, the probability densities p aﬁd q are expressed in terms of.
g, and gé to be consistent with notation presently used in the User's Guides for
EPA models (see, e.g., Petersen, 1978; Pierce and Turnér, 1980); q(x,z) is the
probability that a particle initially at x ="0 and z = H, the effective height
of the source, will be at z after travelling a distance x. In the trivial depo-

sition case of W = 0 and Vd =0, gé £ 891 which is given by

-m2 _ 2 .
sateen = o PR oo PR o

15



The crosswind-integrated concentration at distancé x from the continucus point

source Q is given by

Coyr = Ex,2) = § a(x,2) = UL_Q_Z g5 (%,2) (7

Alternatély, C(x,z) can be interpreted as the concentration at (x,z) from a uni-
form crosswind line source of strength Q located at (0,H). For W = 0 (no gravi-
tational settling) ana H = 0 (ground-level source), the uniform crosswind line
source solution from Eqs. (5) and (7) agrees with the corresponding expression
given by Smith (1962). The expression for q(x,z) from Eq. (5) is consistent
with the cor}esponding solution for instautaﬁeous point source given by Monin
(1959), except that the dimensionless grouping LZVI/KZ in Eq. (5¢) was incor-
rectly shown as LZKZ/V1 in that papér: Some useful properties and relations
of the complementary error function in Eq. (5¢) are given in Appendix A.
Equ;tions (4) and'(S) show that only the vertical diffusion field is modi-
fied by deposition. For W = 0, the firs£ part of Eq. (5¢) gives the familiar
solution with zero deposition, and the second part is the modification repre-
senting the loss due to depoéition. For value§ of Vd of the order of a few cen-
timeters per seéond, the shape of the vertical concentration profile is modified
only slightly. The vertical concentration gradient becomes slightly positive

near the ground although, as pointed out by Smith (1962), this is not easy to

measure in the field.
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CONCENTRATION IN TERMS OF GAUSSIAN DISPERSION - PARAMETERS

In order to facilitate the practical application of the analytical solutions,
the eddy diffusivities KY and Kz are expressed hefe in terms of 0& and Oz, the
standard deviations of the crosswind and vertical Gaussian concentration distri--

butions, respectively, as follows:

d02 d02 .
K = H ¥y K = g Z ’ (8)
y 2 dx ’ z 2 -dx

Thus, for Fickian diffusion, KY and KZ can be expressed by the relations

i 2 . = 2 -
Ky =0 U/2x , K, =0, U/2x, (9)

in order to utilize the wast amount of empirical_data on the Gaussian plume
parameters Gy and o, évailable’in the'literatufe for a variety of meteorological -
and terrain conditions. An excellent review and summary of these data can be
found in Giffor& {1976). Equation (9), in combination with the Gaussian assump-
ﬁion (see, e.g., Gifford, 1968), forms the basis for the practical plume diffusion

formulas that are found in the literature on applications.

Utilizing Eq. (9), one can describe the modified Gaussian plume which re-
sults in the general case when gravitational “settling and deposition are includ-
ed. The general solution for a continuous point source given by Egs. (3) to (5)

can be now written as

C(x,y,2) =% . (10a)



_ - L2, 2 _ ' ) -
g, (x,y) = exp (-y /26,7y , L, J2n oy (10b)

2
gé(x,z) = exp {*W(z-H)r - WZr }.

20
]
2 2
[;xp {:££:§l~} + exp {:ingl—} {10c)
20 20
z z
' 2 2 :
V., r(z+H) V.'r : - V.r
- J2n V1 r * exp { 1 pe + 12 } . erfe{. zZH -, —l—}]
. ‘ z JE-GZ V2
Lz = J2n Uz R V1 = Vd - W2 - (10d)
r= Uz/Kz = 2x/UGé (10e)

The above analytical expression for concentration, based on an exact solution
for constant diffusion coeffici;nts, is only approximate, since phe K's are
expressed in terms of tbe empirical Gaussian dispersion parameters. Equation
(10) agrees with the corresponding expressions given by Rao (1975) and E?mak
(1977), except for the errors in the latter reference in the argument of the
last exponentia¥ function in Eq. (10¢). This equation can'Se further simpli-

fied by noting

: 2 2 2
V.r(z+H) V.%r .
1 1 2 (ztH)

o + 2 - g 2 * (lla)

z 2ag .

where
V.r

e S (11b)

o, T -
Using (11) and noting that e P = ea-e-b, Eq. (10c) can be now writtem as
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-W(z-H)r - Wzrzl i
8 .

' _ i
gz(x,Z) = exp { 20 )

' 2 2
[ero [ =2+ g 20287 )
z -\ z"
¢ | |
(1 - J2n V1 r e” erfc &) (12)

This equation agrees with the corresponding expression for an instantaneous
source given by Izrael, ﬁikhailbva, and Pressman (1979), except for the argument‘
of.theafirst exponential term, thch they wrongiy give as {WHr/ZUz - W2r2/2}.
For W = 0 in Eq. (12),the effect of deposition can be seen as a multiplication
of the image-source or reflection term, exp{-(z+H)2/2022}, by a factor

¢ =1-J2n Vdr egzerfc £, where -1 £ o £ 1. A.similar modification of the
reflection term, multiplying it by a factor «(x,z), is done in the so-called
partiai-reflectign model (Csanady, 1955; Overcamp, 1976) to account for deposi-
tion effects, though the value of o(x,z) is determined in that model from an
implicit equation based on considerations of the-streamlines from the real and

image sources and other physical arguments. It can be easily checked that Egqg.

(12) satisfies the equivalent of fhe deposition boundary condition (2e) given by

o, 98 '
[;— -t Y, ] =[vd .gz] ) (13)
z=0 z=0 .

