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| Part 1 : Evaluation of TIROS III Radiation
| Data - Quasiglobal Fresentation
of the lean Relative Humidity of
the Upper Troposphere and of the
. Surface Temperature.

Part IT : Influence of lMinor Constituents

on the Cutgoing Radiation.




Part I:

Evaluation of TIROS III Radiation
Data - Quasiglobal Presentation
of the Mean Relative Humidity of
the Upper Troposphere and of the
Surface Temperature.



Abs tract :

B3¢
The measured values of the TIROS III satellite from the
first 6 days after the launch ( July, 12. = July, 17. 1961 )
have been collected in cuasiglobal presentations. In the
same way are also collected velues of the mean relative
. humidity of the upper troposphere and of the temperature
of the emitting surface ( cloud or ground ), which were
. derived from the radiation data of the channels 1 ( 5.8 u -

6.8 u ) and 2 ( 8 u - 13 u ). qﬁ?lvfzy)
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1. Introduction:

During the past two years a method has been developed for
the determinszstion of the mesn relative humidity of the
upper troposphere and of the temperature of emitting sur-
faces from satellite measurements of the therral radiation
emerging into space. Preliminary evaluations have been
carried out with radistion data of the TIRCS III meteorolo-

gical satellite from parts of several orbits [1,2].

It will be tried here to collect the measured values and
the parameters of the atmospheric structure derived from
them for all orbits of single days in a quasiglobal presen-
tation. These presentations may give a survey of the radia-
tion field of the eurth as it has been meuasured from the
TIROS III satellite.

It has been reported on first attempts by RAICHKE [5] and
BANDEEN [41 and afterwards by L. ALLISSON et al. [5]
ALLISSON and his collaborators compared the upward radia-
tion flux, which was measured frem TIROS III in the window
region between 8 and 12 microns with several characteristics
of the synoptic weather analysis.

The radiation emitted and reflected from the earth and its
atmosphere into space has been measured from TIRCS III
within five spectral regions (Table 1, see also [6] ).

channel spectral region

longwave 1 5.8 »# - 6.8 4
2 8 M - 15 Phad

radiation 4 7.5« = 32,5 w
shortwave 3 .2 ¢« - 6.0 »
radiastion 5 C.55 % - 0.75+

Table 1: Spectral regions of the TIROS III five channel
medium resolution radiometer [6] .




The shortwave radiation reflected frou the earth and its
atmosphere can be measured only over the dayside of the
globe. Assuming that the spectral distribution of both

the extraterrestrial and the reflected solar radiation

is the same, values of the mean diffuse reflectivity
(albedo) of the area "viewed" by the satellite can easily
be determined. Over cloudy and desert areas these albedo
values are high, whereas over the open sea low values have
been found (Chapter 4).

In the spectral region of channel 1 only thermal radiation
emitted from the water vapor of the upper troposphere and
of the stratosphere in its 6.5/~ - band can penetrate up
to the satellite [1,2]. Therefore, equivalent black body
temperatures (in. short equivalent temperatures) determined
from the measured radiation fluxes are representative for
the mean temperature and the content of water vapor of
these exitting layers. It has been shown [1,2,7], that
under the assumption of model stratifications of the at-
mosphere the radiation data of channel 1 are a measure for
the mean relative hum.dity of the upper troposhhere.

The sensitivity regions of the channels 2 and 4 contain

the weak absorbing water vapor window between 8 and 12
microns. Thus the measured radiation fluxes of those chan-
nels are nearly a function of the temperature of the emit-
ting surfaces. Since channel 4 also receives radiation emit-
ted in the spectral region of the strong absorbing 15 micron
band of CO2 from high and cold layers its equivalent tempe-
ratures are lower than those of channel 2. Earlier research
[1,2,8], however, has proved that the measured data of both
channels show a narrow correlation.

As it has been proposed by MOLLER [9] the radiation data

of channel 1 which were measured simultaneously with those
of channel 2, will be used as a measure of that water vapor
mass the absorption of which must be taken into account if




the surface temperature will be determined from channel 2.
- This evaluation method has been discussed in detail by
- MOLLER and RASCHKE [1].

