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The aim of this paper is a creation of the spatial distribution of the corresponding coefficients
for the indirect determination of global radiation using all direct measurements data of this
shortwave radiation balance component in Serbia in the standard climate period
(1961-1990). Based on the global radiation direct measurements data recorded in the past
and routine measurements/observations of cloudiness and sunshine duration, the spatial dis-
tribution coefficients maps required for calculation of global radiation were produced on the
basis of sunshine/cloudiness in an arbitrary point on the territory of Serbia. Besides, a specific
verification of the proposed empirical formula was performed. This paper contributes to a
wide range of practical applications as direct measurements of global radiation are relatively
rare, and are not carried out in Serbia today. Significant application is possible in the domain
of renewable energy sources. The development of method for determination of the global ra-
diation has an importance from the aspect of the environmental protection; however it also
has an economic importance through applications in numerous commercial projects, as it
does not require special measurements or additional financial investments.
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INTRODUCTION

The intensity of the solar short-wave radiation in
the Earth-atmosphere system depends on astronomi-
cal factors and changes that rays endure when they
pass through the atmosphere. The latter radiation and
the solar wind govern the weather and atmospheric
processes [ 1]. Global radiation has the greatest impor-
tance in terms of energy and physiology. The main pa-
rameters that influence the global radiation flux are the
height of the Sun, sunshine duration, atmospheric lu-
minous conditions and the level of cloudiness. The
first two parameters depend on the Earth’s rotation and
revolution and a potential global solar radiation varies
with geographic latitude.

The best way to determine global radiation is by
direct measurements. These measurements are mostly
lacking in practice and the problem could be solved by
a development of appropriate models based on usual,
more accessible measurements of needed parameters.
For the calculation of global radiation, the sunshine
duration, cloudiness, concentration, and distribution
of atmospheric particles as well as other parameters

" Corresponding author; e-mail: jugnik@eunet.rs

can be used, on which global radiation depends.
Numerous authors, with varying degree of success, at-
tempted to reach the appropriate empirical relations
[2-4]. The approach to solving problems is ranging
from a relatively simple to the extremely complex nu-
merical models, depending on the availability of input
data. Some models do not even require input data, but
instead use a stochastic technique for generating radia-
tion data [5]. Models can be based on telemetric mea-
surements by using appropriate satellites [6, 7]. How-
ever a drawback of this method is a high complexity of
the model and dependency of soil parameters, ob-
tained in this way, from a lot of variables.

Motivation for this paper resulted from the fact
that in Serbia today the radiation balance components
measurements are not carried out although a favorable
fact is that these measurements existed in the past. On
the other hand, there is a great need for different mod-
els of natural processes that depend on the energy fac-
tors. To provide the physical foundation of the model,
it is necessary to include global radiation in numerical
relations.

In this paper, for the first time all data of the mea-
sured global radiation in Serbia for the standard cli-
mate period (1961-1990) have been used. On the basis
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of sunshine duration measurements and cloudiness
observation data for the same period, using a suitable
mathematical model [8, 9], a spatial distribution of the
corresponding coefficients is determined. These coef-
ficients may, with sufficient accuracy, be used to deter-
mine indirect global radiation in an arbitrary point on
the territory of Serbia.

In this procedure, we started from the fact that
some parameters, such as potential sunshine duration
and the maximum possible global radiation, can be
calculated through the corresponding astronomical
approach. At the end of the process, through concrete
application, indirect verification of the coefficients is
performed for global radiation calculation.

DETERMINATION OF SOLAR
GLOBAL RADIATION FLUX ON THE
BASIS OF SUNSHINE DURATION

One of the basic factors of the energy balance of
the Earth-atmosphere system relates to the radiation
balance on the Earth’s surface as the algebraic sum of
short-wave and long-wave radiation [ 10], that is to say

R,=S+D-R+R,-R, -1, 1)

where R, is the radiation balance on the Earth’s sur-
face, S —the direct solar radiation, D — the diffuse radi-
ation, R — the reflected radiation, R, — the atmospheric
counter-radiation, R, — the Earth’s radiation, and 7,, —
the atmospheric counter-radiation deducted from the
Earth’s surface.

Global radiation (G) encompasses portion of the
short-wave balance spectrum and can be expressed as
the sum of direct solar and diffuse radiation, which
reaches the horizontal Earth’s surface, that is to say

G=S+D )

Between global radiation that reaches the
Earth’s surface and sunshine duration it is possible to
establish a relation of the form [9]

G:GA(an+bn ]’\’J 3)

where G is the global solar radiation at the Earth’s sur-
face, G — the maximum possible global radiation, n —
the actual duration of sunshine, or real sunshine, N—an
astronomical lasting of sunshine duration, or potential
sunshine, and a,, b, are the mutually independent coef-
ficients.

