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1. Introduction

Besides the study of the radiation chart
which is to calculate the radiative flux at any
level in the atmosphere, there have been
several investigations to calculate directly the
temperature change dus to radiation, i.e., the
divergence of the radiative flux. Recently
COWLING (4) has discussed the possibilities
of constructing such charts, but actually he
did not show any such chart of practical use.
Indeed, if we try to construct any chart accor-
ding to COWLING's plans, we will encounter
some practial incovenience \_vhich will oblige
us to give up constructing the chart. For

instance, in the flux divergence chart using
the derivative of the transmission function, the
numerical value of it becomes so large when
the amount of absorbing medium is small that
the chart will be inconveniently large in size.
Thus, D. L. BROOKS (1] and BRUINENBERG
[2) would have chosen to employ numerical
tables instead of charts to calculate the flux
divergence.

In the present investigation we will show
one way of removing such practical difficulty
and show the flux divergence chart which will
be of practical use.

2. Theoretical Basis )
Upward and downward fluxes U and D at height z :re given by

:F- w o
U= B B.(T.) dv + j‘ j?: T (—u) dT dv, (1)
D=\ B(T)dr — \ BAT,) t(u, —2) dv — i T(ws — u:) dT av, (2)
\ g ! J, i -
where 7 )
[ Bcraer ~ BT = o712, 3)

“u
T being the temperature at any height s, o the STEFAN's constant, t the transmission func-
tion of a slab, and wu; the amount of an absorber at height s, which is given by

== _(;Pdds, 4)

where #, is the density of the absorber,
The rate of temperature change at height z is then given by
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(pnlr):f-'p .[ { B‘.(T )d(‘!t “ﬂ:) jv ar d[u., uz) dT j dT d(“z u:)

i

dT}ds,

(5)
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where pair is the air density. The first term
in the brackets represents the escape of radia-
tion to outer space. In the second and the

third terms the numecrical value of %;— is ex-

tremely large for a smail value of # and this
represents the fact that most of the radiation
absorbed at a given level comes from the
immediate vicinity.

COWLING [4] discusses the way of con-
structing charts and points out some of the
difficulties. ~The main difficulty is that any
variable, however to be defined, varies too
greatly in the atmosphere. No chart can
afford enough space to contain such a variable.
BRUINENBERG (2] firstly established numerical
method by replacing (5) as follows :

ar___ 0 [g : 98" o
where
=S, 1) = jﬂ,md ) gy

He gave extensive tabulations of functions S’
/
and %ST for main absorbing matters, water

vapour and carbon dioxide. Recently D. L.
BROOKS (1) investigated another numerical
method by transforming (5),

8T —0. dr
ﬂr_ (ﬂ.‘llr):cﬁ {B(T!) du
+\7§f JB(T_)}, (7)

If we introduce the mean value of
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dr dr
where —; - means the mean value of — -

due
His method is very in-
mostly practical one. - But,
strictly speaking, the mean value is somewhat

at

two adjacent layers.
teresting and

different from the actual value of %;— of the

layer in the case of our atmosphere where
water vapour decreases rapidly with h:eight.
To avoid this difficulty the graphical method
is more suitable. Another difficulty is that the

value ef% is less well known than that of 7

and no small inaccuracy may be hidden in his
table. The merit of BROOKS method is that
variables of him are 7 and # which are easy
to obtain and troublesome calculations are
unnecessary in using his table.  On the other
hand using BRUINENBERG's table, we must
perform other calculations and the same can
be said about charts of COWLING's ideas. In
considering such circumstances, we will try to
modify BROOKS’ table into a chart.

The value of 15 large for small amount

of absorbing medlum, and becomes very small
for large amount of it.

of f_ﬁ; is' 544 for very small precipitable water

and 0.002 for 10 cm of it.

