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ABSTRACT

In order to incorporate the effect of radiation into the numerical experiment of the general circulation of the
atmosphere, a simplified scheme for computing the radiative temperature change is constructed. The effects in-
cluded are long wave radiation by water vapor, carbon dioxide, and ozone and the absorption of solar radiation by
these three gases. The absorptivities of these gases are determined based upon the recent results of laboratory
experiments and those of theoretical computations. The effects of clouds are not included.

By use of this scheme the radiative equilibrium temperature is computed for various latitudes and seasons as
asymptotic solutions of an initial value problem. To a certain degree the radiative equilibrium solutions reveal some
of the typical characteristics of stratospheric temperature and tropopause height variations.

Radiative heat budgets of the atmosphere are also computed and compared with the results of the computations
of radiative equilibrium. This comparison is helpful for understanding the role of radiative processes and also
suggests the kinds of effect we should expect from other thermal processes in the atmosphere.
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with such typical characteristics of the actual atmosphere
as the polar front accompanied by a strong jet stream.
This study has been further extended by Smagorinsky [57].
After assuming distributions of heat source and sink
corresponding to winter and summer, his calculation
exhibited the typical polar front accompanied by very
strong cyclone waves in winter, and rather small pole to
equator temperature contrast with very weak baroclinic
activities in summer. Though the contrast between
summer and winter which he obtained is too large, due
to the lack of oceans in his model, this experiment provides
very good clues to our understanding of the mechanisin
of seasonal variations of temperature and wind field in
the atmosphere.

However, for the sake of computational simplicity, both
of these caleulations are based upon a two-level model.
As a natural consequence of this simplification the static
stability was assumed constant with space and time.
This model, therefore, is not capable of simulating the
vertical temperature distribution of the atmosphere.
It is a very challenging problem, however, to simulate
the latitudinal distribution of the height of the tropopause,
that of the temperature in the stratosphere, and the polar
inversion in the lower troposphere. In order to do this
it is necessary to build a model which has a high resolution
(many levels) in the vertical direction and which includes
the various thermal processes acting in the atmosphere,
i.e., radiation, condensation, and the eddy flux of sensible
and latent heat from the earth’s surface. In the present
work, a scheme was constructed for the numerical com-
putation of radiative temperature change suitable for
incorporation into an advanced general circulation model.

In order to ascertain provisionally the behavior of this
scheme, we performed many numerical computations and
obtained various distributions of radiative equilibrium
temperature as the asymptotic solutions of marching
computations from certain initial conditions. In spite
of the extreme simplicity of the model, this approach
appeared to be very effective for obtaining insight into
the role of the radiative processes in maintaining the
observed atmospheric temperature distributions.

Theoretical study of the radiative cquilibrium of the
atmosphere started just after the discovery of the trop-
opause by Teisserenc de Bort and Assman in 1902
The pioneer theories were those of Humphreys {24], Gold
{19], and Emden [12}, which were based upon the assump-
tion of gray radiation. Emden computed the vertical
distribution of radiative equilibrium temperature as the
balance between the heating due to the absorption of
solar radiation by water vapor and the cooling due to the
long wave radiation of water vapor. His result showed
a nearly isothermal laycr above the level of 6-8 km.
supposedly corresponding to the stratosphere. Below
this level there existed the layer of superadiabatic lapse
rates which could cause strong convection and corresponds
to the troposphere.

This was a successful first step in the study of this field.
However, the water vapor absorptivity of terrestrial
radiation adopted by Emden, under the assumption of
gray radiation, is very different from that obtained by
many authors from observations and laboratory experi-
ments.  Moller [39] pointed out this difference and recom- -
puted the radiative equilibrium by subdividing the water
vapor spectrum into two intervals. His revised computa-
tion shows a very low stratospheric temperature approach-
ing —137° C. at the top of the atmosphere and a lapse
rate of 0.3° C./100 m. in the stratosphere instead of the
isothermal layer obtained by Emden. Based upon these
results, he concluded that it is impossible to explain the
temperature distribution of the stratosphere by a radiative
equilibrium computation including only the effect of water
vapor. More recently, King [33] and Yamamoto [7]]
computed the line absorbing atmosphere in which the
absorption coeflicients were given by Lorentz’s collision
broadening [ormula and Elsasser line shape respectively.
Neither of these results shows the inversion in the strat-
ospherc. Although Kaplan [31] obtained the inversion
by schematically interpolating the King results, this
schematic interpolation seems to be ambiguous.

On the other hand, Gowan [22] computed the distribu-
tion of radiative equilibriwm temperature of the strato-
sphere and obtained an increase of temperature with

.altitude by taking into consideration the heafing due to the

absorption of solar ultraviolet radiation by ozone as well
as the cffect of long wave radiation by water vapor. In
the improved version of his computation [23] he also in-
cluded the effects of the 15 band of carbon dioxide, the
9.6u band of ozone, and the absorption of solar radiation
by water vapor. The equilibrium temperature of the
stratosphere thus obtained increases with altitude and
qualitatively coincides with observed features. Quanti-
tatively, however, the temperatures are much warmer
than those observed. This computation could be further
improved by adopting recent observations of the extra-
terrestrial solar spectrum and the distribution of gases
in the stratosphere as well as the absorptivities recently
obtained in the laboratory.

The explanation of the temperature increase in the lower
stratosphere with increasing latitude is also a difficult task,
Maller [40] presented the theory that the overlapping of
the ozone band at 14 and the carbon dioxide band at the
same wavelength might be responsible for this increase.
As the total amount of ozone increases with increasing
latitude, its sheltering effect also increases and a smaller
part of carbon dioxide emission leaves the atmosphere.
Accordingly, the temperature of the stratosphere could
increase with inereasing latitude. Quantitatively speak-
ing, however, the intensity of the 14x band of ozone is
much too weak to eause the observed sharp increase of
temperature with [atitude.

In 1946, Dobson, Brewer, and Cwilong [10] presented a
theory of radiative equilibrium which considered the effect
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of the 9.6u band of ozone and the 15u band of carbon di-
oxide as well as the long wave radiation by water vapor.
In this paper, they beautifully explained the latitudinal
fistributions and seasonal variation of stratospheric tem-
perature based mainly on the distributions of ozone.
Though the 9.6p band of ozone is much stronger than the
14y band of ozone, and might have significant effects,
the discussion was qualitative and somewhat unverified.

On the other hand, Goody [20] presented a theory
which seems to be rather contradictory to the ideas of
Dobson’s group. He insists that the effect of ozone is of
ninor importance and explained the latitudinal variation
of the tropopause height and of the temperature as a
halance between the heating effect of carbon dioxide and
the cooling effect of water vapor.

More recently, Ohring [48] computed ihe radiative
heat balance of the stratosphere and concluded that the
radiative processes tend to heat the stratosphere in lower
latitudes and cool it in higher latitudes. The remarkable
fifferences among the results of these authors suggest the
necessity of careful examination of these results as well as
quantitative studies of the thermal cquilibrium and the
heat balance of the atmosphere.

In the present work we took into counsideration the
ffects of the absorption of solar radiation by water
vapor, carbon dioxide, and ozone as well as those of the
lng wave radiation of these three gases. With the aid
of recent information on the distributions and absorp-
iivities of these gases, we then computed the distribution

of equilibrium temperature for wvarious latitudes and,

seasons. In addition, in order to investigate the degree
of radiative imbalance in observed conditions, the dis-
iribution of radiative heat budget was also computed.
Based upon these results and the examination of the
results of other authors, we tried to determine to what
degree we could explain the temperature distribution
of the atmosphere by radiative processes and what we
should attribute to thermal processes other than radia-
tion, e.g., heat transfer due to large secale disturbances,
to the meridional circulation, and to dry or moist con-
vection in the atmosphere.

In recent years, various speculations on the general
dreulation of the upper troposphere and stratosphere
have been inferred from the distribution of the gases
such. as ozone and water vapor and of radioactive debris
introduced into the high atmosphere by atomic explo-
sions (Machta [38)). It is therefore hoped that the
comparison of present results with these speculations
will shed some light in understanding the thermal
processes of the atmosphere.

2. TEMPERATURE CHANGE DUE TO LONG WAVE
RADIATION

The absorption bands which mainly contribute to the long
wave radiation of the atmosphere are the 6.3u band and
the rotation band of water vapor, the 154 band of carbon
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dioxide, and the 9.6u band of ozone. The rate of the
resultant change of temperature at height z due to the
long wave radiation is

oL’ _
ot Jir

where subscript LR is the abbreviation of long wave
radiation, superscript @ stands for water vapor (W),
carbon dioxide (), or ozone (0), ¢, is the specific heat
of air under constant pressure, p is the density of air,

and the net flux F7 is the difference of upward and
downward flux, for each wave number interval chosen i.e.,

1 OF¢
cpp 0z

(1)

FE=UF-DS. (2)
Adding the contribution of the above mentioned three
gases, we get the total rate of temperature change due

to the long wave radiation as
oT \° YA )
Ot G

(%) ~Cor

Next, we shall deseribe how we computed the net flux
due to these gases. By solving the equation of radiative
transfer with the boundary condition that downward long
wave radiation is zero at the top of the atmosphere and
adopting the method of integration by parts we can ex-
press the downward flux of radiation at height z due to
any absorption band as

D.— j By (1) dy— f e B(T.) 7, (X.)dv

+ f {f dB T,<x)1T} & (@)

where B,(7T) is the blackbody radiation ol frequency » at
temperature T, 7,1s the transmission function of the slab,
vy and v, are the band limits, 7', and T, are the tempera-
ture at level z and at the top of the atmosphere
respectively, and

x(T):f f e, =x(TL)). ®)

(T

In equation (5), k, is the absorption coeflicient at frequency
v, and u(T) is the amount of absorber existing between
the earth’s surface and the level of temperature 7.
Assuming that the upward radiation at the earth’s surface
is equal to the blackbody radiation of surface temperature,
we could obtain the upward flux of atmospheric radiation
at height z in the same way, i.c.,

- f o BT )dv+ f { f i ff<X)dT}dv ()

where T is the temperature of the earth’s surface.
Exact integration of equations (4) and (6) requires a
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tremendous amount of computation. Therefore, an
attempt was made to simplily these equations. The
absorption bands of water vapor cover almost the entire
spectrum of atmospheric radiation, whereas those of
carbon dioxide and ozone have rather narrow band widths.
Accordingly, there are some differences between our
approximations adopted for the computation of long
wave radiation by water vapor and those adopted for the
computation for carbon dioxide and ozone. For the sake
of convenience we shall describe them separately herealter.