PARAMETERIZATION OF CONCENTRATION

In order to parameterize the. expressions for concentration under various
stability conditions and to considerably reduce the difficulty in typing the

equations, we adopt the following nondimensionalization scheme: All velocities

19



are nondimensionalized by U, the constant mean wind speed. The horizontal down-
wind distance x and all vertical height quantities are nondimensionalized by

JE 02. The horizontal crosswind distance y is nondimensionalized by incy.
Thus, we define

W=W7u, Vd = Vd/U

. ~

V.=V, - W/2=Y/U

1 d
V=V =W =V,/U (14)
i:x/ﬁcz , £=z/ﬁcz
H = H/2 o, , L= L/JZ2 o,
. g = 20
§ = y/2 -

" where the capped quantities denote the nondimensionalized variables, and L is the

mixing height. The concentration from Eqs. (10) and (12) can be now written as

c%,9,8) = 3 - ff . iz (152)
y LIz
8, (%,9) = exp(-§%) | . @sb)
) g} (%,2) = exp{*Z;\F(E-I})ﬁ - w2
[%xp{-(ﬁ;ﬁ)z}-+ exp{-(§+ﬁ)2} .
(1 - AJE'GI % egz erfc g)] (15¢)
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where E=z+H+2V x
L

1 )
y = 2ncrY ,Lz=,/ﬁc . (154)

Equation (15c) clearly shows that concentration depends on the ratios W/U -and
Vd/U, not on W and Vd per se. Thus, the effect on concentration of large values
of W and Vd at high wind speeds is the same as that of small values of W and Vd

at low wind sﬁeeds, provided W/U and Vd/U remain constant.

From Eq. (15), the ground-level {Z = 0) centerline % =0) concentration is

given by

c(x%,0,0) = Eaga—ﬁ ol exp{ 2WHX ~ Wziz - Hz}-'
Yy Z
2

[1 -2 JE'GI X eg erfe g] (16)

~

where £ = H + 2 V1 X. Further simplifications are possible for gases or small
particles (W=o0, Vl = Vd) or ground-level sources (H = 0). In the trivial -depo-

sition case (W = 0 and Vd.=_0), gé = g, and Eq. (15) reduces to the well-known

2

Gaussian plume model.
Equations (15) and (16) are applicable in EPA models to the stable atmo-

sphere (P-G stability classes E and F) or for the case of an unstable or

nentral atmosphere with uwnlimited mixing (L > 5000 m).
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PLUME TRAPPING

Following, the current practice in EPA models (e.g., Petersen, 1978; Pierce

and Turner, 1980), for unstable or neutral atmosphere (P~G stability classes A

to D), the mixing depth or the height of the inversion lid L should be included

in the algorithms. This is usually done through calculation of multiple eddy

reflections {Turner, 1970) from both the ground and the stable layer aloft,

when the plume is trapped between these two surfaces.

the expressions for concentration under plume trapping conditions

directly from Eq. (15) as follows:

where

N==02 |

8 8
s 5205 8
¢k, y, =gt 1
v zZ
oo o <2
g, (%,9) = exp(-y7)
g} (%,8) = > exp{-2w(z-u )2 W)

[exp{-—(%—;ll)z } + exP{-(£+ﬁ1)2}-

(I—QJE Gl X egl erfc gi)]

o]
1l
3
A
(=]
t
L
8
A
Q
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In the general case when settling and deposition effects are considered,

can be written

(17a)

(17b)

(17c)

(174d)



Equation (17c), which gives a zero mass f1u£ condition at z = L,'follows directly -
‘from Eq. (15¢) by replacing ﬁ with ﬁl =.ﬁ+2N£, and summing over N from -® to o,
Thus, gé conéists of the sum of an infinite nqmber'cf terms, each of them similar
to gé but with a different effective height ﬁlg each one of these terms indepen-
dently éatisfies the diffusion equation (1) and the boundary conditions, Eq. (2).

Therefore, the sum of these independent solutions (i.e., gé) also satisfies the

governing equations.

An important tesF for the solution gé‘is'its rapid convergence to a limit
as N+ x . Expanding Eq. (17c) following Turner (1970, p.36) and noting the
behavior of egz- exfe £ (Appendix.A) for large positive and negative values of
£, one can see that gé(ﬁ,%) converges rapidly to a limit. Tests showed that a

maximum of N = * 10 eddy reflections are adequate to obtaim convergence of the

sum within .the specified tolerance of 0-01.

Another test of algorithm (17c¢) is that gé should reduce to 83 in the limit

of W=0 and V, = 0. For this trivial deposition case, Eq. (17c) reduces to

g} (%,3) = i [exp{-(z-ﬁ—zui)z} * exp{-(z+ﬁ+2n£)2}] - (18a)

N=—oo

The expression for currently used in EPA models (e.g., Petersen, 1978; Pierce
84 cu y

and Turner, 1980) without deposition effects is

g3-(5£,2) . i [exp{~(-:--ﬁ+zxf,)2} ¥ exp{-(;+ﬁ+zu£)2}] (.131:.)

=D
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Despite the differences in éign wiFhin the arguments of the first exéonential
function, Eqs. (18a) and (18b) are identical. This can be verified by expanding
the right hand sides of both equations following Turner k1970), which shows that
gé and 8, represent sums of identical térm§, though the ;equegce iﬁ which these

terms appear in the sums may be different in the two cases.

From Eq. (17), the ground-level (2 = 0) centerline (¥ = 0) concentration

is given by

N RN 2.2 o2 .
C(%,0,0) = = U o, o0 _Z [expl W H R - W H
N==ctc .
2
. -~ £1
(1 - ZJE'VI X e erfc gl ) , (19)
where §1 =H +t27, % , and H =H+2NL.

Further simplification 'is possible for gases or small suspended particles (W = 0,

~ ~ -~ »~

V1 = Vd) or ground-level sources (H = 0, H1 =2 NL).

Equations (17) and (19) are applicable to the unstable of_neutral atmosphere

when o, < 16 L, according to the current practice in EPA models.

WELL~-MIXED REGION

For o, Z 1-6 L, for unstable or mneutral cases, the pollutant is assumed to
be well-mixed by atmospheric turbulence, resulting in a uniform vertical concen-

tration profile., This concentration is independent of the source height
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(H or Hl) as well as the receptor height (Z) due to, the repeated eddy reflections.

from the ground and the stable layer aloft at z = L. Therefore, we can calcu-

late this uniform concentration as the average value in a layer of thickness L,

sétting_H=0 in Eq. (15) or K,=0 in Eq.l(17), as follows:

1

cosy2Q . 51 B4
C(%,v¥,2) = U i T (20a)
Y .
AoAN 52 ; =
8, (%, ¥} = exp(-37) . (20b)
. . . ;
» g3 ~ 82 ~
gA(X) = T - dz = I ~ dz (20c)
- 0 z H1= 0 z H=0

Carrying out the integration using the relations given in Appendix A, we obtain

the following algorithms:-‘

For.Vd £ W or V2 = (Vd - W) £ 0,

~ ~

~ -— - - - A2 - . - Ead
g&(x) = (VI/VZ) exp (4 Vdvzx ) erfc(2 le)
- (W/2v,) - erfc(¥W %) . (204d)
Fo; Vd =W or,V2 =0,
L on .2 . . o 2
ga(x) = {1+ 2 X, ) erfc X, - (2x1/JE) exp(-x1 ) (20e)-
where X = Vd X .