For practical applications of eq. (3) it is neces-
sary to determine coefficients a, and b,. Values of as-
tronomical sunshine duration and the maximum
global radiation can be obtained by calculation. Astro-
nomical lasting of sunshine duration, or potential sun-
shine, can be calculated [11] by relation

N= 1—25 arccos[—(tgg tgd)] 4

where ¢ is the geographic latitude, and 6 — the Sun’s
declination determined by the expression

6 =—-234cos M

)
where is the indicates ordinal number of day in a year.
The maximum possible global radiation can be calcu-
lated [12] as extraterrestrial radiation by using the rela-
tion

a zs

R, cos g ‘9@ <90°
SA = v,

zs

(6)
0 \9@ >90°

The symbols in relation (6) have the following
meaning: S, [Wm™2] is the intensity of direct solar ra-
diation at the top of the atmosphere, R , —the solar con-
stant (1376 W/m?), a,, — the average distance
Earth-Sun (149.6-10° m), r,, [m] — the Earth-Sun dis-
tance in one day of the year, and O [°]- the Sun zenith
angle .

Theratio (a,/r,,)* can be [ 13] calculated through
relation

2
(azs J =1000110+0.034221cos o, +

rZS

+0.001280sin &z, +0.000719cos 20, +
+0.000077sin 2a,, (7

where a = 2mny/360. The square ratio (azs/rzs)2 does
not differ more than 3.5% in relation to the unit and in
practical calculations can be approximated by the unit.
Variable n, indicates the ordinal day numberin a year.
Sun zenith angle (6 ) has a value of 0° when the
Sun is at its zenith, and 90° when the Sun’s disc is on
the horizon. This value is defined by the equation

cos 0y =cos ¢cosdcos ¢ +sin o sin ¢ (8)

where ¢ is the geographic latitude, 6 — the Sun’s decli-
nation (from 23.5 © — June 21, to — 23.5° — December
22), and ¢, — the hour angle of the Sun (0° = noon).

Hour angle of the Sun ¢, (°) in its rising and set is

given by equation
cos t, =—1gd 1go 9)

Values G depend on the season and geographic
latitude of place.

Based on the series of measured values of global
radiation (G) and the actual sunshine () in a standard
climate period, with calculated values of potential sun-
shine (V) and extraterrestrial radiation (G,) for corre-
sponding geographic latitudes, the coefficients a, and
b, can be determined.

Summarizing the results of research in this area
gives an appropriate contribution to understanding re-
lationship between global radiation and sunshine du-
ration [14].
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DETERMINATION OF GLOBAL
SOLAR RADIATION FLUX
ON THE BASIS OF CLOUDINESS

In the absence of data regarding sunshine dura-
tion for determining global radiation the total cloudi-
ness data (C) can be successfully applied, observed in
a relatively dense network of climatic stations. When
evaluating cloudiness a cloud density is not taken into
consideration, but only the area of the sky covered.
Cloudiness is expressed in whole numbers from 0 to
10 that indicate coverage of the sky in dozens. As
“clear days” are defined all days in which average
daily cloudiness C <2, thatis to say less than of the sky
coverage with clouds [15].

Daily variations of global solar radiation flux
with clear sky have a simple pattern on curve of si-
nusoidal type, with the maximum around local noon
time. However, different types of clouds have dif-
ferent thickness, height and structure and differ-
ently leak solar radiation. The least of global solar
radiation reaches the active surface when the sky is
completely covered with low and middle clouds
such as stratus, stratocumulus, and altocumulus (St,
Sc, As). All the high clouds in the genus of cirrus
(Ci) reduce global radiation by very small amount,
especially around midday hours with high position
of the Sun. Cloudiness and sunshine duration are in
a close, but inversely proportional relationship. For
an average day it can be approximately derived that
greater cloudiness means less relative sunshine du-
ration and vice versa. That means that the consider-
ations listed for sunshine duration can analogously
be applied to cloudiness. In doing so, formula (3)
can easily be “adjusted” so that, instead of the mea-
sured sunshine parameter, the observed values of to-
tal cloudiness are applied, that is to say

G=Gplac +b-(1-C)] (10)

The symbol indicates the average total cloudi-
ness expressed in dozens of sky coverage with
clouds (0-10), a. and b are the empirical coeffi-
cients obtained on the basis of data for total cloudi-
ness and other labels have the same meaning as in

eq. (3).