For instance the value

If square root of
—:ﬁ;— is adopted, the variation of its numerical

value with # will be decreased considerably.
This is the basic idea of our chart.

dr .
Fy v 2 r
e ibout ¥, given by

{ dBAT) dew) ,,  dB(T) dr(u)
i ar  “du Y AT du (8)
then we have from (5),
(Pui).cn 0T 4 drl, — -) e R BTnde (.= u,) :
— e e T i\f”* T dtre, <y ® LC_[_JJd(u., —u) B Aw—uy B O
T I I

Now we put followingly
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dB = kdy, (kis a constant),
“{!-dTT(:) }}-T - R, T,
then we have
d':(u} k
S dB = — 5 LR do,
In general, we can write
dvy k(IR
58 ap - -4 |, oty b wroyan
K wa) | ds(B) (10)
where

8 = g gw"‘(ﬂ) do.

Accordingly we can put variables in the polar
c00dmates S(B) bemg the argument and
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R . . :
w(B) the radius, and above integral (10) is

given by the area in the polar coordinate

diagram.

3 Construction of the Flux Divergence
Chart

In considering the temperature change of
the troposphere, we consider only two prin-
cipal absorbing medium, i{.e., water vapour
and carbon dioxide, and neglect ozone.
Further, to avoid superfluous complications,
we assume with some thereby inevitable error
that the absoption bands of each gas are not
overlapping. Practially we assume that water
vapour is transparent between 13 and 17 .
Then instead of (9) we have

ar_ 1 dz(u, u] BT dr (1, — ) I (s — tha)
ot =gy 00O~ (BTGl 0 SW dlate—u) B L Wiy 981,
~ dr (it —u-) 4T dr (st — 1) By de(u-—u.)
+0:(C00 { - [BuT O Gt v - [Mﬂ ) 9B+ jm A dBfmz fan

Hera we can treat the effects of water and
carbon dioxide separately and obtain the rate
of temperature change by adding both effacts.

Now the most important part of the
problem is concerning the transmission func-
tion and its derivativee, COWLING (3] has
calculated numerically the reasonable transmis-
sion of a column and YAMAMOTO (9] has
obtained the transmission function of a slab
which is essentially derived from ELSASSER's
(5] formula with correction to adapt COW-
LING’s calculation for large water path.
Recently GOODYY (6) has proposed a statistical
model of absorption band and obtained
analytical formula for transmission function of
a column which agrees with the numerical
calculation of COWLING. (3] But he gives
no mention on the transmission function of a
slab.
investigation the transmission curve for a slab
YAMAMOTO 9

an

So we will adopt in the present

of waler vapour obtained by

and the absorption coefficient of water vapour
compiled by YAMAMOTO [[10]). We also adopt
here the slab transmission of carbon dioxide
used by YAMAMOTO (10] in constructing his
radiation chart.

Recent measureiments by TOWNES & ME-
RRITT (8] enable us to estimate the pressure
correction with some confidence. According
to the result which affirms LORENTZ’ classical
theory, we assume that the pressure effect on
the half-width is proportional to pressure,
And by the usual procedure we assume that
the corrected optical thickness is given by

= jll"ﬁ ;ﬂ ds,

"

(12)

where pn is the standard pressure, 1000 mb. By
the same meaning we replace M. of (9) or
(11) by % given by

Az

p:

z 7 .

o (13)
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The obtained chart for water vapour is
shown in fig. 1 in which the radius is

R e QL
(i—g—r—o * and the argument B/2. The method
1an o

of calculation of flux divergence using the
chart is shown diagrammatically in fig, 2, in
which areas I, II and III correspond to contri-
b_utions of the respective terms in (9) (it

should be noticed that Z:? is negative). Here

we assumed that I of (9) is transformed to

dr(u, 2} 5 Tedr(u, —~zz)
SB”(T) Alw., — )dp - Su d(u, — =) —

Thus the bracket | }of ) is given

by the area (I+II+4IIlI) and the required
temperature change of the layer due to water
vapour is obtained by multiplying the water
vapour density to it and further dividing
(Pase)Cpe Inspite of our contrivance to
abridge the chart by using polar coordinates,
when the vapour density of the layer is large,
that is, in the layer near the ground, the value

——a 1
of lg—r—D‘ diminishes rapidly to small quan-
| du 7,0

tity, so that the area enclosed by the curve is
also small and the accuracy of the computation
decreases accordingly. At such cases we use