-~

In the limit of Vd =W=20, Eq. (20e) reduces to

(21)

as in present EPA models without deposition effects.
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The selection of Gz = 16 1 as the transition from Eq. (17) to Eq. (20) for
the well-mixed region is obviously based on sensitivity tests which indicated

thét, for all H aﬁd Z betwéen the ground ;nd the mixing height, the vertical

' diét%ibution of concentration‘is unifo&m witq héight when o, > 1+6L. Though this
valué is nearly twice as large as the recommended values of Pasquill -(1976) and
Fhe AMS Workshop (Hanna et al., 1977), it allows for a smooth transition to a
uniform vertical concentration profile for receptors above the ground (z > O);
and for effective heights of emission approaching the mixing height (Pierce and
Turner, 1980). Since EPA models usually limit maximum o, to 5000 m, we can

derive L < (o) /1«6 = 3125 m as the upper limit for the value of the mixing
max Z max

depth which allows one to use the well-mixed region concentration algorithms.

A summary of the applicable concentration algorithms for various stability
and mixing conditions is shown in Table 1. All the new algorithms reduce to the
current EPA algorithms in the limit when settling and deposition velocities are

Zero.
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TABLE 1

SUMMARY OF CONCENTRATION ALGORITHMS WITH SETTLING AND DEPOSITION EFFECTS

Stability & Mixing Conditions Apﬁlicable Concentration Algorithms &
Equation Numbers

- '

1. Stable conditions or C(%,5,3) = Q . &1 . fg

unlimited mixing (cz > 5000 m) - BKYLE T g LY Lz
EQ. (15)

t

2. Unstable/neutral, C(%,5.,3) = Q. El . fg

non-uniform mixing (Uz < 1,6L) X,¥.2) = 3 LY Lz
EQ. (17)

3. Unstable/neutral, . C(%,5.,8) = Q. El . Eﬁ

well-mixed region (Uz 2 1.6L and XY ] LY L
o, $ 5000 m) EQ. (20)

SURFACE DEPOSITION FLUX

The surface deposition flux at ground-level receptors is calculated directly

from Eq. (2e) as

D(%,¥) = vd - C(&,%,0) (22)

This is the amount of pollutant deposited per unit time per unit surface area.

D is usually calculated as kg/kmz-hr, while seasonal estimates are expressed as
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2 ' :
kg/km -month. .The estimation of the monthly or yearly surface deposition fluxes
at a given downwind distance x from the source in a givén wind-directional sec-
tor requires the knowledge of the fraction of the time that a mean wind of a

given magnitude blows in that direction in a month or a year, respectively. To

obtain D in kg/kmz-hr when V, is given in cm/s and C in g/ms, the right-hand

d
side of Eq. (22) should be multiplied by 36000. For D calculations; the ground-
level receptor is generally defined as any receptor which is not higher than 1

meter above the local grognd-level elevation.

NET DEPOSITION RATE AND SUSPENSION RATIO

The net depogition rate, N(%), which is the total amount of pollutant depo-
sited per unit time between the sourc¢e and the downwind distance X, can be cal-

culated from

A~

w

. _
N(R) = f f D(R',§) 4 dR' (23)
[s) =0 .

where D is the surface deposition flux from Eq. (22). N is usually calculated

as kg/hr, while seasonal estimates of N are expressed as kg/month.

The calculation of N(X) fxrom Eq. (23) presents considerable difficulty. A
simpler alternate approach is derived by appealing to the mass continuity condi-
tion. The total amount of pollutant released per unit time is given by the source

emission rate Q. We define { as the proportion (fraction) of this pollutant
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~

released at (0,0,H) that still remains airborne at downwind distance’i. Then,
the proportion (fraction) n of the total pollutant deposited on the earth's

surface over distance X is given by

@ =58 =1 - e

. . gl (24)
£ =f o(%,2) dz =f 205 g

[s) o] z

where q is the probability denéity,;and gé and Lz are as defined in Eq. (15).
f is generally referred to as the suspension ratio, and n may be called the net
deposition ratio. These two dimensionless ratios are mutnally complementary.
-Thus, if  is known, the net deposition ratio and, hence, ﬁhe net deposition

rate can be calculated from Eq. (24).

Utilizing the relations given in Appendix A and carrying out the integration
indicated in Eq. (24), the expressibn for the suspension ratio can be obtained as

follows:

For Vd # W or V2 F 0,.

»>

ER) = % [erfco} -

-~ -~ -~ ~

- (Vd/VZ) exp(4W % H) erfc(W % + H)

-~ ~ ~ -~ -~

_A - A2 . -~ ~ ~ ]
+ (2V1{V2) exp\4Vd XH+ 4 Vd V2 X }erfc(Zle + H) {25a)

~

This equation is indeterminate when Vd = W ox V2 = 0. For this case, {(X) can

in the expression for gé in Eq. (15) and then

~ ~

be determined by setting W = Vd

integrating as indicated in Eq. (24). Alternately, one can take the limit of’
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Eq. (25a) as W~ V The finallexpression for ¢ in this case is as follows:

-~ -~

=Wor V, =0,

For Vd 2

E(R) = % [erfc(ed X - ﬁ)
- (QVd £/74M0) exp[-(Gd b4 -Iﬁ)z

~ -~ ~ ~

+ (144 VRE 4V, exp(4VRH) exfe(V g + H)] (25b)

Equations (253) and (25b) are consistent with the corresponding expressions for

the net deposition rate'given by Ermak (1977). These equations are applicable

under all stability and mixing conditions. In the well-mixed region of the un-

stable and neutral cases, however, ﬁ may be set to zero. For this case,

Cti) = gi(ﬁ) ané Egs. (25a) and (25b) reduce to Egs. (20dj and (20e), respec-

tively; - .
The net dep;sition rate is a useful measure of pollutant deposition over

.a large area such as a pasture, farmland, or forest downwind of the source.

