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Abstract

A survey of experimental and theoretical methods of the investigation of aerosol pollution of snow cover
in the vicinity of man-made sources is performed. On the basis of the formulation of inverse problems of the
transport of admixtures in the surface and boundary layers of the atmosphere, a description of the models
for the recovery of aerosol precipitation fields for the sources of different types is presented. The results of
tests with man-made sources of West and East Siberia are reported. The use of the methods of consequent
analysis of the data of monitoring and planning of snow surveys is discussed. The models of optimal decrease

in emission from the set of sources are discussed.

INTRODUCTION

Investigation of snow cover is a convenient
and economical method to obtain data on the
deposition of pollutants from the atmosphere
onto the ground surface. The snow cover is of
special interest for the investigation of long-
term pollution processes (month, season) be-
cause the snow as a natural accumulating plane-
table gives actual values of dry and wet dep-
osition during the cold season [1—4].

The most intensive investigations of the
pollution of snow cover were performed within
the recent 30—40 years. It was demonstrated
that the snow can serve as an indicator of the
atmospheric pollution with dust, macrocompo-
nents, heavy metals, polycyclic aromatic hy-
drocarbons originating from petroleum, pro-
teins, etc. Snow cover can be used for remote
probing of pollution parameters, including
probing from space [2, 5]

The quantitative links between metal con-
tent of the atmospheric air and metal deposi-

tion on the surface in cities and suburbs were
revealed with the help of geochemical and
sanitary hygienic studies. The deposition is ob-
served as anomalies in soil and in snow cover;
which are easy to investigate over any previ-
ously prescribed network of sampling sites [6—
8]. The areas of anomalous concentrations of
the compounds present in emission or formed
by the transformation of emitted components
have been stated in snow cover in the vicinity
of industrial enterprises and fueled electric
power stations. The intensity and configuration
of concentration field are determined by the
emission intensity, time of accumulation, lo-
cation of sources, recurrence of wind direc-
tions, etc. Anomalous concentration fields are
followed within tens kilometers.

The mathematical methods of quantitative
analysis of the data on snow pollution are in-
sufficiently developed yet; they are mainly
empirical [1, 6, 7]. On the other hand, the
direct application of differential equations of
atmospheric dynamics and transport of gas and
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aerosol admixtures to the description of long-
term pollution is complicated by substantial
difficulties connected with the provision of the
necessary input meteorological information,
description of the interaction with ground sur-
face, assignment of spatial and temporal re-
gime of source operation and disperse compo-
sition of the emitted admixtures [9—12]. Such a
situation requires a more reasonable analysis
of experimental data and theoretical investi-
gations of the spreading of admixtures in the
surface and boundary layers of the atmosphere.
When modeling long-term pollution of ter-
ritory by stationary sources, climatic informa-
tion can be used instead of the current mete-
orological data. The application of the methods
of similarity and dimensionality theory allows
one to decrease the number of determining
parameters. Observation planning on the basis
of model notions and a priori information on
transport processes and sources of admixtures
allows one to increase the information content
of the experimental data. Thus, all the neces-
sary prerequisites have been created for the
monitoring of snow cover to become not pas-
sive observation system but also to include the
blocks for modeling, analysis, optimal plan-
ning of measurements, as well as prediction
and situational control [13]. All these constitu-
ents of complex monitoring were used and
developed in our works. The present paper is a
review of results obtained in this area.

SAMPLING PROCEDURE AND CHEMICAL METHODS
FOR THE INVESTIGATION OF SNOW POLLUTION

Starting from the conditions of formation
and existence, snow cover is a complicated hete-
rogeneous system including solid water as the
major component (its content being usually more
than 99 %), as well as admixed solid aerosol
particles. These aerosol fractions are of the high-
est interest for the investigation of snow samples
because their characteristics can give informa-
tion on the sources and properties of aerosol
precipitated from the atmosphere. There is no
general classification of the sources of aerosol
particles in snow. One can assume the presence
[14] of aerosol particles of natural origin (con-
tinental and marine aerosolcosmic dust), as well

as anthropogenic emission of industrial enter-
prises, transport, agriculture, municipal econ-
omy. Depending on sampling sites, contribu-
tions of sources and relations between frac-
tions can vary. In addition, aerosol samples dif-
fer in phase, disperse, chemical and microbio-
logical composition [15—17]. We are interested
in snow sampled near man-made sources. It is
evident that aerosol fractions characterizing a
specific source are prevailing in such samples.

