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ON THE QUESTION OF CALCULATIONS OF THERMAL
RADIATION OF THE ATMOSPHERE

Khel'gl Niylisk

Introduction

At present there exist three methods of computing radiation fluxes

of the atmosphere: theoretical formulas, empirical formulas, and

graphlc methods. Since empirical formulas are true only for average

conditions of the atmosphere and calculations with the help of
theoretical formulas are connected with large calculating difficulties,
many authors have tried to find graphic methods for calculationkof
atmospheric radiation fluxes, which would allow to simplify the
calculations and simultaneously correctly consider the concrete -

conditions in the atmosphere. As is known, such graphic methods are

called radiation nomographs, °

Since at present there exists a whole series of radiation ﬁdmo- )
graphs based on different principles, their comparison and also their
study is of considerable interest, Study of the nomographg enab}és
one to clarify the cause of the divergence of results ahd‘thus té this
or that degree to try to evaluate the advantages and deficiencles of
individial nomogrophs, This I: the ba:lc purpose o1 thls work., Renlde:r
this, by using average aeroclimiutic data for various zones of the globe
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we wiil try in this work to Obtaln average typical duata aboul the

movement of fluxes of thermal radiation on different latitudes and

helghts in the troposphere.
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Brief Characteristics of Radiation Nomographs

.

During the construction of radiation nomographs all authors

originate from the equation of the transfer of long-wave radlatilon
[1, 2]:

[e—

M ¥(s, 9
o TR e by 4, ) — Ey),

ﬂz,“““"’

. (1)
o —a =hi6—1 4z fl

It is found that after approximate solution of these equations

NP -

the expression for fluxes of radiation can, by one or ancther means,

be presented in the form

where M and N are certain known functions,

Fluxes of thermal atmospheric radiation will be numerically

equal to the area in the system of coordinates (M, N). o
Expressions for fluxes of radiant energy constitute triple integral

over all wavelengths over all solid angles composing the hemi.phere

znd over all elementary layers composing the final layer for which ;

radiation is calculated. The distinction between nomographs consists

in the order and methods of thelr Integrations and nlso depenc:s on the

utilizedi experimental data ot absorbed long-wave radis:
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the transmission function. Of essential value 1s not only the quanti-
tative distinction of transmissinn functions but also the fundamental
approach to them, depending upon the quantitles determining them, As
is known, the transmission of thermal radiation by the atmosphere
depends not only on the content of substances absorbing radiation in
the étmosphere but also on the structure of layers which absorb
radiation, Therefore the transmission function should be presented

in~the form

PoosPs(m, p, 7). (3)

Thus the difference between radiation nomographs consists still
in the calculation of the dependence of transmission functions on
pressure and temperature,

It 18 necessary to note that without exception all the authors
of radiation nomographs conslder the dependence of the transmission
functiong on pressure not directly, but indirectly, by introducing the
so-called "effectlve absorbing mass." In otherwords, instead of the

ordinary expression for the abcorbing mass

-

m = [opdz, (%)

they spply the formula

m® v foud (P)ds. (5)
We know of seven radlation nomographs, by the followlng authors:
Shekhter [3, 4], Dmitriyev [5], Brooks [6], Robinson [T], Elsasser [8],
Yemamoto {9}, and Migge and Moller [1, 10, 11].% Let us consider

briefly the basic principles of these nomographs,

lanother radiation nomograph was developed by Deacon [12], but it
is intended for calculation ¢f thermal flux only in the surface layer
of the atmosphere,

=la
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The simplest principle of constructicon of radistion nomographs was

used by Shekhter, Brooks, and Robingon. These authors considered the

dependence of the transmission function only on the effective content

of water vapor, i.e,, they presented the transmission function in the
form

‘ "—’5‘-)0 ' (6)

where ) ' .

- [oVEs ™
Here P designates a certaln standard pressure.

A more general principle of the construction of radiation

nomographs was applied by Tmitriyev, Elsasser, Yamamoto and also by

Mligge and Méller., They tried to consider the influence of temperature

on absorption of long-wave radiation.

As is known, the integral transmission function can be expressed
as follows:

anfl;m Py oty (T, p), @] dA (8)
The influence of the temperature of the absorbing medium on the

absorption of radiation appears in twofold form. On the one hand, with

a change in temperature in accordance with Wien's law there occurs a
displacement of the distribution curve of energy in the spectrum of

radiation of an ideal black body ("displacement effect").
of this is £, = f,(T).

A consequence
On the otherhand, a change in the temperature
of the absorbing medium is connected with a change in the intensity

and width of lines and absorption bands. Therefore the coefficient of

absorption kl should also be considered to be a function of temperature.

Suring the construction of their nomograpns Dmitriyev, #l:--sser,

Mimre and MBller considerzd only the "effect of displacer »nt™: they
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considered coefficients of absorption to be independent of temperature,

Yamamoto took the dependence of the coefficient of absorption on

temperature into account. Therefore with respect to caiculation of

temperature effect Yamamoto's nomograph is the best developed,
For the effectlive content of water vapor Elsasser recommends uslng

formula (7) and Yamamoto and Dmitriyev propose the following formula:
 J .
¥ A
.-‘[.'h‘.& (9)
Mdller proposes taking a more complicated correction for calcula-

tion of the influence of pressure on infrared atmosphere radiation.

He considers that in formula (5)

i () =0985(2)" +0.018%. (10)

&pmograph of F. N, Shekhter

In basis of construc n of his nomograph Shekhter assumes general
formulas for fluxes of thermal radiation obtained as the result of
integration equ-tlons ot transfer of radiation (1) by the method of
Ambartsumyan and Lebedinskiy [2]. The concept of this method consists
of the fulfillment of integration over all wavelengths in two stages.
First integration is conducted in terms of those A for which k < kx <
< k + dk and then for all dk., Further there is introduced the function
r(k), determining the share of intensity of incident radiation occurring
on those sections of the spectrum to which there corrgspond
infinitesimally differing values of the coefficient of absorption,

i.,e., in those sections of the spectrum the coefficient of absorption

is considered con-tant,?