2. Quasiglobal presentations of infrared radiation data.

For the first 6 days (July, 12. - July, 17. 1961) after
the launch of TIROS III quasiglobal maps of the daily
"synoptic" radiation field have been drawn from averages
of all data measured within geographic fields of 4 degrees
longitude and 4 degrees latitude. These maps are shown in
the appendix. They were obtained from all measured data.
Only those data were omitted which were measured with a na-
- dir angle larger than 50 degrees, and data with a minus sign
[6, page 6]. Furthermore, data of all those points were
omitted where channel 1 measured equivalent temperatures
smaller than 215 °K and channel 2 simultaneously larger ones
than 225 °K. As it can be shown by model calculations the
equivalent temperatures of both channels in this order of
magnitude are nearly equal. However, due to system noise
data of channel 1 in this size region showed a large scat-
ter and a high inaccuracy.

The maps obtained in this way represent a quasi-synoptic
survey of the radiation field in different spectral regions,
which was measured daily from TIROS III between 60 degrees
Northern and Southern latitude.

%, Determinationt of the mean relative humidity of the

upper troposphere and of the surface temperature. of

—

emitting surfaces.

As it has been stated above, the measured values of channel
2 are a measure for the temperatures of the emitting sur-
face (clouds or ground) on the earth after some corrections

‘




have been applied for the water vapor absorption. The va-
lues measured simultaneously by channel 1 are a measure
for the mean relative humidity of the upper troposphere
and therefore also for the water vapor mass, the absorp-
tion of which must be taken into account, if the surface
temperature will be determined from radiation data of
channel 2.

Both quantities, the relative humidity and the surface tem-
perature, can therefore be found by comparing the measured
radiation fluxes with those computed for the same spectral
regions for model stratifications of the atmosphere. This
method has been discussed in detail in [1] and in [2].
Therefore, only a short description of it will be given
here:

The upward outgoing radiation fluxes in the channels 1 and
2 have been calculated for two model atmospheres. One of
them is representative for mean conditions in midlatitude
regions (atmosphere 1) and the other for tropical regions
(atmosphere 2). The main characteristics of the temperature
profiles of both are compiled in Table 2.

atmosphere atmosphere 2
surface temperature + 15.0 °¢ + 35.0 °¢
temperature gradient o o
in the troposphere - 6.5 /km - 6.5 [/km
in the stratosphere + 3.0 “/km + 3.0 “/km

R atponne s T tBRY  1-56.5 °C at 17km | -75.0 °C at 16.9kn
height of the
upper boundary

of the isothermal part 25.0 knm 18.5 km
of the lower stratosphers

Table 2: Main characteristics of the temperature profiles
of the two model atmospheres.




The absorbing masses of 002 have been determined assuming
0.03 % per Vol., those for O5 from mean vertical distribu-
tions [10]. The water vapor masses have been determined

for different values of the relative humidity of the tro-
posphere, which has been assumed to be constant in the tro-
posphere, and for a vertical water vapor distribution in
the stratosphere after GUINICK [11], which remained un-
changed in all calculations. In order to take into account
changes of the surface temperature, radiation fluxes have
been computed for different heights of a dene and black
emitting cloud layer in the troposphere. From these radia-
tion flux calculations curves of constant equivalent tempe-
rature for each channel could be drawn in diagrams in de-
pendence on the relative humidity and on the surface tempe-
rature. The coordinates of points of intersection of curves
of both channels, the parameters of which are given the
measured values, give then the desired values of the mean
relative humidity and the surface temperature.

These model assumptions do not represent the actual state
of the atmosphere. Therefore, the results found by these
evaluations might be considered as equivalent values which
are only valid for idealized conditions. It could be shown
by some estimations [1,2], that deviations of the actual
stratification from the assumed models can cause results
which are higher or lower than actual values.