WATER VAPOR

In order to simplify the computation of equations (4)
and (6) Yamamoto [68] introduced the following mean
transmissivity of slab:

o, T = 0 s e s )
dT
where
adB 2 dB,
(FiT_ . d,T dv. (8)

Corresponding to this mean transmissivity ol the slab,
one can define the mean absorptivity of the slab as

&(u, T)=1—7,(u,T). 9)

The emissivity of the slab of water vapor is by definition

(1, T>=F(1T—) j BAT)- {1 (k) s (10)

where

° 1
B(T):f B(T)dy=1 (oT") ()
0
and ¢ is the Stefan-Boltzmann constant.
By using &, and ¢, defined above and neglecting the
temperature dependence of %, on T, equation (4) could
be approximately transformed into the following form:

B
DFsnB. - T~ ¥ @ T)wdB
BZ
or referring to equations (7), (9), and (10),

B, Be
DY B ¥ (yo,To)— f (o, TYnd B— f W (y, T)nd B
B B,

©

(12)
where

(13)
superfix W corresponds to water vapor, B,=DB(T),),

B.=B(T.), B.=B(T,), and T, is the temperature spe-
cially selected for the convenience of integration. Ex-
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amination of the table of 77 (=1—"%) constructed by
Yamamoto [68] for the wide range of temperature reveals
that & is almost independent of temperature for the
temperature range ol 200°-300°K., i.e., for the range of
atmospheric temperature. Below 200°K. it decreases
significantly with decreasing temperature. Therefore, if
we choose T larger than 200°K., we may safely assume
that €Y is independent of temperature. For our compu-
tation we adopted 220°K. as 7, Accordingly, e? and
) were computed for T=220°K. and T=300°K. re-
spectively. For further details of this computation refer
to Section 4.

The equation (6) for the upward flux is to be trans-
formed into the following equation:

B
¥ —rBy— f ", TmB (14

where B,=DB(T;). When the sky is clear, it is more con-
venient to use the following expression for net flux F”,

B
FZW:U?'—D?’:wB,V—rBC-e‘;’(ym,Tc)—f Y (y,T)ndB
B

©

By
— fB Wy, T)edB. (15)

CARBON DIOXIDE AND OZONE

For the 15 band of carbon dioxide and the 9.64 band
of ozone, the mean slab absorptivity of the band instead
of that of the entire spectrum was introduced, i.e.,

6/ (ua T) =

! J 2 (1—1, (ko) Jd. (16)

V)—V; 1

Because the band width ol these bands is narrow enough
to neglect the dependence of dB,/dT upon the wave number
inside the bund, equations (4) and (6), which express the
downward and upward radiation respectively, could be
changed into the lollowing approximate forms:

, , , = vE o
D¢ ~abs €5 Tr— [ 7 €5, Prmtbe (1)

"hG -
TG G r ;
Uf=nbi— |,¢ €5y, T)mdb? (18)
z
where superscript G stands either for carbon dioxide or
for ozone, 7' is the temperature of isothermal layer which
has the same mean band absorptivity and the same dis-

tribution of gas as the layver with which we are concerned,
b% is defined as:

’,G
b"’(]’):ﬁj B,(T)dv (19)
1

and b%, bY and b7 are the abbreviations of 6%(T..), b%(T),),
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and b9(7) respectively.

Subtracting D¢ from UY, the
net flux ¥ is

FS=xbS—abS-€5(y., T) —ﬁ° €9(y, Thndb%.  (20)

PRESSURE AND TEMPERATURE EFFECT

Owing to the pressure broadening of line shape the
mean absorptivity is also a function of pressure of the
layer with which we are concerned. Therefore, it is
necessary to take into consideration this effect. Recently,
Howard, Burch, and Williams [27] measured the mean
absorptivity due to each absorption band of both water
vapor and carbon dioxide for various absorber concen-
trations and various total pressures. According to their
results, the mean absorptivity of the layer with uniform
pressure could be obtained from the mean absorptivity
curve for standard pressure by replacing the optieal thick-
ness of the layer u by the effective optical thickness of the
layer u, expressed by the following equation:

w~(P+p)Py)u (1)

where « is the constant which is usually smaller than
wity and is different for each absorption band, I’ is the
total pressure, p is the partial pressure of the absorbing
gas, and P, is the standard pressure. As is well known,

the actual absorption band is the mixture of strong lines *

and weak lines. When the intensity of a line is very weak
or an absorbing gas is very thin, the amount of absorption
is proportional to the product of line intensity and the
amount of gas and is independent of pressure. This is
the reason why « is usually smaller than 1, despite the
fact that a half-width of the line is proportional to pressure.

Strictly speaking, x is not censtant and depends upon
amount of absorbing gas and pressure. When the amount
of gas is small, « decreases significantly with decreasing
amount of the gas. However, since the thickness of each
layer adopted for our numerical computation is thick
enough, the assumption of constant x does not cause
serious error. It would be desirable, of course, to adopt
& better approximation as soon as more accurate exper-
ments for a wider range of pressure are available.

Since pressure decreases with altitude and IP>p in
the actual atmosphere, the following equation was adopted
for the computation of the effective optical thickness of
the atmospheric layers instead of equation (21).

u(Py)
U, zf (P/IPy)"du (22)

w(Py)

where, for example, u (7)) is the optical thickness between
the level of total pressure P, and the earth’s surface. As
pointed out by Kaplan [31] linear scaling tends to over-
estimate the pressure effect for the moderately weak
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lines. In this paper, we shall consistently adopt this «
scaling instead of linear scaling.

Temperature also affects the intensity as well as the
half width of the absorption lines. However, as far as
we know, no suitable measurement has yet been made
below room temperature. According to the theoretical
estimation of Plass [50, 51], temperature hardly affects
the absorption due to the 9.6u band of ozone but is rather
important for the absorption of the 154 band of carbon
dioxide. Therefore, the temperature dependence on
absorptivity of the 15u band of carbon dioxide was in-
corporated Into our computation of heat balance. For
the sake of convenience of description, the detailed method
of doing this will be described in section 4.

OVERLAPPING

So far we have treated the contributions of the absorp-
tion bands of the various gases interdependently; how-
ever, the effect of overlapping among these bands deserves
attention. The overlapping between the 9.6u band of
ozone and the absorption band of water vapor is not
important except near the equator where water vapor is
abundant, because water vapor is almost transparent for
the radiation of this wavelength. On the other hand, the
effect of overlapping between the 15x band of carbon
dioxide and the rotation band of water vapor is not
negligible. The mere addition of the contributions of
these two gases could give us a fictitious resultant
emissivity which is larger than 100 percent. In our com-
putations we made the approximation that water vapor
is completely transparent for this overlapped frequency
range. In the lower troposphere this approximation
would probably be no better than Elsasser’s [11] approxi-
mation based upon the assumption of complete blackness
of the overlapped frequency range. However, in the
upper troposphere and stratosphere, where the mixing
ratio of water vapor is small and accordingly the absorp-
tion by the overlapped range of the rotation band of water
vapor is small, the present approximation should be
accurate. In order to obtain good accuracy everywhere
it would be desirable to adopt the following approximate
equation for the resultant slab absorptivity of the over-
lapped band, 7 (u” u®) (Yamamoto [68]),

€7 (¥, u9) =~ 1— (1€ (u")) - (1—EF(u))

=€ (u)+EY" (u¥) 1—E7(u))
where EF° is the mean slab absorptivity of water vapor
for the overlapped frequency range. Our approximations

correspond to the neglect of the second term on the right
side of equation (23).

(23)

3. TEMPERATURE CHANGE DUE TO THE ABSORPTION
OF SOLAR RADIATION.

The absorption of solar radiation by water vapor,
carbon dioxide, and ozone was included in our computa-
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tion. If we neglect the effect of overlapping among the
absorptions of different gases, the equation for the rate of
temperature change at height z due to these absorptions is

o7, ) DTZ>O

(% )=o)t Gt ) (50 )

where (07./0t)%:, (01./01)Sr, and (OT./01)%x are the
rates of temperature change due to water vapor, ozone,
and carbon dioxide respectively, and subscript S is the

abbreviation of solar radiation. The rate of temperature
change at height 2 due to each gas is

OT \¢
at >SR
where a? is the amount of absorption of solar radiation
as the function of optical thickness, and ¢ is the zenith
distance of the sun. In order to compute the equilibrium
temperature of the atmosphere, it is necessary to get the
expression for the rate of daily mean temperature change.

The daily mean rate of temperature change at height z
due to the absorption of solar radiation by gas @ is

(24)

st >
€, p OF

a%{(u,—u,) sec ;}] (25)

92) [ cos g‘
ot Jsr (whole day)
(daytime)
— [a%{ (u,—wu.) sec g“}]rlt:l (26)

which could be approximately expressed as
DTZ>
ot

where ¢ is the mean zenith angle defined in the following

way:
_ (daytime) (daytime)
cos §=<fcos g‘(t)a’t)/(f dt

The mean cosine of the zenith angle and the length of day-
time given in parts of 24 hours for each season and latitude,
which are used in our computation, are tabulated in

table 1.

(daytime) cosg‘ o]
" (wholeday)l. ¢, -

el (n—udfeos Tl | (21

(28)

TasLe 1.—The seasonal and latitudinal distributions of the lengih
of the daytime given in parts of 24 hours and those of the weighled
mean values of cos¢. (See table 6 of [36].

°Lat. Fractional length of daytime Cos¢
Apr. July Oct. Jan, Apr. July Oct. Jan.

5 . 508 . o17 . 500 . 496 . 625 .87 . 614 . 501
15 . 521 . 537 492 471 . 618 . 601 . 579 . 549
25 . 533 . 562 .483 . 450 . 599 . 503 . 524 .474
35 . 546 . 596 .471 .421 . 558 . 567 .458 . 393
45 . 562 .637 . 454 . 362 . 501 . 521 .379 . 317
&5 . 596 . 708 . 437 .321 .423 . 453 . 282 203
65 . 629 . 837 . 404 . 208 . 345 . 369 176 . 106
75 . 750 1. 000 . 329 e . 241 L3131 .071 R
85 1. 000 1.000 - R L 168 .318 [
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The eifect of pressure broadening of the absorption
lines was taken into consideration in the same way as for
the long wave radiation. The values of x which should be
adopted for the absorption of solar radiation by each gas
will be discussed later.