1Here Shekhte - ronsidereu Lhie function '(k) to se irntependent of
temperat-re.

b=




For the descending radiation flux of the atmospherc Shekhter
obtained

ov;ﬂef-mwats‘ Po(w)is + '
+ | Po(wa.)dB = ’ny?ﬂ;ﬂ._

_lhmq

The rising fiux of thermal radiation can be determined analogously.
As can be seen from formula (12), the thermal fluxes at a given
level zre numerically equal to the area bounded by a closed contour in

the system of coordinates (PD, B).

During construction of the transmission function PD’ Shekhter
considers the influence of two atmospheric gases — water varor and
carbon dioxide — on the absorption of thermal radiation; this means

that Py = Pp(w, u). O5he assumes that

P (w, 4) = P (@) ~ P (W)sr - A ()sos. : (13)

Here the exponent "13-17" shows that the function of transmission
or absorption is given only for the 13-17 u region of the spectrum.

Further, Shekhter finds a connection between u and w (with an

average content of carbon dioxide):

N
w1031 — (1)} (14)
By substituting expression (14) in formula (13) we will obtain the
transmission of long-wave atmospheric radiation 1n dependence upon
only one variable — the effective content of water vapor, w.

Shekhter

proposed a special nomograph for computing w. However, in the form

in which it is given in work [*] this aaxillary nomogr ph gives results
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which do not correspond to formula (7); apparently there is a misprint
here,

During construction of the transmission function PD Shekhter used
experimental and theoretical data of many authors on absorption by

water vapor and carbon dioxide [3]). The obtained curve turned out to

be in good approximation to the formula

Pp (w) = Q\Hs (¢1, V.;) + PiH, (1, V®). (15)
Shekhter determined the values of the coefficients: Q1 = 1,88;

e we

Nomograph of F. Brooks

Brooks!' nomograph is built on the assumption that in the coordinate

system [(& - sﬁ), B] thermal fluxes of the atmosphere are expressed by

areas,! 1i.,e.,
0 (9)= ¢ (1 = o0) 4B, (16)

Brooks experimentally determined emittance eg(w, u) for parallel
radlation, Observations were produced in the laboratory and in the
Earth's atmosphere (in a winter continental-polar air mass which
contained a normal quantity of carbon dioxide). Thus, during the
determination of the magnitudes of w and &(w) the influence of carbon
dioxide on emittance £ in the given air mass was automatically
considered. The coefficient of diffusivity was determined experimen-
tally in order to obtain the emittance for diffuse radiation; it
turned out to be equal to 1.73. The curve g = sD(w) was obtained
with account taken of the influence of carbon dioxidé on the trans-

mission of radiation (on the assumption that the content of carbon

1Brooks used tue fact ti:nt in an isuthermal atomo:phere P = 1 - g,

8. e e
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dioxide corresponds to conditions of a winter continental-polar alr
masz),

Nomograph of G. Robinson

‘!

Robinson, like Brooks, congiders that fluxes of thermal padiation

3.3

E:

in the atmosphere are expressed numerically by areas in the coordinate i L
system {(1 - 55}, B}; The only difference is that Rcbiﬁsonrcéﬁéi&;fs 1'§

the influence of carbon dioxide on atmospheric radlation fluxes

separately from the influence of water vapor, He assumes that the

radiation of carbon dioxide always composes 18.5¢ of the radiation an

£ EREID s G

ideal black body at a temperature of the air at the earth's surface
such that

G(w) w= 0.1858, + § [1 — ap{w)}dB. . . (17)

'z ng measurewents of the emittance of isothermal layers of the ;

atmosphere carried out by different authors, as well as his own,

Robinson ccneotructed the curve of the dependence of emittance of the

e Y L . -

isothermal layers of the atmosphere on their absorbing mass for parallel

radiation. Then he constructed a curve with taking into account

yteva o

diffusivity of radiation, where the coefficient of diffusivity was

assumed equal tc 1.66,

e o ¢ B e 1%

Nomograph of A, A. Dmitriyev

At the basis of the nomograph of Dmitriyev lies the most general

e

examination

o

o B SRR 7ot . et -

of the problem of transfer of long-wave radiation in the

atmosphere, In this case the determination of radiation fluxe:s are

produced in three stages, for which there are three corresponding

nomographs: one basic and two auxiliary. First — an auxililary
nomeograprh — permits considering the dependence of th: ihsorpti: of

thermal radiation o the atme “i»re on pressure and ser. :3 tor

«Q-




calculatlion of effectlve absorbing masses of water vapor, With the

help of the second — the basic nomegraph — the intensity of radl:ncion

for different directlons is calculated. By solving the general equn-

tions of radiative heat transfer, Dmitriyev obtained the following

formula for the intensity of desc:nding radiation:!

L

140 = [ FESDar(Ti, v, (18)
where "f" .
R(T, w) -ka.E‘(r)'-lu.a (19)
and -
. Ra(T, ) = f E(Ty""dd (20)

when T1 = 273°K.

In formul:s (19) ang (20) ky,. designates the coefficient of
absorptlon at :tindard pressure Pe-

Dmitriyev obtained an analogous formula for 14

The third — an auxilliary nomograph — serves for calculatlon of

total fluxes of thermal radiation in a hemisphere by the formulas:

” . ks -
.
auuy-z.zfﬁ (w, 0)d (252),
[ ]
"

" ¥ L
| au.,‘..ufn (w, 0)4 (252).