SPATIAL DISTRIBUTION OF
COEFFICIENTS FOR DETERMINATION
OF GLOBAL RADIATION

The presented analysis shows that the use of em-
pirical formulas to calculate global radiation in practi-
cal applications requires their adaptation to concrete
geographic latitudes and climatic conditions. Using all
available data regarding measurements of global radi-
ation on the territory of Serbia in the past, coefficients
a, and b, from eq. 3 are determined by the application
of'the method of least squares on the basis of measured
data regarding sunshine duration for terrain of Serbia
in the same period. Values for G,, as well as potential
sunshine, were obtained by calculation on the basis of
relations 6-9 and 4-5, respectively. The obtained re-
sults are presented in tab. 1.

Using all available data from the past regarding
measurements of global radiation in Serbia, coeffi-
cients ac and b from formula 10 are determined by the
method of least squares based on the total cloudiness
data. The obtained results are tabulated in tab. 2.

The obtained values of coefficients from tab. 1
and tab. 2 are used for spatial analysis and production
of maps of their spatial distribution (figs. 1-4) using
the software package Surfer 10.

VERIFICATION

The verification of determining global radiation
was performed indirectly, in a unique way, through
practical application on the natural process that pri-
marily depends on the energy factors. The calculated
value of global radiation was applied in an experiment
for determination of the evapotranspiration in one
vegetation season by using the appropriate model, on
Kosutnjak location in Belgrade. It is a proven model
for the evaporation of water, which is physically
well-based and requires, among other things, the in-
clusion in the global radiation formula [16-20]. At the
same location there is a meteorological station for
measurement of standard meteorological parameters,
as well as electronic weighting lysimeters for direct
measurement of water evaporation, which are world-
wide considered as the most accurate measuring de-
vices of the evapotranspiration.

Table 1. The value of coefficients an and bn on the bases of sunshine data for Serbia terrain

Ordinal number Place A ) ac be
1 Belgrade 20.53 44.78 0.19 0.51
2 Novi Sad 19.33 4593 0.17 0.55
3 Zlatibor 19.71 43.74 0.20 0.52
4 Kopaonik 20.80 43.28 0.17 0.52
5 Negotin 22.54 44.24 0.17 0.58
6 Sjenica 19.99 43.27 0.22 0.53
7 Pristina 21.14 42.65 0.20 0.53

A — eastern geographical longitude; ¢ — northern geographical latitude
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Table 2. The value of coefficients a. and b, on the
basis of cloudiness data above Serbia

Ordinal
number

1 Belgrade | 20.53 | 44.78 | 0.18 0.53
Negotin | 22.54 | 44.24 | 0.19 0.55
Sjenica | 19.99 | 43.27 | 0.26 0.52
Zlatibor | 19.71 | 43.74 | 0.20 0.54
Pristina | 21.14 | 42.65 | 0.20 0.55

Place A ) ac be
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Figure 1. Spatial distribution of coefficient a, for the
territory of Serbia obtained on the basis of sunshine
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Figure 2. Spatial distribution of coefficient b, for the
territory of Serbia obtained on the basis of sunshine

Global radiation is included in the model for cal-
culating the evapotranspiration obtained by calculation
based on the sunshine duration, with coefficients for
this location a, = 0.19 and b, = 0.51. At the same time
direct lysimetric measurements of evapotranspiration
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Figure 3. Spatial distribution of coefficient ac for the
territory of Serbia obtained on the basis of total
cloudiness
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Figure 4. Spatial distribution of coefficient b for the
territory of Serbia obtained on the basis of total
cloudiness

were performed on a smonitza (vertisol), foundation
covered with grass. The calculated evapotranspiration
ten-day period values are in a very good agreement with
measured values (fig. 5), which means that global radia-
tion calculation is done correctly. Very similar results
are obtained when using global radiation calculation
based on the cloudiness.

ECONOMIC IMPORTANCE

By development of the procedure for determin-
ing global radiation in Serbia based on parameters that
are commonly available, a tool was obtained for a
more successful solving of concrete economic tasks
such as:
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Figure 5. The illustration of indirect verification of
global radiation calculation through graphical survey of
measured (1) and calculated (2) values of an
evapotranspiration in the vegetation season by ten-day
period, based on sunshine duration

E, [mm] — evapotranspiration, — established out-of-system

unit in meteorology for the amount of precipitation,
evaporation of water, or a layer of runoff, represents the

height of the layer of water that falls, evaporates or runs-off

from the surface of one square meter;

