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FOLLOWING ARE THE CORRESPONDING RUSSIAN AND ENGLISH
DESIGNATIONS OF THE TRIGONOMETRIC FUNCTIONS

Russian English

3in sin
cos cos

tg tan
ctg cot
sec sec
cosec csc

sh einh
ch ’ cosh
th tanh
cth coth
sch sech
cach csch
arc sin sin-1
arc cos cos—1
arc tg tan=1
arc ctg cot~1
arc seo aoc'l
arc cosec esc-l
arc sh sinh~}
arc ch cosh-1
arc th tanh~1
arc oth coth=1
arc sch sech-l
arc cach cach-1
rot curl
1g log
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THE PROBLEM OF THE ANGULAR DISTRIBUTION
OF ASCENDING LONG-WAVE RADIATION

Ye. P, Barashkova, L. I. Prokov'yeva,
G. P. Sidorenko
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In 1967, using equipment installed on an IL-18 aircraft, g
the Main Geophysical Observatory (MGO) carried out measurements
of the brightness Ia of ascending longwave radiation in the
3-30 micrometer spectral region at different angles a over different
types of underlying surface. For these brightness measurements
the scanning equipment used was of the same type as that 1lnstalled
on meteorological satellites [1]. The equiprment was calibrated
in accordance with the method discussed in an article [2] by
L. B. Krasil'shchikov. The view angle of the scanner was 4 x 5°,

S with the scanning conducted in the plane perpendicular to the
direction of flight. The duration of a single complete scan from
490 to -90° (reading the angles from the nadir) was 7.5 s. The
working scanning angles o were limited by the sides of the aircraft
nascelle, Measurements were made at different altitudes from
500 to 9000 meters. Air speed was about 500 km/h.

R N . -
«Foa e, N | . SN s e
G A S i S i,

IV T

Fig. 1 shows an example of a brightness recording in relative
units from different altitudes above two types of underlying
surface. The results of these measurements were used to estimate

; .
PRV RETH N Y I

I
the relative angular distribution of long-wave radiation IS,
0

Loms "t -
Papmte. YR
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where I0 is the brightness at the nadir. Because of systematic
errors in instrument readings for large negatlve angles, the
results for negative scanning angles were excluded from further
consideration. It zhould also be noted that the analysis was
based not on the { .»dings of a single scan, but on the average
of ten successive scans under invarlable measureiunt conditlons.

A total of 106 averaged series were :onsidered, corresponding
to various conditions of observation, for scanning angles a of
0, 1, 20, 3¢, 40, 5C, and 60°, Analysls of these data supports
the ":1loving conclusions.

1. The v2..e of the ratlo =, for constant scan angles,

changes within fairly wide limits. As 1i[evident from the

maximun: ond minimum values for the ratio fﬁ cited in Table 1, even
0

with a constert observation altitude (a = 10°) above the same

I
surface 0.893 < fﬁ < 1.070.
0

2. A different behavior is observed on the part of the

g

&
ratio Tﬁ in different situations as a funetion of @, In the

0
I
majority of cases the ratlo fi decreases as a increases. In a
0

number of instances, noted mainly during low-altitude r. .sure-

I
ments, Ti 1s seen to increase along with &, In measurements over

0

a variegated underlying surface, chaotic fluctuations are found

a7,

ke,

ESD ST e,

-

L
in £ as a changes. We should expect that the most correct

N R NS

I, . ;
behavior of fﬁ as a function of a would be observed in measure- 3
0 g

ments over a uniform underlying surface, although, as indicated

by Table 2, these cases also display a deviation from the monotonic

I
a

development of the Ts'ratio depending on q.

Lo n3

ded ﬁgm'.li‘:hw
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Fig. 1. Example of the recording of the
angular distribution of ascending long-wave
radiation: 1 -~ Sea of Okhotsk, 16 September
1967; b - desert, 6 December 1967.

I
Table 2 l1lists average values of 2= f(«) for different

Lo
altlitudes, abtained in 1967 during vertical soundings of the
atmosphere over the Casplan Sea on 24 June, over the Sea of Okhotsk

on 16 September, and over the Central Kara Kum Desert on 6 December.

