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It is shown for the example of the analysis of the conditions of observation that
the effect of the variability of the vertical and horizontal dimensions of the elements
of a cloud field on the brightness of the cloud and cloud-free zenith must be taken into
account separately. Estimates are obtained for the probability of the presence of a
cloud along the line of sight from the results of photometric measurements (daytime).

Information, contained in the brightness field of
the downwards propagating solar radiation, about
the structure of the cloud field is especially valuable
for determining the conditions for and supporting
the operation of ground-based optical systems.

Theoretical and experimental works on the in-
vestigation of the brightness of the downwards
propagating solar radiation employ a model that es-
sentially consists of combining random fields or
processes.' In particular, the two-component proc-
ess of fluctuations of the observed monochromatic
brightness B,,(t) can be written in the form

Bﬂb(r)=q(tlsl(c}+ll-q(tllBott). (1)

where Bi(t) and By(¢) are the fluctuations of the
brightness of the cloud and the break in the cloud
layer; g(t) is a unit step function that switches on
the states of the process and assumes two values
(corresponding to the number of states): 1, if a cloud
is observed, and 0 otherwise. The average value of
the stationary process (1) is described by the linear
dependence?

B_=p(B -B)+B . )

where the overbar denotes averaging with respect to
the parameter ¢ and p is the average value of the
process g(t), and is equal to P[g(t) = 1]." The vari-
ance of the process (1) can be represented as a quad-
ratic polynomial of p:
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In practice this model is difficult to use because of
its nonstationarity, which is manifested in trends of
the average values and the variances of the bright-
ness. The nonstationary nature of the process arises
for several reasons. First of all, the observed proc-
esses occur against the background of determinate
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changes in the brightness field which are associated
with the change in the visible position of the sun. In
addition, the nonstationariness in the form B,(t)
and o’,(t) can arise owing to time dependence of 1

(or several) parameters appearing in Egs. (2) and
(3): p(t), Bi(t), By(t). These dependences can be
caused by the spatial nonuniformity of the cloud
field. In Ref. 2 it is pointed out that a stationary
cloud field as a whole can be described by the aver-
age characteristics — the probability for the pres-
ence of a cloud p and the horizontal dimensions of
the cloud L and the cloud break L,. If an observer,
located under the cloud layer, moving with velocity
B, records the temporal fluctuations of the mono-
chromatic brightness of the radiation with the help
of a narrow-angle detector, oriented in a constant
direction, then the relations (1) —(3) describe the
processes observed in the sections of the cloud field.
The switching of the states of the process on the
section of the cloud field can be described by a ran-
dom phototelegraph signal g(¢) with the parameters
p (the probability of a definite state) and A (the fre-
quency of the Poisson flux of switching points dis-
tributed on the time axis ¢). It is not difficult to
find a relation between these parameters, the hori-
zontal dimensions of the elements of the cloud field

L, and L, and the velocity of the cloud field V :
p=L /L + L), A=Va/L +1/L). %)

The dependence on the times L,(t), L,(t) or V(¢)

causes the process g(t) and therefore the observed
process (1) to be nonstationary.

The amplitudes of the signals of the processes
Bi(t) and B(t) depend nonlinearly on the vertical
dimensions of the elements of the field associated
with their optical thickness.® The variation of the
average optical thicknesses of the elements of the
cloud field will cause the ratio of the average values

of the brightnesses B, and B, in Egs. (2) and (3)
to vary and will affect the stationariness of the proc-
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ess B,(t), even if the cloud field is uniform in the

horizontal direction and V is constant.

We shall illustrate what we have said above for
the specific example of the analysis of the observa-
tions of the brightness of the zenith, performed in
May 1987 with the help of a stellar-solar photome-
ter’ (the field of view is equal to 5 angular minutes
and the working wavelength is equal to 0.69 pm).
On one of the days, in the first realization in the
bottom and middle troposphere above the point of
observation the axis of the pressure trough was
found. By 7 h local time a Sc cloud cover formed. A
10-point cloud cover remained up to 11 h and by
15 h it dispersed. The height of the lower edge of
the cloud cover varied from 700 to 1600 m and its
velocity was estimated to be 6 m/sec.