[dec] — ten-day period by month, 10— ordinal numeral of the
last day of the first ten-day period in the observed month, 20
—ordinal numeral of the last day of the second ten-day period
in the observed month, 30/31 — ordinal numeral of the last
day of the third “ten-day period” in the observed month, and
[month] — ordinal numeral of the month

— projecting of solar power stations,

— analysis of the water balance,

— projecting of hydroelectric power stations on
small unexplored basins,

— planning and control of water resources,

— solving the practical problems of water supply,

— irrigation and drainage of terrain,

— projecting of hydro-construction work and facili-
ties,

— dimensioning of the city’s sewerage system,

— development of waterpower engineering basis of
basin areas,

— development of hydrological forecasts,

— development of weather forecasts, and

— other practical applications in meteorological, hy-
drological, hydro-geological, forestry, and agri-
cultural practice, as well as environmental protec-
tion.

Everything points to the fact that determining the
radiation balance component has a large and important
application in the economy, with potentially significant
economic effects. The importance is also evident in the
environmental protection, particularly in the domain of
renewable energy sources (solar and hydro energy).

CONCLUSIONS

Global radiation encompasses a portion of the
radiation balance on the Earth’s surface, meaning that
determination of this component of the balance has a

strategic importance from the physiological aspect
and the aspect of energy. As the direct partial measure-
ments of components of the radiation balance are rela-
tively rare, or do not exist, mathematical models for
the indirect determination of global radiation by calcu-
lations are of special interest.

The methodology for determining global radia-
tion for terrains of Serbia is based on direct measure-
ments of meteorological parameters such as sunshine
duration and cloudiness. Global radiation is then ob-
tained through calculation. Due to a primary impor-
tance of factors of the energy balance in a variety of
models that are applied in the economy, this method
for determining global radiation is also important from
the economic point of view, especially since the
needed parameters are measured routinely and are
available to researchers without investing money.

For terrains of Serbia a spatial distribution of
corresponding coefficients is determined, obtained on
the basis of data regarding sunshine duration and total
cloudiness, for global radiation calculation. These co-
efficients may, with sufficient accuracy, be used to de-
termine global radiation by mathematical calculation
at an arbitrary point on the territory of Serbia. The
methodological approach is universal in character,
however when performing calculations outside the
Serbian territory coefficients must be checked and if
needed corrected by the same methodology.
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IMPOCTOPHA PACIIOAE/IA KOEOUIINIJIEHATA
3A OJPEGBUBAILE I''IOBAJ/IHOI 3PAYEIA HA NMOAPYYJY CPBUJE

Lwmw paga je uspaja NpocTopHe pacnofeiie ofroBapajyhux koeduinyjeHata 3a UHIUPEKTHO
ofpebuBame rno0aHOr 3payelha KOpUIThemheM CBUX NIOlaTaKa JUPEKTHUX MEPEHA OBE KPaTKOTalacHe
KOMIIOHEeHTe OmiaHca 3pauerba y CpOuju y craHgapAHOM KiauMaTonomkoM nepuony (1961-1990). Ha
OCHOBY IIoJJaTaKa AUPEKTHUX MEPEHa INI00ATTHOT 3payeka y IPOILIJIOCTH U PyTUHCKUX Mepeta/ocMaTparba
OCyHUYaBama U 00JIa4HOCTH, u3paheHe cy kapTe IpOCTOPHOT pacnopefa Koeqmun]eHaTa 32 H3pauyHaBak-C
r106aTHOT 3padyerhba Ha OCHOBY OCYHYaHOCTH/OOJIAYHOCTH Y MTPOU3BOJbHO] TauKU Ha noapyyjy Cpbouje u
M3BpIIeHa crienupuyHa Bepudukanyja npeioxkeHe emnupujcke popmyie. Pan gaje jonpuHoc mmpokom
CIIEKTPY IPAKTUYHUX [IPUMEHA jep CY AMPEKTHA Mepeka II00AIHOT 3padyeha pelaTUBHO peTKa, ay Cpouju
maHac He mocroje. [IpuMmeHa pa3BujeHOr MeTofa 3a ofpebuBame Ir00aTHOr 3pavera UMa 3Hayaj ca
acleKTa 3alITUTE XUBOTHE CPEAMHE, ATl IMa X €EKOHOMCKU 3Hauaj Kpo3 IpUMeHe Y OpOjHUM NPUBPEIHIM
IIpOjeKTUMa, He 3aXTeBa clielldjalHa Mepetbha HUTH JoflaTHa (PMHAHCH]CKA yjlarama.

Kmwyune peuu: zaobaarno 3pauerve, ocynuasarse, 064a4HOCl