I

Along with the fﬁ values, Table 2 gives the aireraft altitude H,
0

the alr temperature at the flight altitude te, the temperature

of the underlying surface tn, and the difference tn - tB = A,

The underlylng surface temperature was determined on dry land
from the data of meteorclogical stations situated along the flight
route, and at sea from the results of observations reported oy

ships and coastal stations. The air temperature was obtained from
airceraft meteorograph recordings

FTD-MT-24-284-72 3
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long-wave radiation.

a
Table 1. Extreme values of T
0
1 .| underiying ' Underlying -
a mxi- H surface min : H surface .
710 107 B0 Sea 0,89 330 Sea
20 1,06 330 steppe 0,88 330 .
.| ‘112 450 Desert. 0,88 88 .
] 1,06 330 |. Sea 087 | Ti83 .
50 L4 3 | L7 08 | 9000 | crouss
L ad 'aﬁ PR XS i:fs . m - - msert 0'72 m .
. . ! s A )
Table 2. Relative angular distribution of ascending

e * l‘ 5
H | fatto o fore to |t | 8¢ Jrpoin
0 | 10]2|3]|4]s5.]|é6 '
Y w ... i Caspian Sea ' . -
800 | 1,00| 1,001 099| 099 099 | 099 | 059 204 | 190 | ~14 | —28 -
3300 , 100 100} 099 0.99‘ 098} 0971 096 68 | 190 | 122 3.7
8500 | 1,00 099 097 | 096 | 09¢] 092{ 089 03 [190 | 187 ] 34
7800 | 1,00| 1,00 090 083| 087 083 ]| 079 [-133 | 190 | 323 | 42"
Sea of Okhotsk
200 | 1,00] 100 100| 100] 098] 097| 097 | 108 } 100 | —06 | —30
2000 | 1,00{ 100] 100 101] 101|099/ 098] 18 [100| 82 | 41
5100 | 1,00{ 099 1,00 1,00{ 099| 097| 090 | —92 | 103 | 195 | 38
0600 | 100{ 100 100 1,00| 097} 095 089 |—200 | 120 | 320 49
8000 | 1,00] 099 1,00} 099} 097 | 093] 0,87 |-308 | 135 | 443 58
Central Kara Kum
450 | 100} 100 1,01 | 1,02 1,021 1,04 L1t | 160 25 (—138 |—-300
2700 | 100 0991 098] 097 099) 1,00/ 098] —16 | 20| 36 | 13
3900 | 100 1,01 100 1,00 -1,00] 1,00] 095 |-11,8 60| 178 40
€00 | 100] 1,00, 099 099 035-] 092 | 0,83 |—320 80 ] 400 63
Desination: Subscript letters "ecp" = "average".

g o
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{
The observations over the Caspian in the lower, near-water, i
layer (0-0.5 km) reveal a sllght inversion; there is virtually '

I i
no dependence of Tﬁ on @ at the 0.5 km altitude, but at higher

0
I
levels Ti falls off as the angle increases. Over the Sea of
0

-

L
Okhotsk there 1is practically no change in Tﬁ at small angles;
0
I
beginning with a = 40°, Tg-decreases as the angle continues to
0

: inecrease. In readings over Kara Kum, where a powerful inversion
’ was noted in the lower half-kilometer layer, an increase in

R fg was observed at an altitude of 0.5 as a function of increasing

8 0
'’ 4-a
3 F a. At altitudes of 2700 and 3900 m the T ratio differs little
A 3 0
- b I
2
9 g from unisy, while at 6400 m there was a decrease in Tg-with in-
4 A
;8 creasing a. 0
A g I,
: Table 3. Mean dependence of y— on a and At.
E F 0
- 3 0] o f 10 ]2 [0 |« s e |0
v
g 0 | 1000 1000 | 1000 | 1,000 | 1,000 | 1,000 | 1,000 | 1,000 | 1,000
A 10 1,002 | 1,000 | 0999 | 0998 | 0997 | 0996 | 0995 | 0,994 | 0,993
; 20 1,005 | 1,000 | 0999 | 0997 | 0995 | 0,992 | 0,990 | 0987 | 0.985
LB % 1,006 | 1,000 | 0995 | 0,990 | 0985 | 0980 | 0,975 | 0970 | 0965
9 1,010 | 1,000 .0.990 0980 | 0970 | 0960 { 0950 | 0940 | 6930
: 80 1016 | 1,000 | 0,985 | 0970 | 0955 | 0,940 | 0925 | 0910 | (,895 :
S 0 1,026 | 1,000 | 0975 | 0955 | 0935 | 0,915 | 0,885 | 0865 | 0845 '
ettt ,

LS g S0 )

f All this points to a clear dependence in the nature of the
3 3 angular distribution of' ascendant longwave radiation on the
stratification of the atmosphere. Moreover, when a = const there
)
I
is detected a dependence of fi on At, the difference of the soll
0

I
and air temperature: as the latter increases, fi decreases.
0

o B AR NS U T i bt e T i D LS

- 8 e e
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On the basis of the aggregate of the 1967 observation

I
results, the average dependence of fi on At was obtalned for
0

different angles a2 (Table 3). From this table it follows that,
when @ = const, on the average there 1s observed a linear depen-

Er Id
4 dence of =— on At:
g Io

1
-,.ﬁ--l-bAt.