The sampling of snow for the survey of
snow cover pollution is traditionally performed
along definite routes, as a rule, connected with
the system of rouds. Sampling procedure is
usual [1, 2]; number of samples is not regulat-
ed. It should be noted that the application of
usual approaches for revealing polluted regions
requires substantial efforts [6—8].

Sample preparation involving melting is ac-
companied by the dissolution of a part of aero-
sol components in water thus bringing changes
into the fraction composition [3, 18]. Neverthe-
less, the resulting data are rather informative
to characterize the pollution source. As far as
the recovery of the composition of aerosol
fractions is concerned, this question requires
special consideration.

The effect of regime of snow melting on
the results of analysis was investigated [1, 18].
It was demonstrated that it is necessary to sepa-
rate solid precipitate from solution immedi-
ately after sample melting. In case of long-
time contact between the solution and precip-
itate in the air, gradual dissolution of carbon-
ates occurs under the action of carbon dioxide
of the air, and precipitation of the formed
hydroxides and carbonates of heavy metals
(iron, manganese, copper, etc.). The analysis
of liquid fraction should be made immediate-
ly after filtering, because some macrocompo-
nents of samples are volatile (in particular,
ammonium). These conclusions were confirmed
by the results of chemical thermodynamic mod-
eling of the equilibrium composition of solu-
tions taking into account complex formation
and precipitation (solubility products), and by
the results of analytical determination of the
concentrations of components of solutions and
the dependence of concentrations on pH.

The investigation of disperse composition
of precipitation obtained after filtering the
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samples collected in the vicinity of various
sources (a coal-fueled boiler house, a motor-
way, etc.) demonstrated that it depends on
source type [18]. For example, specific mass of
particles in the coarse part of precipitate (more
than 2—5 pum) near a coal-fueled boiler house is
represented approximately uniformly within the
size region up to 60—80 pm. At the same time,
a gradual increase in the contribution from larg-
er particles is observed near motorways in the
same size range. The permanent presence of
calcite and quartz crystals in close ratio inde-
pendently of source type is characteristic of
the phase composition of the investigated pre-
cipitates. One may assume that this composi-
tion is of soil erosion origin.

The analysis of the chemical composition
of liquid solution and solid precipitate is per-
formed, for example, by means of procedures
[19, 20]. Let us consider chemical analysis of
the samples. Among inorganic components,
macrocomponents are usually determined in
solution; they are represented by the cati-
ons: calcium, magnesium, sodium, potassi-
um, ammonium, and anions: hydrocar-
bonate, sulphate, chloride, nitrate. Nitrate,
ammonium, sulphate, chloride are usually
predominant near anthropogenic sources. The
components which are prevailing in back-
ground regions include calcium, magnesium
and hydrocarbonate ions. Among microele-
ments, the highest concentrations in solutions
are characteristic of iron, aluminium, cop-
per, zinc, etc. [1, 21—-24]. In precipitates, usu-
ally the same elements as those listed above
for solutions are determined.

Organic components which are of the high-
est interest in airborne emission include poly-
cyclic aromatic hydrocarbons (PAHs) which
possess high carcinogenic activity. It seems im-
portant to investigate the content of proteins
[8, 25, 26] and microbiological composition [27]
of snow for the regions with intensive anthro-
pogenic activity.

Determination of inorganic and organic com-
ponents is performed separately. Inorganic com-
ponents are determined in filtrate and in pre-
cipitate after sequential filtering through the
paper and membrane filters. The PAHs are
determined after their preliminary extraction

concentration in hexane from the entire vol-
ume of non-filtered sample [28].

The results obtained by means of chemical
analysis of snow samples serve as the basis for
numerical modeling of environmental pollu-
tion from anthropogenic sources of various spa-
tial and temporal structure.