J

During const:ruction of the transmission functio: Dmltriyev used

e i

the exponehtial'law

‘It ic necess -y LO note a::L tne «:cniis of eale i tions by the
womograp ¢ of Dmititrev and n o igire 4 Molter do not depend on the
velectior of tempe: ure YJ. ) SRR

-1~
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Pg“’?""« (22)

Integration over all wavelengths was carried ocut within the limits
4,51 = A 8 92 u, Here the entire infrared spectrum was divided into
16 sections from 1 to 28 u in width and it was agsumed that in each of
these sections absorption was constsnt. The coefficients of the = .
sections were calculated according to Albrecht and Elsasger, The
influence of carbon dioxide on the absorption of long-wave radiation

is completely ignored by Dmitriyev.

Nomograph of R. Migge and F. Mdller

The nomograph of Mijgge and Mdller 1is based on the approximate
solution of the problem of the transfer of long-wave radistion in the
atmosphere. The basic principles of the nomograph are approximately
the same as those for Dmitriyev nomograph No. 2.

On the nomograph of Migge and Méller long-wave fluxes of atmo-
spheric radiation are depicted in the coordinate system [x(?i, w),

y(T, Ti’ ;)], 8o that

Gle) = § (7. 7. w)dls(T0. @)}, (23)
where
- [aey 2y
2T\ o) = [ o 2E N2 a, (24)
TamEowma
7. Tw)

e
- ze‘(méu,u’. wan' (25)
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where v' 1s the frequency correspunding to the center of the line,
T1 = 313°K, k' 1s the coefficient of absorption in the center of the
line,

For construction of the function of absorption the authors use the
average coefficients obtained by Albrecht. The coefficlent of
diffusivity is equal to 1.66.

A speclal auxiliary nomograph 1s proposed for calculation of the
influence of carbon dioxide on atmospheric radiétion.» During construc-
tion of this auxiliary nomograph it was assumed that‘radiation of an
isothermal layer of carbon dioxide at a temperature of 313°K and
contalning an infinitely large quantity of 002 is 13.3%‘of the
radiation of an 1deal black body at tne same temperature, If the
change in the content of carbon dioxide with height is known, with
the auxiliary nomograph one can determine the magnitude of radiation

of carbon dioxide for any layer of the atmosphere,

Nomograph of W, Elsasser

By solving the general equatlons of transfer of long-wave radiation,
Elsasser'beforehand carries out integration in terms of all solid
angles and all wavelengths and for integration in terms of all
elementary layers he proposes a2 radiastion nomograph. Radiation fluxes
in the given case are numerically equal to areas in the coordinate

system'(%&T, aTg), where

Q(..r)’i;

Here a is a certain constant. ’ 1
Fluxes of thermal~fadiatioh‘aré cﬁlculated grnphiéally‘oglthe
basi: of the formula ) o
G(w) = § Q(w, T)dT. (28)

12~
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To carry out integration in terms of wavelengths Flsasser idealize.

o g

the absorption spectrum and introduces a so-called generalized coeffi-

clent of absorption Ly- During calculation of these coefficients

Flsasser uced theoretical and experimental data of many authors on

absorption by water vapor [8]. Elsasser considers radlation of carbon

dioxide very approximately, considering that independently of the
content of carbon dioxide, its radiation (in the interval 13-17 u) can
always be consldered equal to a certain fraction of the radiation of

an absolute black body at the temperature of the considerred level.

Nomograph of G, Yamamoto

The equations which form the basis of the Yamamoto nomograph are

the same in principle as those in the Elsasser nomograph, but Yamamot.o

transformed them somewhat. He selects another coordinate system,

namely: as the abscissa, B(T) and as the ordinate, Pp(w, T). For
calculating the transmission function of water vapor Yamamoto used

the Elsasser method, i1.e., generalized coefficients of absorption IA(T).
but for the far infrared region he used other data about absorption by
water vapor, Yamamoto also considered the dependence of l, onT,

Yamamoto considers the radlation of atmospheric carbon dioxide

with the help of two special auxiliary nomographs. The first of fﬁeﬁ}‘ ‘
serves for calculation of the corraction of the radlation of carbon ;
dioxide AG[fl(u, w)] in the 12,5-17.5 u region of the spéctrum{on the
total radiation flux, This nomograph is ldcated in thg'lowervpart;
of the basic nomograph., With the help of the otﬁer au;iliary nomograph
one can find the function f;(u, w) if u and w are known.

For construction of the transmission function of carbon dloxide
Pn(u. T) in the 12,5-17.°% 1 region of the spectrum Yamamoto used

Callenderts data, The coafflclent of diffusivity wn: taken ns 1.5,

-1}-
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The dependence of the trunsmission function trancmission for 602 on

“'t$mperature was considered only at temperatures T ( 1¢0°K. The trans-

mission functions for water vapor and carbon dioxide Pb(u, W)} were

caiculated on the aggumpilion that
Potw, w) = Pou) - Po(w). (29)

The transmission functions for all the named nomvgraphs are shown

in Fig, 1, But it ig impossisle strictly to coampare these functlons,

since they are

nJ’ ? determined at different
“swsm f

. . cereesie @ temperatures, ¥For

wepamen §
sanburdee §

- . Py instance, the abdforp-~
tion funciion of the
Miigge and #Oller
nomograph was obtsined
at & tempersture of
fi}oK and that of the
Elsasser nomograph at

273°K. In the

. . v
- -3 . - [] o 2 Yamsmoto nomogrniph

FPig., 1. Integral transmission function for

nomographs: 1 — Elsasser (09C); 2 — Migge only the absorption

and Moller; » - Rooinson; 4§ — Brooks; H -

Yamamoto; ¢ — Shekhter; 7 — Dmitriyev; 8 — function for water

Elsacser (40°7), . .
vapor is given, cince

Yamamoto considers the radiation of carbon dioxide separately with the
help of a special nomograph, Owing to the various principles of
construction of the nomographs in general, an exact comparison on the

baslis of the corresponding ruanctions of absorption o imposcitle,

&3




Calculations by the Nomogreaphs and Analycoi:
of the Results

In this work czalculationsg are performed according to xll the
sbove~described nomographs, with uge of the following data:

8. Data of radiosounding of the atmosphere near the city of
Tallin during 1958, Only data of cloudless days are selected,
b. Average typleal seroclimatic datay in clear weather for
various latitudinal zones of the globe, taken from works 9 and 13,

The principal characteristics of these data are shown 1n Tables
1 and 2.