The coefficient b 1s an increasing function of the angle a:

0,00000
0,00011
0,00025
0,00060
0,00100
000150
0,00225

e€888VSo

and may be written in the form:

———— e

b- 6'25' ‘0—7a3.

where a is glven in degrees.

Now

’.
T~ 1—6,25.10-7a2A¢

I
represents the average dependence of the ratio Tﬁ on the angle and
0

soll-air temperature difference.

i Individual values differ éubstantially from the averages
cited in Table 3. The reason for this deviation may be, first of

6
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all, the fact ‘that the difference At does not accurately describe
the stratification of the atmosphere; in the second place, the
inadequate accuracy in the determination of the temperature of
the underlying surface; and, in the third place, the varying

water-vapor content in the atmospherlc layer. a

The results of angular distributlon estimates made at the
GMTs ! according to temperature sounding data in the Dolgoprudnaya
region,' and graciously made available to us by V. G. Boldyrev,

T
also attest to a linear relationship between Tﬁ and At.
0

The intensity I(a, H) was computed by the formula
Li(e, H) ~ -l-[m T<(an o)+ X Bu(T) 4 (o, o (1)
[]

on the supposition of an absolutely black underlying surface and a
spherically symmetrical atmosphere.

In formula (1) B(To) and B(Ti)are the Planck functions
for an underlying surface temperature of T0 and an average tem-
perature of the i-th layer of Ti; T 1s the transmission factor.

For all absorbent substances and spectral intervals (with
the exception of the transparency window) the transmission factor
was adopted following Elsasser [3], and for the transparency
window - according to Moller [4]. 1In the case of overlapping
bands:

Tm=TH,0* T0¢ T = THO TCO,.

The effective content of absorbent matter was determined
by the formula

lppanslator's Note - This abbreviation, which could not be
found, may refer to some kind of mcteorological center.

JIPEPEt PRLEL L AR R
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”, = J?(‘)f () ds,

where p(£) is the density of the absorbent matter on the £ level;

P, \n

£(g) = (FE) -~ is the correetion for pressure; p(£) 1s the pressure
0

on the £ level; pg - 1000 mb. For water n = 0.6; for carbon

diloxide n = 0.8; for ozone n = 0.4,

The specific humidity was extrapolated according to the
method of M. S. Malkevich, Yu. B, Samson, and L. I. Kaprova [5],
with the CO, content taken to be equal to 0.03% by volume;
Ramanathan and Culcarni [6] were consulted for the 03 distribution.

The spectral interval Av was taken as equal to 20 cm'l.
Integration over the spectrum was conducted from 0 to 2000 cm"l.

In the computation of I the atmosphere was broken down into
i

layers 0.5 km in thickness. The results of these calculations

are given in Flg. 2a, where the Iﬁ ratio is presented as a function
0

of the difference At. It should be noted that at all the altitudes

considered (1.5; 3.0; 5.5; 9.0; 12.0; 20.0 km), with a and At

I
constant, close values are noted for Ti.
0
With changing 4@, just as in the analysis of the measurement
results, we have a set of straight lines intersecting at a point

(At = 0, ;% = 1) whosea angular coordinates increase along with a,

In their work [7] Wark, Yamamoto, and Leinesh cite data on
the angular distribution of outgoing radiation obtained on the basis
of temperature soundings 1In a cloudless sky at 59 locations situ-
ated in different zones throughout the world. In this case also,
if as an indirect characteristic of the stratification of the
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atmosphere one uses the temperature difference of the underlying
surface and the upper boundary of the troposphere, on the average

L)

one obtains, if aq is constant, a linear dependence of the ;ﬁ
“0

ratio on At (Fig. 2b). In either situation (Fig. 2a and b) the

angular coordinates of the lines are close, and the relative

angular distribution can be approximately written in the following

form:

T 1052 10-Ta AL,
L
I
From a comparison of the TQ values taken from [7] with the
0

value of the water vapor w_ contalned in the atmosphere (Fig. 3)
it follows that a rise in w_ 1s accompanied by a decrease 1ln the

I
ratio fg. This 1s particularly evident with large values of 2
0
and small values of w_ . However, it must be borne in mind that
the dependence shown in Fig. 3 does not describe the "pure" effect
of w_, since a definlte relation 1is cbserved between the values

of w, and At: as At increases there 1s an increase in w_, and

|

the increase of both values acts on Tﬁ in one direction. The true
0
I
effect of a change in the water vapor content on the value of Tg
0

can be evaluated only for fixed values of At.