PLANNNG OF OBSERVATIONS

Let us assume that the concentration of an
admixture in snow cover is described by the
regression dependence q(&, é) where x is the
spatial variable, 0 is the vector of unknown
parameters. Let the measurements of the ad-
mixture content be performed in n sites ac-
cording to the following plan [29, 30]:

87'1, = {'il’pl’l = 1,...,7’L}

where p, is the frequency of observations.

Due to non-linear dependence of q(Z, ) on
9, generally speaking, it is impossible to con-
struct an optimal plan of measurements a pri-
ori. Because of this, we will limit our consid-
eration to search for locally optimal plans with
the help of sequential analysis and observa-
tion planning, for unambiguity, we will con-
struct the plans that maximize the determi-
nant of informational matrix M(g,9).

1. Let an experiment be performed in N — 1
point according to plan €y_;. Let us find a point
Zy so that

d(-’z'N’aN—l,éN—l) = rélm]ax d(x, EN—I,_GN—I)
where d(Z, 51\1—1,61\1—1) =0"qM B q.

2. Additional observation is performed in
point Ty .

3. We search for estimations of 8 over N
observations according to the plan.

ey = EN-1 "‘%5(501\/)
where &Xy) is the one-point plan.

If the approximate estimations of @ are
available, the procedure 1—3 can be replaced
with the following two stages [31]: to build up
a locally optimal plan €, using the available
estimations, and to perform observations in
consistency with it; using the measurements
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obtained in consistency with the plan €;, one
should estimate the § vector.

Examples of the application of the pro-
posed schemes of the optimization of obser-
vations are reported in [32—39].

FORMULATION OF INVERSE PROBLEMS

The initial equation for building the models
of the recovery of snow pollution on the basis
of observation data is

gr = j qP:r(@)dq (1)
0

that expresses a connection between gy, mean
concentration over a long period T, and q —
one-time concentrations related to time inter-
val T=T; p;r is the probability density for
one-time concentrations.

The q value can be determined by solving a
stationary equation of turbulent diffusion
[9-11]

W20 0y B0, 0y e
O0x 0z Ody oy 0z 0z

+ Q(x)dy)dz — H) (2)

Here, the x axis is directed along the wind
direction averaged over the period T; u is the
wind velocity; w is the rate of gravitational
sedimentation of admixture particles; K, K,
are the exchange coefficients over the axes y
and z; @ is the power of source situated in
point x =y = 0, z = H; d is delta function.

Aerosol contamination of local scale

When calculating mean concentrations in the
surface layer of the atmosphere, the frequently
occurring meteorological conditions are of de-
cisive importance. These conditions include the
so-called normal meteorological conditions, for
which the following power-type approxima-
tion of wind velocity and vertical turbulent
exchange coefficient is applicable:

o =u 0 K =K 3)
[k 0 2]

where u; and K, are the u and K, values for

z2=2z.

Point source. Passing to polar coordinates in
(2) and taking into account (1) and (3) we ob-
tain the following representation for the mean
surface concentration [12, 40]:

q(r,9) = HQ(T, b, Ky, un) P (Ky, up )dKduy 4)
Q

where 7, ¢ are the polar coordinates, P; (K

u;) is the joint probability density for K; and

u; during the averageing period, Q is the range
of real changes of K, and u,,

P(¢ +180°) Ly (1, Ky, up) (5)
T

Q(T»¢7K1,u1) =

Here P(¢ ) is the wind rose near the ground
surface, g, is the one-time concentration from
a linear source.

The use of power approximation (3) of wind
velocity and turbulent exchange coefficient al-
lows us to represent gy= (1, Kj, u;) in the analyt-
ical form:

_ Q —wH™™ /Ky (14n) 7]
_—_— e
(1 + Tl)Klq)oT\/ 21T

It is very difficult to calculate the pollution
fields on the basis of (5), (6), because these
equations contain large number of parame-
ters, either unknown or requiring more pre-
cise determination. Because of this, it is rea-
sonable to transform the eq. (5) into a more
convenient form using the generalized integral
theorem on the mean meaning of function [41],
allowing one to represent the mean concentra-
tion in the form:

q(r,0) = q(r,¢, Ky, 4 )J]Pl(Klyul )dK;du, (7)
o

an (6)

where K;,u; are the mean parameters in the
Q region.