There is an overlapping between the 2.7y band of
water vapor and that of carbon dioxide. In the lower
troposphere where the water vapor is abundant, the mere
addition ol these two contributions causes an over-
estimmation of the absorption of solar radiation by this
band. However, in the troposphere the relative magni-
tude of the absorption by carbon dioxide is so sinall that
it does not matter whether we include this effect of over-
lapping or not. For the sake of simplifying the computa-
tion scheme, we add the contributions of two gases
neglecting the effect of this overlapping.

4. ABSORPTIVITIES OF LONG WAVE RADIATION

In order to compute the temperature change due to the
long wave radiation of the atmosphere, it is necessary to
know the emissivity or the absorptivity of diffuse radia-
tion. In the laboratory, however, the absorptivity of the
parallel beam is usually measured. Therefore, it is
necessary to obtain the relation between the absorptivity
ol a column and that of a slab. For this purpose Elsasser
[11] computed the transmissivities of both a slab and a
column for an idealized band of equal and equidistant
lines. Based upon these results, he obtained the following
approximate relation.!

(1) ~ 5 (1.66Lu) (29)

where 77 and 7% are the general transmission function of
a column and a slab for this idealized Elsasser band, and
[, is the general absorption coeflicient. This equation
means that the cffective optical thickness for isotropic
diffuse radiation is 1.66 tunes larger than that for direct
radiation. In this scction we shall use this approximate
relation for the reduction of the absorptivity of a slab from
that of a column.

WATER VAPOR

An extensive study of the absorption bands of water
vapor contributing to the terrestrial radiation was done by
Yamamoto [68]. He obtained the value of the general
absorption coefficient for the 6.3u band, 8-13u region,
17-24p, and the far infrared region from the experiments
by Fowle [16], Adel and Lampland [1], Weber and Randall
[66], and the theoretical computations of Yamamoto and
Onishi [67], respectively. According to his paper, the
theoretical computation by Yamamoto and Onishi coin-
cides well with the experimental results by Weber and
Randall for the rotation band at 17-24u but does not
coincide with the experiments by Fowle for the rotation
vibration band at 6.3y, due probably to the crude approxi-
mation adopted in their theoretical computation for this

1 This kind of approximation was first adopted by Robert [54].
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band. Recently, careful and extensive experiments on
this band were performed by Howard, Burch, and Williams
[27] which coincide very well with the results of Fowle.
This coincidence supports Yamamoto’s choice of Fowle’s
experimental data for this band.

By using the general absorption coefficients for 300° K.
and 220° K. and the general transmission {unction com-
piled by Yamamoto [68], we computed the mean slab
absorptivity e, (u”, 300° K.) and slab emissivity e (u",
220° K.), respectively, which are given in figure 1 for the
logarithm (base 10) of varying optical thicknesses in the
unit of centimeter of precipitable water. The contribu-
tion of the {requency range overlapped with the 154 band
of carbon dioxide (550-800/cm.) was not included in this
computation.

The value of the pressure factor « for the absorption
bands of water vapor could be obtained from the experi-
ments performed by Howard et al. [27] and Daw [9].
Howard et al. conducted laborious experiments on many
infrared absorption bands of water vapor and carbon
dioxide and proposed two types of relations which fit the
experimental data. When the absorption is weak, the
total absorption is given by the following equation of
“weak fit’’:

f " Adv—=Clu (P+p)} V2 (weak )., (30)

For the stronger absorption the total absorption is given
by the following equation of “strong fit"’:

f"2A,dV=o+Dlogm{u(P+p>x} (strong fit).2 (31)
21 )

In table 2 the values of « for the 6.3x band and the rotation
band are tabulated both for the strong and for the weak
fit. Referring to this table, we assumed the effective mean
w-value for both the rotation band and the 6.3x band to be
0.6.

In view of the fact that Daw’s experiments do not cover
the entire rotation band of water vapor and that the theo-
retical computation of line intensity of the rotation band
is possible, 1t seems desirable to determine the x-value for
the rotation band based upon the theoretical computation.
Belore this sort of computation is done, we tentatively
adopt the «-value of 0.6.

CARBON DIOXIDE

Careful study of the absorptivity of the 15u band of
carbon dioxide was made by Howard, Burch, and Williams
[27] for absorber concentration ranging from 1 to at
least 1000 atmo-cm. of carbon dioxide and for various

2 According to Benedict [4], the collision eross section of H20-N collision is 6~7 times as
Jarge as that of N3—N; collision instead of twice implied by equations (30) and (3)). Ifso,
reanalysis of the experiment by Howard et al. [27] scems to be desirable. - Before this is
done, we shall tentatively adopt their present results.
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TaBrLe 2.—The value of k for rotation band and 6.8y band of water

vapor*
Band Band Limits I3 Reference
(em.-t)
Rot 1:0. . 436~655 | 0.60 (weak fit).._| Daw [9]~.
655896 | .50 (weak fit)._._| Daw [9]*.
1150-2050 |f.60 (weak fit)_...{ HBW [27{.
.72 (strong fit).__| HBW [27].

*The x-values for the rotation band were taken from p. 16-12 of the Handbook of Geo-
physics [18], where King gave the value of x and other constants based upon Daw’s data.

total pressures ranging from 20 mm. to 740 mm. Hg.
They expressed their results by the equations of weak and
strong fit as they did for the absorptivity of water vapor
refer to equations (30) and (31)). By using these
empirical equations it is possible to construct the curve
of the mean band absorptivity of a slab for the 154 band
of carbon dioxide.

According to their experiment, the pressure factor «
for a weak fit is 0.855 and that for a strong fit is 0.88.
Based upon these values we assumed « to be 0.86.

The dependence of absorptivity of this band on temper-
ature is not always small. This was pointed out, for
example, by Plass {51]. In order to calculate the tem-
perature effect, we used the recent work of Sasamori [55]
who theoretically computed the absorptivity of this band

Without overiapped range
(550 -800/cm)

: T
-6 ~5 -4 -3 -2 -1 0 i

log u¥(Precip.cm)

Ficure 1.—The slab emissivity and the mean slab absorptivity
of water vapor. The contribution of the frequeney range over-
lapped with the 15 4 band of earbon dioxide (650-800/cm.) was
not included.
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for various temperatures. Though his theoretical curve
at normal temperature and 1 atmosphere pressure (NTP)
does not exactly coincide with the experimental curve
mentioned above [27], his results give us the approximate
magnitude of the change of effective optical thickness
corresponding to the change of temperature. By shifting
horizontally the experimental curve mentioned above
by the same distance ® as the distances between the curve
at 300° K. and that at other temperatures shown in
figure 2 of Sasamori’s paper, the final absorption curves
were obtained for various temperatures which are shown
in figure 2 and were used for our computation. Inter-
polation of these curves in this figure gives us the approxi-
mate absorptivity curve for any temperature above
218° K. and below 300° K. When the temperature is
higher than 300° K. or lower than 218° K. we adopt the
absorptivity of 300° K. and 218° K. respectively. In
order to use these absorptivities, it is necessary to compute
the effective temperature of the atmospheric layers.
Although the mixing ratio of carbon dioxide is approxi-
mately constant with height, pressure as well as temper-
ature vary with altitude. Therefore, the estimation
of effective temperature involves cumbersome computa-
tions. (See, for example, Plass [51]). In view ol the
fact that the absorptivity of carbon dioxide at NTP
is itself subject to some uncertainty, we adopted the
following simplest possible approximation for the com-
putation of effective temperature 7',

re (7 ) ()

where P, and P, are pressures of upper and lower limits
of the layer, respectively. Alter obtaining this effective
temperature, we can compute the absorptivity of the
layer for Ty by linearly interpolating absorptivities with
respect to temperature.

This effect of temperature on the absorptivity of the
15¢ band of carbon dioxide was included in the computa-
tion of the heat balance of the atmosphere but, for the
sake of simplicity, not in the computation of radiative
equilibrium. In the latter computation, we adopted the
absorptivity at 218 °K. consistently.

(33)

OZONE

Laboratory measurements of the absorptivity of this
band were made by Summerfield |60] and more recently
by Walshaw [65]. The latter experiments were used for
our purpose. In his paper, Walshaw presents empirical
expressions which agree well with the observed absorption
curve but are at the same time quite complicated.

In this study, for the sake of simplicity, his data were
re-analyzed to get the absorptivity suitable for our system
of computation. Re-analysis was confined to the runs
a—i of Walshaw’s experiment which cover the ordinary

3 Of course, this distance depends upon the amount of COz also.
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log u$ (cmNTP)

Fraure 2.-—The mean slab absorptivity of the 15 u band of carbon
dioxide for various temperatures. The absorptivity for 300° K,
is based on the experiment by Howard et al. [27]. The temper-
ature dependence of the absorptivity was estimated based upon
the theoretical computation of Sasamori [55].

range ol ozone amounts in the atimosphere. PBased upon
these runs, the value of ¥ was determined to be 0.3 by
the least squares method.*

In figure 3, observed values of mean band absorptivity
of a column were plotted versus effective optical thickness
%, which is defined by

u,=[(P+.61p)/P]*u (34)
The addition of 0.61p to the total pressure P, which
appears in the numerator of this equation, was originally
suggested by Walshaw [65]. Based upon his results of

4 In order to perform the least squares method, absorptivity was tentatively assumed
to be proportional to the square root of the amount of ozone,
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F1cURE 3.—The mean absorptivities of both column and slab of
the 9.6 u band of ozone (i.e., £ and 8‘,’) obtained by processing
the results of Walshaw’s experiment [65]. The symbols adopted
for plotting his measurement of mean absorptivity of column
are the same as those adopted by himself for the series of runs
of his experiment.

experiments, he concluded that the effective collision
cross section of ozone is about 1.61 times as large as that
of air. For the atmospheric condition, however, P>p,
so this addition is not necessary.

The curve of best fit to these data gave us the mean
band absorptivity of a column which was changed into
the mean band absorptivity of a slab in the usual way.
The slab absorptivity corresponding to the logarithm
(base 10) of the various effective amounts of ozone (Unit:
em./NTP), which was used for our computation, is also
shown in figure 3.

