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Abstract

We develop a new analytical solution of a three-dimensional atmospheric pollutant
dispersion. The main idea is to subdivide vertically the planetary boundary layer
into sub-layers, where the wind speed and eddy diffusivity assume average values
for each sub-layer. Basically, the model is assessed and validated using data obtained
from the Copenhagen diffusion and Prairie Grass experiments. Our findings show that
there is a good agreement between the predicted and observed crosswind-integrated
concentrations. Moreover, the calculated statistical indices are within the range of
acceptable model performance.

2020 Mathematics subject classification: primary 42A38; secondary 34B24, 76Rxx.

Keywords and phrases: Atmospheric dispersion, Fourier transform, Sturm-Liouville
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1. Introduction

Atmospheric pollution is always a serious problem. Regions with high pollutant
concentrations have negative effects such as the reduction of respiratory resistance
against bacterial and viral infections. Therefore, inhabitants of these regions could be
more frequently infected in case of epidemics. Recently, many studies have established
that atmospheric pollution is one of the favourable factors that can facilitate the
propagation of COVID-19. Furthermore, it was found that breathing polluted air may
worsen the effects of COVID-19 and can lead to hospitalization and subsequent death
[24]. For these reasons, models for the atmospheric processes of the unstructured
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[2] Analytical solution of the advection-diffusion equation 41

temporal and spatial variability of pollutants have been developed and discussed in
the literature [5, 12, 14, 16, 19, 22, 23]. Unfortunately, all of these explicit models were
obtained only for particular or simplified formulations of the wind speed profile and
eddy diffusivity of the three-dimensional parabolic second-order advection—diffusion
equation. These simplifications will limit the analysis of the results, since the wind
speed profile and eddy diffusivity are the most important factors in the transport and
diffusion of contaminants in the air.

The main objective of this work is to overcome these limitations. The idea is to
divide the planetary boundary layer (PBL) into a multi-layer domain, such that for each
sub-layer, the eddy diffusivity and wind speed assume average values. The analytical
solution of the advection—diffusion equation is obtained by using the Fourier transform
and the technique of separation of variables that leads to the Sturm—Liouville problem
[2]. Finally, to better approach the dominant parameters of the dispersion of pollutants,
the following parameterizations are adopted:

(i) the Deaves and Harris wind speed profile [7];

(i1) the vertical eddy diffusivity coefficient is assumed to be an explicit function
of both downwind distance and vertical height which are expressed under
convective conditions [8];

(iii) the lateral eddy diffusivity coefficient as a function of both downwind distance
and vertical height [3, 14].

We begin our paper with a general formulation of the atmospheric dispersion
of pollutants in the atmospheric boundary layer as described in Section 2. Then
we explore the explicit solution in Section 3. Discussion and numerical results are
presented in Section 4 and a conclusion is given in the last section.

2. General problem formulation

The turbulent dispersion of pollutants in the PBL is governed by the advection—
diffusion equation

‘;—f +V.(Uy, C) = V.(D VC) + 5, 2.1)

where Uy, = (U, V, W) is the wind speed vector (m/s) representing the components
U, V and W in the east-west, north-south and vertical directions, respectively; D is the
molecular diffusion coefficient; S is the source term; and V is the gradient operator.

By use of the time average and fluctuation values, U=u+u', V=v+/,
W =w+w and C = ¢ + ¢, the wind speed vector Uy, is expressed as

Uy =U,+U, with Uy=@wv,w)! and U, =@ v, w).
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The application of the Reynolds averaging rules to the vertical mass flow, Uy, C, leads
to [6]

Uy C=Uyc+ U, ¢ with Uy ¢ =@, ve,we)l. (2.2)

It turns out that turbulent diffusion can be described with Fick’s laws of diffusion as
follows [22]:

%
o7

ac
we =-K,—, v =-K we = —

ox’ Yoy’
where K,, K, and K, are the eddy diffusivity components along the x-, y- and
z-directions, respectively.