Assuming that the concentration of an ad-
mixture in snow ®(r, ¢) is proportional to its
concentration in the atmosphere, and taking
into account (5)—(7), we obtain the following
regression dependence:

®(r, §,0) = Br%e ¥/ "P($ +180°) (8)
where
el - CQB(2Tm) _ w -9 (9)

AT v K@
c is the parameter characterizing the deposi-
tion of an admixture on snow surface.
Estimations of unknown parameters 0,, 6,
can be made using the observation data, for
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example with the help of least squares meth-
od [29]. The r,, parameter can be estimated
using the geometric characteristics of the source.
A regression dependence (8) allows one to
perform recovery of the field of aerosol pre-
cipitation of admixtures using relatively small
number of reference measurement points. Oth-
er sampling sites can be used to check the ad-
equacy of the proposed recovery model. The
model (8) was tested in calculating the emis-
sion from a series of plants of chemical, metal-
lurgical industry, fuel and energy complex. The
pollution of snow with dust, macrocomponents,
chemical elements, PAHs was investigated; the
disperse and phase composition of admixtures
was estimated, as well as their total emission.
The Novosibirsk Electrode Plant. The Plant
is situated at a distance of 80 km to the south
from Novosibirsk on a plain. It manufactures
graphite and carbon electrodes; it is the major
source of pollution with PAHs in the Novosi-
birsk Region [42, 43]. The emission of tar sub-
stances including benz(a)pyrene (BP) and other
PAHs is formed mainly in the roasting works.
Since 1993, periodical sampling of snow and
soil is performed in the vicinity of the Plant.

10

[ W EVE|

1
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=

The results of modeling on the basis of
observation data and of the dependence (9)
are shown in Fig. 1 and in Table 1 [44—46]. The
numerical analysis allowed us to make the fol-
lowing conclusions: the major pollution with
PAHs is produced in the vicinity of the Plant
by 180 m high chimneys of the roasting works;
concentration distribution curves for various
PAHs are similar to each other, which points
to the composite aerosol deposition and is linked
firstly with the features of technological proc-
esses. The main transport of PAHs is performed
by coarse particles with the mean deposition
rate of about 0.8—1 Y/s.

Eq. (8) was used to analyze the data on PAH
content of soil. The character of dependencies
obtained for snow depicts the distribution of
PAHs in soil. Total accumulation of BP in soil
was about 7000 kg. The maximum permissible
concentration in soil (20 mg/kg) is exceeded at
the territory of more than 100 km?

The Belovo Zinc Plant. The Plant is situated
in the north of the central part of Belovo. The
major part of heavy metal aerosol is emitted
from the industrial area of the plant through
a chimney 45 m high. Predominant components

2 ki

Fig. 1. Specific content of benz(a)pyrene in snow at the route to the north from the NEP (a) and recovered field of
benz(a)pyrene concentrations in soil (ug/kg) (b): O reference points, ® control points, continuous line — numerical

modeling.
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TABLE 1

Measured (numerator) and calculated (denominator) PAHs concentrations

near the Novosibirsk Electrode Plant

Characteristics Point No. Estimation
of parameters
1* 2 3% 4 5 8, 01073 0,
Concentration, pg/l:
fluorene 339/339 272/421 267/267 121/142 7.1/10.4 188 3.84
pyrene 451/451 322/449 254/254 145/121 9.0/6.5 221 4.28
benz(a)anthracene  2427/2427 1850/2712 1610/1610 865/824 61/52.3 1268 4.04
perylene 1571/1571 1139/1877 1165/1165 605/607 41.80/41.84 854 3.92
benz(b)fluoranthene 454/454 311/353 173/173 117/74 10.3/2.8 194 4.76
benz(a)pyrene 27.8/27.8 18.4/28.7 16.4/16.4 6.9/8.03 0.40/0.46 139 4.2
Distance, km 0.75 1.25 1.65 2.4 4.2
Direction N N N NE NE

Note. Asterisk indicates points used to estimate regression parameters (8).

are zinc, lead, and cadmium. Experimental
examination of the pollution status of snow
cover was performed in the end of 80-ies by
the researchers from the Institute of Soil Sci-
ence and Agricultural Chemistry, SB RAS. Ob-
servation data were analyzed in [46, 47] using
the model (8).