The suspension ratio provides a check on mass conservation.
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SECTION &
- RESULTS AND DISCUSSION

The algorithms developed in the previous section for various stability and
mixing conditions for an elevated continuous point source were tested using the

following numerical values for the model parameters:
U=5m/s , Vé =W =10 cm/s or 0.

For stable conditions (P-G stability clésses E and E,,or KST = 5 and 6), the
effective source height H = 30 m was used. For unstablé/neutral conditions

(P-G stability classes A, B, C, D, or KST =1, 2, 3, 4), H= 100 m and L = 1000 m
were used. For all stability conditions, values of Vd > W were also used to

test the algorithms. Some of the results, calculated up to a downwind distance
of 20 km from the sourée, are presented and discussed in this section. These
results include the variation with downwind distance of ground-level concen-
trations, vertical concentration profiles, surface deposition fluxes, and net

deposition and suspension ratios.

The values of the dispersion parameters Uy'and o, used in the calculations

are the P-G values (Pasquill, 1961; Gifford, 1960), which appear as graphs in
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Turner (1970) and in Gifford (1976; Fig. 2). These values, which are used in
the EPA models PAL (Petersen, 1978) and MPTER fPiercé and Turner, 1980G), are

most applicable to a surface roughness of 0.03 m (Pasquill, 1976).

GROUND-LEVEL CONCENTRATIONS (GLC)

The ground-level (z = 0) plume-centerline &y = 0) relative concentration,
C(x,0,0)/Q, is shown in Figure 1 as a function of the downwind distance x for
stable atmospheric conditions (class E). Three sets of deposition parameters
were used: Vd =W=10,5, 0 cm/s. The last value, which refers to the limit-
ing zero~deposition case in which the new deposition algorithms reduce to the
existing Gaussian plume algorithms of EPA models, is included for comparison.
The-effect of deposition is seen as an increase in GLC near thé source, and a
compensating decrease farther downﬁind; the magnitude of the peak GLC increases,
and it occurs closer to the source. This is a result of gravitational settliné
which tends to move the plume toward the ground as it travels downwind. The GLC
curve for Vd =W=5 cm/s, as expected, is in between the other two curves. In
Fig. 1 (and several other figures in this section), the GLC are plotted as the
- abscissae and x as the ordinate. The arrangement, while differing from conven-
tional practice, proved convenient for computer-plotting of results, using

available software, to suit the report format.

Figure 2 shows the dependence of the new algorithms on the wind speed. For
Vd =W =0, UC(x,0,0)/Q calculated frqm the well-known Gaussian plume algorithms

is independent of the wind speed. For Vd =W=10 cm/s, however, it is a func-

-
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Figure 1. Variation of plume-centerline GLC with downwind distance for

different values of Vd = W under slightly stable conditions.



Uty

(km)

X

180

18

= T T T TTTTTg T TrrTg T T 7T T F T 1717177 T T TTTT
n KST=5 H=38 m ]
[ Vg=W=18 cm/s ]
- EmEmms—mmm————— VdBNBB .1
! Us, . )
e, N
—
3> '\\\

[ 5 S —
md \ e
e \ —
~ —
i .5 . ]
. \ -

B N

\\

I E ™\ =
- , —
e ” —
'_ .f,, —
YRS Tttt -

L L 1 leragl 1 Lo Leypgrl 1 - Lyl 1 1 ¢t Lol [ I ||;|

8 g7’ 1975 197> - a1p™t

UC(x,0,8)/Q (m~2)

Eigure.z. Variation of deposition éffects.on GLC for different values
of wind speed.

10

-3



tion of U, as shown in Fig. 2 for U= 2.5, 5, 10 m/s. In physical terms, more
depositioﬁ takes place closer to the-source at lower wind speeds. As U
increases, the peak GLC moves farther away froﬁ the source. For a given set of
Vd = W > 0 and increasingly large finite values of U, the values ;f UC(g,0,0,)/Q
approach the curve for Vd = W= 0. This behavior can also be seen frém Eq. (15).
It should be noted that in the model test results preéentgd in this. section, some
of the high wind speeds used- are unlikely to occur in reality, at the source

height indicated, with the chosen stability. They are included here primarily

to illustrate the model behavior.

For unstable or neutral cases, concentrations are calculated by considering
the multiple eddy reflections from the ground and tﬁe stab}e layer aloft; see
Eq. (17). The GLC for P-G stability class C are shown in Figure 3 for
Vd = W= 10 and 0 cm/s, and Vd =2 and W= 0.2 cm/s. The last set of parameters
are typical of small particles for which gravitational settling is insignificant.
For this. case, the deposition effects on tﬁe GLC are small and evident oanly far
from thé source. The reduction in the GLC is a direct result of ground deposi-
tion. In general, the éffects of deposition are smaller than in the stable

case (Fig. 1).

The GLC for P-G stability classes A to D are shown in Figure 4 for
Vd =W =10 and 0 cm/s. The effects of deposition'oﬁ the GLC are the largest
for class D, and decrease ma;kealy as the étmosphere becomes more unstable;
this is reasonable, since atmospheric turbulence enhances miFing of the plﬁme,
and distributes the material deficit at the surface througﬂ the plume's entire

depth. TFor L = 1000 m, the criterion oz(x)

[\

1.6 L for the well-mixed region
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is satisfied for x 2 1.81 km and 11.54 km for stability classes A and B, respec-

tively. F¥or larger downwind distances, the plume gets thoroughly mixed, leading
to a uniform concentration with height, given by Eq. (20), and the GLC decreases

less rapidly with distance as shown in Fig. 4.