Table 1. Temperature, Thickness of Inversioa,

and Total Content of Water Vapor! at thne
Earth!s Surface

ick-
Date Time tO(OC) ﬁig,?f 0,
Bion(oc "cm“}

. 10 — 122
8100 —323 £ 5 a9
1I7. M8 . 0308 -~45 40 o
w uss 21.08 -42 . .08
0w ns o0 -~40 29 os
1500 ~25 - on
®» s Qo |, ~-i23 33 0
1508 - 42 — 0.
H o Mms 2% s - oSt
2 ms 0 120 n 030
% Ve X ae - 132 17 or
. 1500 F 13 -— o
noe 32 - 095
" vse oL 'Y ] - n -
s VS o108 s 11 1.9
0 Vv Hoo (1] 1) 148
N ve o0 . 4“4 14
» Vil &% 200 ns 53 ‘223
150 e — i
noee .2 - L. .
M VIRt 8 1500 n2 - .
ne ue ¥ m»
1. IXS 1) ns “» m

lPer formula (7).
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Table 2. Temperature and Total Content of
Water Vapor on the tnrth's Surface in Various
Zones of the Globe in March!

o L,
Latitudinol zone | t (°C) Wy ol em”)
0—1"N : nr 423
10—-20° N - 283 L

0-3"N 23 18 '
VN 150 . 54
0-80°N 40 108

N 50—80°N . —-80 057
07" N —13 038

1Tt is possible to consider these values
close to the annual average.

With the help of the family of nomographs fluxes of thermal
atmospheric radiation (descending flux, rising flux, and effective
radiation) were determined at the level of the earth's surface und
at 3 km. On the baslis of the data in Tuvle 2 radlation fluxes for the
8 km level were calculated. For determination of the effectlve
absorbing mass of water vopor the formula recommended by the author
of the correspcendlng nomozraph was used (the only exception is the

Migge and Mdller nomograph, for which effective absorbing masses were

calculated by formula (7)).

The radiation of the earth'!s surface 1in a2ll cases was calculated

I
by the formula B, = 6T0

The results of these calculations are presented in Tabies 3-10
nnd in Figs. 2 and 3.

Besides this additional calculations were produced by the various
nomographs to study the influence of the correction for pressure and

tor a more detai.ed determination of the movement of fluxes of thermal

atmospheric radiation with helght.
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R — latitude zone .
o-0° 2030° L

%0-s0° ‘00-00*
Fig. 2.

Descending atmospheric radilation
flux for variocus latitudinal zones per

nomographs of: 1 — Elsasser; 2 — Miigge and
M&ller; 3 — Robinson: 4 — Brooks; &5 —
Yamamoto; 6 ~ Shekhter; 7 — Dmitriyev.

The divergence of the resultas determined by the varlous nomo-

graphs 1s comparatively large. Especially great are the dlvergences of

values of effective atmospheric radiation; descending radiation fluxes

the divergence lies within the limits of measurement error.
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— ' latitude zone .
o 20-30° 40-50°  60-m°
Fig. 3. Effective radiation for various
latitude zones per nomographs of: 1 —
Elsasser; 2 — Migge and Mdller; 3 —
Robinson; 4§ — Brooks; § — Yamamoto; 6 —
Shekhter; - Dmitriyev,

The divergence of the results increases with height. O0On the
earth's surface in the reglon of effective absorbing masses

w = 1-1.5 "em" there i3 still very good agreement between the values
of radiation fluxes of the atmosphere as determined by the various
nomographs. There are exclusively great differences only when the
effective absorbing masses w > 2 "cp" (up to 10% of the value of back
radiation and up to 30% of the value of effective radiation). The
maximm difference in this region constitutes 0.052 cal/em@emin. At

a height of 3 km the curves - fluxes of thermal radiation noticeably

LT L

differ and at 8 km the differe.~es iIn the values of back radiation for
22




one and the same sounding of the ntmosphere attain ar racn . a3
(L.083 cal/cmeomin) and the diff rencec in the valnes o! effective
radlatlon reach 24% (0.089 cal/ew’ »min).,

The overall picture of the vilue:s of atmospheric t'luxes s very

complex and the distinctions in the results seem nonsystematic, since

corresponding curves intersect and their relative location changes

with height. Good coincidence is found only in the results from the

nomographs of Shekhter and Brooks. Comparatively satisfactory agreement

1s noted in the results from the nomographs of Yamamoto and Dmitriyev,
but the differences in radiation fluxes here lncrease strongly wlth
helight, There 1s a certaln coordination in the values of btack radiation
found by the nomographs of Elsascer and Mdller, The remainlng results
do not colncide and the differences grow strongly with height.

Let us try to clarify the causes of these divergences. FfFirst of
all we will compare the results of the determinatlon of radi-tion
fluxes (Figs. 2 and 3) and the corresponding tranemission functions
(Fig. 1). Actually a good correlation exlsts between the movement of
the transmission functions and the values of fluxes of thermal
radiation, Transmission functions of various nomographs cross at

approximately those values of effective absorbing masses at which

there is intersection of the curves of the corresponding fluxes of

s Wi -

thermal atmospheric radiation.?