Examining the plotted values in figure 3 carefully, we
notice that there is a rather large scattering of points for
a small amount of effective ozone. (Refer to runs a, b.)
Analyzing Walshaw’s experiment for a small amount of
ozone we notice the following tendency. As the pressure
becomes larger, i.e. approaches 1 atmosphere pressure,

616949—61——2
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absorptivity seems to become more or less independent
of pressure. This small dependence is the cause of
seattering of plotted points and suggests the inadequacy
of equation (34) for incorporating the pressure dependence.
However, as the pressure in or near the ozone layer,
where the effect of this band is important, is much less
than 1 atmosphere pressure, this tendency should not
cause serious error in our computation,

5. ABSORPTION OF SOLAR RADIATION
WATER VAPOR

Based mainly upon Fowle’s work [14], [15], [16], the
absorptivity curve of solar radiation by water vapor has
been constructed by Kimball [32], Miigge-Moller [42],
Yamamoto-Onishi [69], Houghton (25}, and McDonald
[37]. TFor this work, in order to cover the small amount
of water vapor, we constructed the absorption curve
based mainly upon experiments by Howard et al. [27].

According to their paper [27], the water vapor absorp-
tion bands at 6.3, 3.2, 2.7, 1.87, 1.38, 1.1, and 0.94p were
studied individually for the absorber concentrations
ranging from 0.001 to 3.8 cm. of precipitable water and
for the various total pressures with nitrogen up to 740
mm. Hg. Using mainly these results, we obtained the
absorption of solar radiation by water vapor. Although
Howard et al. did not give the absorption for the amount
of precipitable water which is more than 3 cm., they
determined the parameter of Goody’s random model by
use of their experimental results and predicted the magni-
tude of band absorption for 3, 10, and 50 em. of precipi-
table water. Therefore, we can compute the absorption
up to 50 em. of precipitable water. For the absorption
by a very small amount of precipitable water which was
not covered by their experiments, we simply used the
experimental equation for weak fit proposed by Howard
et al. [27].

The absorption bands at 0.75 and 0.85x were not
covered by their experiment because of the minor impor-
tance of these bands. In view of the fact that the
intensity of near infrared solar spectrum increases with
decreasing wavelength, the contributions of these two
bands are not negligible when the amount of precipitable
water is more than 1 em. Although the absorption band
at 0.94y was covered by their experiment, parameters of

TaBLe 3.—The values of « for various absorption bands of water
vapor which absorb solar radiation (after Howard et al. [27]).

Characteristic I3 K

wavelength (u) | Weak fit Strong fit
6.3 0. 60 0.72
3.2 L60
2.7 .64 61
1.87 .60 62
1.38 .60 43
11 LB2 L
0 91 7 R,
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F1cure 4—Comparison of the absorption of solar radiation by water
vapor by various authors.
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Ficure 5.—The amount of the absorption of solar radiation by
carbon dioxide based upon the results of experiment by Howard
et al. [27].

Goody’s model were not given, due probably to the poor
accuracy of the laboratory experiment for this band.
Therefore, their result cannot be extrapolated to the
amount of water vapor which is larger than a few cm. of
precipitable water.

In order to compute these three weak bands which are
of rather minor importance, we used Fowle’s data.

MONTHLY WEATHER REVIEW

DECEMBER 1961

Extrapolation of his absorption curve to larger optical
thickness was done by using the general absorption
coefficient of Yamamoto and Onishi [67] % and the general
transimission function of Elsasser band,

Finally, summing the contributions from these 9 bands,
we computed the absorption of solar radiation versus the
amount of precipitable water, which is shown in figure 4.
Also in figure 4 the absorption curves obtained by other
authors are shown for the sake of comparison. On the
ordinate the rate of absorption is given in units of cal./cm.?
min., and on the abscissa logarithm (base 10) of water is
given in units ol em. of precipitable water. In order to
compare our result with that of McDonald, it is necessary
to add the contributions from the absorption bands at
2.7, 3.2, and 6.3u to MeDonald’s curve. If we do that,
the difference between our curve and McDonald’s or
Migge-Moller’s curve 1s approximately 10 percent.

In spite of the fact that Houghton [25] found some
inconsistencies between the Fowle publications and the
data published by Smithsonian co-workers, the band
absorptivities obtained by Fowle and those by Howard
et al. coincide with each other well,® and the difference
between our curve and Migge-Moller’s does not seem to
cause a serious effect, whichever result is correct.

In order to incorporate the pressure effect properly, it
is necessary to find the proper value of « for those bands.
Table 3 shows the values of « which were obtained by
Howard et al. [27] experimentally for both the strong and
weak fit. Referring to this table, we assume the value
of ¥ common for all those bands to be 0.6. This value
is the same as the x-value adopted for the terrestrial
radiation of water vapor.

CARBON DIOXIDE

Extensive experiments by Howard, Burch, and Williams
[27] are available for the computation of the amount of
absorption of solar radiation by carbon dioxide. They
studied the carbon dioxide absorption bands at 5.2, 4.8,
43,27, 20, 16, and 1.4 u individually for absorber con-
centration ranging from 1 to at least 1000 atmo-cm., for
various total pressures including nitrogen up to 740 mm.
Hg.

Based upon their results and the solar irradiant spec-
trum outside the earth’s atmosphere which is given in the
Smithsonian Meteorological Tables, the resultant absorp-
tion curve can be constructed by summing the contribu-
tion of the 7 bands mentioned above. Figure 5 gives this
relation between the absorption of solar radiation (cal./cm.?
min.) versus the logarithm (base 10) of the amount of
carbon dioxide (¢em./NTP).

In order to take into consideration the effect of pressure

5 Though their general absorption coefficients were based upon Fowle’s data and rather
crude theoretical computations, some adjustment of the coefficients was needed to make
the resultant absorption curves coincide with Fowle’s.

8 There is some significant difference in the absorptivities of the 1.38xband. Howard’s
absorptivity is larger than Fowle's.
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TABLE 4.—«-values for various COy bands which absorb solar radiation.
(Av)erit. is the upper limit of the mean band-absorptivity for which
the equation of weak fit is applicable.

Characteristic x 3 (Av)erit.

wavelength (u) | Weak fit | Strong fit
5.2 ’ 0.80 | ... 0.273
4.8 T4 . . 333
4.3 |- 93 . 147
2.7 86 .88 L1566
2.0 78 83 .178
1.6 76 | L1435
1.4 82 |- L1383

broadening, it is necessary to know the magnitude of «.
Table 4 gives the values of these 7 absorption bands ob-
tained by Howard, Burch, and Williams [or both the
strong and the weak fit. The value of « for the weak fit
concentrates around 0.8 and that for the strong fit con-
centrates around 0.9. Therefore, we assume the value to
be 0.86 which is the same as the one used for the compu-
tation of long wave radiation of the 15 band of carbon
dioxide.

OZONE

In order to compute the amount of solar radiation
absorbed by ozone, it is first necessary to know the ultra-
violet portion of the solar spectrum irradiance curve out-
side the earth’s atinosphere. Recent work of Johnson [30]
is available for this purpose. He constructed the im-
proved version of the solar irradiance curve outside the
atmosphere using recent results of the observations ob-

tained by high altitude rocket as well as the Smithsonian -

observations.

Another bit of information needed for the construction
of the absorption curve is the absorptivity of ozone with
respect to various wavelengths. The most recent data
about which the authors know are the results of experi-
ments by Vigroux [64] and by Inn and Tanaka [28]. In
spite of the distinct differences in the experimental meth-
ods, the agreement between them is fairly good.

In this paper, following the recommendation by Inn
and Tanaka [29], we used Vigroux’s experiment for the
computation of the absorption due to Huggins band
(30003700 X)) and the experiment by Inn and Tanaka
for the computation of the absorption due to the Hartley
(2000-3000 A.) and Chappuis bands (4400-7600 A.). 1In
view of the temperature of the stratosphere where the
absorption due to ozone mainly takes place, we adopted
the absorption coefficients for the temperature of —40° C.
The values could be calculated from the estimate of
Vigroux who observed the ozone absorption over the
—92° C. to 120° C, temperature range. In figure 6 con-
tinuous lines show the total amount of absorption due to
ozone (cal./em.? min.), that due to the Hartley and
Huggins bands, and that due to Chappuis band versus
the logarithm of the amount of ozone (¢cm./NTP). For
the sake of comparison, the absorption curve which is
obtained by integrating the diagram constructed by
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Fiaure 6.—The amount of the ahsorption of solar radiation by
ozone based upon the results of experiments by Vigroux [64],
and Inn and Tanaka [28]. The contribution of each band is
also shown in the figure.

Craig [8] and extended by Pressman [52] is also shown
in figure 6 as a dashed curve. In spite of the fact that
the latter curve is based upon the older experiment by
Ny and Choong [46, 47], and upon different solar irra-
diant curves, the coincidence between these two absorp-
tion curves 1s good.

6. DISTRIBUTION OF GASES
WATER VAPOR

The vertical and latitudinal distributions of water
vapor in the atmosphere were compiled by Telegadas and
London [61] and London [36], based upon surface and
radiosonde observations. We adopted their distributions
of the relative humidity in the lower half of the tropo-
sphere where the temperature is above —30° C. and the
measurements of relative humidity by radiosonde are
accurate enough, In the upper half of the troposphere
where the temperature is below —30° C. we adopted the
constant frost point lapse rate of —6.25°C./km. which
coincides with the results of many observations from an
airplane conducted by the British group [43], [63].

Concerning the moisture distribution at the higher
altitude Barelay et al. [2] constructed a convenient figure
which shows the results of various authors in compact
form and is reproduced in figure 7. Among them, Bar-
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" Freure 7.—The vertical distributions of water vapor obtained by
various authors and compiled by Barclay et al. [2]. The data
for mother-of-pear] clouds are from Stgrmer [59].

rett’s [3] results seem to be too large, due probably to
the evaporation from the balloon. Therefore, based
upon the measurements by Murgatroyd et al. [43] and the
infrared measurements by Houghton et al.  [26] and
Gates et al. [17], we tentatively assumed the constant
frost point of 190°K. in the stratosphere up to the height
of about 30 km. {9-mb. level) and assumed a constant
mixing ratio above this level. This gives the total amount
of moisture which is consistent with infrared measurement.
The final results of the vertical distribution of moisture
which were obtained by the British group, and summarized
by Tucker [63], are given in figure S8a. It is very interest-
ing that the [rost point decreases with height and ap-
proaches the value of about 190°K. irrespective of season.
Recently Murgatroyd” obtained his results of the measure-
ments ol vertical distribution of water vapor at various
latitudes which are also reproduced in figure 8b. Accord-
ing to these results the frost point seems to approach

7 Private communication, See referen-e [44].
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almost the same value, ie. 190°K., irrespective of
Iatitude. In view of these results our assumption that
the {rost point is constant in the stratosphere irrespective
of season and latitude seems to be reasonable.