The results of estimations of snow pollu-
tion fields to the north of the plant are shown

C, mg/kg
400 =
A} Ph Cd
b | L]
¥ 4 ] 4 0] 4 i
120MMI0

a0

SIMHI

i 1.0 20 a0 r. km

in Fig. 2. Comparison of observations with cal-
culations demonstrates a high correspondence
level. Rather rapid decrease in metal concen-
tration with distance points to the fact that the
metals are transported mainly in coarse aero-
sol fractions. Estimations of the 8, parameter
for snow and for soil are very close to each
other. This gives us the reason to assume that
the characteristics of aerosol emission remained

1 km

]
i B
| I\—/ Aine
Flani

\G

Bl

s Lk o Bl

B

Fig. 2. Concentrations of zinc, lead, cadmium in snow, divided by the background value determined to the north
from the Zinc Plant (a); zinc content of soil normalized by the annual mean wind rose (b); recovered field of zinc

concentration in soil in MPC units (c).
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unchanged for a long time. High heavy metal
pollution (especially with zinc) of almost the
whole city territory should be stressed. While
approaching the industrial area of the Plant,
the content of these elements in the soil many
times exceeds the MPL (300 mg/kg).

Carbon-fueled boiler houses, gas power
plants, oil and gas flares. Processes connected
with burning or thermal treatment of organic
compounds are accompanied by the emission
of mutagenic and carcinogenic compounds.
Volatile ash with the particles of the burnt
fuel, sulphur, carbon and nitrogen oxides is
emitted into the atmosphere. Burning of black
oil leads to the emission of flue gas containing
sulphur oxides, nitrogen dioxide, solid products
of incomplete combustion, and vanadium com-
pounds. Burning of natural gas leads to the
emission of nitrogen and carbon dioxides [14].
The PAHs account for the major part of all
the carcinogenic compounds. Direct measure-
ment of PAH emission into the atmosphere
and mathematical modeling of pollution fields
are complicated tasks. This is explained by sub-
stantial uncertainty of the assignment of PAH
source power, description of physicochemical
transformations of gas and aerosol admixtures,
current meteorological conditions [48, 49]. An
indicator for PAHs is BP. It is very stable and
widely spread in the environment. Low degree
of capturing BP during ash purification is exp-
lained by its adsorption on fine fractions of
volatile ash [49]. The above-mentioned proc-
esses are typical for all the objects described in
this section. Differences are observed in the
disperse composition of the emitted mixtures
and in source power.

A widespread source of atmospheric pollu-
tion is coal-fueled boiler house. As a typical rep-
resentative of this class of sources, the boiler
house of the Novosibirsk Capacitor Plant (NCP)
was investigated. The industrial area of the NCP
is situated in the left-bank part of the Sovet-
skiy district of Novosibirsk. Living houses and
industrial enterprises stand close to it in the
south and in the west. The territory to the north
of the industrial area is plain, free of build-
ings, and vegetation. Other rather powerful
sources of atmospheric pollution are absent near
the boiler house. The emission is produced by
two closely located chomneys of 40—50 m high.

The main experimental stages involved op-
timal planning of snow surveys, sampling, and
chemical analysis of the main parameters of
melted snow [28]. The following parameters
were selected: macrocomponents of filtrate (in-
cluding the components of the transformation
of kiln gas SO3 , NO; ), heavy metals (Ba,
Fe, Cd, Mn, Cu, Pb, Cr, Ni, Be) in filtrate
and in precipitate, PAHs in non-filtered sam-
ple, proteins. Sampling characteristics are shown
in Table 2. The results of the recovery of BP
pollution field near the NCP are shown in
Fig. 3, a [50, 51].