A certain deflection from this rule can be found only at large

absorbing masses and temperatures (there where the ubsolute values of

pite B E R e

planimetry error can be great) and in results obtaired -t very low

e will not: that by thl. method it ls impossicle to compare the
results obtalned Ly the nomo, raphs of Yamumoton with i other recults,
slnce Yrnmmoto con.lders the Influence Hf Ciil on sbaprption of long-

wave radistion by meuns of a speclal nomogroph,
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atmospheric temperatures. For the nomograph of Migge and Mdller this

correlation 1s weak. But here one should note thut the transmission

function of the Miigge and Mdller nomograph 1 given for a temperature
of 313°K and the rest of the transmission functions are mostly for
273°K. With comparison of the transmission function per Mugge and
Moller with the function of absorption per Elsasser for 313K (Fig. 1)
it is clear that quite good correlation exists between these trans-
mission functions and the corresponding values of atmospheric back
radiation.

Thus the transmisslon function is one of the main factors
determining the values of radiatlion fluxes according to one or another
nomograph.

Besides this, a certain influence 1c rendered on the determination
of radiation fluxes on the nomographs by the fundamental construct;gn
of the nomographs, and maihly by the dependence of absorption bn .
temperature. As 1s known, during calculation of the "effect of
displacement” somewhat larger values of back radiation are obtained.
This temperature effect emerges especially strongly at low atmospheric
temperatures, On the basis of this it is possible to explain the
relatively large values of back radiation trom the nomographs of
Dmitriyev, Yamamoto, Elsasser, and Migge and Méller at low temperatures.

3ince for the nomographs of Dmitriyev and Yamamoto the effective
absorbing masses are calculated witl use of the correction'%— and in

c

the other nomographs this correction isJ%——, we obtain corresponding
c

eftrectlve absorbing masses, on the averag:, 10% smaller (with small
absorbing masses, even up to 50%). This ls one of the reasons tfor
which the values o back radintion are smnller by the womographs of

muiteiyer and Yammato than by other nomographs. To study the influence
=24~
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of the correction ror pressure r{p) on atmospheric radiation fluxes,

we produced additional caleulations by the Yamamoto and Dmitriyev

nomographs, using the correctionilg:, and by the Elsasser nomograph
¢

with account taken of the correction £-.

The results are given in
c - .- B * e = s

Tables i1 and iZ2,

Table 11, Influence of Correction for Pressure on Descending .
Atmospheric Radiation Flux G } (cal/em?.min)
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Table 12,

Infiuence of Carrection for Pressure on Effective
Atmospheric Radiation F(cal/cm<.min)
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“As can beé g¢en Trom the tables, the Individual differences in
back radiation are within the limits 0.003-0,015 cal/bmg-min. The
change inrgffectiva radiation is approximately the same, By the
Yumamots nomoegraph the changes in the values of back radiation
constitute, on the average, 1.5% at z = 0, 2,6€ at z = 3, and 7.0%

at z = B, The changes in the values of effective radistion are 3.1,

3.5, and 3,6%, respsctively.

In order to recognize which meteoelem2nt has an especially stronz
influenze on radlation fluxes of the stmosphere, we studled the
correglations between Go i and t,, Gy 4 and o, G3 { and t3, G3 1
and t,, 33 ] and Wi ot These correlations were consldered also for
effective radiation,?

It was found that atmospheric back radiation gives gquite good
correlation both with temperature and z21s0 with the total content of
water vapor. Typical pictures of this correlaticn are given in
Figs. 4 and 5, where its values as computed by the Elsasser nomograph
and also by other nomographs give an analogous picture.

Effective atmospheric radiation glves no correlation with
temperature and effective absorbing mass,

The emplirical formulas of Angstrom and Brent for the determination
of effective radiation and back radiation of the atmosphere are widely

known. With a cloudless sky they have the following general form:

=l )
Yere|

where fland " are certain functions of €y

(30)

‘Here the index shows t:e heigit . above the eurtn's surface,
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e e Fig. 5. Correlation between
o2t ‘e atmospheric back radiation
.. ¢ . - at the 3 i level and the
0. * : 1 temperature on the earth's
' ) surface,
. 2
i . . & In order to check the
[ e —— -
* 8 . @ s = validity of these formulas,
. @
<t in this work we studied the
F
“
Bad correlation between __10
* 0‘1‘0
and €o and also that between
-2
GO i
Fig. 4. @ — correlation between atmo-

spheric back radiation and temperature

on the earthtg surface; O - correlation

between atmospheric back radiation and
the total content of water vapor on the
earth's surface,

" and €5+ On the basis
aT
0

of values of FO and GO b

obtained by the nomographs,
Typical correlation graphs are depicted in Pig. 6

-

As can be Seen, there actually exists a certain correlation between

GO ]

F
the ratios —Q—E and B 1 and the tension of water vapor eo, but the
oT oT
(8] 0

It is necess:iry to note that in this cas

e all tne nomozraphs ..
approxirarely ldentical correlaticn graphs,
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spread of points is great. Therefore it is possible to think that

empirical formulas of the type of (30) are ugseful only for tentative

calculations,

Since in reallity there is a simultaneous influence of temperature

and water vapor on fluxes of thermal atmospheric radistion, it is

natural to assume that a good torrelation exists between filuxes and a

certain function of T and W, e As an example we studied the
2
correlations between Gy l and Jwb ot aoTOh {(a 1s a certain constant)
)

and alsoc between G, } and V oféveme . The correlation graph is shown
in Fig. 7. Correlations are actually very good. Here all the
nomographs give an approximately identical correlation, On the basis
of* these correlations it is possible to give empirical formulas, but
for exact determination of the corresponding coefficlents it is
necessary to determine the radiation fluxes more exactly, which is
impossible to dorwith the help of radiation nomographs. It is
necessary to note that these correlations have no physical meaning.
No correlstion is observed for effectlive radiation.

