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ABSTRACT

The article describes the stages of transformation
of the direct and diffused components of solar radia-
tion in the short-wave and long-wave spectral chan-
nels of the human circadian activity control path.
The method of determination of the dependences of
irradiance on Solar altitude angle as well as the val-
ues of radiant exposure in the circadian region of
the optical spectre required for efficient control of
human circadian activity. An example of utilisation
of the developed method is provided. Correspon-
dence between the results of calculations based on
the proposed method and the results of independent
experimental studies is demonstrated. The devel-
oped method allows us to formulate major light-en-
gineering requirements to characteristics of emitting
installations controlling human circadian activity,
preventing and eliminating its deregulations.

Keywords: circadian activity, Solar altitude an-
gle, components of solar radiation, thermodynam-
ic temperature, spectral channels, effective irradi-
ance, radiant exposure, effect modes, calculation
method

1. INTRODUCTION

Daily changes of the characteristics of optical ra-
diation of the Sun reaching the surface of the Earth
are the main physical factor affecting human circa-
dian activity (CA). These changes of characteristics
of solar radiation (SR) are caused by current posi-
tion of the Earth in the course of its orbital move-
ment around the Sun as well as its current altitude

angle common for a specific calculation point of the
Earth surface.

When conducting light-engineering and biolog-
ical studies, it is necessary to have information on
the dependence of effective! irradiance E affecting
CA of human body on Solar altitude angle /4 at a
particular point of the Earth surface. This informa-
tion as well as the values of radiant exposure H at
different calculation points of the Earth surface is
also necessary for design of specialised emitting in-
stallations for prevention and elimination of circadi-
an deregulations.

Prevention and elimination of circadian deregu-
lations allows us to save psychosomatic health and
maintain necessary level of general and visual per-
formance of human and provides maintenance of
daily intellectual activity.

This work aims at development of the meth-
od of determination of effective energy character-
istics of Solar and artificial radiations affecting hu-
man body CA.

2. INPUT DATA

Spectral density of radiant exitance of the Sun
photosphere m.g(4, T) described by the Planck func-
tion [1] is used as the model of Solar radiation:

-1
mg(A,T)=CA~ (exp%— 1) ,

! Hereinafter “effective” means the value of human body
reaction to the effect of irradiance and spectral irradiance formed
by SR in the circadian region of the spectre as well as to radiant
exposure within the range of Solar altitude angles corresponding
to CA control.
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where A is the radiation wavelength, T is the thermo-
dynamic temperature of blackbody radiation, C; =
= 3.742-107'* W'm? and C»= 1.439-102 m'K [2].

Spectral irradiance (SI) formed by SR normally
incident on a site located at the upper border of the
Earth atmosphere is expressed as [3]:

oA T)=( &) ma(AT), 0

where T is the average thermodynamic tempera-
ture of SR with respect to the Sun photosphere,
r = 6.96'10° km is the Sun equatorial radius, R =
1.496°10!2 km is the radius of circular orbit of the
Earth [4, 5].

The value T depends significantly on the year
number n within the Schwabe’s 11-year cycle of So-
lar activity [6] and is expressed as [3]

T<n) aver |:1+O 0275111(21#—1)}’

2

where Taver:0-5 (Tmm + Tmax) min ~ 5480 K, Tmaxz
5780 K are the values of thermodynamic tempera-
ture of SR at the upper border of the atmosphere
corresponding to the minimum and maximum Solar
activity, 0 <n < 11.

As a result of SR distribution over the atmo-
sphere, there are two components of the radiation
formed at the Earth surface: the direct (Dir) com-
ponent and the diffused (Diff) component. The val-
ues of thermodynamic temperature of the direct and
diffused components of SR during daytime at a de-
sign point of the Earth surface depend on the Solar
altitude angle, i.e. Tp;, = Tp;. (h, n) and Tp;g =
(h, n).