I
Table 4 1ists the results of calculations of the ratio Tﬂ

0

for identical values of At and different content W, The calcula-

tions were performed using formula (1) with the following additional

assumptions:

1) the absorbing substance is water vapor, its density
distribution with altitude being described by the formula

217 . 10-¢
Ps ™= po 7%, 8 po= "7,

9

Hansaadon Fotadha Y VK 0 5

L)

£

1N At :L.:'&' ai

Ao el

el %
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Flg. 2. Dependence of the ratio T~ on the soil-air v

0 yo4

temperature difference: a) according to data of V. §
G. Boldyrev; b) according to data of Wark, Yamamoto, %
and Leinesh (for outgoing radiation). ;
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where Qg is the elasticity of the vapor in millibars at the under-
lying surface;

IR

2) the temperature declines linearly with altitude:

r‘- T.—'[Z. 1-6~ 10-% °/Cll, p- 45- 10-¢ tICN.

E |
The transmission factor was written in the form of an exponen- f
. tial function. K. Ya. Kondrat'yev's approach [8] was used to take _ 3
into account the spectral dependence of the absorption coefticients. 3
. 3
3
Table 4. Relative angular distribution 3
of ascending long-wave radiation for a 4
fixed value of At and varying water vapor 3
content. 3
. ratio L for o° ;
tase <y T
0 | » | 60 | % 3
Hm=1 xu, At=6° ]
1 0,010 1,000 0,999 0995 0,982 ;‘
-2 0145 | 1000 [ 0998 | 0995 | 0990 3
3 0,688 1,000 0,999 0,995 0,990
4 1,081 1,000 0,999 0,995 0,990
5 1677 1,000 0,y99 0,995 0,990 1
) Ho 4 m, At = 20° J:
1 0022 1,000 0,996 0,975 0942 3
2 0314 1,000 0,996 0,980 0,947
3 1,483 1,000 0,996 0% 0,250
. 4 2338 1,000 0,996 0,980 0,951
8 3621 1,000 0,996 0,980 0,952
Hw=8 xu, At = 48°
1 0,028 1,000 0,990 0,965 0,884
2 03583 1,000 0,991 0,955 0,886
3 16701 | 1,000 | 0990 | 0955 | 0889
4 2634 1,000 0,991 0,956 0,890
s . 4108 | 1000 | 0995 | 0958 | 0891
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Flg. 3. Dependence of the ratio ™ for outgolng radiation on the :
0
amount of water vapor in the atmosphere. 5
;
The 1nitial values of To and dq used in the computations are
given below: ’
N Te °K Go 6 we g/cn?
1 n21 0,14 0,025 %
) 309 23 0,356 . oL
8 2963 120 1688 .o %
4 300,0 190 2662 o 3
s 030 300 4120 R
S 3
It follows from Table 4 that a change in the water vapor E f
I LA
content has no appreciable effect on the value of the Tg ratio. TS
0 y :
| The maximum difference between the values of 7= when At = const P
3 0 P
: and a = const does not exceed 0.02 y*. The changes of y> as a I
0 0 ; ]
!
t
FTD-MT-24-284.72 12 ;




A p i S et s Heea RS I TR *0 LAl d i aarion e e 0 L p N Al L T Rk P A Ry L E i Y e s B IR SR 2w A DR S T S | L T e ey
" VT AT e B

function of At are of the same order of magnitude as those clted i
in Fig. 2.

¢
3
2
e

"

I

Thus, the angular distribution of ascending longwave radia-
tilon at different levels of the troposphere will be basically
determined by the vertical temperature profile.

Despite differences in computational methods, the findings
derived ‘from the data given by different authors are in close
agreement ; however, as shown in Table 5, they all differ widely
from measurement results. The cause of this discrepancy may be
the inadequate accuracy of either the computations or the measure-

e st T Sy

ments, or both.

I

Table 5. Comparison of the dependences of Tg on At
0

RFIR NNA-LTFORTI TR N BT S IR L R Wy UL SRR

as obtained by different authors (a = 600).
] A‘.