We tried also to clarify how the influyences of stratification is
reflected in the results of the calculations. We compared the
differences between the values of radiation fluxes according to the
various nomographs for cases of inversion and without it, No
correlation was found between these differences and Inversions, so

that all nomographs consider thermal stratification of the atmosphere

to an approximately equal degree,

Appralsal of Nomographs

On the basis of the calculations 1n this work I* is not so easy
to rescoive the gueztion of which of the nomographs is tne best., First
of all, we do not have at our disposal data of measurement of radiation
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- - tiuxes during sounding and therefore it is difficult to say which of
the nomographs gives results closest to reality, Secondly, errors in
planimetry are qulte large (up to 10%) and factors weakly affecting
the magrit@des of long-wave radiation are impossible to detect. It is
dirficult to determine, for instance, tc what measure the influence
of the varlous principles of construction of nomographs on radiation

- fluxes {s Bxpressed. Nonetheless, by working partially from the data

of construction of the nomographs and on results obtained in our work

éi i} it is possible to conduct a certain analysis of the quality of the
radiation nomographs.

As was already noted, from the point of view of the principles
. involved the Dmitriyev nomograph is one of the best., Nonetneless it
has pertain essentlial deficiencies, First, the data on absorption of
thermal radlation in atmosphere which lie at the basis of the

construction of the Dmitriyev nomograph at present should be congidered

fob At At L L R RAIOBADS bl b gt A

e
PV

obsolete. The Influence of carbon dioxide on the absorption of thermal N

radiation 1s quite ignored in this nomograph., Besides this, in

ki apie bl

constructing the lsolines of temperature for the nomograph Dmitriyev
E ,; calculated only slx points for each line. But since the ordinate

of these lines ls a nonmonotonic function of the abgscissa, the broken
curves thus obtained only very approkimately depict the real course
of the lsolines of temperasture, For practical purposes the procedure
of calculating radlation fluxes from three nomographs is complex and
the planimetry error can be very considerable.

The main deficiency of the Elsasser and Robinson nomographs is
the rough calculation of the radiation of carbon dioxide. These
nomographs are useful only for surface calrulations, Besides this,
the gencrallzed coefflclent o! absorption 1, on the pasis of which

L O]
L,

lsasser conslructed the tranvmisrion function of hls nomograpn wu:o
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determined very inaccurately [1]. Regsasrding the function of sbsorption

constructed by Robinson, a whole serles of deffclencies exists in its
determination also [14]. . - -

The nomograph of Migge and Moller was bullt somewhat more

successfully, since from the practical point of view 1t has uncondl-

- tional advantages over the Dmitriyev nomograph. The influence of

carbon dioxide is considered in dependence upon the content of carbon

dioxide, -But also these authore also use average, very approximate

data about the absorption of long-wave radiation in the atmosphere-{i}.

In the Yamamoto nomograph the influerce of carbon dloxide on

absorption-of radiation is congidered most exactly. The appraisal of

the influence of temperature on the functlon of absorption 1is alsc

more correctly conducted,

The nomographs of Shekhter and Brooks are very useful from s

practical point of view, since the lsolines of temperature and absorb-

ing mass here are straight lines, Besldes this, the absorption

functions of these nomographs, as compared to those of the nomographs

of the other authors, are more reliable. It is interesting that

the absorption functions per Shekhter and per Brooks are very close,

despite the fact that they are determined by different methods and on

the basis of different data. It is necessary to note that in the

light of the most recent data [16, 15] the influence of carbon dioxide

on atmospheric absorption is somewhat overvalued in the Shekhter
nomograph.

The above~-mentioned characteristic features are reflected in the

results calculated by the various nomographs. It 1s possible to say

that when conducting calculations by the numographs of Dmitriyev,
Elsasser, and also Migge and Mdller one obtains more or less rellinbie

results only renr the earth's surface, while the values for radiation
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' kAF)nﬁp—ﬁléxesﬁa%~heights~of 3 pnd 8 km are already noticeably inaccurate,

The results from the Robinson nomographs are inadegrate even at the

surface of the earth.
= ﬁoughtﬂn_ggﬁ_ﬁraﬁar {17}, experimentally deteruining fluxes of

long-wave atmospheric radiation in the lower part of the troposphere,
?%ﬂné tﬁaﬁ~the Eisasser nomograph (Eorrection-z—) gives good agreemeat

’,ﬁAﬁv,u.zh,ahssrva%iaas and noticeably poorer colncidences are obtained on

the basis of the nomographs of Yamamoto and Robinson.

- Comparison of the results from the Elsasser nomograph (;ith the
correction for pressure %— with the corresponding values from the
nnmograpbs o? Shekhtgr ang Brooks obtalned in this work, shows
satisgfactory sgreement with the exception of extremely large values of
back raﬂiéfion in the zone 0-10°N. With these values the values of
back radiation found from the Yamamoio coincide to a certaln degree

“with these values with a correction for pressure or‘fg: (Table 13).
‘ ¢

Table 13,

Atmospheric Back Radiation of the

Level of the Earth's Surface G, ! {

cal/cm<-min)

Latitude

- Per nomosraph of

e

zone e ]— [ 3ad ' > l Ao

o~-rN osn * 057 04552 0548
920N - 0537 - 0541 o5 0520
20-XPN 0304 0.498 0401 0.484
3040 ¥ .45 o4 oan 0411
K-50CN 0384 0303 L F oxn?
50 -00°N o3 o897 - owm 0
W0y 0348 o . 0.908 087

*om -l‘i
f 2,

"'nan%h

Shlyakov [18], comparing the results of calculations of thermal

radiation fluxes in the atmosrhere by the Shekhter nomograph with the

rasults of measurements,

notec

o
oY
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Thus it is possible to say that the most reliable results for
varlous heights of troposphere are given by the nomogrsphs of Shekhté?
and Brooks and also by the nomograph of Yamamoto. The resai§§ 66§§iﬁ§d_—
with the Yamamoto nomograph sometimes differ quite noticeably in -
comparison with the results of the Shekhter and Brooks nomographs,
absorption of water vapor, Clarification ofyvhich function of absorp-
tion i1s the most true requires special investigation.