Figures 5 and é bring out the parameterization of the new algorithms for

A

concentration in terms of Vd = Vd/U and W = W/U, Figure 5 shows UC(x,0,0)/Q ver-

sus x for W = 0 and Vd = 10‘2, 10-3, and 0. These parameteré are typical of the

~

A~ -

non-gravitational deposition of a gas. For Vd = 10-2, which represents the case

of a moderately strong deposition, the GLC at x = 20 km for KST = 5 and H = 30. m

is an order of magnitude smaller than the corresponding GLC for Vd = 0, These

results would remain the same, irrespective of the individual values of Vd and U

provided Vd remains constant. Deposition occurs entirely due to gravitational

settling of the particles when Vd = W > 0 (see Appendix B). Figure 6 shows the

corresponding results for particulate deposition -for Vd =W= 10-1,

The first value refers to a case with strong gravitational settling; for exampie,

1072, and 0.

v

d W =10 ecn/s and U = 1 m/s. Note that the results shoﬁn in_Fig. 2 correspond

to V, = W= 1072, 2 x 1072, and 4 x 1072

<d >

CONCENTRATION PROFILES

For stable conditions (class E) and Vd =W=2x 10-2 and 0, particle
concentration profiles are plotted in Figure 7 as C(x,0,z)/Q versus z/H at three
downwind locations. The effect of deposition is to tilt the plume towards the

ground due to gravitational settling. At x = 0.5 km, this is seen to increase
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the concentration for z/H < 1,-but decrease it at higher elevations. The magni-
tude of the peak elevated_concentration‘increases and its height decreases. As X
increases férther, the atmospheric concentragions near the surface start to
decrease. At x = 1.5 km, the surface air concentrations are identical to the
‘zero~-deposition case. The reduction in concentration at the—higher elevations

is due to the 1os$ of material to the ground by deposition. At x = 5 km, the
concentrations at all elevafions are much smaller than the case witheut deposi-

tion. The elevation of the upper edge of the plume is also substantially lower.

The corresponding plots for stromgly unstable conditions (class A) are
shown in Figure 8. It can be seen tﬁat the deposition effects on concentration
are uniformly small at all elevations, and the concentration profiles are almost_
indistinguishable from the zero-deposition case. This is due to the large eddies
and increased turbulent mixing in strongly conve;tive cases that evenly distri-
bute the ground-deposition loss through the entire depth of the plume. At
x = 1.5 km, the concentration calculated from Eq. (17) is uniform with height
due to the multiple eddy reflections from the ground and the stable léyer at

z=1L. At x =5 km, the piume is assumed to be thoroughly mixed, and concentra-

tion is calculated from Eq. {(20).

COMPARISON WITH SOURCE DEPLETION MODEL

Figure 9 shows the comparison of GLC calculated from the analytical K-model

and the source depletion model for slightly stable conditions (KST = 5), and

- ~

W =0 and Vd =4 x 10-3. It can be seen that the source depletion model consis-
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tently overpredicts the GLC and, hence, the surface deposition flux; the GLC is
about 50 percent higher in the source depleticn model at x = 20 km. This differ-
ence is expected to increase with increasing deposition *velocity and atmospheric

stabiiitj. A source-depletion factor for the K-model can be derived from Eq. (16)
-~ 2 -~ -~
as (1 -~ 2 JE-Vd b4 eg erfc £) where £ = H + 2 Vd %. The corresponding factor for

the source depletion model (from Section 2), can be written as exp{-Vd‘I(ﬁj} where

A

I(x) = %ﬁ-‘jdtexp(-Hz) dx'. This is genefglly larger and, therefore, predicts
)

larger relative concentrations.

Figure 10 shows the comparison of GLC calculated by the two models for the

particulate deposition case of V, = W= 2 x 10d2; other model parameters remain

d

the same as before. It- can be seen that the tilted-plume source depletion model
(see Section 2) overpredicts the peak GLC by about 40 percent, though its down-

wind location is the same in both models. This overprediction near the source is
' ~

compensated by an underprediction at large x. For any V, 2 W > 0, the source-

d
depletion factor for the K-model is given from Eg. (16) as

-~ 2 . ~ ~
1-244n v, X eg erfc £), where £ = H + 2 Vlﬁ, and V, =V, - W/2. The corre-
sponding factor for the tilted-plume source depletion model can be written as
exp{*% 'Itﬁ)} where I(%) = 2 ﬁeip{?(ﬁ - % ﬁ‘)z
a ’ =

} d%' . This suggests that

the straightforward analytical algorithms of the K-theory model are preferable
to the evaluation of the integral I(X), with a sharply-peaked skewed integrand,
for each x, H, W/U, and stability class.

For a ground-level source (H = 0) and Vd > W= 0, the vertical gaseous

concentration profile in the source depletion medel is given by
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C{x,0,2 1 A2 i -
( ’Q’ ) - ooy oXP(-27) rexp{ -V, - IR} ,
Y. 2 : .
) % ) .
where I(X) =J:? ‘[. dX' . This equation predicts that the maximum concentration
14

[¢}

occurs at the grounﬁ level at all x. This is not the case for the K-theory model,
since the removal of material through the depth of the plume depends on the inten-
sity of vertical mixing. Here the vertical concentration profile is given by

C(x,0,2)
Q ncyozU

) - 2
exp(—ﬁz) + (1 -2 Jﬁ'vd 8 eg erfc £),

~

where £ =z + 2 V

>

d The shape of this concentrgtion profile changes with x.

A rapid depletion at the bottom portion of the plumeloccurs, and the concentra-
tion gradient with height then becomes sligﬁtiy positive near the ground. Down-
wind of the source, the height.of the maximum concentration is above the ground

and increases with x. This height is independent of the deposition velocity at

large distances downwind from the source. -

SURFACE DEPOSITION FLUXES

The surface flux, D(x,y), is calculated directly from Equation (22). Thg
relative surface deposition-flux along ﬁlume centerline, D(x,0)/Q, is plotted
against the downwind distance in Figure 11 for stable conditions (classes E and
F). The model parameters used are H = 30 m, G = % ; 2 x 10-2. The downwind

d

variation of the particle surface deposition flux is identical to the correspond-
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~

ing varjation of the GLC discussed earlier. As the value of V, = W is increased,

d
" the peak value of D(x,0) increases and occurs closer to the source due to the

gravitational settling of the plume. This, however, will not be the case for

~ ~

W = 0 where, for large values of V, ¥, there will be only a negligible increase

d

in surface deposition flux due to increases in the deposition velocity (Ermak,

1977).

The surface deposition flux results for stability classes A to D are shown

in Figure 12. The model parameters used are H = 100 m, L = 1000 m, and

-~ .

Vd =W=2x 10-2. It can be seen that the downwind variation of D(x,0) is

analogous to the corresponding GLC variation shown in Fig.°4.