1
the chart shown in fig.3 in which (| ) go¥

" U

is taken as the radius and —.zl—a— e 8 a5  the

argument. Even with this modification the chart
is still considerably large if fully described,
so that the upper part of the chart is omitted
in fig. 3. This is because the parts of the

-
¥

Fig. 2 Graphical compwation of tln tax divergence.,

m

areas for smail values of # may practically
cancel each other in II and III. .
The flux divergence chart for carbon
dioxide is shown in fig. 4. In this case we
assumed that the absorption band of carbon
dioxide is Iimrnitted between 13-17,, In this

ch

J)M as the radius and

2
-TEJ as the argument,  The effect of carbon

dioxide on the temperature change is practicdl-
ly small near the ground, so that the chart is
to be employed mainly to calculate the temn-
perature changes at the upper layer of the
troposphere.

4. Comparison of Numerical Results Obtained
by Various Methods

We will now calculate the rate of tempera-
ture change for a given atmosphgric conditions
by various methods and compare the results.
For the purpose we will employ the atmos-
pheric conditions used by D. L. BROOKS (1],
that is, the result of the mean sounding for
July, 1941 at Portland, Maine, U. S. A., and
compute the temperature change at 902 mb
level. For the sake of comparison the
effective length of water vapour was taken to be

= gﬂ [ (—;,i) ;—dz,

which was adopted by BROOKS. The result of
computation by assuming the clear sky is as
shown in table 1.

(14)

Table 1
Rates of temperature change for atmospheric
conditions used by Brooks. {"C,/day)

By use of BROOKS' tables -2.25

By due of BRUINENBERG"S tables (due to

Brooks) -1.7

By use of ELsAssERs chart (due to

BlLOOKS) -1.9

(Mean temprature change between 957

and 851 mb?}

By use of YAMAMOTU's chart -216 -208
(mean femperature change between Y57

and 851 mb}

By use of the present chart 190 -1.80
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From the table we can see that BROOKS value
is largest and BRUINENBERG'S smallest.

rOther values being between them. In the last
‘column of table 1 were shown values of tem-
‘perature change calculated by use of YAMA-
*MOTO’s chart and the present chart using the
effective optical thickness given by (12). Tt
will be seen that the values of temperature
change decrease slightly compared with the
respective values of the preceeding column.

- Next, using LONDON's (7) model atmos-
pher for March, north hemisphere, 0-10°,
clear sky, the same comparison is given in
" table 2.  Here, in the cases of BROOKS
method and Elsasser’s chart, the optical thick-

C. YAMAMOTO AND G, ONISHI

ness was assumed to be given by (14) and
in other cases it was assumed to be given by
(12). It will also be seen that the values of
temperature change obtained by use of
BROOKS' method are generally larger than
those obtained by other methods, and that
those obtained by ELSASSER'S method are
generally smallest. The contributions of water
vapour and carbon dioxide were separately
computed by use of the present chart,
Generally the contribution of carbon dioxide is
far smaller than that of water vapour. Itis, -
however, interesting to note that the contri-
bution of carbon dioxide near 14 km is rather
heating of the layer.

Table 2
Rates of temperature change {C/day} for LoNpoxs model atmosphere, 0-10N, clear skies.

Height | ByBrooks By Ersasskir’s By YAMAMOTOS _ By present chart
g 1 chart chart chart H.O | CO- ; sum
0 -3.50 -2.20 ~0.20 -240
| 177 oo e -1.73 018 | -1.91
2 -2.07 B 1'4., _2'20 -1.64 -0.18 | - -1.82
4 -2.34 —1.66 -'2I28 -1.87 -0.15 -2.02
6 2.70 i s -2.29 -0.22 -251
= -1.86 -2,.28 ne
8 -2.97 el -2.29 -(L.32 -261
10 332 oy e 229 -0.20 249
12 163 i g 174 0.00 -174
| -0.61 il i -0.68 0.03 -0.65
16 ‘ -0.16 - -(L14 -0.02 -0.16
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IFig. T Flux divergence chart of water vapour,
Radial lines express isotherins and circular lines constant-w 1i:0,; lines,

Unit of area : 10 cal. em*. min~'. per cm- of precipitable water,
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