On the next day (the second realization) the ob-
servations were performed under conditions of the
trailing part of the pressure trough. Above the
1500 m level advection of moist air occurred and
after 13 h clouds were observed to appear near the
horizon. In both cases parts of realizations from 9.35
to 13.55 were used in the analysis.

The analysis of the result consisted of several
stages. First, corrections were introduced for the
spectral sensitivity of the photometer. For this, un-
der the conditions of high transmission observations
of an exoatmospheri’c source with a tabulated spec-
trum were performed.® In order to take into account
the effect of different factors the realization was di-
vided into nonoverlapping sections (lines), each with
a duration of approximately 626 sec; this corre-
sponded on the average to 3.8 km in the linear scale.
For each line with the running number j it was as-
sumed that the realization was stationary, i.e., the
relations (2) and (3) were satisfied. As pointed out
in Ref. 2, for processes of the type (1) in problems
of classification an amplitude detector can be used.
To formulate the deciding rule the results of expo-

nential smoothing B(f) of ”cloud-free” sample and
the rms deviations & of the instantaneous readings
from the smoothed readings were used here. The fi-

nal rule was as follows: if B,,(t) > B(f)+ k3, then
B, () = B,(t) and ¢(¢) =1, “cloud”. Otherwise, if

B,,(®) < B() + k&, then By(t) = By(t) and g(t) = 0,

"no cloud,” where k=1, 2, 3; the "no cloud” class
corresponds to estimates of meteorological data
"with no clouds, high humidity is observed”. Actu-
ally, this is an amplitude detector with a variable
threshold, and Eq. (5) is the analog of the rule, pro-
posed in Ref. 7, for adopting a solution in the pres-
ence of a cloud cover, based on the average value of
the brightness in a fixed angular direction of the
clear sky for a given position of the sun.

It follows from analysis of the conditions of ob-
servation that in the first realization the trend in the
brightness must be caused primarily by the changes
in the thickness of the cloud layer, the probability
for the presence of a cloud in the direction of view-
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ing, and the position of the sun. Indeed, from 9.35
to 11.50 the change in the thickness of the continu-
ous cloud layer (p = 1) had an overall tendency to
decrease, and as a result the level of the observed
brightness increased, and this was accompanied by a
tendency for the brightness of the cloud-free zenith
to increase in connection with the change in the po-
sition of the sun (the points 1, ..., 12 in Fig. 1a).
From 11.50 to 13.55 against the background of the
change in the thickness of the layer the overall
quaintity of clouds decreased and the level of ob-
served brightness decreased; this was partially com-
pensated by an increase in brightness owing to the
change in the visible position of the sun (the points
13, ..., 23 in Fig. 1a). In the second realization the
level of the observed brightness increased owing to
the fact that the effects of the change in the position
of the sun coincided with advection of moist air.
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FIG. 1. The time averages of the observed
brightness of the zenith and the probability
for the presence of clouds: a) the top curve
corresponds to the presence of cloud; the error
ranges in the estimation of the average and
the height of the bottom edge of the cloud
cover are indicated; the bottom curve corre-
sponds to no clouds (on the scale of the figure
the error in the estimate is negligibly small);
b) estimates of the probability for the presence
of clouds in the zenith from the results of
photometric observations (dots) and the over-
all amount of clouds based on the data from
the meteorological service (circles).

In these realizations it was found that the tem-
poral trends could be approximated by linear equa-
tions. The rank correlation t (Ref. 8) for overlapping
time intervals of realizations with and without
clouds (indices 1 and 0, respectively) were calcu-
lated as a criterion for the linear trend. From 9.35 to
11.50 1y =0.6 and 19 =0.99 (o.=0.03 in both
cases). From 11.50 to 13.55 1y = —0.31 and 15 = 0.96



V.K. Oshlakovov

(6. = 0.04). The use of trend criteria and additional
information about the conditions of observation
made it possible to take into account the effect of
the position of the sun, the thickness of the layer,
and the probability for the presence of a cloud in
each line of information and to formulate the arrays
Bi(t), By(t), and g{(t), where j is the running
number of the row. After obvious transformations of
(2) the instantaneous values of the probabilities

;;]. were estimated using the values of B, BT]-, and

Ehj. The estimates of the probability obtained as
average values of the process g;(t) were identical to
the estimates made from the expression (2). The cor-

relation coefficient between the estimates of the
probability and the corresponding values of % is

equal to 0.93+0.03 (with a probability of 95%); this
confirms that the linear dependence (2) is valid.