The investigations showed that it is neces-
sary to consider aerosol deposition of pollut-
ants in the long-range (0.5 to 3 km) and nearby
(up to 0.5 km) regions. For the long-range re-
gion, the following results were obtained: the
proposed models provide quite adequate de-
scription of the pollution of snow cover with
different components at relatively small and
practically available amount of the input data;
the major part of substances emitted into the
atmosphere get precipitated on the snow cov-
er at a substantial rate which points to their
presence in rather large aerosol particles and
requires further correction of the model and
also additional experimental studies of the
determination of particle size distribution in
the aerosol emission of the boiler house. The
application of optimal snow sampling schemes

C, ng/kg a
164 o

124

r, km

0 1 2 3 4 5 &

Fig. 3. Distribution of benz(a)pyrene in snow to the north
from the NCP (a) and Belovo Power Plant (b).
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TABLE 2

Snow pollution with benz(a)pyrene near the Belovo Power Plant and the boiler house of the NCP

Site No. Distance, km BP concentration, ng/l1 Sample mass, g Sampling area, dm?
Power plant, to the north-east

1 1.5 270 1490 1

2 2.5 680 860 1

3 3.5 710 1080 1

4 4.25 360 1241 1

5 5.5 570 817 2

Boiler house of NCP, to the north

1 0.3 24 1120 1.45
2 0.45 10.2 1330 1.45
3 0.6 15 1120 1.45
4 1.15 11.1 1390 1.45
5 1.85 6.9 1210 1.45
6 2.85 39 730 1.45

leads to an increase in the accuracy of recov-
ery of pollution regions [[52, 53], and to bet-
ter stability of the estimations of regression
parameters. For optimal planning of observa-
tions, it is necessary to take into account aero-
sol deposition of various components; the depo-
sition rate range is rather wide for PAH com-
ponents; a connection with relative molecular
mass exists. The discovered regularities require
additional investigation of physicochemical
processes of aerosol formation; the pollution
of the nearby region is performed with very
large particles with the deposition rate of 0.5—
1 m/s. The disperse composition of particles is
represented by size distribution up to 100 pm
and more. These particles are characterized by
the following composition: dissolved macrocom-
ponents, heavy metals, PAHs, proteins. The
effect of the vertical turbulent exchange on
these particles is small. The deposition of par-
ticles can be perfectly described within the
kinematic scheme [45]. It is interesting to note
that the protein pollution of snow cover is
secondary; it occurs due to the capture of the
protein component of atmospheric aerosol by
the dust emission of boiler house.

A powerful source of the emission of pol-
lutants into the atmosphere is the Belovo Pow-
er Plant (Kemerovo Region). The emission oc-
curs through three chimneys of 150 m high
and 6 m in diameter. On the basis of geomet-

ric and dynamic characteristics of the sources,
T, is estimated to be 3—3.5 km. Several tens
trucks of carbon are usually burnt every day
which leads to a large amount of PAH emis-
sion. The characteristics of sampling performed
in the end of winter season of 1998 are listed
in Table 2. The results of modeling using the
data of snow survey are shown in Fig. 3, b.
These results show [52, 53] that PAHs are
spreading on rather small aerosol fractions. The
maximum of the surface concentration is
smoothed and occurs at a distance of 3—3.5 km
to the north of the power plant. The specific
content of BP in snow in the maximum was
more than 700 ng/l (for comparison, the MPC
of BP in water is 5 ng/1).

For after-burning of accompanying gases
in the oil and gas flares, the transfer of com-
bustion products is also described by the mod-
els of the point source. Results of the recov-
ery of snow pollution with BP near one of the
oil and gas flares are shown in Fig. 4 [54]. A
distinguishing feature of this type of sources
is high burning temperature (700—1000 °C),
which causes a substantial increase in the ef-
fective height of the emission of all the com-
ponents, especially PAHs.

A linear source. A characteristic example
of the linear sources is a motorway. Such pol-
lutants as sulphur and nitrogen oxides, as well
as the products of their transformation, sul-
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Fig. 4. Specific content of nitrates (a) and benz(a)pyrene
(b) in snow near the oil and gas flare.

phuric and nitric acids, heavy metals, in par-
ticular lead, and PAHs are characteristic of
automobiles [55]. These substances get into the
environment mainly with the exhaust and in
the form of aerosol. As a consequence, the
most large-scale pollution occurs at the motor-
ways.

The long-term aerosol pollution of the ter-
ritory adjacent to a motorway region can be
described as follows [56—60]:

2Tt Ly S
q(x,y) = jjz foa

TABLE 3

eV /KD P + 180°)dnd¢

665

(10)

where L,;, L, are the ends of the motorway
region, a = xcosP+(y—nN)sin¢d,b=-xsin¢ +
(y —n) cos ¢, ¢ is the angle between the x axis
and the wind direction, S(a) is the surface field
of concentrations from a linear source, K, is
the coefficient characterizing the turbulent dif-
fusion of an admixture in the direction per-
pendicular to the wind [61].