The functions Tp;, (2, n) and Ty (h, n) may be
written as approximate dependences.

r(Diff) (h n)

Analysis of literature with respect to experimen-
tal data on the dependences Tp;, (A, n) and Tp; (4,
n), in particular, [7], etc. as well as approximation
of this data demonstrated that T, pi) (/) in (2) may
be written as

Toigr

biirry (1) + T (1) ()

TDir(Diff) (h) = aDir(Diff) cXp (_bDir(Diff)h)' (3)

The values of spectral radiance of the direct and
diffused components at the Earth surface formed by
SR are written as

S Dir(Diff [’LTD” Diff (h,n)] =

-1
2
r C
=| = | 7o (N)CA” | exp—-"2— 1], (4)
(R) ? (th)( ) 1 ( ﬂ’ Derlff (h I’l) ]

where Tpiypifry (h, n) are the dependences (2),
Tpirpify) (1) are the dependences of integral transmit-
tance factors of the direct and diffused components
of SR in the spectral window of the atmosphere
300 <A < 1200 nm [8] with different atmosphere
cloudiness.

The dependence tp;,p; (h) in (4) has the form

[3]

e

T h)=

Dir(Diff) (
o) (90°)0.5] 14518 (1= €osgony ) |- (5)

where tpipim)(90°) are the integral transmissivity
factors of normal SR incidence on the Earth surface
(maximum Solar altitude angle # = 90° is seen at
the equator at noon of the vernal or autumnal equi-
nox days), the factors dpixpifr), nirnir for different
cloudiness of atmosphere are given in [9].

SI of the direct and the diffused components of
SR on the Earth surface as per the relation (4) are
received by retinal detectors characterised by the
function of relative spectral circadian efficiency
(FRSCE) in the following form [10]

C(ﬁ) =¢ (ﬂ)+ G (ﬂ'):

<ﬂ—ﬂmx)2}+

20,

% exp| —
o227

2
&, exp[— (ﬂ' _ j'2max) ]
o 27 20, '
obtained after approximating the results of inde-
pendent experimental studies by G.K. Brainard
and K. Thapan and their contributors, in particu-
lar, [11-14].

The graphs of the function (6) and its compo-
nents ¢;(4) and c¢,(4) are shown in Fig. 1. The dif-
ferences between FRSCE obtained by Brainard and
Thapan are just in relation between the maximums
of the functions ¢;(4) and c,(4).

(6)

3. RESULTS

The functions ¢;(4) and ¢,(1) form the short-
wave (SW) and the long-wave (LW) spectral chan-
nels of the CA control path [10] and conduct spectral
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Fig. 1. FRSCE:s obtained by Brainard (a) and Thapan (b), functions c;(1), ¢,(4) in the relation (9) and the sum ¢(2) + c,(1):

I —results of the experimental studies [11-14],

2 — the function ¢;(1), 3

— the function c¢,(4), 4 — the function ¢;(4) + ¢,(4)

approximating the results of the studies [11-14]

and selective transformations of SR SI (4) described
by the multiplications

AT

€ 2 D1r Diff

(h’”)]cl(z) (/1) =

eS Dlr(lef SW Lw |:

’ - G
T bir(pir) (h>c1}L CXp ﬁ

D1r lef
X €y (4)

-1
r

(_

R

X

(7

with isolation of the 350 < 4 < 540 nm spectral re-
gion from the broadband spectra (4) with spectral
selection by only blue-sensitive (B) retinal cones,
isolation of the 450 < 4 < 570 nm spectral region
with spectral selection by only retinal rods, and iso-
lation of the 350 < 1 < 570 nm spectral region with
cooperative spectral selection by the B cones and
rods of the retina. Obviously, after spectral and se-
lective processing of the function (4) by the func-
tions ¢;(4), c2(4), ¢;(A) + ¢»(A) using the relation (7),
the shape of the obtained spectrum is defined only
by non-variable spectral characteristics of these
functions which do not depend on Solar altitude
angle.

Modification of Tpjiypi)(h, 7) on the Earth sur-
face with changes of Solar altitude angle during
daytime leads not only to changes in chromaticity
of SR (4) but also to A-related displacement of the
spectral maximum (4) based on the Wien’s displace-
ment law: A, T(h, n) =C; = 0.2898-102 m-K [2].

