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Abstract. The process of formation of a large scale spot-like structure of the cumulative deposition pattern
due to a powerful elevated finite lifetime source is studied using numerical solutions of a midsiodi
problem. A possible cause of spottiness at regional scale, namely the diurnal cycle of the vertical turbulent
mixing intensity in the atmospheric boundary layer, is investigated. It is shown that the atmospheric boundary
layer diurnal cycle can cause the appearance of the spot-like structure when the source tifetdmaych

shorter than the diurnal period,

1 Introduction reason causing the formation of a large scale spot-like dep
sition structure. Let us note that the importance of the diurng
A cumulative deposition pattern, which takes place undervariation of meteorological conditions in the process of for-
intense atmospheric emissions, has very distinct spot-likemation of the earth surface pollution has been pointed oy
structure on dterent spatial scales. In the other words, ain many researches (see e.g. Baklanov and Sgrensen, 20
field of deposited materials is self-similar (multi-fractal dis- Brandt et al., 2002). However, théect of the vertical tur-
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tribution of deposited materials) (Randle et al., 2003). bulent mixing intensity in the ABL has not been studied in
The spot-like pollution structure at the regional scale (with detail.
linear size of 18+ 10° m or more) can be observed particu-  In our opinion, the hypothesis is quite reasonable and

larly well on a map that shows the distribution of the major physically clear when the pollution is caused by an instantg

pollutant,*¥’Cs, on the territory of Ukraine after Chornobyl neous elevated release (e.g. explosion, with subsequent trans

accident (see Fig. 1b). For comparison, in Fig. 1 we alsoport and difusion of the contamination cloud). For such a

show a map of3’Cs distribution before the accident. Here- case the hypothesis has been confirmed by Voloshchuk gt

inafter by using the term spot-like structure at the regionalal. (2007). At the same time it is not clear whether the spotf
scale we denote an existence of several local maxima in totdiness can be formed when the source is active for a limited
deposition. time interval, as it occurred during the Chornobyl accident
It is believed that the main reason for the formation of and under what conditions this can happen.
spots at regional scales is the convective cloud activity, It should be emphasized that the present work is not an
i.e. “damp” aerosol scavenging with atmospheric precipita-attempt to reconstruct the deposition pattern that took plage
tion (“washout”) (see e.g. Clark and Smith, 1988; Puhakka,after the Chornobyl accident. The purpose of this work is tg
1990). However precipitation was not observed when thestudy the mentionediect in the atmospheric fiusion using
southern radioactive trace was forming on the territory ofknown and well approved methods, namely the K-theory. A
Ukraine (Sedunov, 1989, Fig. 1). Taking into account thesimple but realistic schemes of parameterization of vertical
above mentioned fact we have hypothesized that along wittstructure and time evolution of the ABL have been used i
other factors (precipitation, influence of the relief, surface in-the model difusion problem. Note that the evolution of the
homogeneity, etc.) a periodic change (e.g. diurnal cycle) ofdiffusion processes considered in this work take place over
the vertical turbulent mixing intensity in the ABL can be a space and time scales, where the use of the K-theory is justi-

fied.
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Figure 1. Maps of radioactive contamination of Ukraine by Cesium-1@yj:before-accident pollution (July 1985)) pollution after the
Chornobyl accident (January 1998) (from Atlas of radioactive contamination of Ukraine (electronic version), 2002).

2 Parameterization of the atmospheric
boundary layer

For the intensity of the vertical turbulent mixing, i.e. the

value of the vertical eddy fusivity, K;, we will use the

parameterization that was suggested in paper Mangia et
al. (2002). In this parameterization the dependence of dif

fusivity on stability of ABL is introduced by means of the
Obukhov-Monin length scalé..

IfL<O
0.24z(z/n)Y/3
Kz=Km+Kze, Kom= O_3ZLL(1—Z/h), Kze= # *’
we
h 1/3
W, = U, (_H) ’
0.48, 2<0.1h

WW‘{ 0.th<z<h @
whereK,, is the mechanical part of the verticalffdisivity,
K is the convective part of the verticalfflisivity, h is the
convective boundary layer heights, is the convective ve-
locity scale,u, is the friction velocity,x is the von Karman
constantgy. is the stability function.

IfL>0

K. — 0.3zu.(1-z/h)
27 1+3.7z/A

1.6z/h(1—e %" —3x104e¥/M)1,

, A=L(1-z/h)®sne) )

wherea; anda, are empiric constantsy( = 2, @ = 3, Min-
nesota values).