In figure 9 the latitudinal and vertical distributions of
the mixing ratio (gr./kg. of air) of water vapor for all
seasons, which we adopted for our computations, are
shown.

CARBON DIOXIDE

[t is generally considered that the proportion of carbon
dioxide is relatively invariant below 90 km. According
to the table presented on page 8-1 of [18] the amount
ol carbon dioxide is approximately 0.03 percent by volume
or 0.0456 percent by weight. The reduced thicknesses
of carbon dioxide at normal temperature and normal
pressure were computed from these data.

OZONE

The seasonal and latitudinal distribution of ozone was
first given by Gé6tz [21] in the form of a diagram. Based
upon the more recent measurement of higher sensitivity,
Normand [45] improved the diagram by removing the
Arctic winter gap which exists in the original case.
Normand’s diagram must be modified further because
the amount of ozone in his diagram was computed by use
of the absorptivity of Ny and Choong [46], {47], which is
about 36 percent larger than that of Vigroux at the wave-
length adopted for this computation. The latitudinal
distributions of the total amount of ozone lor all seasons
are shown in figure 10 in the Vigroux scale.

Cloncerning the vertical distribution of ozone, T@nsberg
and Olsen |62] found a good correspondence between the
total amount of ozone and vertical distribution. Figure
11 shows this correspondence in the Vigroux seale.

From figure 10 and figure 11 it is possible to obtain the
distribution of ozone with respect to latitude, scason, and
height which we used for our computation.

7. COMPUTATION OF RADIATIVE EQUILIBRIUM

So far we have constructed a scheme lor the computa-
tion of radiative temperature change, deduced the
absorptivities from various theoretical and experimental

results, and determined the distribution ol various
atmospheric  gases consistent with the observations

obtained by various authors. Now we are in a position
to compute the seasonal and latitudinal distributions
ol the radiative equilibrium temperature as well as that
of heat balance.

The basic principle of the method of computation is to
approach the state of radiative equilibrium asymptotically
from certain initial conditions. 1f we express temperature
as a function of height and time, i.e., T(z,t), equilibrium
temperature might be expressed by 7T'(z,«). Since it is
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Froure 8.—(a) Seasonal variations of the vertical distribution of water vapor which were measured from an airplane by the British group

[43] and compiled by Tucker [63].
communication).

possible to determine the rate of temperature change
uniquely [rom the distributions of temperature and gases,
and since the continuous variation of temperature dis-
tribution causes continuous variation of the rate of
temperature change, there exist such § and ¢, as to satisfy
the following condition {or any value of £:

£> Max| T(z, @) —T(z,t) | (35)
and
5> Max | (TG, tc)) (36)
thre -
T(z,tc):T(z,O)—{—J;tc(aT( c)>m (37)
and
() =) (),

In other words, we can approach the radiative equilibrium
as closely as we want by properly choosing the magnitude
of 8.

In order to perform the integration of equation (37) by
2 finite difference scheme, we adopted the forward time
difference, i.e.

T(z,t+At) :T(z,t)+<°£é~j—”)mu (39)

(b) The vertical distribution of water vapor at various latitudes obtained by Murgatroyd (private

Brunt [5] shows that the equation of temperature

.change due to atmospheric radiation could be crudely

approximated by an equation of heat diffusion. Ac-
cording to Richtmyer [53], the finite difference time
integration of a diffusion equation can be performed
stably by adopting forward time differencing and choosing
the proper time interval. Based upon this information,
we used forward time differencing for our integration.
The optimum time interval which satisfies the condition
ol computational stability was determined by a trial and
error method. For our grid system (refer to Appendix
I) the integration was stable for time intervals shorter
than 12 hours but was unstable if we adopted a 24-hour
interval. We adopted an 8-hour interval throughout
our computations of radiative equilibrium.

The lower and upper computational boundary con-
ditions are

T(0,t)=Ts=const. (40)
at the ground surface, and
7/op=0 (41)

at the top of the atmosphere. (Refer to equation A-3 in
the Appendix II1 for exact meaning of latter condition).
The initial condition which we adopted for the compu-
tation of radiative equilibrium was an isothermal atmos-
phere with the observed temperature of the earth’s
surface. Since we adopted a finite value of 8, the final
equilibrium temperature has an uncertainty of the order
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of magnitude of € depending upon the initial conditions
chosen. Thereflore, in order to compare our results with
each other it is desirable to start from the same initial
conditions, which we did. For our computations we
adopted values of § ranging from 0.03°C./day to 0.07°C./
day. According to our estimate by extrapolation, the
maximum difference between the actual and the computed
equilibrium temperatures appears around the tropopause
when we adopted the isothermal initial condition and
varies® from 3°C.—7°C. corresponding to the range ol §
given above. The time for reaching this quasi-equilibrium
state depends upon the amount of sunshine and the
magnitude of §. When we adopt 0.07°C./dayv for &, this
time ranges from 200 to 500 dayvs, depending upon the
amount of sunshine. The weaker the sunshine, the longer
it takes to reach this quasi-equilibrium.

Along with the computation of the equilibrium tem-
perature by this initial value method reported in this
paper, we also computed it as the solution of a homoge-
neous set of equations whose unknowns are the tempera-
tures at various levels. The preliminary results obtained
by adopting this matrix method are to be published [41].
Using this matrix method, we can get the vertical distri-
bution of equilibrium temperature immediately and are
free of the uncertainty, €, that we have in the initial
value method. Therefore, the results obtained by this
matrix method serve as an independent check of the
present initial value method. In order to adopt this
linear matrix method, however, it is necessary to lincarize
the equation of temperature change with respect to tem-
perature. Whereas for the initial value method it does
not matter whether the equation is lincar or non-linear
with respect to temperature. In this respect the present
initial value method is much more flexible and more
accurate than the matrix method. The initial value
method might be regarded as one of the methods for
solving the set of non-linear equations byv successive
approximation.

8. DISCUSSION OF RESULTS
RADIATIVE EQUILIBRIUM

An Erample of Radiative Equilibrium.—Figure 12 shows
one example of the temperature distribution at radiative
equilibrium. The distribution of gases and the solar
radiation at 35°N. in April were adopted for this computa-
tion. The temperature of the earth’s surface was assumed
to be 289°K. As a reference, the vertical temperature
distribution of the standard atmosphere and that of the
dry adiabatic atmosphere are also given in the same figure.
According to this figure, the lapse rate of the radiative
equilibrium atmosphere is more or less dry-adiabatic up to
the 11-km. level except near the ground surface where
there is an abrupt decrease of temperature with height.
The height of the tropopause is about 11 km. This

8 The computed equilibrium temperature is warmer than actual.
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Fraure 12.—Distribution of radiative equilibrium temperature.
The amount of sunshine, the distributions of gases, and surface
temperature at 35° N. in April were used ($=0.03° C./day).
The line of standard atmosphere and that of dry adiabatic lapse
rate are also shown for the sake of comparison.

approximately coincides with the observed height of the
tropopause in middle latitudes but is much lower than
that of the equatorial tropopause. We shall discuss this
subject in detail later. The computed tropopause tem-
perature is approximately 180°K., which is about 20°-
40°K. lower than the observed temperature. Since the
frost point of water vapor was assumed to be 190°K in
the lower stratosphere, this computed temperature would
cause supersaturation around the tropopause It is
reasonable that the radiative equilibrium temperature of
the upper troposphere and lower stratosphere is much
lower than the temperature of the standard atmosphere
because of the neglect of the process of condensation and
that of upward eddy transport of energy from the earth’s
surface. Above this level the temperature increases
sharply with height and again approaches the tempera-
ture of the standard atmosphere.

In figure 13 the vertical distribution of various radia-
tive heat balance components corresponding to the
quasi-equilibrium temperature of figure 12 is shown. The
rapid increase of heating with height due to the absorp-
tion of solar ultraviolet radiation by ozone is the main
reason for the tendency of temperature increase with
height in the stratosphere. This tendency was also ob-
tained by Gowan [22, 23] by taking into consideration the
absorption of solar radiation by ozone. If we ceinpare
his results with ours, we notice that his radiative equili-
brium temperature is much higher than ours. This
might be partly due to the fact that he adopted the black-
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figure 12. SH20, SC02, and SO3 are the rates of temperature change due to the absorption of solar radiation by water vapor, carbon
dioxide, and ozone, respectively; and LH20, LCO2, and LO3 are those due to the long wave radiation by water vapor, carbon

dioxide, and ozone, respectively.

body radiation at 6000°K. as the solar extraterrestrial
radiation. It is now well known that this value of extra-
terrestrial radiation is much larger than the observed
value in the ultraviolet spectrum.

Here we should mention our results obtained by the
matrix method, which are to be published in a separate
paper [41]° In that paper, instead ol assuming the
temperature of the earth’s surface, we computed it from
the condition of radiative equilibrium. The computed
temperature of the earth’s surface is about 313°K. and is
much warmer than the observed value. This is because
of the neglect of energy transport from the ground to the
atmosphere by turbulent eddies. As a result of this
warm surface temperature, the lapse rate of the lower
troposphere is somewhat steeper than that of the present
computation. However, the height of the tropopause is
approximately 11 km. and coincides with the present
By comparison, Emden’s tropopause 1s located

result.
In the

much lower, somewhere around the 6-8-km. level.

9 Refer to the end of section 7.
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Fiaure 14.—-Dependence of equilibrium temperature on the total
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amount of ozone.
in April were

water vapor, and surface temperature at 35° N.
used (6=0.03° C./day).
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The distributions of water vapor
The amount of sunshine, distribution of ozone, and surface

temperature at 35° N. in April were used (6=0.03° C./day) consistently.

computation by the matrix method, we allowed the pos-
sibility of a temperature discontinuity at the earth’s
surface as was first obtained by Emden [12], whereas in
the present computation we did not. The magnitude of
temperature discontinuity was very small, about 0.06°C.
This is much smaller than the discontinuity of about 20°C.
which Emden obtained in his computation of radiative
equilibrium based upon the assumiption of gray radiation.
Accordingly, no large error would be introduced by the
nezlect of this temperature jump at the earth’s surface,
which we did in the present computation.