Changes of values of 1,,,, with respect to the
A-fixed position of the functions c{(1), c,(1), c¢;(4) +
¢5(4) and unchanged spectral form (7) leads to de-
pendence of the energy characteristics (7) on Solar
altitude angle.

Determination of the dependence of energy char-
acteristics (7) on Solar altitude angle is based on
two-step transformation of the arguments in (7). At
the first step, we shift from the 4 scale to the A,
scale by means of linear (identity) transformation of
the argument A into the argument A,,,,. At the sec-
ond step, Anax 1S non-linearly functionally trans-
formed into Solar altitude angle 4 using the Wien’s
displacement law by means of an inverse function
of the function (2).

Functional transformation of the arguments in
(7) is conducted using the known rule, e.g. [15, 16]:

-s[o0]

where x is the basic argument, y is the new argu-
ment, x = @(y) is the inverse function of the original
function y= f{x).

At the first step of transformations of the argu-
ment A into A,,,,, the argument 1,,, directly substi-

tutes A in (4):
)6 (Ao ) =

2
) Dlr lef (h n)

do(y)
dy

dx
x—

& @®)

2

A

max, Dlr lef

A

e ‘max, Dir(Diff)

Dir(Diff ), SW(LW) (

(

7

R

CA>

‘max, Dir(Diff

) X

-1
C
X exp— 2 P -1] x
‘max, Dir(Diff) D1r Diff) ( n)
dA
X cl(2) ﬂ'max, ir(Diff) |* (9)
dﬂmax,Dir(Diff) ( ? (D ))
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In the relation (9), the modulus of the derivative

is 1 4 =1 and the (9) itself describes the

max,Dir(Diff)

spectral form remaining homothetic with all val-
ues of /1 and # since this form is defined only by the
functions c{(1), ca(4) or ¢;(A) + co(A).

The energy characteristics of the dependence of
the function

ﬂ’max,Dir(Diff)h’ l’l) : Cl(2) (j'max,Dir(Diff) )
on the Solar altitude angle are defined using the
Wien’s displacement law.

eDir(Diff),SW(LW) (

With non-linear functional transformation, the
Wien’s displacement law A,,,,, — # is written as

(h’ ”) =G, |:TDir(Diff) (h) + T(”)] :

In the non-linear transformation of the argu-
ments A — £ in the relation (9) using the rule

A

‘max, Dir(Diff)

(10)

X

ﬂmax,Dir(Diff)

(8), multipliers Cy2 (h,n) are inserted

instead of multipliers Ci2) (ﬁmax’Dir(Diff) )

max,Dir(Diff)
The relation (9) is simply applied to the other
multipliers. di

.. Dir(Diff .
The derivatives e Dir(Diff) are written as

dA

‘max, Dir(Diff)

dh

Vo
W

y
AN

10 - :
h, deg
Fig. 2. The graphs of the functions Tp; (%, 1)) and Tp;g(h, 1)

at a random design point of the Earth surface in the 11-year
cycle of solar activity

8
n,year 100 3

‘d |:TDir(Diff) (h)] ] 1 ‘
-

dh |:TDir(Diff) (h)+ T(n):l

After applying (10) and (11) to the relation (9), it

describes just the dependence of its form on the val-
ues /4 and » per unit:

-1
EDin(Diff) SW(LW) {Cs [T Dir(Diff) (h)+T (")J }

2
: - 5
= (Ej TDir(Diff) (hg n)C1C3 S |:TDir(Diff) (h) + T(n)j| X

C, (11)

rel =

x| exp & =yt i
(e[t r<70] |
d\T, . .(h
ore ) S N S
|:TDir(Diff)(h) + T(n)]

Simplification of (12) transforms it into

Dir(Diff),SW (LW) (h,m)
dT, Dir(Diff) (h,n)
dh

e

rel =

¢ (h,n)

= eDireS ( ,I’l)

rel =

2
r _
= (EJ T bir(pifr) (h,n)C]C3 * X

-1

> C
X |:TDir(Diff) (h) +T (ﬂ)} (expg2 1| x

‘ d |:TDir(Diff) (h)} 1
Ly (W)+T ()]

(13)

x G Gy ().