Note that in a turbulent boundary layer where advection is occurring, K will be
larger than D and eddy diffusion will dominate solute transport. In this case, the
molecular diffusion coefficient V.(D VC) is then to be replaced by an eddy or turbulent
diffusivity. The source term could be eliminated from equation (2.1), and should be
added to the boundary conditions as a delta function. At the point (0, 0, Hy), there is a
source rejecting the pollutant with a continuous flow Q,

u c(0,y,2) = Q6(y)d(z — Hy),

where H; is the source height. By application of the Reynolds averaging and the
divergence operator to equation (2.2), equation (2.1) may be written as

oc 0 0 0—— —
— =——uw'c - —Vc - —wc -U,Vec. 2.
o axuc ayvc é)ch U,.Vc 2.3)

In the remainder of this paper, the following assumptions are considered:

(a) the steady state condition (that is, dc/dt = 0);
(b) the two terms v(dc/dy) and w(dc/dz) are neglected since the x-axis coincides
with the wind flow average, therefore the wind velocity components w and v are
less important; and
(c) the turbulent diffusion in the direction of the mean wind is neglected compared
to the advection transport mechanism, that is,
ac s 0 ( 8c)
U— —(Ki— ).
ox ax\" " ox
These assumptions lead to the steady-state advection—diffusion equation defined as
0<x<Ly,-L,<y<Lyand 0 < z < Hyx,
u )ac B 6( 60)+ 6( 80)
¢ a Yoyl 0z\ Caz)
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which is subject to the boundary conditions:

lim K(x,z) % =0, K,(x2) @ =0 atz=1zp, and
Ly—00 6}7 0z
s 2.4)
Kz(x’ Z) _c =0 atz= Hpix,
0z

where 7 is the surface roughness length and Hy,x is the PBL height.
We consider that the eddy diffusivities have the following separable formulations:

Ky(x, 2) = §y(x) u(2), (2.5)
K:(x,2) = £(x) ¢:(2). (2.6)
We vertically divide the PBL into H intervals, such that for each one, the eddy
diffusivity and wind speed assume average values. Forh = 1,..., H,
1 “h
up = —f u(s) ds, 2.7)
Zh = Zh-1 Jz,
1 “h
Pz = —f @ (s)ds. (2.8)
Zh — Zh-1 Zp-1
Using the formulations of K, and K, in equations (2.5) and (2.6), equation (2.3) can be
written as
dcy d*cy, &y
Un 5= = (X)) uy 6_))2 +&(x) @, e (2.9)

with u;, and ¢,, (given by equations (2.7) and (2.8)) as constants. Equation (2.9) is
subject to the first boundary conditions of equation (2.4) on the one hand, and on the
other hand, the continuity of both the concentration and the flux at the interface level
is applied. For h € {2,...,H},

dei(x,y,20) _

Cho1(X, Y, 2p-1) = cp(x, Y, Zn-1),

Ocu(x,y, zm) _

0,
0z

0, ¢

Ocp—1(x,y, Zh-1) _ Oci(x,y, Zp-1)
Zh-1 9z Lz 9z .

3. Analytical solution

We start this section by applying Fourier transform to equation (2.9). Let &;'(x, 2)
denote the Fourier transformation of ¢, with respect to y. Then,

+00
f“;,’(x,z)=f cn(x,y,2) €™ dy, hell,... H),

0o
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which gives

EZ) 2 2 AW 6262’
u, i + (2n) w g‘y(x)ch] = &(x) ¢, 2 7 € [zp-1, 2nl-
Let
x2) = 69(x,2) exp((27r)2 o f 4,(5) ds), 3.1)
0
then
e oe y g
6_): = [8_;( + (Zﬂ)zwz{y(x)ch] exp((27r)2 wzﬁ 4y(s) ds).

By multiplying both sides of equation (3.1) by

exp((27r)2 w? fo ) 4y(s) ds)

and, since u;, and ¢, are constants for each interval, we show easily that for all
hefl,...,H},
w 2. w

ox
U = €09 ¢z, 5

We proceed in the same way with the boundary conditions, and find

z € [zn-1, 2l (3.2)

Oy (x, 20)
@z lé—z =0,

X(}J,J_l()ﬁ Zh—l) = X(;:(X, Zh—l)a

) . hel2,... H)
6Xh_1(x’ Zh—l) 6/\/}1 (xa Zh*l)
QDZh—l 6Z = ‘10211 az ’
x4 (x, zu)
Yo — g 0

The solution of equation (3.2) is assumed to be in the form

Xp2) = Y G0 Pua(d), hel{l,... H).
n=0
This separated form gives two ordinary differential equations to be solved:

d G%" 2 w
o T &x) Gy, =0, (3.3)
X
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and

Py,
®z 2 + vy, up Ppy =0, (3.4)

where 7, is a separation constant.
The first-order ordinary differential equation (3.3) has the solution

G2 (%) = ta(w) exp( -y fo £(s) ds),

where u, is an arbitrary function depending on w.
Equation (3.4) represents a Sturm—Liouville problem. Solutions of such problem
form an eigenfunction basis of the form

Ppn(2) = apy cos(Apnz) + Bun sSin(Ay 42), 3.5)

where A, = v \(un/¢s,).