For comparison, Fig. 1b shows the estimates of
the probability for the presence of a cloud at the
zenith and the overall amount of clouds based on
data from the meteorological service.
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FIG. 2. Histograms of the distribution of
photometric readings from the zenith with
clouds before (a) and after (b) corrections
were introduced for the dependence on the po-
sitions of the sun, the height of the bottom
edge of the cloud cover, and the spectral sen-
sitivity of the photometer.

For processes of the type (1) the signal ampli-
tudes must satisfy a uniform distribution of the form
fA(B) = pfi(B) + (1 — p)fo(B). Figure 2 shows em-
pirical histograms of the observed values of the
brightness calculated for the entire sample before
(Fig. 2a) and after (Fig. 2b) corrections for the de-
pendence on the position of the sun and the spectral
sensitivity of the photometer. The two modes of the
distribution correspond to the most likely values of
the brightness of the clouds and the break in the
cloud cover; the difference between them is signifi-
cant at the level 0.01.

Conclusions. The spatial nonuniformity of the
cloud field is manifested in the temporal trends of
the observed values of the brightness in the direction
of observation (zenith). In order to make the proper
corrections for the trends additional information
about the conditions of the observation is required,
in particular, about the height of the bottom edge
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of the cloud cover, the thickness and velocity of the
layer, and the coordinates of the angular position of
the sun and the probability for the presence of
clouds in the line sight. Information about some of
these factors can be obtained from photometric
measurements. For example, the probability for the
presence of clouds at the zenith can be determined,
if aside from the observed values of the brightness
the brightness of the cloud-free zenith is known
(here it is assumed that the brightness of the break
in the cloud layer approaches in the limit the
brightness of the clear sky for the same coordinates
of the point of observation and position of the sun).
The effect of the variability of the vertical and hori-
zontal dimensions of the elements of the cloud field
must be taken into account separately. For example,
for the situation discussed (Sc cloud cover) the
change in the cloud point from 10 to 1-2 and the
height of the bottom edge from 900 to 1600 m was
manifested as a trend in the values of the brightness
opposite to the main trend. After corrections were
introduced for the effect of the altitude of the bot-
tom edge and the position of the sun a high value
was obtained for the sample linear correlation coeffi-
cient between the values of the brightness and the
probability for the presence of a cloud on the line of
sight through the cloud layer.

REFERENCES

1. L. Franks, Signal Theory, Sov. Radio, Moscow
(1974), 344 pp.

2. A.S. Shalygin and Yu.l. Palagin, Applied Meth-
ods of Statistical Modeling, Mashinostroenie, Len-
ingrad (1986), 320 pp.

3. Kh.A. Ohvril in: Clouds and Radiation, Tartu
(1975), pp. 82-88.

4. K.-H. Liou, Introduction to the Theory of At-
mospheric Radiation Transfer, Gidrometeoizdat,
Leningrad (1984), 376 pp.

5. A.I. Abramochkin, P.P. Vaulin, V.P. Galileyskii,
et al., Measuring the Optico-Meteorological At-
mospheric Parameters with the Use of Laser Ra-
diation, Tomsk Affiliate of the Siberian Branch of
the Academy of Sciences of the USSR. Tomsk
(1981), 14—19 pp.

6. A.V. Kharitonov, V.M. Tereshchenko, and
L.N. Knyazev, Summary Spectrophotometric Stellar
Catalogue, Nauka, Alma-Ata (1978), 198 pp.

7. V.K. Oshlakov, Propagation of Optical Radiation
m Randomly Inhomogeneous Media, Tomsk Affiliate
of the Siberian Branch of the Academy of Sciences of
the USSR, Tomsk (1988). pp. 83—86.

8. M. Kendall and A. Stuart, Multidimensional Sta-
tistical Analysis and Time Series [Russian transla-
tion], Nauka, Moscow (1976) 736 pp.