2nt
The parameterization (1)—(2) belongs to a class ofL™t= BCOS(? +wo),
parabolic profiles which reproduce a real vertical profile of

The wind speed profile in the surface layer has been
parameterized following the similarity theory of Monin-
Obukhov (Monin and Yaglom, 1971)

U,
—[In(z/20) = ym(z/L) +ym(20/L)]. 3)

whereyn(z/L) is the stability function. It represents the cor-

U=

rection to the logarithmic profile due to non-neutral condi-
tions (m =0 in neutral conditions). The stability function is
parameterized using the following relationships (Businger et
al., 1971)

L+gt 1+¢72 _
2In(%)+ In(%)—ZtarYl(¢m1)+ z,
—4.77/L,

L<O
L>0

Um=

o

wheregn, is dimensionless wind profile.

We assume that above the surface layer the wind speed is
constant:u(z) = u(zy), if z> z,, wherez, is the surface layer
height @, ~ 5+ 10% of the ABL height).

The parameterisations (1)—(2), (3) give continuous values
for K; andu at all elevations and all stability conditions from
unstable to stable, allowing us to treat dispersion in full di-
urnal cycle. As a rule, the unstable state prevails in the day
time and the stable one at night (Stull, 1988).

To model difusive processes over some days it is neces-
sary to specify a diurnal cycle of stability. We will introduce
the dependence of the Obukhov-Monin length scale on time
as follows:

L<O0
L>0

(1-16z/L)7Y4,
1+4.7z/L,

(4)

K, both in a day, and in a night ABL (Nieuwstadt and Van whereB is the amplitude of the diurnal changelof' (may

Dop, 1981).
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depend on both the geographical coordinates and the time
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of the year),T =86400s is the full periodyy is the initial In expressions (5)—(11) we used the following notatioas:
phaset is the time of the dtusion. is the concentration of pollutants; x, y, z are the time and

It should be emphasized that parameterization (4) is onlyspace coordinates respectivelfy; is the crosswind eddy dif-
the first approximation, which only qualitatively recreates the fusivity; Q andh, are the source strength and heights the
real diurnal change of the Obukhov-Monin length. Neverthe-source lifetime;s(y) is the Dirac delta functiontH (t) is the
less, for the purpose of the present work, parameterization (4Heavyside step function, defined as
can be considered satisfactory.

The parameterization (1)-(2) is 3-parametric#, & H (1) :{ 1, t>0
f(L,h,u.)). Parameterd and u, also undergo a diurnal 0, t<0
change. However, in our study we constrained ourselves by
taking into account only the daily change bf i.e. we as-  In Eqg. (5) the wind speed), and the vertical eddy ffusiv-
sumed thah andu, are constant (e.g. diurnal mean values ity, K, are defined by expressions (3) and (1)—(2) under th
can be used). The assumption of constaris not very lim-  condition (4) respectively.
iting, while the assumption of a constamis a strong one We assumed thaty, does not undergo a diurnal change
and that has to be explained. At nightbecomes small, (Ky=const). The assumption is legitimate because it is
the maximum value oK,and its vertical position decrease. known that the major contribution to the crosswind eddy dif-
However at each elevation the day time valu&efs larger  fusivity is made by the vertical wind shear. We also neglected
than its night value. We believe that such behaviounahd  the difusion in the direction of the regular transport of pol-
K, would not change the results of our study qualitatively. lutants Ky =0, whereK is the eddy dfusivities alongx
Moreover, we believe that the diurnal changehoill in- direction), which allowed us to represent the source through
tensify the spottinessect (the spottiness will appear more the boundary condition (8). Such a trick is often used in modt
distinctly). Because at night some amount of contaminationgling the turbulent dfusion in the presence of a continuous
which happened to be above the height of the night ABL, (or finite) source.
will simply be transported and will not disperse. The upper boundary condition (11) along the vertical co-
ordinate means that the transport of pollutants into the upper
layers is absolutely forbidden. This does not represent a sefi
ous limitation for difusion problems. Such a condition leads