Equation (3.5) satisfies the following boundary conditions:

dPl,n(ZO) _
QOZI dZ -

Pp_14(zn-1) = Ppp(zn-1),

0, (3.6)

hef2,...,H} 3.7
dPpn(zn-1)  d Ppu(zp-1)

QDZh—l dZ Zh dZ

d PH,n(ZH) —
IH dZ

0. (3.8)

To calculate the expression of Py, ,,, it comes down to calculate the values of «;,, and
Bnn, on each of the sub-layer [z,-1,z,],h € {1,...,H}.

By solving the recursive system resulting from substitution of equation (3.5) in
equations (3.6)—(3.8), we obtain respectively the formulations of «;,, and S;,,. More
specifically, we have the following.

For the first sub-layer, a;, and S, satisfy the equation

@1, 8I0(A1,420) — P10 €08(A1,020) = 0,
from which we can take 3|, = sin(1; ,20), so that @;, = cos(4;,z0), which means
P1a(2) = cos(A14(2 = 20))-
For the last sub-layer (H" sub-layer),

aln = COt( Ay n2H) PH -
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Additionally for the intermediate sub-layers,

_ Pa Apn = @z An-1n 5, dnn + Oz An-1n

[{ cos((Apn + Ap-1,)20-1) +

App =
' Z‘ch Ann @z A = Pz An-1n
X cos((Apn — ﬂh—l,n)Zh—l)}Olh—l,n + {Sin((/lh,n + Ap-10)Zh-1)
O nn + Pz An-1n .
- 2t I sin((Ap — /1/1—1,;1)211—1)}[3/1—1,;1],
(2% /lh,n 2 /1/1—1,11
and
Apn — A Apn + Ap_
,Bh,n _ Lo Ahn = Py An—1n [{ sin((/l;,,n " /1/1—1,;1)2/1—1) 4 P Ahn T Py An—1n
290zh /lh,n (223 /lh,n — @z, /1/1—1,;1

X sin((Ap, — /lh—l,n)Zh—l)}a’h—l,n - {COS((ﬂh,n + Ap-1,0)Zn-1)

_ ‘pzh/lh,n + Sozhflﬂhfl,n
Dz, /1h,n 2 ﬂhfl,n

cos((Apn — ﬂh—l,n)Zh—l)}ﬂh—l,n]-

The eigenvalues 7y,, n € N* of this problem are real and discrete, and the eigenfunc-
tions are mutually orthogonal. The orthogonality relation developed by Mikhailov and
Ozisik [17] for this class of (self-adjoint) problems with respect to the density u; on
each interval [z, z;],h € {1,..., H} leads to

H

"Zh
D [ Pans) Paats) ds = WPl 1Pl
h=1 Y-

where 6,, , is the Kronecker symbol. Then, we can write

H %
> [ weurtas
h=1 Zh-1
H

Z up(zp — zp-1),  whenvy, =0,
=1

2
Prall

H

_ oo
2.3 ﬂ’; [$i0( 0 (2 — 2@y = B ) COS(n(zh + Z4-1)
h=1 e

+20n0 Bhn SN (zn+ 20 1))+ Ay, +B5,)@n = zn-1)],  Wheny, # 0.
The eigenvalues of each sub-layer can be obtained by integrating equation (3.4)

on each of the intervals [z;-1,z,], h € {l,...,H}, taking into account the boundary
conditions equations (3.6)—(3.8). However, the eigenfunctions Py, form a complete
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set, so x can be developed as

(9]

X0 = Y arexp( -2 fo &) ds) Prsa(@)

n=0

Then, the coefficients a, are given by

1 H 20
T D f uex{(0,2) Pea(2) dz
S (=1 Y -1

7 0 , whenvy, =0,
Dot Un(zn = zp-1)
_ _Q g (Hy) h 0
P¢n(Hg), whenvy, #0.
WPpall? 2 !

