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ABSTRACT

The data on the chemical composition of precipitation obtained during the period from
1958 through 1965 at 28 stations situated on the European Territory of the USSR
(ETU) are used to calculate correlation functions of Ca™, Na’, SO} ion and ion sum

concentrations in precipitation and deposition. Correlation distances for various ions
are found to be in the range of 90 to 450 km. The mean square random errors in ion
composition measurements (35-45%) are estimated using calculated correlation func-
tions. It is shown that the mean station separation of about 100 km gives the error
of optimum interpolation to the point for the total ion concentration in precipitation
equal to the random error of observations. The optimum averaging of the deposition
value over some area can give the same error, 2-3 stations being in the square of 300

x 300 km?,

Ever increasing human activities have re-
sulted in considerable global air pollution from
industrial and agricultural sources in the last
few decades. Further increase in pollution can
lead to direct danger to people and environ-
ment and to inadvertent weather and climate
modification {(SCEP Report, 1970).

In this connection the World Meteorological
Organization recommends that the existing
stations should be supplemented with new sta.-
tions, and all of them should constitute an in-
ternational network. This network should in-
clude “baseline air pollution stations’” and
“regional air pollution stations’’. Baseline sta-
tions are aimed at measuring, to a high ac-
curacy, as many minor constituents as possible
(and mainly CO,) to determine long-term changes
in their content. Regional stations are in-
tended for the conduct of simpler and rather
well elaborated measurements of atmospheric
turbidity and chemical composition of preci-
pitation to document changes in the atmos-
pheric composition caused by local conditions.
Location and performance of both baseline and
regional stations should be unaffected by local
sources of pollution (WMO, 1971).

The International Commission for Atmos-
pheric Chemistry and Radioactivity (CACR)
recommends the establishment about 10 base-
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line stations. To measure more variable con-
stituents partly of a regional origin it is neces-
sary to have a more dense network of regional
stations, but the criteria for the required den-
gity of this network have not been established
yet. CACR recommends (CACR, 1970), with-
out evident objective grounds, about 100 re-
gional stations situated at a distance of about
1000 km from one another. At the present
time, in meteorology, some methods already
exist to determine the optimum density of
station networks using the statistical structure
of fields measured (Gandin, 1963, 1968). Such
data can be obtained, having a large volume of
observations from a rather dense network.

In the network of stations covering large
territories, of all the data on the global air
pollution, a great volume of data is available
only on the chemical composition of precipita-
tion (Drozdova et al., 1964; Ericksson, 1970;
Selezneva, 1970).

The present paper gives the results of pilot
studies of the statistical structure of the fields
of the mean-monthly concentration and de-
position with precipitation of some chemical
constituents using data from the ETU stations
for the period of 1958-1965 (Drozdova et al.,
1964; Selezneva, 1970). The objective estimates
have been obtained for the minimum number
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of stations to measure fields of contaminant de-
position with precipitation which would satisfy
some practical ‘requirements (interpolation of
data to any point and representation of total
constituent deposition over a given area with
a specified accuracy).

For the statistical analysis we use the mean-
monthly concentrations in precipitation (g) of
80} anions, Ca”~ and Na' cations as well as the
concentration of all the ion sum and their
monthly deposition (8) at 28 stations situated
at the ETU (Petrenchuk & Selezneva, 1970).
These constituents are chosen as representa-
tive of the main sources of air pollution: S0;
mostly characterizes the pollution resulting
from fossil fuel combusion and Ca  and Na'
point mainly to the natural aerosol of conti-
nental and maritime origin, respectively (Droz-
dova et al., 1964; Ericksson, 1970; SCEP Re-
port, 1970; WMO, 1971). Monthly data from
the ETU stations for the above four constitu-
ents for the warm half-year (April-September)
of 1958-1965 comprise 48 cases at 11 stations
(measurements have been conducted since
January, 1958) and 24 cases at an additional
17 stations (measurements have been carried
out since 1962) (Drozdova et al., 1964; Petren-
chuk & Selezneva, 1970).

The mean annual distribution of total ion
concentrations in precipitation over the terri-
tory of the USSR from the data of network
considered is given by Petrenchuk & Selezneva
(1970). At the ETU the latitudinal distribution
is predominant and concentrations increase
from North to South. Concentrations of indi-
vidual ions in precipitation also increase from
North to South. For ions of maritime origin
alone g increases in seaside regions as well
(Drozdova et al., 1964).

The correlation functions have been calcu-
lated according to the procedure given in the
paper by Gandin & Boltenkov (1964), which is
especially convenient for a limited number of
measurements.