For illustrative purposes, the products C,C,”,

5 1
|:TDir(Diff) (h,n)] and ————
I:TDir(Diff) (h’n)

(13) are not simplified.

in (12) and

The curve (13) is nearly bell-shaped, with its
maximums at different combinations of the direct
and diffused components of SR and SW and LW
spectral channels, i.e. at Zpay pirpifn), SW (LW)-

Introduction of the product ¢;)(4) from (9) in
(13) as an additional multiplier allows us to obtain
the dependences of SI (per unit) on two variables
(h and A) in the form of a three-dimensional control
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signal egy)(4,h,n)l at input of the suprachias-
matic nucleus of hypothalamus (SCN):

(A,h,n)

D1r(D1ff) SW LW rel —

[ oo () P17 0]

R
C2 - dTDir(Diff)(h’ n)
X exp——l — X
C, dh

X Ciz) (h’”)q(z) (’1)

Like that of the function (13), the graph of (14)
per unit is also bell-shaped.

Dependences of absolute effective values of
(13) on current values of Solar altitude angle with
each possible combination of the direct and diffused
components of SR with the functions c;)(%, n)
are defined using the calculated values of 4 =
= Nmax, Dir(Diff), SW (Lw) corresponding to the maxi-
mum values of (13). Then the relation (13) is nor-
malised by dividing its left and right sides by the
values of (13) calculated at 1 = Aoy pir(ifn), sw (Lw)»
i.e. the following functions are defined

(14)

hn)

enorm Dlr(lef) SW LW <

-1
CDir(Diff),sW (LW) {C3 I:TDir(Diff) (h) +T (”)] }

rel

eDir(Diff),SW(LW) {C3 |:D|r Diff (h hmax, Dir(Diff),sw(Lw)) +

" T(n)T}

Using the relation (7), the dependences of the
absolute values of SI

(15)

rel

e X

¢S, Dir(Diff ),SW(LW)
|:A’ TDlr Diff (n’ h= hmax,Dir(Diff),SW(LW) ):|Cl(2) (ﬂ)

on A are defined for the calculated values of Solar
altitude angle & = hy,ay pirpifn, sww) corresponding
to the maximum values of (13).

The dependences of absolute values of SI at in-
put of SCN (3D-represented) are obtained using the
relation (7) by multiplying

€., Dir(Diff) SW(LW)

[ﬂ"TDIr Diff (n’h = hmax,Dir(Diff),SW(LW)):|Cl(2) (ﬂ)

by the normalised functions (15).

Maximum absolute values of SI at output of
SCN (depending just on the values of /) are ob-
tained using (7) from the product

Ah) = h,n)x

e

Dir(Diff),SW(LW) ( €pom ,Dir(Diff ),SW(LW) (

e X

&S, Dir(Diff ), SW(LW)
|:/,i’ TDlr lef (nﬂ hmax,Dir(Diff),SW(LW) ):| cl(2) (/’i)

by inserting the values of 4 equal to 445 nm and
505 nm corresponding to the maximum values
of the functions ¢;(4) and ¢,(1). The dependences
e, pir(ifn), sww)(#, 1) at SCN output obtained af-
ter the said substitution are the signals directly con-
trolling daily activity of epiphysis, which releas-
es melatonin to blood plasma. Daily variations of
melatonin concentrations in blood plasma ultimate-
ly lead to daily control of human nonconscious bio-
logical reactions including CA. CA directly affects
different characteristics of visual perception, which
form the basis of static and dynamic building of the
mental world model and uses this basis for control
of human higher intellectual activity including con-
crete and abstract thinking.

The developed method and the product of the re-
lations (7) and the normalised functions (15) allows
us to obtain the dependences of irradiance within
the circadian region of spectrum on Solar altitude
angle (£(h)) which are important for experimental
and theoretical studies of CA, as well as the values
of radiant exposure H within the range Ah = hg, —
h;i of modification of the function E(/), where hg,
and A;,;; are the initial and final values of Solar alti-
tude angle respectively.