The inverse Fourier transform of

exp((27r)2 w? I) ) 4y(s) ds)

is given by
N —— XL),
2 \n fox {y(s)ds 4 JE) Ly(s)ds
Consequently,
0 y?
CH(xay’Z): D Y| R
2\n fox {y(s)ds ( 4 fo 4y(s) ds)

. ) )
X Z:(; exp( -2 fo £(s) ds) flj’H(ﬁz (Z Ph,,,(HS)). (3.9)

h=1

The crosswind-integrated concentration cf_l(x, 7) is obtained by integrating equation
(3.9) with respect to y from —co to +0c0, which yields

‘ ~ x Pun H
=0 expl -2 f £Gs)ds) 2 & S Py, (310)
= 0 PP £

4. Validation and experimental data

The wind speed profile u(z) is parameterized using the model of Deaves and
Harris [7]. This model is extrapolated using experimentally measured wind speed
profiles. The advantage of this profile over other ones is that it extends the accurate
representation of the logarithmic law to a small height, and through better accuracy

https://doi.org/10.1017/51446181122000037 Published online by Cambridge University Press


https://doi.org/10.1017/S1446181122000037

48 M. Farhane, O. Alehyane and O. Souhar [9]

for the logarithmic and power law models to a moderate height,
2 3 4
u(z) = ﬁ[ln(z ) 4 5.75( ) - 188 =) - 133( ] +025( ) ]
k 20 H i Hpix Hyix Hiix

where Hp;x is the PBL height. The modified form of the vertical eddy diffusivity
coefficient K, given in equation (2.6), is adopted from [8], where the functional

. 2 W3 47 8z
#:(2) = 0.2 Hunix w. (K (1 " Hunr )) (1 m P ( B Hmix) - 00003 exp(Hmix ))

where w, is the convective velocity. The integrable correction dimensionless func-
tion in equation (2.6) is defined in terms of the along-wind length scale L, as
follows [18]:

£ =1- exp( - Lil) 1)

The length L; is given in terms of u, ¢, and o, as [18]

Ly = u(Hy) ¢(Hy),

g %V(Hs)
where o, is the vertical turbulent intensity. Note that there exist many expressions of
o,,; we adopt here the expression given by Hanna et al. [13]:

3z L] )1/3
+ 9
Hmix Hmix

where L is the Monin—Obukhov length [21]. The Monin—Obukhov length is a
parameter used in atmospheric dispersion having the dimension of a length, and
describes the atmospheric stability states according to their sign, that is, L is
negative (positive) for an unstable (stable) situation whereas |L| >> 1 indicates neutral
situation [21].

Note that when L; — 0, the term exp (—x/L;) becomes negligible in equation (4.1),
and K, depends only on z (that is, K, = ¢, in equation (2.6)).

The lateral eddy diffusivity is given by Huang [ 14]:

d 0'§(x)

dx
where oy, is the standard deviation in the crosswind direction (depends only on x). By
identifying equations (2.5) and (4.2), we obtain

1 da(0
o) = 2 dx
The model presented as equation (3.10) is assessed and validated using data sets
obtained from the Copenhagen diffusion and Prairie Grass experiments.

The Copenhagen experiments were realized in the northern part of Copenhagen

between 12/09/1978 and 19/07/1979 as described by Gryning et al. [10] and Gryning

o = 0.96 w*(

1
Ky(x.2) = 5 u(2) 4.2)
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and Lyck [11]. They were carried out using the tracer sulphur hexafluoride (SF6),
which was realized without buoyancy from a tower at a height of H; = 115 m,
the roughness length was zg = 0.6 m. The remaining required parameters for these
experiments are given in [10, 11].

The Prairie Grass experiments were realized in O’Neil, Nebraska between
03/07/1956 and 30/08/1956 and well detailed by Nieuwstadt [20] and the data
downloaded from http://www.harmo.org/jsirwin (see [1]). They were carried out
using the tracer sulphur dioxide (SO;), realized without buoyancy from a tower at a
height of H; = 1.5 m, the roughness length was zp = 0.006 m. All necessary data for
these experiments are given in [1, 20].

For the practical implementation of the analytical solution, we have discretized the
PBL into 2 and 4 sub-layers. For the 2-sub-layers case, the discretization is

T Huix — 20)  6(Humix — 20)
dz = 3 and dz = 13 ;
and for the 4-sub-layers case, the discretization is
3(Hmix — 20) 3(Hmix — 20) T(Hmix — 20)
dz) = ———=, dp=——""-—", diz= ——7,
“ 5 5 15
2(Iimix - ZO)
d dgyy=—7"7T—.
anc - au 15