NET DEPOSITION AND SUSPENSION RATIOS

The net depésition and suspension ratios, calculated from Equations (24)
and (25), are shown in figures 13 and 14 for the stable and unstable/neutral_
conditions, respectively. The model parameters used are the same as given above.
In general, as the stabilit% increases, the entire particle deposition .occurs
closer to the source. For ex;mple, for étability class E, the total amount of
.pollutant released is deposited over a downwind distance_of 12 km; for class F,
the corresponding distance is only 7 km. For stability classes A to D; the net
deposition within 20 km from the source is 12, 20, 47, and 95 percent, respective-
ly, of the total amount released; the remainder is still suspended in the air to
be deposited farther downwind. Thus, for a given set of % and Gd # 0, the pollut~-

ant travel distance increases significantly due to the increased turbulence of

50



16

SUSPENSION RATIO

L

T T 1
H=30 m, W=V4
Vgru=2x18-2

Figure 13.

X

18
(km)

Variation of net deposition and suspension ratios of particulate
pollutant with downwind distance under stable conditions.

1.0
20

OILBY NOILISOd43d L3N



2s

SUSPENSION: RATIC

1.0 AN L |'| T .l N I R L %

- H=128 m, W=Vg4
V4/U=2X18"2

%] . 5 ‘ 10 15 _ 20
x (km)

Figure 14. Variation of net deposition and suspension ratios of particulate
) " pollutant with downwind distance under unstable and neutral
conditions.

OILYN NOILISOd3A L3N

gb— 1+ 1 | RN R T N TR W SN N NN WY S 1.9



the atmosphere-which disperses the pollutants over a much wider area.

In general, as the deposition velocity is increased, ground depcsition

‘occurs closer to the source. Therefere, a smaller surface area is contaminated
LY ~

"but at a higher flux value. For a given H and comparable values of V 2, there

1
~ A~ ~

is a significant difference between the two classes Vd >W=20 and Vd =W>20

in the rate at which the final 10 - 20% of pollutant is deposited on the ground

(Ermék,‘1977). The rate is much faster for particles where W=V since the

a’
graviiational settling tends to transport the particles at a c;;stant rate
toward the ground where th;y are removed. For gases,_where % = 0, only the
atmospheric diffusion acts to bring the pollutant into contact with the ground.'

The random nature of turbulent diffusion process makes it a much slower removal

process than gravitational settling for tramnsport over long distances.
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- SECTION 5
. CONCLUSIONS

An atmospheric transport and deposition model has been formulated for
gaseous or suspended particulate pollutants emitted from ;n elevated poipt
source. This analytical model, based on the gradient~transfer or XK-theory,
treats gravitational settling and dry deposition in a more physically realistic
and straightforward manner than the usual tilted-plume source depletion approach.
For practical application'of the model to a variety of atmospheric stability
conditions, the eddy diffusivity coefficients in the analytical solutions have
been expressed in terms of the widely-uséd Gaussian plﬁme dispersibn parameters,
‘which are functions of downwind distance and stability ciass. This allows one
to utilize the vast amount of empifical data on these parameters, for a variety

of diffusion conditions, within the framework of the standard turbulence-typing

schemes.

In order to facilitate comparisoa, the new diffusién-deposition algorithms
for various stabiiity and mixing qonditions have been presented as analyt{cal
extensions of the well-known Gaussian plume diffusion algorithms presently‘ﬁsed
in EPA models. In the limit when settling and deposition Yelocities are zero,
the new algorithms reduce to the current Gaussian flnme equations. Thus.the

atmospheric transport and deposition model outlined here retains the ease
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of application, and is subject to the same basic assumptions and limitations,

associated with Gaussian plume-type medels.

" The parameterized deposition model has been applied to study two-imﬁortant
deposition cases: (1) pollutant particleg with appreciable settling velocity
equal to the dry deposition velocity, and (2) gases or fine suspended particles
which deposit on the ground wi£hout significant settling., The variation with
downwind distance of ground-level concentrations, vertical concentration profiles,
surface deposition fluxes, and n;t deposition and suspension ratios are presented.

The values of the deposition velocity and the atmospheric stability are shown

to have significant effects on these results.

Four types of Gaussian diffusion—deﬁosition'modéls have been briefly re-
viewed, and the ground-level concentration; of the present analytical gradient-
transfer model have been compared with tﬁe corresponding results of the sourcé
depletion model. A systematic comparison of the performance of the various
models ha; not been done so far, and none of them has been satisfactorily tested
Aagainst observations. General statements on the relative merits and deficiencies
of the various models in the litgrature are, at present, somewhat sﬁbjective,
and largely rely on the key physical assumptions used in the model formplations

and the complexity of the methods.

4 field study has been proposed in Appendix € to measure one or more of the
model parameters, and to obtain a good data set for model validation over a dis-
tance of at least 10 km from the source. The proposed study, based on a modified

Bowen ratio-turbulent variance approach that avoids the difficulties associated
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with the well-known vertical grédient and eddy-correlation methods) will

provide needed data on mean concentrations, ground deposition flux, and

deposition velocity.
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APPENDIX A

PROPERTIES OF ERROR FUNCTION AND OTHER RELATIONS

The error function is defined as

' z 2 .
erf(z) = 2_f et at
JnJo :

The complementary error function is defined as

erfc(z) =

The normal probability integral function is defined as

1

Z 2

¢(z) = — f e-t /2 dt

Jzn

Eq. (A-3) gives the area under the

given above are related as follows:

erfc(z)

I

erfc(z)

-Co

normal probability curve.

1 -~ erf(z)

2{1 - ({2 2)]

erf(z) = 2 ¢(J2 2z) - 1

The symmetry relations are

Hi

erf(-z)

erfc(-2z)

- exf(z)

2 - erfc(z)
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(a-1)

(A-3)

The three functions

(A-4)
(A-5)

(a-6)

(A-7)

(A-8)



The values at the limits are : .
erf(0) =0 , erf(®) =1 , erf(-mj = -1 _ (a-9)
erfc(0) = 1, erfc(®) =0, erfc(-») =2 (A-10)

The differentiation relation is

%; it erfc(z) = —in-l erfe(z), ) (A-11)
(n=0,1, 2, --- , and i = J~1)
The integral relatioms are
. o .
_in erfc =z =-]~ in_1 erfc t dt, {A4-12)
z
(n=0,1, 2) -—=}.
-1 2 —22 |
i erfc 2z = — e . i® erfc z = erfc z (A-13)
Jr
1 ;zz
-/;rf(z) dz = z erf(z) + — e + const. (A-14)
Jr
‘ 1 -22
'/;rfc(z) dz = z exfc(z) - — e + const. (A-15)
r[ .