Irradiance E(h) is written as

E(h)=e

norm, Dir(Diff ), SW (LW) (

hn)

X J Ces. Dir (Diff) SW(LW P’ﬂ TDlr (Diff) (hmax,Dir(Diff),sw(Lw) > nﬂ X

"' X Gy (A)dA, (16)

and radiant exposure is written as

i 90°

Ah = _[ _|. eeS Dir(Diff ),SW(LW)

nit 07

|: > Dir(Diff) (hmax Dir(Diff ),SW(LW) n):|

CI(Z)(/?')enotm.Dir(Dltf) SW(LW) (h }’l)d/ldh

>

(17)
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In (16) and (17), Ay and Ag, are the values of 4
limiting the considered spectral region defined by
the functions c{(1), c,(1), ¢1(4) + ¢;3(4), 0° and 90°
are the limits of the possible range of Solar altitude
angle.

The example below contains the results of calcu-
lations using the developed method which describe
processing of the direct and diffused components
of SR in the SW spectral channel of the CA control
path and define effective modes of the effect of radi-
ation with maximum solar activity (n = 5.5), for in-
stance, in conditions of clear sky.

In the conditions under consideration, the func-
tion T, (i) swiw) (h,n) (2) with (3) taken into ac-
count in the expression of spectral irradiance of the
direct and diffused components (4) is written as

(anf (h ”) Apir(pitr) “XP (_bDir(Diff)h) +T (n) (18)

In (18), ap;;=-3780, bp;, = 0.2444, apg= 8950,
bpig = 0.2084, T(n =5.5) = 5780.

The graphs of the dependence (18) are shown in
Fig. 2.

In (5), the values of the coefficients are as fol-
lows: 7p;; (90°) = 0.73, dp;; = 0.0348, gp;, =
155, TDiff (900) = 013, dDiff = 0029, gpiff —
1.04, and the values of the coefficients in (6),
for instance, with data from [13] are as follows:
a1=72.56x10" m, 0, =28.99x10"° m, 4| pax =
445-10° m, o, =25.89 x10°m, 0, =21.21:10°m
22, max = 505%10° m

In accordance with the Wien’s displacement law,
the expressions for Apay pir and Apax pig (10), with
the expression (4) taken into account, are written as

Jweon = Cs[ ~3780exp(~0,2444h) +5780] ', (19)
Aanoitr = Cs [ 8950exp (-0,20847) + 5780]’1. (20)
The derivatives in (9) are as follows:
|d A e 2,6773exp(—0,2444h)
Sus =, (21)
| dh | [-3780exp(~0,24441)+5780]
|d 2| 5.4053exp(—0,2084h) 2)

| dh | [8950exp(-0,2084%)+5780]

After inserting the expression (6) with its coef-
ficients ay, 01, A1 max» 02, 02, A2, max and the expres-
sions (19)—(22) into the relation (13) (for maximum

values of the direct component of SR in the SW
spectral channel), the expression e(h,n)|,, at input
of SCN in expanded form is written as

€pir, sW (h n)

rel

2
- [%j 0,73-0,5[ 1+sin (0,0348% —1,55) ]

C & )
"|[-3780exp(—0,24441) +5780 |

-1
[exp& - 1} X
C3

2,6773exp(—0,2444h) 2,
[ 3780exp(~0,24441) +5780 | ooz

2
G -445107
[~3780exp(~0,2444h) + 5780)
X exp |-

(23)
207

The similar expression for the diffused compo-
nent of SR in the SW spectral channel is written as

lef SW (h I’l)

2
=[%) 0,13-0,5[1+sin(0,0297—1,04)] x

-5
C 5 X
"|[8950exp(—0,2084/)+ 5780 |

-1
X [exp%— 1} X
3

5,4053- exp(—0,20844)
[8950 exp(—0,2084h)+5780 |

al
X X
o2

_ -
- 445 -10‘9J

C3
[[8950exp(—0,2084h)+5780]

207

X exp|—

The dependence of SI on A,y pir(niry and £ at in-
put of SCN is written in the form
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Cpir(iff) (}”max,Dir(Diff) h, ”) el =

2
’
B (Ej D1r Diff) (h n)C j'mzx Dir(Diff) X

-1
x| exp G -1| x
j'max,Dir(Diff)T'Dir(Diff) (h’ n)
Aot
max, 1r(D1ff)
X €y (j’max,Dir(Diff)) ah ¢z (hon).