Radiative equilibrium and the distribution of gases.—In
order to determine the influence of ozone on the radiative
equilibrium, the distributions of radiative equilibrium
-temperature were computed for various total amounts of
ozone, i.e., 0.220, 0.300, 0.380, 0.460, and 0.540 cm./NTP.
This range of values includes almost all of the total
amounts observed in various latitudes and seasons. The
vertical distributions of ozone corresponding to these
total amounts are given in figure 11.  (Refer to section 6.)
The amounts of gases other than ozone and the amount of

616949 —61——3

sunshine are the average values at 35 °N.in April. Figure
14 shows the computed equilibrium temperatures. First

of all, we note that the greater the ozone amount, the
warmer the radiative equilibrium temperature around the
tropopause. The variation of the equilibrium tempera-~
ture around the tropopause is as much as 20°K. for the
range of total ozone amount mentioned above. These
results are understandable because, when the total amount
of ozone varies, the vertical distribution of ozone varies
most markedly around the tropopause (refer to fig. 11).
This result suggests that ozone could be one of the im-
portant factors causing the increase of stratospheric tem-
perature with latitude. However, as Goody [20] pointed
out, the temperature of the earth’s surface, which de-
creases with increasing latitude, is also an important
factor in determining the heating due to the 9.6p band of
ozone. This problem will be discussed again by referring
to the results of the computation of the heat budget,
described in the latter half of this section.

Next, in order to investigate the influence of tropo-
spheric water vapor -on the radiative equilibrium tempera-
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Ficure 16.—Dependence of equilibrium temperature on the distribution of stratospheric moisture. The distributions of water vapor
corresponding to each equilibrium temperature distribution are shown on the right side. The amount of sunshine, distribution of
ozone, and surface temperature at 35° N. in April were used (§=0.03° C./day).

ture, equilibrium computations were made for various sary to examine figure 13. As shown in this figure, the
distributions of tropospheric water vapor. The distribu~ long wave radiation by water vapor is the most important
tions adopted for these computations are shown on the cooling factor near the level of the tropopause. Accord-
right hand side of figure 15. They are the annual means ingly, the more water vapor present, the stronger the cooling
of water vapor at 5°N., 45°N. and 85°N., and the distri- is. On the other hand, the heating effect due to the ab-
bution at 85°N. in winter. The [rost point ol water vapor sorption of solar radiation by ozone markedly increases
was always assumed to approach the constant value of with altitude in the stratosphere and that due to the 9.64
190°K. (—83°C.) in the stratosphere. The duration of band ol ozone also increases with altitude near the tropo-
sunshine, the solar zenith angle, and the distributions of pause. Since there is usually more water vapor around the
various gases other than water vapor are the mean values tropopause in low latitudes than in high latitudes, the
at 35°N. in April and are kept the same throughout these level where the temperature starts increasing with in-
computations. The resultant equilibrium temperatures creasing altitude owing to the heating effect of ozone, is
are given on the left hand side of figure 15. 'The computed higher in low latitudes than in bigh latitudes.

height of the tropopause for the low latitude distribution The importance of the distribution of water vapor as a
of moisture is higher than that in the high latitudes. The [actor determining the height of tropopause was empha-
variation of the height of the tropopause over the range sized by Goody [20] and Yamamoto [70]. Goody ex-
of tropospheric water vapor is about 5 km., which is about  plained the latitudinal variation of the height of the
half of the observed difference in tropopause height between  tropopause by discussing the balance between the cooling
the Pole and the Equator as shown on the left hand side of  cffect of water vapor and the heating effect of the 154 band
figure 19. However, these results suggest that the distri- ol carbon dioxide. We shall discuss this theory in the
bution of moisture in the troposphere could be one of the latter hall of this section. Yamamoto computed the
important factors in determining the height of the tropo- temperature distribution of radiative equilibrium for the
pause. In order to understand these results, it is neces- range of the latitudinal variation of tropospheric moisture
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and obtained the corrcet magnitude of the pole-to-cquator
difference in the height of the tropopause. His computa-
tion, however, is based upon the assumption ol gray
radiation which gives us much too small absorptivity for
the small amount of water vapor existing around the
tropopause.

The most uncertain quantity involved in our computa-
tions 1s the distribution of water vapor in the strato-
sphere, which we discussed in scction 6. Therefore,
before discussing the computation of latitudinal and
seasonal distributions of radiative equilibrium, it seems
necessary to know more quantitatively the influence of
stratospheric water vapor on the radiative equilibrium
temperature profile. On the right hand side of figure 16
the distributions of moisture adopted for this series of
computations are given. In order to cover the range of
values observed by various authors (refer to fig. 8) we
made equilibrivm computations for constant frost points
of 190 °K.,200 °K., and 211 °K."in the lower stratosphere.
Also the radiative equilibrium for a stratosphere with
constant mixing ratio * and one with a monotonical
decrease of frost point (6.25°K./kin.) were computed.
The distributions of tropospheric water vapor and of
other gases are the mean values at 35° N. in April.

On the left side of figure 16 the results of the computa-
tions are shown, from which we note that the more water
vapor which exists in the upper stratosphere, the lower
becomes the temperature of the upper stratosphere and
the higher the temperature near the tropopause. This

is because abundant moisture in the top layer causes.

strong emission into outer space, and thus the top layer
cools more strongly. On the other hand, this moisture
increases the downward long wave radiation by water
vapor from the top layer, so that the lower layer can be
heated more strongly by this radiation. The large dif-
ference in the equilibrium temperature of the upper layer
of the atmosphere due to the variation of the stratospheric
moisture suggests the importance of the continuous and
extensive observations of the amount of water vapor.
When the amount of water vapor is small, it is difficult
to estimate the absorptivity. However, as far as the
present results are concerned, the frost point of 190° K.,
which we are going to adopt consistently in the following
computation, seems to give us reasonable temperatures at
the highest altitudes involved in our computation.

The series of computations carried out so far suggests
that the factor of primary importance in determining the
height of tropopause is the distribution of tropospheric
moisture. The distribution of ozone and that of water
vapor in the stratosphere, however, seem to have an
important effect on the temperature around the tropo-
pause. Therefore, indirectly, they could also affect the
height of the tropopause by causing a change in the

10 011 == Gegoo = 25e190 Where, for example, eq0o is the vapor pressure corresponding to the

frost point of 200° K. Above the 9-mb. (31.6-km,) level, mixing ratio instead of frost
point was assumed to be constant with height.

11 Total amount is the same as the case of 190° K. frost point,
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dynamical behavior of the stratosphere and the upper
troposphere.

Seasonal and latitudinal distribution of radiative equilib-
rium.— ~Next we shall compute the latitudinal and sea-
sonal variations of equilibrium temperature. The amount
of sunshine and the distribution of gases adopted for this
computation were described in sections 3 and 6, respec-
tively. Mean observed values for each season and latitude
were adopted for the surface temperature, which was
assumed to be constant with time. In order to cut the
amount of computation, 0.07° C./day was adopted as the
convergence criterion §. This value is slightly larger
than the one we have used so far (0.03° C./day). Accord-
ing to our pilot test, the small increase of § changes the
general features of the results very little, if we consistently
start from an isothermal atmosphere. (Refer to section
7 for the magnitude of € corresponding to this §.)

Figures 17 and 18 give the observed and computed
temperature distributions respectively.’? In spite of the
fact that only the effects of radiative processes were
taken into consideration, there are various similar fea-
tures between them. For example, as could be expected
from the foregoing study of the effect of tropospheric
water vapor, the height of the tropopause is computed
to be greater in low latitudes than in high latitudes. In
order to compare this computed height with the observed
in more detail, we constructed figure 19. On the left
hand side of this figure, the seasonal and latitudinal
distribution of the tropopause obtained by Kochanski
[34] along the 80°W. meridian is given. According to
this, the polar tropopause is highest in July, lowest in
winter, and higher in October than inspring. In latitudes
greater than 60°N . however, the winter tropopause seems
to be slightly higher than the spring tropopause. The
observed height of the equatorial tropopause in summer
is lower than in other seasons, but this tendency does not
invariably appear at other longitudes [13]. On the right
hand side of this figure the computed heights of the tropo-
pause are shown. The level of minimum temperature,
or that of rapid change of lapse rate, was regarded as the
tropopause. Since the number of levels where we com-
pute equilibrium temperature is not enough for exact
determination of the tropopause, we determined this
level by extrapolating the temperature curve from both
the tropospheric and stratospheric sides. The difference
of the height of the computed tropopause between pole
and equator is about 50 percent of that observed. More
specifically, the computed height is too low in low lati-
tudes, though it is close to that observed in high latitudes.
Qualitatively, the seasonal variation of the height of the
tropopause 18 predicted well, except for the reversal of
spring and winter tropopause in high latitude mentioned
above. This computed result can be understood by
examining the distribution of water vapor around the

12 The equilibrium temperature of fall and winter in high latitudes is not shown because
the radiative equilibrium is too low to be treated by the present scheme alone.
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For surface temperature, observed values were

adopted (5=0.07° C./day).

tropopause (refer to fig. 9). Tropopause moisture is
maximum in summer, minimum in winter, and greater
in autumn than in spring. The failure in predicting the
height of the tropopause in low latitudes seems to suggest
the importance of the dynamical effect which is not
considered in the present computation. It is the next
interesting task to find out how the height of tropopause
is modified by such phenomena as the meridional circu-
lation in the atmosphere, the cyclone waves, and the
moist convection in the lower latitudes.

The observed temperature distributions in figure 17
have a very strong minimum around the equatorial
tropopause, irrespective of season, and the temperature
of this altitude increases with increasing latitude (except
in winter when temperature decreases again in high
latitudes,. The computed temperature has a slight
minimum near the equator and increases very slightly
(several degrees) with latitude both in spring and summer.

However, this tendency is much weaker than the observed
one. TIn fall and winter the computed temperature de-
creases monotonically with latitude.

In order to clarify this conclusion further, we computed
the temperature distributions of regional radiative equilib-
rium at the 74-mb. (18-km.) level, where the equator to
pole temperature increase is maximum. Asis shown in the
Appendix, we use 10 atmospheric temperature levels in
our finite difference scheme, and the 74-mb. level is the
second level from the top. For other levels observed
temperatures were inserted and assumed to remain con-
stant with time. In other words, we computed the tem-
perature of the sccond level which would maintain the
second layer (34-126 mb. or approximately 15-23 km.)
in radiative equilibrium if the observed temperatures are
given for all other levels. The purpose of this experiment
is to find whether or not this layer is in approximate
radiative equilibrium with respect to the remainder of the
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atmosphere, whose temperature we assumed to be that
observed. On the left- and right-hand sides of figure 20,
observed and computed distributions of temperature at
this level are shown. The computed equilibrium tem-
perature reveals some increase with increasing latitude
for both summer and spring, but much less than that
observed. However the annual averaged equilibrium
temperature is more or less isothermal with latitude,
whereas the observed mean temperature increases about
17° €. from the equator to the pole. 'The computed
seasonal variations of temperature at this level coincide
qualitatively with those observed in higher latitudes, i.c.,
it is warmest in summer and coldest in winter. In middle
latitudes, however, the observed temperature is relatively
warm in winter, whereas the computed temperature is
coldest. In view of the fact that the degree of baroclinicity
is maximum in winter, it would probably be necessary to
consider dynamical effects to explain this phenoemenon.
We shall discuss this problem later.