For the calculations the data of ion con-
centrations in precipitation and of their depo-
sition per km? (s) per warm half-year are used.
To obtain s, concentration ¢ values have been
multiplied by the amount of precipitation
(k). Calculations of variance at all the stations
show that variance of Ca and SO} concentra-
tions changes from station to station by a fac-
tor of 5 and the total ion eoncentration by a
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factor of 7. Variance of deposition changes by a
factor of 10 and 20 for SO, and the sum of
ions, respectively.

Thus, fields of ¢ and s are greatly variable
as well as fields of other meteorological elements
(Gandin, 1963). Therefore, just as with other
elements, normalized deviations of ¢ and s are
analysed statistically
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where f;; is the individual value of an element
at the jth station, f; is the value averaged over
all the data available for the station and o
is the mean-square deviation. The fields of nor-
malized deviations are more homogeneous be-
cause their variance is equal to unity every-
where. Values of the correlation function for
some distance are determined by the averag-
ing of @, for all the pairs of stations falling into
a given range of distances (in our case this range
increment is equal to 200 km). In all the ranges,
except the first (0-200 km), 350-500 cases are
averaged.

For the first range the averaging is per-
formed over 60-70 cases since on the ETU
there are few stations with a relative distance
less than 200 km.

Random observational errors are determined
by extrapolation of correlation functions to
zero point by the procedure described by Gan-
din et al (1968) and Guschina et al. (1967). These
values are then subtracted from the calculated
correlation functions. The random observatio-
nal errors (defined as the ratio of random errors
squared to the element variance) prove to be
approximately equal to 0.15-0.20. The rms
relative random error constitutes about 35-
45 % respectively, which is much higher than
the instrumental error (10-15 %) (Drozdova, et
al., 1964). High values of random errors are
explained by great variability of fields con-
sidered.

Fig 1 gives some of the calculated correla-
tion functions p,(z) and p(2), the random ob-
servational errors having been subtracted from
them. The correlation funetion of the monthly
liquid precipitation amount which is calculated
from the same data is also given for comparison.
Analysis of caleulated functions shows that the
correlation functions u(z) of various contami-
nants decrease rapidly as the distance z in-
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Fig. 1. Correlation functions of mean-monthly ion
concentration (1, Ca; 2, Na); correlation functions
of monthly deposition of ions with precipitation

creases. This refers especially to the correla-
tion function of Na' ions, characterizing sea
aerosol. The difference between the correla-
tion functions of Ca’~ and SO} is only observed
for distances of about 100 km. The correlation
functions of the total ion concentration In
precipitation is close to that of precipitation
amount.

For all the contaminants the correlation func-
tions of concentration u,(z) and deposition p(z)
are close to each other up to the distances of
about 100-200 km. At greater distances u,(z)
decreases less rapidly than p(z). u,(z) and pu(z)
of the sum of ions differ both at small and at
great distances.

These conclusions are confirmed by the ob-
tained correlation distance as well (Table 1).

The greatest change of p,(2) and u(2) is ob-
served in the 0-300 km range where their values
are less reliable because, as mentioned above,
fewer cases are available for this range. There-

Table 1. Correlation distances (in km) for con-
centration of various constituents in precipita-
tion and their deposition

” Sum Precipitation
Ca* Sos Na ofions amount
R, 270 300 120 450 430
R 240 250 90 330
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(3, SO,; 4, Ca); correlation function of monthly sums
of precipitation amount (5).

fore the conclusions drawn here and below can
be improved by using date from a more dense
network of stations for statistical analysis.

The obtained correlation functions and esti-
mates of observational errors have been used
to evaluate errors of optimum interpolation ¢?
of ¢ values measured at n stations to a given
point (5 =0) from the known formulas (Gan-
din, 1963):

n
83=]_Izlpj’ujo, 7'=1,2, R 3 (2)

where optimum weights of stations p, yield the
set of equations:

n
2 By Pt nD= e (3)
i, §=1

Here u is the normalized correlation funection,
7 i8 the measure of an observation error.

Fig. 2 gives results of error calculations at
optimum interpolation to the centre provided
that 1 to 8 stations are uniformly distributed
along the circumferences of various radii (from
30 to 57 km). With the help of this Figure one
can determine what the distance should be
between the centre (control point) and the
circumference with the stations to obtain a
given interpolation error. An interpolation error
approximately equal to the observational error
(0.20) is obtained if the interpolation is carried
out for 2, 3, 4 and 6 stations situated at a dis-
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Fig. 2. Dependence of the error of the optimum
interpolation to the point (¢2) of the mean-monthly
concentrations on the number (n) of the interpola-
tion stations uniformly distributed along the cir-
cumferences of various radii: (1) 75 km; (2) 60 km;
(3) 50 km; (4) 30 km and variants of the station’s
location in the triangular, rectangular and hexa-
gonal grid points.

tance of 30, 40, 50 and 60 km, respectively,
from the control point (Fig. 2). The use of more
than 6 stations for interpolation does not lead
to a noticeable decrease in the interpolation
error.