Other useful integrals are
Z-I"exp{-(az2 +.2bz + c)} dz = Jrija - exp{(b2 - ac)/a} -
erﬁ(Jg z + b/Ja) + const. {A-16)

@ .
2‘/- exp{-(a22 + 2bz"+ ¢)} dz = Jfn/a - exp{(b2 - ac)/a} -

° erfe(b/Ja) (4-17)
a‘l-eézerf(bé) dz = eazerf(bz} - exp(azlﬁbz) erf(bz - a/2b)

+ const. (A;18)
2
The wvalues of the functions erfec(z) and e erfe(z) are shown in Table 2
for several values of z in the range -13-19 £ z = 13-19.
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TABLE 2
. ‘ . - 'zz
VALUES OF erfc(z) and e” ‘+erfc(z)
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APPENDIX B
SETTLING AND DEPOSITION VELOCITIES

For a monodisperse particulate cloud, the individual parficies have a con-
stant gravitational settling velocity. This terminal velocity is given by
Stokes' equation (Fuchs, 1964):

-4 gp -

W 8 1 (B-1)
where d is the diameter of the particle, g is acceleration due to gravity, p is
density of particles, and Y is the dynamic viscosity of air. For d4 > 100 pm,
the terminal fall velocity is sufficiently gréat that turbulence in the wake of
the particle cannot be neglected, and the viscous drag force Fd on the particle

is greater than given by the Stokes' law, F, = 3mdpyW. For a particle with d =

d
400 pm, the actual wvalue of W is about one-third the value given by Eg. (B-1).
Stokes' expression for the drag_force describes the effects of collisionslﬁe-
tween air moleculés and a particle, assuming air to be a continuum. This
assumption is not valid for very small particles, since the mean free path.
between molecular collisions is comparable to the particle size; under these

_conditions "slippage" occurs, and the particles undergo Brownian motion and
diffusion, which give a Ferminal velocity greater than that predicted by Eq.
(B-1). A discussion of the slip correction factor for the Stokes' equation

can be found in Fuchs (1964) and Cadle (1975).
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The vaiues for the-terminal.gravi£ational settling velociﬁ;es for different
particulate materials are given in a tabular form.by Lagple (1961) based on
particle diameter and Reynolds number. These values, which account for the
deviations from Stokes' equation discussed above, are given for spherical
particles with a specific gravity of 2.0 in air at 25°C and 1 atm. pressure.
This table has Been reprinted in Sheely et al (1969) and Stern (1976).

The dry deposition poliutant—rgmoval mechanisms at the earth's surface
include gravitational-settling, turbulent and Brownian diffusion, chemical absorp-
tion, inertial impaction, thermal, and eleétrical effects. Some of the deposited
particles may be re-released into the atmosphere by mechanical resuspension.
Following the concept intfoduced by Chamberlain (1953), particle remowal rates
from a pollgted atmosphere to the surface are ﬁsually described by dry deposition
velocities which vary with particle size, suxface properties (inéluding surface
roughness (zo) and méisture), and meteorological conditions. ‘The latter include
wind speed and direction, friction velocity (u*j; and thermal stratification of
the atmosphere. Deposition ve}ocities for a wide variety of substances and
surface and atmospheric conditions may be obtained directly from the literature
(e.g., McMahon and Denison, 1979; Sehmel, 1980): Sehmel and Hodgson (1974)
gave plots relating déposition velocity (Vd) to.d, Zs Uy and the Monin-Obukth

stability length.

Considerable care needs to be exercised in choosing a representative deposi-
tion velocity since it is a function of many factors and can vary by two orders

of magnitude for particles. Generally, Vd should be defined relative to the

height above the surface at which the concentration measurement is made. The
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particle deposition velocity is approximately a linear function of wind speed
and friction velocity, and its minimum value occurs in the particle diameter

range 0.1 - 1 pm. ' ' :

In tye trivial case of W =‘Vd = 0, settling and deposition effects are neg-
ligible. For very small particles (d < 0.1 pm),.gravitational'settling can be
neglected, and dry deposition occurs primarily due to the nongravitational
effects mentioned abo;e. In this case, W= 0 and Vﬁ > 0. For small particles

(d =0.1~50 ym), 0 < W < V> deposition is enhanced here beyond that due to gravi-
tational settling, primarily due to increased turfulent transfer'resulting from
surface roughness. _For larger parficles {d > 50 pm), it is generally assumed

that Vd = W > 0, since gravitational settling is the dominant deposition mech-
anism,, When W > Vd > 0, ré-entrainment of the deposited particles from the sur-
face back into the atmosphere ié implied as, for example, in a dust storm. The
first'four'sets:of model parameters given above aré widely used in atmospheric
dispersion-and deposition of pafticulate material. The deposition of gases is

a special case of the particulate problem with W = 0. Thus, one has to care-

fully select the values of W and Vd for use in the model,
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APPENDIX C

PROPOSED FIELD STUDY

The limitétions_of surrogate-surface and deposition-vessel methods for
evaluating dr& deposition rates of airborne pollutants are well known. In
response to their recognized inability to reproduce the fing-scale features of
surfaces, a variety of alternative metﬂods of measurement have been developed.
In general, these have been applied in studies of specific pollutants for which
specially accurate and/or rapid response sensors are available. The philosophy
of these experiments i; not to measure directly the long-term deposition flux,
but insteaﬁ to develop formulations suitable for evaluvating average depbsition
rates from other, more easily obtained infqrmatiou, such as air concentrations,
wind speed, and vegetation characteristic;. Most studies of this kind have
enployed either the well-known gradient method, or the more complicated_but
potentially_more‘accurate eddy-correlation téchnique. The former requires that
concentration differences of the order of 1% be measured with accuracy; the
latter requires that sensors respond with.timg constants faster than one sec-
ond. In the case of airborne hydrocarbons and similar potentially hazardous
materials, neither requirement is-likely to be met, Therefore, we propoese that
~ a new method of inferring dep?sition fiukes from'lesé-than—perfect SEensors
should be developed and used in exploratory fiel@ invgstiggtions on the deposi-

tion of toxic substances.
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The essence of the method suggested is to extend measurements of fluxes
which can~be measured directly to the case of other quantities by comparing
tﬁrbulent fluctuations in carefully~controlleﬁ frequency bands. All flux mea-
surements would be referred back to a single easily measured quantity, the net
radiation, RN' Values of RN are readily obtained by mounting 4 commercially-
available net radiometer at a height.a few meters above a sélected surface. As
in most sﬁudies'of this kind, comsiderable care would be required in selecting.
the site.to be used and‘in deploying the radiometer. For the present, the-

details of site selection can be summarized by stating the obvious regquirements

for as flat an area as possible, with a spatially homogeneous surface.