Author 196770 | 10 | 20 | ® | # | 0 | & | ™ jg

1 1,000 | 0995 | 0990 | 0984 | 0978 | 0972 | 0966 | 0,960 §

' 2 1000 | 09s2 | 0985 | 0978 | o972 | 0965 | 0,958 | 0962 ;
3 max | 1000 | 0991 | 0981 | 0974 | 0965 | 0956 | 0948 | 0,940

min | 1,000 | 0990 | 0979 | 0968 | 0958 | 0949 | 0938 | 0920 }

¢ | 1055 | 1,000 | 0976 | 065 | 035 | 0915 | 0sss | 0ses | oses b

NOTE: 1 - computations of Wark, Leinesh, and Yamamoto;
2 ~ computations of Boldyrev; 3 - computations of the
authors obtained by integratlion of the data of Table

Iy 4 - measurements.

HIFE NS A AT

The assumptions used in the computations may not obtain in
the real situation. Thus, for example, by assuming the underlying
surface to be absolutely black, we consider its radiation to be
isotropic. However, a smooth watery surface displays an acute
angular dependence of the reflection factor ry and, thus, of the
emissivity as well:

ric LB B Gy e BT V2 o fr e 0% 2

Hh=l-r,

PTD-MT-24-284-72 13
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| .
; - Taking into account the angular structure of the emissivity
leads to an intensification of the angular dependence of ascending
] long-wave radiation, as manifest to a greater degree when the
water vapor content 1s low.

I
Table 6 cites Iﬁ values obtained for an absolutely black
0

% surface (a) and with allowance for the angular distribution of the ;
emissivity (b) according to Novosel'tsev's data [9], but with no )
allowance for its spectral behavior. These estimations were based

on a constant value of ry corresponding to a minimum when A = 11 .

o s
A

P
PO T o, s

R

[
SRANTIF (IR /2y

min.

Table 6,
Wy AP

..
0 60 T ®
0,990 0,956 0,884
0,966 0,933 0,068

09% 0,968 0,591
0992 0950 0,800 .

ST U TORE N
I T R

0,028
0,036

4,108
4108 l

TE it o b B

as o
&8 &8

a0 aan e N ARE AL AT

Allowance for the spectral varliation of Ty leads to an even

I
greater deviation of Tg-values from those.derived for an absolutely
0
black surface. Thus, by bringing the computation conditions into

closer accord with the real conditions of observation, the discre-

I .

pancy between the measured and computed values of Tﬁ is reduced. :
0

-
0 LYt e s o

KT
fiian

KINE

e

™
4

UL L VS . A NN

Bibliography

‘1'Becxun B, A, u_ap. AKTHHOMETPHUECKAR INNAPATYPA CODETCKHX METEOPO/OTHYE-

xR CRyTHHKOS 3eMam. Tpyaw [TO, sun. 22t, 1968.
2 Ia;unnsmnuo: JI. B. MMpuuunnst TPIAYHPOBKN AAHHUNHUROAHOBLIX AKTHHOMET-

puveckux nNpuSopos mereoponoruieckux cnytunxos 3eman. Tpyaw I'TO, smn. 221, 1968.
J Elsasser W. M. Heat transfer by infrared radiation in the atmosphere. Harvard

Meteorological studies, N 8, 1942,
4M ll‘e t F. Evaluation of Tiros il radiation date. Interim. Report Met. Inst. Univ.

N 1L
8. Myaxesux M. C,Canconos 10. B, Kanposa JI. U. Boannoh nap scrpa-

Tochepe. Ycnexn duandecxux wayx, tod 80, sun. 1, 1963
6. Ramanathan K, Culcarni P. W. Quart. Journ. R. Met. Soc. v. 56, N 368,

1900,
« 1. WarkD. Q,Yamamoto G.and Leinesh J. Infrared flux and surface tempe-
rature determinations from Ticos radiometer measurements. Meteorological satellite labora-

tory, Weather Bureau Washington, 1962.
8 Kouxpatses K. f. Jlymcruk tennooluen s atmocdepe. I'mapomereonsgar,

; 1. 1968, )
! « 9 Hasoceasues E. I, Tey-Mapn%"u H. E. O6 otpamenun aaunnoson.
wosok paamauun sogwoh nosepxmoctsio. Tpyam [TO, swm. 128, 1

ek v d

Skt bt S

LD A S e a %oy | M DS € e Bt b Rtk Y DO gyt

W Rt e S Dl Wy b

%
G
s ot <
By IR e oY T LW P g e N g gein o,

W W e

FTD-MT-24-284-72 14

a LI CRRT 1 o VLV