Solar altitude angle corresponding to the maxi-
mum value ep;; sw(h), hpax calculated from the ex-
pression (23) equals to 16.14° and the correspond-
ing maximum value of the function ey, & (h)
equals to 0.01533.

Integration of the function ecs pj, sw(4, ) from
the expression (7) over 4 at A, = 16.14° gives the
maximum value of irradiance:

rel

Episw (hmax = 16,14°) =

570-107°

€pirsw (/1)

350-107°

dA=6,915W -m~. (24)

P =16,14°

After multiplying the calculated value of the inte-
gral (24) by the normalised function e, . sw (h.7)
derived from e Dir(Diff,SW(DW) (h n) by means of the
expression (15), the expression for the irradiance
dependence Ep;; sw(#) formed by the direct compo-

nent of SR in the SW spectral channel is written as

G (h) =

6,9145 ——
EDir,SW (h) m DireS ( )‘ dh =

2
=4,5115~102(%) %

=5
C, y
0,2444h)+ 5780 |

C
1 {[—37806xp (-

-1
X [expg—l} - 0,73%
C3
x 0,5 1+sin(0,03481—1,55) | x
2,6773exp(—0,2444h)
[ 3780exp (—0,2444h) + 5780

2
E pivpitr, swerw (), Wrm

h, deg

Fig. 3. The dependences of effective irradiance on Solar
altitude angle under combined effect of direct and diffused
components of SR simultaneously on the SW and LW
spectral channels: / — irradiance under effect of the direct
component of SR on the SW spectral channel, 2 —
ance under effect of the direct component of SR on the
LW spectral channel, 3 — irradiance under effect of the
diffused component of SR on the SW spectral channel,

4 — irradiance under effect of the diffused component of
SR on the LW spectral channel, 5 — irradiance correspond-
ing to the sum of the direct and diffused components of SR
simultenaously affecting the SW and LW spectral channels

irradi-

X(O'l\/lz_”}(

2
& - 44510
[-3780exp(<0,244h)+ 5780]

207

X exp | — .(25)

The graph of the dependence of absolute values
of effective irradiance on Solar altitude angle as per
the expression (25) is shown in Fig. 3.

The absolute value of effective radiant exposure
Hp;; sw (Ah) within the interval of Solar altitude an-
gle which corresponds to the effect of the direct ir-
radiance component Ep;;. sw (7) on the SW spectral
channel of the CA control path is calculated as

90°
Hyos (M) = [ Epyy () =91,218 W-m” -deg.
>

With combined effect of the direct and diffused
components of SR on the SW and LW spectral chan-
nels simultaneously, the dependence of absolute
values of effective irradiance on Solar altitude angle
Epiripifi, sw+w(#) is described by the sum
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Table. Effective Modes of the Effect of Solar Radiation in the Circadian Region of Spectrum for Control of
Human Body Circadian Activity

Enerrg l)cellsa(l)';tz:;:clitics — B B, B E&;aé), H, Wm deg
Direct SR in the SW spectral channel 7° 43° | 16.14° 6.915 91.218
Direct SR in the LW spectral channel 6° 43° | 13.04° 1.618 18.768
Diffused SR in the SW spectral channel 4.5° 34° | 10.69° 6.164 38.100
Diffused SR in the LW spectral channel 10° 43° | 17.78° 1.848 21.731
Direct and diffused SR in the SW spectral channel 4.5° 43° | 12.56° 9.262 129.341
Direct and diffused SR in the LW spectral channel 6° 43° | 16.75° 2.987 40.499
Direct SR in the SW and LW spectral channels 7° 43° 15.62° 8.263 109.987
Diffused SR in the SW and LW spectral channels 4.5° 43° 10.69° 6.164 59.858
]c)li::lc;eall:d diffused SR in the SW and LW spectral 450 430 14.10° 11.492 169 845