The quality and performance of models are usually presented by drawing a scatter
diagram using predicted and observed values. Figure | represents a scatter diagram
between observed and predicted crosswind-integrated concentrations for the two
formulations of the vertical diffusivity and the number of sub-layers in the PBL (when
H =2 and H = 4) for the Copenhagen (top panel) and the Prairie Grass (bottom
panel) experiments. The figure shows a good agreement between the predicted and
observed values which seem to be a good parameterization of the model. An immediate
visualization inspection of the overall model performance shows that the observed
crosswind-integrated concentration tended to be slightly larger than those predicted.
The quantitative evaluation of models is usually made through statistical performance
analysis that is presented and widely used in many works. The statistical indices which
we will use here are defined as [4]: the normalized mean square error (NMSE), the
mean relative square error (MRSE), the correlation coefficient (COR), the fractional
bias (FB), the fractional standard deviations (FS), the geometric mean bias (MG),
the geometric mean variance (VG) and the factor of two (FAC2). The perfect models
would have NMSE = MRSE = FB = FS =0 and COR = MG = VG = FAC2 =1 [4].
The satisfied numerical results given in Figure | are re-affirmed from the values
of statistical performance measures summarized in Table 1. The calculated values
are mostly within the range of acceptable model performance for both formulations
of the vertical eddy diffusivity. Furthermore, Table 1 indicates that similar results
are obtained compared to other analytical procedures, previously published in the
literature [9, 12, 15, 19].
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rd
2} @ K =900 #H=2) ,
L y; *m A®
A K=00)H=2) /
r /
_ I K =dweew=4 /
v ,
5 ls K=eow=9 /
1 3 p e
gc/ Vi
H Jemie 4 gk
?) 6 V4 i. - -
g p *H A @ —
8 A y; Xkl A O - -
K / xm i@ e - -
g 4 /7 A% . G, _ - PR
= -
o -
/ e - -~
2 / ﬁ’ -
4 e
/ -
Ll -
oWz . .
0 2 4 6 8 10 12
Predicted Concentration
O 1042
o
10 7
Performance criteria /
(Chang and Hanna, 2004) Vi
NMSE< 1.5 /
8 COR =0.70 / /
® 4
[FB|<0.3 ,
- 0.75<MG< 1.25 / f
s 1<VG< 4 //
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£ 6 ,
g / oA A —
s / @A .Q‘ AA - -
o / 0 %0 4,1 -
kot 4 / A -
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Predicted Concentration (g.m_z)
FIGURE 1. Scatter plot of observed and predicted crosswind-integrated concentrations of the Copenhagen

(top panel) and the Prairie Grass experiments (bottom panel). The solid line is a one-to-one line (y = x)
and dotted lines correspond to a factor of two (that is, y = 0.5x and y = 2x).
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TABLE 1. Statistical measures for the Copenhagen and Prairie Grass experiments.

Copenhagen experiments

Models NMSE MRSE COR FB FS MG VG FAC2
K, = £&(x)p,(z) 0.0533 0.0533 0.8657 —-0.0135 0.0018 0.9660 1.0885 1.096
(H=2)

K, = ¢,(2) 0.0660 0.0660 0.8498 0.0432 0.03897 1.0235 1.1007 1.055
(H=2)

K, = é&x)p.(z) 0.0768 0.0768 0.8308 0.0543 0.1686 1.0273 1.1022 0.9235
(H = 4)

K, = ¢.(2) 0.0892 0.0890 0.8274 0.0973 0.2065 1.0726 1.1124 0.8882
(H = 4)

[91(H =2) 0.08 - 086 -0.02 0.05 - - 10
[91(H =4) 0.1 - 0.82 0.1 0.04 - - 092
[15] 0.069 - - —=0.009 0.051 0.996 1.055 1.009

Prairie Grass experiments
K. = £x)¢.(z) 0.0210 0.0209 0.9809 —0.0503 —0.0108 0.9018 1.0645 0.9807

(H=2)

K. = &), (z) 0.0613 0.0608 0.9763 —0.1809 -0.0514 0.8616 1.3228 0.9373
(H=4)

[19] 0.25 - 092 0.03 0.20 - - 0.68
[12] 0.04 - 096 -0.09 0.13 - - 079

5. Conclusion

The solution of the three-dimensional steady-state atmospheric diffusion equation
was developed taking into account more realistic formulations of the wind speed
profile and two formulations of the vertical eddy diffusivity. The convergence was
numerically validated using data sets obtained from the Copenhagen and Prairie
Grass experiments. The results showed that predicted and observed values were in
good agreement and the calculated statistical indices were mostly within the range
of acceptable model performance. The findings of the current study show that the
current model could be an interesting approach for an accurate prediction of the
atmospheric dispersion of pollutants and may be appropriate for other continuous
flows.
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