HEAT BUDGET

The annual mean rate of radiative temperature change —So
far, we have concentrated on a discussion of the computa-
tion of radiative equilibrium and have found that the
distgibution of the radiative equilibrium temperature
reveals some of the interesting characteristics observed
in the atimosphere. In order to understand these results,
however, it is nccessary to compute the radiative heat
budget of the atmospherc. The distribution of radiative
imbalance in the atmosphere would also suggest the effects
we should expect on physical processes other than radia-
tive processes. We shall devote the remaining portion
of this section to the results of our computation of the
radiative heat budget.

The observed distribution of temperature, which was
compiled by London et al. [35, 36] and shown in figure 17,
was adopted for this computation. The distributions of
various atmospheric absorbers were described 1n scetion 6.
The scheme of computation is similar to that for radiative
equilibrium except for the inclusion of the temperature
effect on the absorptivity in the calculation of radiative
transfer due to the 15u band of carbon dioxide.

The computed mean annual distribution of the rate of
temperature change obtained by taking the average of
the heat budget of the four seasons is shown in figure 21.
In the stratosphere there is an area of very slight heating
in low latitudes and one of cooling in high latitudes. In
the troposphere, as is expected, cooling predominates and
the area of strong cooling is located in the upper
troposphere.

Mean vertical distributions of radiative heat balance compo-
nents.—In order to determine the relative importance of
various radiative processes at each level, hemispheric area
mean vertical distributions of temperature changes due to
the absorption of solar radiation by water vapor, carbon
dioxide, and ozone, and those due to the atmospheric
radiation of these gases are shown in figure 22. In the
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Fiaere 21.—Computed distribution of annual mean rate of tem-
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Froure 22.—Mecan vertical distributions of various heat balance
components (°C./day). ‘“Net” means the vertical distribution
of the net rate of temperature change. For further explanation
refer to legend of figure 13.

stratosphere the strong increase of heating with height,
due to the absorption of solar radiation by ozone, mainly
compensates for that of cooling due to the long wave
radiation by both carbon dioxide and water vapor.
Owing mainly to the absorption of the radiation coming
from the warm ground surface, the radiative transfer of
the 9.6u band of ozone also has a heating effect around
the height of 18 kin. Relatively speaking, ozone has very
important heating effects around this height, where the
magnitudes of other radiative processes are rather small.
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Ficure 23.— Vertical distribution of temperature change due to
the 15 band of carbon dioxide (°C./day). Heavy continuous line
is vertical temperature distribution. Plass’ [51] resuits: Heavy
dashed line—without temperature ecffect; heavy dash-dotted
line—with temperature effect. Our results: Thin dashed line—
without temperature effect; thin dash-dotted line--with tem-
perature effect.

The latitudinal mean effect of the 15u band of carbon
dioxide turned out to be cooling. Because of the weak
emission and the absorption of radiation from the warmer
regions above and below, this cooling is at a minimum
around the tropopausc. Above this level it increases
with height due to the radiation escaping to outer space.
The importance of the 154 band of carbon dioxide as a
cooling effect in the stratosphere has already been em-
phasized by London et al. [35] and Ohring [48]. How-
ever, according to Goody [20], the 154 band of carbon
dioxide has a rather strong heating effect at the tropo-
pause. The reason for this strong heating could be found
from a careful examination of Plass’ [51] results of the
temperature change due to this band. In figure 23 the
dash-dotted and dashed heavy lines show the vertical
distribution of the rate of temperature change respec-
tively, with and without the temperature effect men-
tioned before. If we compare these distributions with
the vertical distribution of temperature adopted by Plass,
we notice that he obtained a sharp maximum heating or
minimum cooling at levels A and B where the lapse rate
of temperature suddenly changes; i.e., the second deriva-
tive of temperature with height has an infinitely large
positive value. Therefore, the heating he obtained is a
peculiar phenomenon of the tropopause and is not always
a characteristic feature of the lower stratosphere. It de-
pends on the magnitude of the discontinuity of lapse
rate he assumes for his calculation. This result suggests

the necessity for the computation of the latitudinal dis-
tribution of heat sources and sinks in the lower strato-
sphere as well as at the tropopause which Goody [20]
computed. For comparison, the results which are ob-
tained from our scheme are also included in the same
figure. Since our computations were made for fewer
levels than those of Plass [51], his results include many
more detailed features. The overall features of strato-
spheric cooling do not, however, differ from each other.
The cooling obtained by including the temperature effect
on COy; is smaller in the stratosphere and is larger in the
troposphere than that obtained by neglecting it. The
heating due to the absorption of solar radiation by earbon
dioxide is very small compared with the effects of other
processes. However around the tropopause, where the
contributions of various radiative processes are at a min-
itmum, It is not always negligible.

The cooling due to the long wave radiation by water
vapor is maximum in the upper troposphere owing to the
sharp decrease of water vapor with height. This con-
stitutes the emission layer mentioned before.  The heating
due to the absorption of solar radiation by water vapor
is mainly important in the troposphere and is very small in
the stratosphere as compared with the magnitude of other
effects.

Summing all these contributions, the net rate of tem-
perature change due to all of these radiative processes is
also shown in figure 22. Owing to the sharp increase of
heating by ozone with increasing altitude, this net rate
has the effect of intensifying the existing stratospheric
inversion. This result is consistent with the tvpical inver-
sion which appeared in the stratosphere of our radiative
equilibrium. The degree of radiative imbalance is largest
in the upper troposphere and becomes smaller as we go
higher into the stratosphere. This result scems to be
reasonable because one may expect more transfer of tropo-
spheric energy into the lower stratosphere than to the
upper stratosphere. However it must also be kept in mind
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that the higher the altitude, the less accurate is our scheme
of computation and the assumed distributions of the
absorbing gases. Therefore in order to verily these results
it is necessary to make more careful observations of the
distributions of gases and to have more exhaustive labora-
tory experiments to determine the absorptivity of these
gases.

Latitudinal distributions of radiative heat balance com-
ponents.—Next, we shall discuss the latitudinal distribu-
tion of heat sources and sinks in the stratosphere. In
figure 24 the results of our computation of the strato-
spheric heat budget are shown together with that of
London et al. [35] and the revised result by Ohring [48].
The heights of the tropopause used for this computation
are the same as those compiled by London [36]. The
difference among these results might be considered to be a
manifestation of the degree of ambiguity involved in this
tvpe of computation. The one common feature is, how-
ever, the increase of the tendency of cooling with increasing
latitude.

In order to find out how the various radiative processes
combine to make up this latitudinal distribution of strato-
spheric heat budget, we examined the contribution of each
process at the 74-mb. (18-km.) level,'® where the tempera-
ture increases most sharply with increasing latitude.
In figure 25 are shown the latitudinal variations of the
annual average of the rate of temperature changes due to
the radiative processes. At this level the heating factors
are the long wave radiation of ozone and the absorption of
the solar radiation by ozone, carbon dioxide, and water
rapor; the cooling factors are the long wave radiation by
carbon dioxide and water vapor.

As we could expect, the heating due to the absorption of
solar radiation by water vapor and carbon dioxide de-
creases with increasing latitude; that by ozone, however,
hardly decreases at all owing to the sharp lat in-
crease of ozone at thislevel and the increase of the zenith
angle of the sun.

The cooling due to the long wave radiation of water
rapor 1s more or less constant with latitude in spite of
the fact that the troposphere is cooler with increasing
latitude. This is partly due to the slight latitudinal
decrease of water vapor contained in this layer (34-126
mb. or approximately 23-15 km; refer to Appendix I).
Another important reason is the lowering with inecreasing
latitude of the height of the effective source of tropospheric
emission which reaches the lower stratosphere. As was
pointed out by Simpson [56] the more water vapor that
exists in the atmosphere, the lower is the temperature
of the effective source of long wave radiation leaving the
atmosphere, because when water vapor is abundant, the
radiation which is emitted [rom the lower atmosphere is
absorbed again by the water vapor existing in higher
altitudes.

13 S8ince the rates of the temperature change at this level were obtained by subtracting
the net flux at the 126-mb. (15-km.) level from that at the 34-mb. (23-kimn.) level, it might be
more reasonable to regard them as the average rates of this whole layer.
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Freuri 25.-—Latitudinal distribution of annual mean rate of
temperature change due to various radiative processes at 74-mb.
level (18-km. level). T denotes the annual mean temperature
in degrees Kelvin., For further explanation refer to legend of
figure 13.

The heating due to the 9.6p band of ozone increases
with latitude up to about 30° N. due to the latitudinal
increase of ozone, but it decreases again in higher latitudes
because of the decrease of the temperature of the earth’s
surface with latitude. This result coincides with Goody’s
[20] conclusion that the latitudinal variation of heating
due to the 9.6u band of ozone could hardly be a factor
to cxplain the latitudinal increase of temperature in the
lower stratosphere because the effect of the sharp increase
of the ozone amount with increasing latitude at this 18-km.
level is countered by that of the decrease of the earth’s
surface temperature with increasing latitude.

The cooling due to the 15u band of carbon dioxide
sharply increases with increasing latitude because of
both the latitudinal increase of temperature at this level
and the latitudinal decrease of the temperature of the
troposphere. A recent computation by Brooks [7] shows
the same tendency, although the magnitude of the rate of
the cooling he obtained is slightly larger than ours * (by

# This discrepancy might be due partly to his neglect of the temperature effect on
absorption of carbon dioxide. In order to compare his results with ours, we integrated
his results to obtain the average rate of temperature change between the 34-mb. and
126-mb. levels
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about 0.2° C./day). This tendency explains why we could
not simulate sufficiently the increase of temperature in the
stratosphere with increasing latitude by our computation
of radiative equilibrium despite the favorable effect of
water vapor.