Calculation according to eq. (10) can be sim-
plified if we use the analytical solution of the
turbulent diffusion equation for the case of
power approximation of wind velocity and
turbulent exchange coefficients over height. In
this case [57, 58],

1 e—rm/r

S(r,0) = (11)

Gr#f
21+ n)K, M1+ w)

w
Kin+1)’

where 6, = 1+

G is the power of a linear source, (1 + w) is
the gamma function.

The models (10), (11) were tested with the
data of experimental investigations of the aer-
osol pollution of snow cover in the vicinity of
the Sovetskoye highway in Novosibirsk and the
Barnaul motorway. The results of modeling
are shown in Table 3 and in Fig. 5.

The performed complex investigation al-
lowed concluding that the distribution of the
specific content of macrocomponents is de-
scribed by the dependencies of two kinds. Within
the model of land-based source, quite satis-
factory description of the dynamics of distri-
bution with an increase in the distance from
the road is obtained. For sulphate, nitrate ions
and ammonium, the presence of maximum

Measured (numerator) and recovered (denominator) concentrations of PAHs

near the Sovetskoye highway, ng/l

PAH Distance from road, m Estimated parameters
10 20 30 50 75 100 8,/10% 9,
Benz(a)pyrene 209/29 47 45/43.2 31 16/20.9 16/15.2 16.3 1.45
Fluoranthene 1314/250 370 334/319 210 127/143  74/94 200 1.6
Pyrene 842/163 196 150/149.7 85 51/48 35/31 260 1.9

Note. Points marked with asterisks were used to estimate regression parameters (11). Only measured PAH

concentrations are listed for these points.
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Fig. 5. Distribution of coarse (a), sum of fine and water-
dissolved (b) fractions of lead in snow near motorway.

shifted windward by about 30 m is demon-
strated. The filed of PAH distribution is formed
as a result of the action of two sources: road
pollution within 10 m under the action of snow
ploughs, and a more remote region polluted
by an elevated source [57]. The quantitative
description of the remote region of pollution
is obtained, which is directly connected with
burning regime, and the quantitative depen-
dence of the distribution of microelements be-
tween coarse, fine and water-soluble fractions.
It is demonstrated that the spread of micro-
elements with coarse fraction occurs under the
action of wind-induced blow off the road sur-
face, while the total content of microelements
in fine and water-soluble fractions is connect-
ed with the automobile exhaust; as a result of
the use of non-ethylated petroleum as a fuel
in 1999-2001, substantial changes occurred both
in the structure of aerosol emission of auto-
mobiles and in the mass of the emitted haz-
ardous admixtures. Total decrease in lead emis-
sion occurred mainly due to the coarse frac-
tion; the largest changes during the winter sea-
son 1999-2000 occurred with the PAH emis-
sion. Total emission of benz(a)pyrene into the
roadside at a distance of 10 to 50 m increased
by a factor of 3, fluoranthene and pyrene by
a factor of 1.5 and 2.5, respectively. Mean size

of PAH-containing aerosol particles has also
increased substantially. For the PAH compo-
nents under consideration, it increased 2 to 3
times in comparison with the winter season
1998-1999 [58-60].

Regional pollution

Industrial centres are powerful sources of
emission of pollutants into the atmosphere;
many of these pollutants are carried with aero-
sol particles. Concentration of an admixture
from a two-dimensional source S can be rep-
resented as

BLLPPYNE

]
mE P Gretg v

x -

Qx,y) = dé&dn

1
oL RN "

Here (&, n) are the current coordinates of the
source, (& n) O .S, m(E, n) is the emission of an
admixture, P(¢) is the wind rose in the surface
layer of the atmosphere within the time in-
terval under consideration, © and H are the
mean wind velocity and the height of mixing
layer. It is assumed that the point (x, y) is suffi-
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Fig. 6. Scheme of snow survey near Iskitim.
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ciently remote from the set S. Using the gener-
alized mean value theorem of integral calcu-
lus [41], we obtain the following eq. [62]:

0 EPiarctgyi_;l +180°§
T -

Q(x,y) = (12)

=N +(y -

2TwH
tal emission of an admixture from the city
territory.