The mean distance between the stations in
the second, third and fourth cases (in the order
given above) is about 50, 85 and 100 km, re-
spectively. Thus, 100 km is the optimum dis-
tance between the stations at which the con-
taminant concentration in precipitation is de-
termined at any point of the territory with the
error not greater than the observational error.

Vinnikov & Dvorkina (1970) found 500 km
to be the maximum permissible distance be-
tween the actinometric stations on the basis
of analogous estimations of the interpolation
accuracy for monthly sums of total radiation.
Probably, the same distance will do for stations
intended for measuring the atmospheric tur-
bidity coefficient by means of actinometric
devices. Thus, the density of regional air pollu-
tion stations is defined by the requirement for
representativity of the chemical composition
of precipitation and not that of the atmospheric
turbidity. This is due to the fact that the ran-
dom fields of the chemical composition of pre-
cipitation are more variable than the actino-
metric fields.

To study the deposition of various contami-
nants with precipitation it is more important
to have the data on the mean total deposition
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over a definite area than at individual points.
Thus, in this case it is more expedient to deter-
mine the necessary network density for the pre-
scribed accuracy in the determination of mean
values over area (Gandin, 1968; Kagan, 1967).
This error for chemical eontaminants in pre-
cipitation is estimated with the help of the op-
timum averaging method which is analogous to
the optimum interpolation method. In this meth-
od the data from stations situated in the con-
sidered area are used, their weights being op-
timum in the sense of least squares. To deter-
mine these weights it is necessary to have the
data on the statistical structure of not only
point values of the element but also of those
averaged over this area.

The autocorrelation functions of these values
and cross-correlation functions of ‘“point’” and
‘“area’” values for various areas of averaging
are obtained by the numerical integration of
the point correlation function w(z) of the sum
of ions. The square with side d is taken as the
area of investigation. These correlation func-
tions of contaminant content in precipitation
for small distances z prove to be a little lower
than the empirical ‘“‘point’”” correlation func-
tion. The larger the area of averaging, the greater
the difference between them, but beginning
with z>d they practically coincide for all
values of d. The mean square of the error &?
which arises when the actual mean deposition
over some area is changed by the weighted
mean deposition determined from measure-
ments at n stations can be obtained as follows
(Kagan, 1967)

n
& =1,(d) -gip, wfd), §=1,2,.,n (4)

where p; is the optimum weights in the sense
of least squares which are determined from
the following set of equations:

2 i Pi+ np; = 0y(d) (5)
ij

Here puy; is the correlation funetion constructed
from the point data; ly(d) is the autocorrelation
function of the wvalues averaged over area;
w(d) is the cross-correlation function of the
point values and values averaged over area.

To establish the representativity of the exist-
ing network of stations at which the total de-
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Fig. 3. The rms errors in determination of the mean-
monthly deposition of the ion sum in precipitation

position of the precipitation contaminants is
measured, the ETU is divided into squares of
300 x 300 km? and for each of them the root
mean-square error of averaging is determined
(Fig. 3). The square side of 300 km is chosen
because it is approximately equal to the correla-
tion distance for deposition and at distances
greater than 300 km the calculated ecorrelation
functions are not reliable. The results of calcula-
tions are given in Table 2.

As can be seen from Fig. 3 and Table 2, er-
rors in averaging depend to a great extent, not
only on the number of stations but also on their
location. Thus for instance, if a station is situa-
ted near the centre of the square, the root
mean-square error is 0.49 and if it is situated
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for squares of 300 x 300 km? in the existing network
of stations in the ETU.

at the periphery of the square, the root mean-
square error is 0.63, the mean value of this error
being 0.57.

When a second station is added to the square,
the error of averaging considerably decreases.
But it is less affected by addition of one more
station. This is probably caused by the non-
rational location of these three stations. The
network density can be considered completely
adequate, if the root mean-square error of av-
eraging over area does not exceed 0.40-0.45, the
value of the random error of observation. Ap-
parently, it is useless to make the network
more dense and the error of averaging lower
than the random error of observations. As can
be seen from Fig. 3 and Table 2, to satisfy this



426

I. L. KAROL AND L. T. MYATCH

Table 2. Dependence of the averaging error on the number of stations in the square of 300 x 300

km? in the ETU

Number of squares
with a given number
of stations

Averaging error
(averaged over all
the squares)

Number of

stations in % of total

the square N number of squares &2 £

0 34 65 — —

1 13 25 0.32 0.57
2 4 8 0.20 0.45
3 1 2 0.18 0.42
Total no.

of squares 52 100 0.29% 0.54¢

@ Mean error for all the squares having stations.

criterion it is sufficient to measure the depo-
sition of contaminants with precipitation at 2-3
stations in each square of 300 x 300 km?.