Let us consider a dispersion prob|em where the turbulent d|f_tO somewhat overestimated intensities of the turbulent corf
fusion of gaseous and aerosol pollutants in the bottom part ofaminant fluxes to the ground. As the lower boundary condi
the atmosphere is modeled. Assuming that the source of thBon we use the condition of full absorption. Here, however
pollutants is point-like and the pollutants are nonsettling, andwe do face a problem. The parabolic approximation of the
orienting x-axis of the coordinate system in the direction of vertical turbulent diusivity (1)—(2) yields complete forbid-
mean wind flow we obtain the following mathematical for- ding of the turbulent fluxes at=0. From purely mathe-

D

3 Model diffusion problem

mulation of the problem: matical standpoint it means that the boundedness conditign
is the only correct condition under such a parameterization.
gc_dc _ dc 4, oc (5) In other words, the parabolic parameterizationkgfis not

at Yox yo”!_y2+6_z 20z’ compatible with the boundary condition of full (or partial)
absorption. To resolve this problem we will lift the point
where the lower boundary condition is given. The roughnes

height, 7y, can be used as a suitable value for this purpos

c=c(t,xy,2), t>0,x>0,y|<o0,zg<z<h,

[2)

11

Ky = const (6)

(20).
The initial condition is _ _Having obt_ained the solution (_)f_ problem (5)—(11), (1)—(4)
it is easy to find the total deposition to the grount(X,y),
Cli=o =0. (7) using the following formula:
The boundary conditions are o0 5
. 3 C
Clico = QHIOH (L ~)3(y)s(z-h.), 0= [ Kegg e ot (12)
Q=const, Z<h,<h (8) 0
Here c*(x,y) is the principal unknown, which needs to be
Clyie0 =0, ©®) " tound. 0y P
_ It is practically impossible to obtain the analytic solu-
Cl=z =0, (z0#0 10 ,
[ =0. (20#0) (10) tions of problem (5)—(11), (1)-(4). Thus, we must carry
oc out a numerical simulation. For this purpose we used a
Kz le=n =0. (11)  finite-difference method. Using the method of sequentiaf
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3 mately at morning timez, = 0.1 m; z, = 50m; h, =500 m;
— h=1000m; Q=1kgs?; u,=035ms?; u=612ms?;

— K=K L) . 1

. k() Ky=300nts?; K;=17.5m?s™.

1,1 - .= 6 hours Based on the analysis of the obtained results we reached
=2 2,2 - 1,=12 hours the conclusion that theffect of spottiness takes place not
g A\é\\ ‘ . g i :'iji‘o’i’l’,; only in the presence of an instantaneous source, but also in
= \\4\ 5,4 - 1.=36 howrs the presence of a source with a finite lifetime. The spot-
S \4f§§ like pollution structure of the cumulative deposition can be
’% 1 \\ K\ clearly seen in Fig. 2 at relatively small valuestof(func-

- 2 2 \\\ tion c*(x,0) has more than one maximum). When the life-
>QN time of the source gets longer, the accumulation of the pollu-
0 s tants at the local minima a (x,0) becomes more intensive.
U This leads to some smoothing of the pollutant field.t Aisi-
creases, all local maxima, except for the first one, disappear
0.00 0.25 0.50 /(7)0475 1.00 1.25 and functionc*(x,0) becomes monotonically decreasing in
X

the intervalx > Xmax1, WhereXmax1 is the position of the first

_ ) ] _ maximum. Att, =T,2T,3T... the function becomes strictly
Flgu_r_e 2. Horizontal profiles (ay = 0) of the normalized total de- monotone, while at, e (Ti, T (i +1)), wherei € N, the strict
position. monotony might not hold. It is dicult to explain such be-
havior of the total deposition. A possible reason is following:

. - . when the lifetime of the source gets longer, every location
component-wise splitting (Marchuk, 1988) we obtained one—(x points) experiences ferentK, value due to the dierent

dimensional problems, to solve which we used the Crank- - o . . .
Nicholson method (H@man, 2001). stability conditions I value) varying during the daily cycle,

while for very short pffs only a limited range of values are
“seen” when the pfii travels over a specific location.