It sz2ems to us that Tirst of all 1t is necessary to study in
detall the gquantitative characterlistics of absorption of long-wave
radiation in the atmosphere on the basls of the latest data, in order
to obtain the most exact transmission function possible. Besides this
it is necessary to clarify how to consider the influence of pressure

on fluxes of thermal atmospheric radiation. As can be seen from

Tables 11 and 12, the influence on the correction for pressure has
value especially with small radiation fluxes, Gergen [19] affirms

that the use of a correction for pressure during calculation of
effective absorbing masses leads to results which are incorrect in
principle, since in realiity the absorption function depends on pressure,
But from the practical point of view the use of effective absorbing
mass is a unique method for simplification of calculations; direct
Introduction of the correction for pressure into the function of
absorption would lead to extreme complication of radlation nomographs.
Thus it should be determined whether the difference in the results of
fluxes of thermal radiation arises with the introduction of corrections
for pressure directly irto the function of absorption or with usg of
effective absorbing mass,

Another question is, what is the form of the correction it.celf?

A5 we have already seen, there exlsts a series of formulas (7, 9, 10)

)

1 wwmﬂ%&w@swﬁébﬁ%mmmwmw.
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-—————and-opintong relative to this correction. On the basis of some recent
works [15, 16] one should apparently consider the real correction to
have the form. _

Il '_’._._'T_:f:.%g..’i.;.-.-. — *ﬁ?}"(i')" (31)

where § £ n s 3,
_ - The exact value of n requires more detalled investigation.

It wad already noted that the influence of temperature on the
fuﬂﬁticnrof absorption appears in two forms ("effect of displacement”
and dependence of the coefficient of absorption from temperature). As

: isrknoun. these factors act in opposite directions.
Certailn authors [2, 11] consider that these factors approximately
g :' compensate one another., It follows from this that in no case 1s it

possible to consider only one of these factors. This 1s the essential

fundamental deficiency of the nomographs of Imitriyev, Elsasser, and

also Migge and Mdller, since in them only the "effect of diaplacement”
was consldered. Apparently so long as the data on the dependence of
the coefficient of absorption on temperature are insufficient it is
better to consider the function of absorption to be independent of
temperature,
; A more precise definition of the principles of radiation nomographs
| on the one hand permits determining the value of fluxes of thermal
radiation more exactly, but on the other hand leads to complications.
Due to this the planimetry errors which appear can exceed the obtained
increase in accuracy, It seems that improvement of radiation nomographs
by means cof more exact calculation of the influence of the various
additional factors is of value so long as thls does not lead to

essential complication of the nomograph.
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. ~ [ - T T T T ‘q‘
Course of Thermal Flures of the Atmsophere on Different B
Latitudes and Heights 1n the Tropoggﬁere o - 1
Proceeding from the given reasoning, we decided to. g§§:§pahfif~r—_;;;;_;_£;
values calculated by the nomagraphs of Shekhter and Braoks during the .
study of the mavement of fluxes of thermal radlation in the troposghere =
with height for different latitudes. ?or a more detailed study of the -
" movement of fluxes of thermal radiation with height we produced ,E
additional calculatlons by the nomographs of Shekhter and Brooks for
:
heights of 2 and 5 lm, The results are given in Table 14. On the
basis of this table we calculated the mean values of fluxes of thermal
atmospheric radiation (Table 15, Figs. 8 and 9).
Table 14, Movement of Thermal Fluxes of Atmospheric Radiation
with Height for Different Latitudes
_ _ Shekhter romograph ‘ ¥rooks nosograph
ng}”%tude - © OF (cal/on? min) Q9% calfenlomin} i
: 22l | .em) | gwmd | eml jswlim] 60 | 22 | 223 | 0+8 |20l §§
. - i
Dessencing flux of at'sépheric radistion ) e ;
PN 1 oSN s aei A0 i A7 CMd 02 025 - O g_
- ¥ 5 QW Q03T 020 QNS 0361 04N 034 02M o.us
2--30° N 95 QWM o 0wt . 0N | 0 038 0N GmM0 0 00
W—00¢ N 8435 - g O o0 | a4 0341 om a.19¢ 0on
«-r’N 3 e oM G 08 ; 033 0m 02 Q.lde Q053 N
0n-8rN oem s o U 00 | 07 . 02 0.uss o.iN aoMe
MN L] U o L oSk | o am 0157 o102 08
- : _ " Etective atmospheric radiation ’ ;1
Plcal/cm?-mtn) . - . P{cal/ca’emin) ‘
N .| s WU UM ONE 0| 6N QM AW e onr i
w-ary S LB AWM A eI Al Sl oM 0 am
‘-0 N anury AMNs &l | 0N el | oim el Qa3 o e .
N-rn © A Ul s e 36 | 4l 4l o505 00 0319 '
-0 N AN7 4 . aMs AN el N LU o 0 08 :
N-0rN | AN &N U OB N G WUe o 0200 oM i
oy a e A ons s | o G 0.IM i 025 %
As can be seen from these results, atmospheric back radistion
dezreaces from the equator to the nortn pole at all heights, Here % .'
at the level of the earth's surface this decrease is somewhat leco in .
the tropic and subtropic zones than in the middle latitudes. In middle 3
3
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e - Bable 15, Mean Values of Thermal Fluxes of
the Atmospt re for Different Latitudes and

ey

. Heights |
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of the troposphere this decrease occurs more or less linearly; at

a height of 8 km from the equator to 40°N there otturs a comparatively

4 fast decrease, but in the zone hO-?Ooﬁ the value of back radiation is
%; practically unchanged.