The analysis of eq.(12) shows that in order
to determine the Q(x, y) function, it is suffi-
cient to estimate the unknown parameters M,
A, M, for example using observation data.

The model was tested with the data on snow
cover pollution in the areas under the effect
of Irkutsk, Tomsk, Iskitim. The investigation
allowed obtaining the quantitative regularities
for the regional distribution of dust, PAH:s,
heavy metals, macrocomponents in the vicini-
ty of these cities [62—65]. A scheme of sam-
pling and the results of solving the problem
of recovery of the aerosol pollution near Iskitim
are shown as examples in Fig. 6 [65]. With in-
creasing distance from the city, a substantial
redistribution of the major carry-off direc-
tions of aerosol admixtures occurs, connected
with the turn of the wind in the boundary
layer of the atmosphere. The data of observa-
tions and the recovered distribution of the con-
centration of dust, PAHs, calcium, and cad-
mium at the routes 1 and 2 are shown in Fig. 7.
The obtained regularities can be used to search
for correlation links between dust concentra-

where 0 = M , M :_[J'm(E,n)dEdn is the to-
3

tion in snow and snow cover reflectance.

MODELS OF GOVERNING THE REDUCTION OF EMISSION

Substantial possibilities of rationalization of
measures aimed at the protection of atmos-
pheric air in cities are connected with the op-
timization of the regime of emission of haz-
ardous admixtures taking into account techno-
logical features of sources, building up lay-
out, local atmospheric circulations. To search
for optimal solutions, one ought to possess in-
formation on the fields of concentrations of
the admixtures [66—68], expenses for the de-
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Fig. 7. Recovered and measured at the route 1 content
of dust (a), sum of PAHs (b), water-dissolved form
of calcium (¢) and cadmium (d): a, b — route 1; ¢, d —
route 2.



668 V. F.RAPUTA and V.V. KOKOVKIN

E-I.il rilselovn

h

Litmpo kel

Fig. 8. Isolines of the surface annual mean concentra-
tion (mg/m®) of ash dust in the central part of Belovo
(a) and the field of annual mean concentration after
optimal decrease of total emission by 300 g/s (b).

crease of emission, and damage produced by
environmental pollution. The data of the mon-
itoring of snow cover status allow obtaining
the necessary information (Fig. 8). Examples of
solution of tasks on governing the long-term
pollution processes over city territories are con-
sidered in [69, 70]. The efficiency of control is
determined using general economic expenses
aimed at the decrease in emission of pollut-
ants, taking into account the sanitary and hy-
gienic requirements, as well as social ones.

CONCLUSIONS

Numerical analysis of the data of snow co-
ver monitoring in the vicinity of anthropo-
genic sources of various structures shows the
existence of rather simple regularities of the
formation of fields of long-term pollution of
the territory. The aggregation of unknown pa-
rameters provide a substantial improvement
of the efficiency of solving the inverse prob-
lems of transformation of admixtures. Using a
small number of measurement point and tak-
ing into account a very limited input informa-
tion, it is possible to compose quantitative mod-
els of long-term aerosol pollution of the terri-
tory from specific sources and industrial cen-
tres. For a series of sources, estimations of
total emission have been obtained.

The application of procedures of optimal
planning of the regression experiments allows
elevating the accuracy of estimation of the
parameters and fields of pollution. The results
of the analysis of snow cover monitoring data
can be used to govern the decrease in aerosol
emission of hazardous admixtures. Economical
profitableness and special efficiency of the
monitoring of snow cover for the control of
emission and pollution levels near the plants
should be stressed.

The set of performed investigations is the
basis for a complex system of monitoring of
environmental pollution for a series of anthro-
pogenic sources and their totality. This set in-
cludes the following main elements of the sys-
tem: measurements involving the mathemati-
cal methods of planning snow surveys, chem-
ical analysis of the normalized parameters of
emission, interpretation of the data of point
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observations, elaboration of recommendations
on optimization of the decrease in emission.
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