The existence of a certain criterion for the spottiness can
be justified relatively easy. On the one hand, it is obvious
that the periodic change of stability in the ABL will result in
several local maxima of total concentration deposition when
The results of the calculations of the total deposition basedh® instantaneous source acts. Qualitatively this process can
on the numerical simulations of filision problem consid- e pictured as follows: the wind transports the cloud of con-
ered above are shown in Fig. 2. There we present horizont@minants and dyring this transportation the yertical turpulent
tal profiles of the total depositiotr (x,y) aty=0 for several  fluxes of contaminants to the ground are “switched on” in the
values of the source lifetime. The total deposition was nor-dl"i‘yt'mbe and ;f]wt'tfhhedfﬁ’tf_‘t mght.'l(l)n tthe other\t&gnd, itis

. — U@ 1 tu(@)] 1 also obvious that the spottiness will not appear when oo
malized byQK /(2h?) whereu= 4Lt 2 e Ky = because of thefiect of a[\)/eraging of many pglzthat form the
plume. Thus, a finite source lifetime for which the spot-like

0 pollution structure vanishes has to exist.
gitudinal coordinatex is normalized by the distance, which We carried out numeric experiments withfferent val-
a unit volume of air passes for a peridd= 24 h due to the  yes of input model parameters, lilBandwy (wo € [0;27],
regular transport(T). B €[0.005;Q009]). The value of these parameters influences

The results of the total deposition calculations when a di-the maxima of the total deposition and their positionsd-
urnal change of stability was neglected in thiuhion prob-  ordinates). But under any value 8f and wg the spot-like
lem (i.e. when|L| — oo, that corresponds to neutral condi- structure was observed.
tions) are placed in Fig. 2 as well. The latter has been done The conclusions presented above are obtained based on
in order to show that the occurrence of more than one maxthe results of numerous computer simulations, i.e. they are
ima of the total deposition is due to the periodic change ofempirical. It is very hard to prove them in a rigorous mathe-
K, only. matical sense.

In all of the cases the actual values of the input parameters From the analysis of the results of the numerical simula-
for the difusion problem were kept the same. To obtain nu-tions it follows that the fect of spottiness takes place when
merical solutions of dfusion problem we used the following conditiont./T <1 is satisfied. This relation can be consid-
values of parameter®=0.01 nT?!, according to paper Irwin  ered as an empirically established criterion for the appear-
(1979) it means that the stability in the ABL changes from ance of a spot-like pollution structure.

Pasquill-Gfford stability class C to stability class &p = 7,
it corresponds to a situation when releases begin approxi-

4 The analysis of the results — an empirical criterion
for the appearance of a spot-like pollution struc-
ture

h
%fKZh_—l:OdZ, and is given in the logarithmic scale. The lon-
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5 Conclusions Clark, M. J. and Smith, F. B.: Wet and dry deposition of Chernobyl
releases, Nature, 332, 245-249, 1988.

Empirical data and experiments, which can help to under-Atlas of radioactive contamination of Ukraine (electronic version),

stand the ffect of diurnal change in the vertical turbulent  Kyiv, Ministry on Emergency Situations of Ukraine, 2002.

mixing intensity on the surface contamination pattern, arel'win, J. S.: A theoretical variation of the wind profile power-law

very scarce. With the exception of deposition patterns gener- expgnent as a function of surface roughness and stability, Atmos.

ated by Chornobyl accident release, we do not know of any Environ., 13,191-194, 1979.

other relevant experimental data. Thus, at present mathema'flOﬁman’ J. D.. Numerical methods for engineers and scientists,
Basel, New York, 2001.

ical m_Ode”mg (numer_'cal S'mUIat!on) remains the only way Mangia, C., Moreira, D. M., Schipa, ., Degrazia, G. A., Tirabassi,
t‘? verify the hypOtheS'S_that spottiness .may F’e Cal{sefj by the T., and Rizza, U.: Evaluation of a new eddyfdsivity param-
diurnal cycle of the vertical turbulent mixing intensity inthe  eterisation from turbulent Eulerian spectra iftelient stability
ABL. conditions, Atmos. Environ., 36, 67—76, 2002.

In this work we have studied the process of formation of Marchuk, G. I.: Metody raschepleniya (Methods of splitting),
the total dry deposition to the ground in the presence of a Nauka, Moscow, 1988.
finite lifetime point source. From the analysis of the resultsMonin, A. S. and Yaglom, A. M.: Statistical fluid mechanics, MIT
it follows that the €ect of large scale spottiness due to the Press, Cambridge, 1971. .
diurnal cycle of the vertical turbulent mixing intensity in the Nieuwstadt, F. T. M. and Van Dop, H. (Eds.): Atmospheric turbu-
ABL takes place when certain conditions are satisfied. We |ence and air pollution modeling. A course held in the Hague
have formulated an empirical criterion of the appearance of 3 21-25 September, Re'.del PUbI'Sh'ng Company, 1981.
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