i

& ]

2 e 3 2 ¢

e
hd

Fig. 8., Movement of back radiation of the
atmosphere with height: 0 - 0-10°N;

1 — 10-20°N; 2 — 20-30°N; 3 - 30-40°N;

4 ~ 40-50°N; 5 — 4,0-60°N; 6 ~ 60-70°N,

Effectlive i:diation has + charply expressed maximum ir the zone
20~30°N. which with an increase in height is displaced nearer to the

zone 10-20°N. The cause of *his maximum is apparently the comparatively
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large values of temperature and small values of humidity in the

‘8 40 2 9

[

A

Fig. 9. Movement of effective radiation

with height:
2 — 20-30°N;
5 — 50-60°N;

0 - 0-10°N; 1 — 10-20°N;

3 — 30-40°N; 4 — 40-50°N;
6 — 60-T0°N.

subtropical rééions.
At the levei of the
earth's surface the
greatest values of
effective radlation
are obtained in the
zones 50-60°N and
60-70°N, It is

possible to consider

that these values are

explained by the Tow =~

humidity of these
latitudes on clear

March days, when the

temperature of earth's surface at the same time is relatively high.

On all remaining heights in the troposphere there 1s a decrease

in effective radiation from the zone 20-30°N to the pole.

Figures 8 and 9 show the movement of back radiation and effective

atmospheric radiation with height,

Table 16, Average Gradients of Atmospheric
Thermal Fluxes for Different Latitudes and
lleights ‘
J6 ¥ 142 (cal /cm2emin.jon) AF|d2 (cal /omlenmineim)
Latituae | g3 | 33 | 3-8 | 8~8 | 0~2|2~3 |3~5 ] 5~
zone Jom Jm *m I m$ | tom m |
0-1°N | —0083 ~0086 —0062 —0047| 0028 0042 0022 00
10-20° ¥ ~0058 —0068 —0080 —0046| 0028 0038 0023 0028
20—30° N —~0080 —0058 —0081 0034 0023 0025 007
20--40° N —0042 —0080 -—0.041 —0042] 0024 0.033 0021 0025
40-.50°N —~0038 —~0050 —0046 —0.032] 0024 0.031 0024 0019
50—60° N —~0028 —0044 —0.03 —0 0018 0031 0023 0015
60-—-70° N —0026 ~002 --0029 --0018 0019 0019 0016 0012

Within the limits 0-8 km thermal

fluxes of the atmosphere
change more or less
linearly. Table 16
glves the corresponding
gradients of the change
in back radiation:and
effective radiation at
variou: high-sltltude

reglon.:,

o
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In conclusion, I express my deep gratitude to Frofessor

K’."Y&&.-Kcndratfyev for his valusble counsel and attention to my work.,

Corresponding Units Used in this Article

FTD-MT-65-509

Z s S ¢ Meaning
- % 2 3
o ;ﬂg,iid == . _IAbsorption function for parallel radla- 0
o tian.
Ag - Abgorption function for diffuse radlation.
. cal Radiation flux of an ideal black body.
BwnE meyt am?'uit
El » cal Intensity of radiation of an ideal black
cm *min<ster body at wavelength A,
g.!g‘a * Integral intensity of radiation of an
h ideal black body.
e mbh Tension of water vapor.
. cal
FauO)—0 ——— Effective atmospheric radiation.
. 2 em”enin
fx - Fraction of total radiation of an jdesl
black body ccorresponding to wavelength A,
a cal Descending atmospheric radiation flux,
em emin
a4 " Ascending flux of radiation of the atmo-
sphere and the earth,
Hn(x) - Gold function
T —oel Intensity of descending radiatlon flux.
cm *min-stcer
n " Intensity of ascending radiation flux,
ky 1/"em" Coefficient! of absorption at wavelength
lo
N 1/"em" Generalized coefficient of absorption at
wavelength A,
m "em" Mass of substance absorbing radiation.
m? "em" Effective mass of absorbing substance,
P - iransmission function for parallel

radiation,
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1
Table (Continued) . P
Designa« Unlts Meaning ; i .
tions e
2 2 R i
—— - ' §
Py - Transmission functlon for diffuse T
4 radiation. i
r mb Afr pressure. e —— 2
4 - r o glkg | Speciric humidity, é
P b Absolute temperatyre, i
t % Temperature,
u "om" Effective absorbing mass of carbon
dfoxide in the atmosphere, !
i
w "em"” Effective absorbing mass of water vapor !
in the atmosphere, {
W, % "om" Total content of water vapor in the atmo- §
? Sphere, counting from level z, ‘
z Km Helight above the earthls surface,
b 1/cm Half-width, i
$ deg Zenith angle. ;%
£ Emittance, !
x T Wavelength, i
v 1/cm Wave number, i
P ‘g/cm3 Density of substance absorbing radiation. ;
Py g/cm} Density of water vapor in atmosphere, i
=0Bl4-10-0] —s cal Stefan-Boltzmann constant, :
cm min*ster
B -~ Per Brooks nomograph,
R - Per Dmitriyev nomograph,
M - Per Miigge and MSller nomograph,
- Per Robinson nomograph,
i1 - Per Shekhter nomograph,
9 - Per Elsasser nomograph,
| -~ Per Yamamoto nomograph,

in

em” in centimeters of recipitated substance at LTP.

e o]

FTD-MP=t -9 -3Ga
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