EDir+DifﬁSW+LW (h) :EDir,SW (h)+EDir,LW (h)+

Epiisw (h)+EDifﬂLW (h):
_6,9145 dA

max, Dir

=277 . (h
0,01533e""‘*5() dh

136179 dﬂ’max,Dir Cz (h)+

* 0,09506%”5( )

+ 6’1639 e ( ) dﬂ’max,Diff c
0,9512 Pfes dh

15 8434 dj’max,Diff

memﬁes( )‘ dh G (h)’

(26)

the members of which are defined (similar to the ex-
pression (25)) using the developed method.

The graphs of the members of (26) Ep;; sw(h),
Epir, tw(h), Epir, sw (h), Epigr, Lw(h) and of their sum
are shown in Fig. 3.

The absolute value of effective radiant exposure
Hpiipifi, sw+Lw (Ah) within the interval of Solar alti-
tude angle 0° < & <43° which corresponds to simul-
taneous effect of the direct and diffused components
of effective irradiance on the SW and LW spectral

channels is expressed as
H =Hpysw +H

tH gy = 169,845 W-m™ -deg.

+H +

Dir+Diff, SW+LW Dir,LW Diff,SW

The Table summarises the values of energy char-
acteristics of CA control signals with different com-
binations of effects of the direct and diffused com-
ponents of SR on SW and LW spectral channels.

The last line of the table contains the values of
irradiance and radiant exposure in the case of nor-
mal human health condition (without fatal failure of
one of the CA control path spectral channels).

The fifth line of the table corresponds to fatal
failure of the LW spectral channel and the sixth line
of the table corresponds to fatal failure of the SW
spectral channel.

It is worth noting that, according to the available
experimental data, CA is controlled exceptionally
under direct effect of SR on human body, i.e. within
the period between sunrise and sunset. The data in
the table completely complies with such provision:
CA control commences (in the morning) and finish-
es (in the evening) at Solar altitude angle 4 = 4.5°.

It is also important that the daily value of supe-
rior culmination of the Sun /4, approximately equal
to 43° corresponds to non-availability of circadian
deregulations in real cases of SR effect (lines 7-9
of the Table) and to cases of fatal failure of one of
spectral channels (lines 5 and 6 of the Table), Fig. 3.
At the same time it is seen from Fig. 3 and the Ta-
ble that CA control ends at /g, > 43°. Processing
of the results of independent experimental studies
has shown that the value /5, = 43.13° corresponds
to complete non-availability of human circadian de-
regulations at arbitrary values of latitude and the
day of a year [17]. Further increase of Solar altitude
angle, e.g. with decrease of latitude on a random
day of a year, does not lead to changes in CA [17].

Correspondence between the values of /5, de-
fined using the proposed method and obtained after
processing of the results of independent experimen-
tal studies confirms practicability of this method.
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Adequacy of the results of calculations obtained us-
ing the latter confirms that it may be used in theoret-
ical and experimental studies of CA considering the
effect of optical radiation on human body.

CONCLUSION

The values of effective irradiance and radiant ex-
posure shown in Fig. 3 and the Table may be used in
the course of experimental studies of nonconscious
daily reactions of human body to levels of affecting
irradiance and radiant exposure with different com-
binations of the direct and diffused components of
optical radiation on the SW and LW spectral channels
of the CA control path. Application of the proposed
method allows us to define the values of irradiance
and radiant exposure controlling human CA also at
different cloudiness [9]. In particular, the results of
this work may form a basis for research of circadian
deregulations caused by trans-meridian flights and
shift working in facilities with continuous produc-
tion cycle. Moreover, the information obtained in the
course of the work may be used for development of
special emitting installations for prevention of cir-
cadian deregulations, correction of CA if they are
available and for maintenance of proper human CA
in conditions of daily CA deficiency, which is espe-
cially important for enhancement of protection of
national security in sub-polar and polar regions and
development of their economic use.