The latitudinal increase of the cooling of the layer
around the 18-km. level due to the 15x band of carbon
dioxide and the cooling in the lower stratosphere of high
latitude due to the long wave radiation of water vapor are
the main causes of the net cooling in the stratosphere of
the higher latitude which appears in figures 21 and 24.
It is possible to speculate on various processes which
have been suggested by various authors and which could
compensate for this cooling tendency of the stratosphere
in higher latitudes, e.g.:

(1) Northward transport of heat by large-scale eddies
at the 100-mb. level against the temperature gradient.
This was suggested by Starr and White [58] based upon
their statistical analysis of radiosonde data. The moist
convection at low latitudes, which penetrates into the high
troposphere, could supply heat in compensation for the
heat sink caused by northward transport.

(2) A meridional circulation in the stratosphere directed
downward in high latitudes. This possibility was sug-
gested by Brewer [6].

(3) Upward transfer of heat energy by large-scale dis-
turbances of higher latitude accompanied by the release
of potential energy into kinetic energy.

In order to determine the process or processes of major
importance, it would be desirable to perform a careful in-
vestigation of the distributions of radioactive debris intro-
duced into the high atmosphere by atomic explosions and
those of rare gases as well as to conduct numerical experi-
ments by use of advanced general circulation models which
include both the hydrodynamical behavior of the atmos-
phere and radiative transfer.

9. CONCLUSIONS

(1) The vertical distribution of radiative equilibrium
temperature was obtained as the balance among various
radiative processes, i.e., the absorption of solar radiation
by water vapor, carbon dioxide, and ozone, and the long
wave radiation by these three gases. For the surface
temperature, the observed value was adopted. Below the
level of 11 km., we get a nearly dry adiabatic lapse rate
except near the ground where there is a superadiabatic
layer. Above 11 km. there appears a radiative equilib-
rium stratosphere, where temperature increases slowly
with altitude, mainly because of the increase of the absorp-
tion of solar radiation by ozone. The computed tempera-
ture near the tropopause is much cooler than observed (by
20°-40° C.) as a result of the neglect of other processes
such as dry and moist convection and vertical transfer of
heat by the large-scale eddies,
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(2) The latitudinal and seasonal distributions of the
computed tropopause heights compare fairly well with
those of the observed polar tropopause. They are highest
in low latitude and lowest in high latitude; they are
highest in summer, lowest in winter, and higher in fall
than in spring. However, the tropopause in low latitudes
is considerably lower than the observed equatorial tropo-
pause. The pole to equator difference of height of the
computed tropopause is about 50 percent smaller than
that obscrved.

(3) The distribution of the computed height of the
tropopause has a close correspondence with that of water
vapor in the upper troposphere. Generally speaking,
when more water vapor exists around the tropopause, the
computed height of the tropopause is higher and its
temperature is lower.

(4) The computed temperature of radiative equilib-
rium at the 18-km. level increases slightly (about 7° C.)
from equator to pole both in summer and spring, but
decreases monotonically in winter and fall. The actually
observed annual mean temperature increases about 20° C.
from equator to pole at this level. This tendency is
maximum in summer,

(5) The large range of computational results of the
radiative equilibrium temperature for the observed range
of stratospheric moisture suggests a strong necessity for
further accurate water vapor measurements in the
stratosphere.

(6) According to our computation of radiative heat
budget, in the stratosphere, net heating effects include
the absorption of solar radiation by water vapor, carbon
dioxide (not negligible around the tropopause), and ozone
and the atmospheric radiation due to the 9.6u band of
ozone; net cooling effects include the long wave radiation
by water vapor and carbon dioxide. Summing all these
contributions we obtain a very weak heating in low lati-
tudes and a rather strong cooling in the lower stratosphere
at high latitudes. This cooling is too large to be consid-
ered as the product of uncertainties involved in the com-
putation and must be compensated for by heat transfer
processes other than radiation.

(7) In order to verify conclusion (4), the study of
varjous processes contributing to the heat budget of the
layer around the 18-km. level, where the observed tem-
perature most sharply increases with latitude, was per-
formed. The long wave radiation by water vapor has
a tendency to maintain the existing latitudinal gradient.
The effects of ozone have the same tendency in low lati-
tudes but not in high latitudes. The long wave radiation
by carbon dioxide has a strong tendency to destroy the
existing latitudinal increase of temperature. The net effect
of these radiative processes could barely maintain the
stratospheric temperature approxunately constant with
latitude and hardly explains the sharp latitudinal tem-
perature increase observed in the stratosphere.
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10. CRITICAL COMMENTS AND FUTURE WORK

In order to obtain simply the radiative equilibrium of
the atmosphere, we have made various assumptions.
They should, however, be removed for the more detailed
discussion of the phenomenon. One of the most im-
portant assumptions is the neglect of the effect of clouds.
Therefore, a method of incorporating the effect of clouds
has been worked out and is being programmed for the high
speed computer. The influence of clouds on the radiative
equilibrium and the earth’s climate is one of the major
items which we should investigate before we incorporate
the radiative processes into the general circulation models.

Since we completed the writing of this paper, new studies
on the absorptivities and distributions of atmospheric
gases have been published. These new data will be con-
sidered in a forthcoming study.
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APPENDIX 1
VERTICAL COORDINATE SYSTEM

In order to perform the numerical computation of the
radiative change of temperature, it is first of all necessary
to specify the levels where we carry the values of temper-
ature. Needless to say, the more levels we have the
smaller the truncation errors due to differencing. How-
ever, it is wise to adopt the minimum number of levels
consistent with the small truncation error required, be-
cause an increase in the number of levels is accompanied
by a large increase in the amount of computation.

The coordinate system used in our computation is the
one proposed by Smagorinsky for an advanced model to
study the general circulation of the atmosphere. This
system is designed in such a way as to give us a higher
resolution in the surface boundary layer and in the
stratosphere where temperature varies remarkably with
respect to pressure. Therefore, this coordinate system is
very convehient in minimizing the number of layers which
are necessary to express the vertical structure of the atmos-
phere. According to the proposal of Smagorinsky, his
o-coordinate system is connected with the p-coordinate
system by the following equation.

p/px=0*(3—2q) (A-1)
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Fravre 26.—Indexing of layers. I=14 :top of atmosphere,
I=914 : bottom of atmosphere. I=10 : earth’s surface (same
height with level 915).
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where p« 1s the pressure at the earth’s surface. Through-
out our computation this p« is assumed to be 1000 mb.
Using this system, we divided the atmosphere into nine
Iayers;i.e., into nine equal s-intervals, which are shown in
figure 26. Also, in table 5 the height and pressure of each
level and the pressure thickness of each layer are shown.
The boundaries between two neighboring layers are
described by half integers. Temperature is specified at
each integer level. Near the ground surface, the height
of the level changes approximately logarithmically so
that temperature could vary approximately linearly from
one level to another. In the formulation of finite difference
equations (Appendix ITI) it is assumed that temperature
could be linearly interpolated with respect to this o-co-
ordinate system.
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TaBLe 5.—Illustralion of o-coordinale system and the list of input
specified for each o-level. Ap is pressure thickness of each layer,
H is height of each level. (ICAO standard atmosphere; adjustment
was made such that the height of 1000 mb. is zero)

I a ra Ap 11
(mb.) | (mb.) | (km.)
4 1 0.0000 [ @

1 0. 0555 9 34 31.6

114 L1111 3 .. 23.0

2 . 1666 74 92 18.0

214 L2222 126 | _____ 14.7

L2777 189 133 12,0

35| .38333 250 1o 10.1

. 3888 336 158 8.3

415 | 4444 417 | 6.8

. 4999 500 166 5.5

5lg | .5555 583 | __ 4.3

. 6110 664 158 3.3

61z | .6667 AL (.o 2.5

L7221 811 133 | 1.7

V| L7778 874 e 1.1
. 8332 926 92 .64

815 | .8889 966 |- .3
¢ .9443 991 34 .07
914 1 1. 0000 1000 (... .00
10 10000 1000 .00

APPENDIX II
EMISSIVITIES AND ABSORPTIVITIES

The values of ¢/, €/, ES(G=C or 0), and a¥(G=W, C,
or 0) are tabulated for every increment of 0.5 of the
logarithm of effective optical thickness. Using this table,
the values of absorptivities were determined for any value
of optical thickness by linear interpolation with respect
to the logarithm of effective optical thickness.

In the upper troposphere the mixing ratio of water
vapor changes approximately exponentially with height.
Therefore, when we computed the optical thickness of
water vapor, the exponential variation of water vapor
was assumed between the neighboring integer levels where
the mixing ratio was specified.

APPENDIX III
FORMULATION OF THE FINITE DIFFERENCE EQUATION

In order to show how we changed the equations for the
temperature change due to atmospheric radiation into the
finite difference equation, we shall transform the second
term of equation (17) into finite difference form as an
example. If we consider the case when the index of the
height z is 7-+% the second term should be written as

I

wﬁ;(y)wdbg f €5 (y)mdb®

I-1
-I-KZ=1 (bE—b% ) EF(K+ )8 +)4)

+ [ egmre

Or+14

(A-2)

where, for example, 8°(K+/2, I1+%) is the band ab-
sorptivity of the layer of optical thickness w,()-+1%,
I+%) (—I(u,)K+1/g~(u,)1+1/z‘), and b5 is the abbreviation
of b¢ for temperature Tx.

Since we do not know the temperature at the top of
the atmosphere (7)) we made the following assumption
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for the sake of simplicity (refer to equation (41)),

Ty=T,

72

(A-3)

and adopted the following approximation:

b§ , , ,
f B )mdbo~ (B — b7, )
br 1

u(LT+1%)
{(1/u,<l,r+;4>> |

The integral (A-2) is to be approximated as follows:

5?<u,>du,}- (A1)

I—-1
Jf €7 (mdb®= 3 (b~ b €9 (114,119
Wi =

(L, 1418) 1
+ (b — b7, {(1/%(1 A419) jo €7 (u)du, - (A-5)

The quantity in the second bracket of the third term was
computed by interpolating the table. The reason we
adopted this special treatment is the highly non-linear
change of £ with respect to u, when «, tends to zero.
Based upon equation (1), the temperature change at
integer levels due to the long wave radiation of water
vapor is to be expressed by the following finite difference

form:
OTK> 1 ,'
Ceeee T e [ v, A-6
(), e Y] (A6)
(K=1,2,...,9)

The finite difference equation for the rate of tempera-
ture change due to the absorption of solar radiation will
not be described here, because it can be derived from
equation (27) without difficulty.
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