Inéomiﬁg net radiation can be apportioned into sensible (H) and latent
(LE) heat fluxes by any of a number of so-called Bowen ratio methods. Depend-
ing ;n the circumstances and on the accuracy required, it might be necessary to
consider (and measure) the ground heat transfer G, in order to identify the sum

of H and LE:

H+1IE=Rg -6 (c~1)
If 8T is a characteristic property of the (short-term, ~ 1 hour) temperature
field in the surface boundary layer, and if 8q is a corresponding humidity
characteristic, then the Bowen ratio B can be expressed as

B = H/IE = p <, 8T/L 8q . (c-2)

where p is density of air, cP is the specific heat of air at constant pressure,
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and L is the latent heat of vaporization of water. (Here, 86T will have units of

°C, and 6q of g m-?), Clearly, (é-l) and (C-2) allow us to evaluate H and LE as

H= g (Rg-6)/(1+B) (c-3)

and

IE = (Ry-G)/(1+p) (C-4)

If we have an analogous pollutant concentration characteristic, 6C, then

we can evaluate the pollutant flux FC as

F_ = (5C/8T) - (H/pcp) (C-5)

As a further step, the appropriate deposition velocity can then be evaluated

as

. Vd = Fc/C = (GC/C)°(H/pcP)'(1/6T) (c-6)
A little more manipulation of the algebra leads to anm interesting form for Vd:
Vy = (GC/C)-(RN-G)/(pcP5T+PL 8q). (c-7)

Eguation (C-7) offers considerable promise. In concept, it will permit us to
ev%luate Vd without any direct measurement of turbulent fluxes by either covari-
aﬁce-or-gfadient methods. Instead, it relies on apportioning the incoming heat -
energy (RN) by using some measure of the temperature ;nd humidity conditions,
and applying an identical measﬁre of the pollutant concentration. Clearly,

vertical differences over the same height interval would provide a sufficient
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quantification of 6T, 8q, and 6C. However, it is proposed here that a better

measure is a relatively slow component of turbuleﬁce, for example at the fre-

quency typical of the process of turbulent exchange (~ 20 seconds period).

;n order to apply the method in practice, it is necessary to be sure that
the amplitude of signals in the selected frequency range is not affected by
noise, or else to quantify the noise component.- To these ends, spectral analy-
sis methods will be used, préviding power spectral estimates as a.function of
frequency for each of T, g, and C. Figure C-1 demonst?ates the sort of result-
that might be expected, and shows how an appropriate frequency band might be
selected. It is critical that the effects of noise be properly accounted for,
since ptherwiée spectral techniques will necessarily result in an overéstima—‘

tion of the corresponding depbsition velocity.

There are a number of assumbtions involved in the preéeeding analysis.
411l of them are important, but none are considered prohibitiné. For example,
in order to apply similar relationships for 6T, 6q, and 8C, it is required that
the corresponding sources and sinks should-be coincident. While this require-
ment is obviously satisfied in many situations {(e.g. over pasture, water, or
tarmac), tests of the validity of the assuﬁption will often be necessary (e.g.
over forest)}. Suitable tests might involve the use of several measures of the

indicators 6T, 8q, and 6C, in different freguency bands for example.

The philosophy of this kind of experiment is similar to that employed in
the interpretation of structure functions and high-frequency spectral data in

many micrometeorological studies. . It is conceded that the method is not norm-
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ally precise; in the method outlined here, accuracy should be imprbved by rela- -~
ting all temperature, humidity, and poilutant quéntities to a flux that is well-
known -- the net radiation. ’In practice; neglecting the ground heat transfer
(énd other small terms such és_heat storage and photosynthesis) should cause a
relatively small error in daytime, prébably less than 15%. A first-order corre-

lation can be applied omn the basis of flux-plate data; however the evaluation

of-RN-G that results then is still likely to be about * 5% in error.

A measure of the errors invelved can be obtained by applying methods for
the direct determination of the turbulent fluxes H and LE from the spectral
properties 6T and 8q, using standard micrbmeteorological procedures (e.g., Hicks
and Dyer, 1972). Comparison between these estimates of H and LE with values
deduced by apportioning RN-G {(as above) will p?ovide an indication of the mag-
nitude of errors that might arise if data were not subjected to the RN -G
"control". Comparison #ith independent evalu;tions of H and LE, obtained by
eddy correlation, would permit a direct evaluation of run-to-run érror margins
involved in thé determinations of H and LE by apportioning RN - G. When coupled
with run~to-tun variability statistics of.all three turbulent fluxes; H, LE, and

Fc, a defensible estimate of the errors involved in the determination of V, can

d

be derived.

Severai field studies are proposed, firstly to develop and test the techni-
ques described here, and secondly to apply them in studies of toxic pollutani
deposition. A well-instrumented field site, suitable for the former purpose,
is avaiiable at Oak Ridge, where ATDL maintains and opefates a forest meteorc-

logy/micrometeorology field station in a deciduous forest. Later work will be
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conducted ct_selected field sites where ﬁoliutant conccﬂtratﬁons are sufficient-
ly high to pcrmit studies of this kind.'

‘_ Since sensors of suitable sensitivity and specificity are nnot likely to be
available iﬁmediately, it is intended to consider the deposition of toxic chemi-
cals in groups, according to physical and cﬁemical characteristics. Although
obvioucly not anp ideal approach, this method will permit the application of
existing sensors of materials like hydrocarbon vapors in scoping studies that
will p?tentially provide answers to gquestions about the importance of surface
dry deposition as a sink for airborme material, and the route by which such

material enters the terrestrial biosphere.
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