REFERENCES

1. Gagliardi, R.M., Karp, Sh. Optical Communica-
tions: trans. from Eng. / Eds. A.G. Sheremetyev. Moscow:
Svyaz, 1978, 424 p.

2.Meshkov, V.V. Basics of Light Engineering: Study
Guide for Higher Education Institutions. P. 1 [Osnovy
svetotekhniki: ucheb. posobie dlya vuzov. Ch. 1]. 2nd edi-
tion, revised. Moscow: Energiya, 1979, 368 p.

3. Leonidov A.V. Changes in irradiance and illu-
minance on Earth surface during 11 — year solar ac-
tivity cicle // Light & Engineering, 2020, Vol. 28, # 2,
pp- 61-66.

4. Allen, C.W. Astrophysical Quantities (Handbook)
[Astrofizicheckiye velichiny (Spravochnik)]. Trans. from
Eng. Moscow: Mir, 1977, 279 p. (Allen C.W. Astrophysi-
cal quantities. — London: The Athlone Press, 1973, 279 p.)

5. Martynov, D. Ya. Practical Astrophysics Course
[Kurs prakticheskoy astrofiziki]. — Moscow: Nauka, 1977.

6. Schwabe H. Sonnenbeobachtungen im Jahre
1843 // Astronomische Nachrichten, 1844, Vol. 21, p. 233.

7. Schwarzer, K. Lighting with Adjustable Colour —
Study and Optimisation of Colour Lighting Control Sys-
tems / Summary Report, 2006. URL: http://www.bocom.
eu/rus/catalog/downloads/Farblichtstadie.rus.pdf (date of
reference: 07/30/2019).

8. Kononovich, E.V., Moroz, V.I. General Astronomy:
Study Guide [Obshchiy kurs astronomii: uchebnony poso-
bie] / Eds. V.V. Ivanov. 2nd edition, revised. Moscow: Ed-
itorial URSS, 2004, 544 p.

9. Leonidov A.V. Calculation of the Natural Illumi-
nation of the Earth’s Surface at Different States of Cloud
Cover // Izvestiya — Atmospheric and Oceanic Physics.
2019, Vol. 55, # 11, pp. 1592-1601.

10. Leonidov A.V. On optical receivers in pathway im-
plicated in control of human circadian rhythm Biophysics,
2016, Vol. 61, # 6, pp. 1002-1010.

11. Brainard G.C., Glickman G.L. The biological po-
tency of light in humans: significance to health and be-
havior / CIE152: 2003.

12. Brainard, G.K., Glickman, G.L. Biological Effect
of Light on Human Health and Behaviour [Biologich-
eskoye vliyaniye sveta na zdorovye i povedeniye chelove-
ka] // Svetotekhnika, 2004, Vol. 1, pp. 4-8.

13. Thapan K., Arendt J., Skene D.J. An action spec-
trum for melatonin suppression: evidence for a novel
non — rod, non — cone photoreceptor system in humans //
J. Physiol. 2001, Vol. 535, pp. 261-267.

14. Brainard G.C., Provencio I. Photoreception for the
neurobehavioral effects of light in humans / CIE031:2006
“Proc. 2™ CIE Expert Symposium on “Lighting and
Health”, pp. 6-21.

15. Wentzel, E.S. Probability Theory [Teoriya veroyat-
nostey]. 2nd edition, revised and supplemented. Moscow:
Fizmatgiz, 1962, 564 p.

16. Levin, B.R. Theoretical Basics of Statistical Ra-
dio Engineering [Teoreticheskiye osnovy statisticheskoy
radiotekhniki]. Book one, Moscow: Sovetskoye radio,
1966, 728 p.

17. Leonidov, A.V. On conditions of occurrence of
seasonal disorders in human circannual and circadian
rhythm // Biophysics, 2014, Vol. 59, #1, pp. 157-161.

Alexander V. Leonidov,
Ph.D. in Technical Science,
graduated from MPEI in
1970 by speciality light
and engineering and
sources of light. Currently,
he is a retired freelance
researcher

126