Sirotenko (1969) shows that to obtain the
same error while averaging the total 10-day
amount of precipitation it is also necessary to
have 2-3 stations in the same area. Thus, one
can conclude that the variability of the con-
taminants in precipitation is of the same order
of magnitude as that of the precipitation amount
itself and is, most likely, determined by the
latter. Therefore the field of contaminant con-
centration in the lower troposphere washed by
precipitation is, probably, less variable than
that of the precipitation amount.

From the requirement that the error in the
point interpolation of contaminant concentra-
tions in precipitation should not exceed the
random error in concentration measurements,
the maximum station separation is found to be
100 km. To obtain this mean distance between
stations in the square of 300 km? it is neces-
sary to locate about 15 stations at the apexes
of hexagons 60 km in radius. In this case the
ETU would have about 750 stations. Thus, a
more ‘‘practicable” criterion for the network
density to measure precipitation contaminants
is less strict.

In conclusion, it may be said that the CACR’s

proposal to establish about 100 regional back-
ground air pollution stations situated at a dis-
tance of about 1 000 km from one another will
result in too sparse a network for both actino-
metric measurements and those of the chemical
composition of precipitation. However, it
should be borne in mind that the criteria for
the necessary density of station networks ob-
tained in the present work and in the paper by
Vinnikov & Dvorkina (1970) result from the
requirement to obtain reasonably accurate in-
formation on the quantities measured from all
the territory considered, without gaps. It is
hardly necessary to have the full information
on the chemical composition of precipitation
from the whole area of oceans and all the spar-
sely populated regions. Therefore, probably, it
is quite reasonable to meet these requirements
first for some definite industrial and densely
populated regions (Western Europe, eastern
states of the USA) where in some countries such
a network of stations already exists (Ericksson,
1970).

As mentioned above, the results presented
here are preliminary and can be improved by
using the data on the chemical composition of
precipitation from a more dense network for
more accurate calculations of the correlation
functions in the range of small distances.
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K IIITAHUPOBAHNIO CETH CTAHIIU N IO UBMEPEHUAIM XVUMUYECKOTO
COCTABA ATMOC®EPHBIX OCAIHOB

Jaunble U3MepeHNA XMMUYECKOTO COCTaBa 0Caf-
KoB B 1958-1965 rr. Ha 28 cTaHIUAX, PACHOIIOK-
ennnix Ha ETC, Hcnonb3yoTCcA 1A pacyeTa KOpp-
€JIs1 {HOHHEIX QYHKIHA KOHIEHTPALMM B 0CafKaX
n Bunapgenuit mouos Ca'; Na', SO”, n cymMMH
MOHOB. PajuycCH KOppedAnUU XJIA PasiHvYHEX
HOHOB HU3MeHAITCA oT 90 mo 450 xm. C mo-
MOIIBIO PACCYMTAHHHX KOPPEIANMOHHHIX PYHK-
OUil OIleHEH MOPANOK BeJIHMYUHH CpegHeKBAaXpa-
TUYECKUX CIY4YalHHX OIHNGOK M3MepeHHH co-
gepmaHuA MOoHOB  (356-459%). Paccuurans
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OMMOKN ONTHMAILHOR MHTEPHONALMH B TOYKY
AJIA BHAYEHMNH KOHUEHTpAUMM M OmMOGKK omn-
THMAJBHOI'0 OCpPefHEHHMA MJA BHadeHHit BHIA-
aenuii. IlokasaHo, 4YTO0 fOJA KOHNEHTPALMM
CYMMH HOHOB OmMMOKA MHTEPHOJIALMM, pPAaBHAA
cayqaitHo#t ommbre Hall0OgeHUs, NOCTHUIACTCH
NpH CPegHeM DAacCTOAHMM MeAYy CTaHIMAMH
nopagka 100 xm. Ilpn onTmManbHOM ocpemHe-
HUM TAKYIO0 K€ OIMMOKY MOKHO NMOJYYHUTh NPH
Hajauyuu 2-3 craruuil Ha IJIOHIAAM KBAajgpara
300 x 300 xm?.