The dependence of the measured radiation flux from the na-
dir angle N was regarded for by comparison with radiation
fluxes calculated for nadir angles N = O, 40 and 50 degrees
for both model atmospheres. In the evaluation procedure the
measured values have been divided into three groups accor-
ding to their nadir angle (O = N =29, 30 £ N = 44,

45 & N = 50 degrees). The relative humidities and the sur-
face temperatures then have been determined with the corres-
pondend diagram. For all data measured between geographical
latitudes of 40 degrees North and 40 degrees South diagrams




for the atmsophere 2 have been used and for all other data
those for atmosphere 1. For that entire evaluation proce-
dure a computer program has been used.

4, Quasiglobal presentation of the mean relative humidity

of the upper troposphere, of the surface temperature,
and of the albedo.

The maps of the mean relative humidity of the upper tropo-
sphere, of the surface temperature, and of the albedo are
shown in Figs 1 - 18, pages 7 - 12.

Low values of the mean relative humidity occur in subtro-
pical regions at both sides of the equator.‘As it has been
stated in 1 , the relative humidity seems to increase as

the surface temperature decreases. This fact could lead to
the assumption that over cloudy areas the relative humidity
of the upper troposphere is higher than over cloudless areas.

Values of the relative humidity of more than 100 % have
been found over those areas, which are designed in the maps
with N. I. (that means, no intersection of curves of con-
stant equivalent temperature of the channels 1 and 2 within
the region of validity of the evaluation diagrams). These
areas coincide with those for which very low surface tempe-
ratures have been found. The presence of these areas demon-
strates the limitations of the evaluation method, since too
many simplifications on the atmospheric statification may
have had to be introduced into the model atmosphere. As it
has been discussed in detail in [1] and (2], mainly thin
cirrus clouds or dust layers near the tropopause, also a
colder and moister stratosphere can cause that apparent
relative humidities of more than 100 % will be found from
the radiation data of channel 1.

From all humidity values, determined from the radiation
data of the orbits 1 - 5 latitudinal averages have been
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determined. (The relative humidity of the upper tropo-
sphere in all areas designed by N. I. has been assumed
to be 100 %).

This "meridional distribution(’Fig. 19) of the mean rela-
tive humidity of the upper troposphere" shows low values
at 28 degrees North (38 %) and 22 degrees South (16 %).
The relative humidity over the Northern hemisphere is
higher than over the Southern. This may depend on the se-
lection of the orbits which do not cover all longitudes.
Furthermore a very high cloudiness and high humidity usu-

ally occur over the Northwestern Pacific.

100+
TIROSW , Orbits 1-5
L 80} ///’
g } . ,/‘\\
,‘5‘ 60 d \\ f / E
R} i .\/\ \ ]
E
2 40p ~ \ 4
o y ’
z | / ]
: \_ -
o 20} \'\./
North latitude South
0 'S 'l A 1 ' ' e 'S A A A
50° 40° 30° 20° 10° 0° 10° 20° 30° 40° S0°
Fig. 19: Meridional distribution of the mean relative hu-

midity of the upper troposphere, derived from
radiation data from the orbits 1 - 5.

In the maps the areas with low surface temperature, corres-—
ponding to overcast sky with high reaching clouds, are main-
ly located near the meteorological equator (ITC) and at
high latitudes (higher than 40 degrees North and South).
Highest temperatures have been found over the desert areas
of Arabia and North Africa (approximately local noon).
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Since simultaneaus measurements of the surface temperature
have not been carried out, when TIR0OS III passed a cloud-
less region, direct verifications of the surface tempera-
tures are not possible. Therefore only comparisons of the
surface temperature over the open sea with the mean tempe-
rature of the water in July in the same region [12] have
been possible. As it has been desribed in [2] and [1], the
radiation data of orbits 15 and 18 yielded surface tempera-
tures which were 1° - 2° lower than the water temperature,
whereas those for orbit 61 were 8° - 9° lower than the wa-
ter temperature. This large difference is certainly due
to the degrad a tion of the sensors [13]. Since the effect
of degradation has not been taken into account at the eva-.
luations, all values of the relative humidity and the sur-
face temperature determined from radiation data of orbits
29 - 77 are too low.

The maps of albedo are shown here only for comparisons.
Al albedo values are low nearly by a factor of 2 or 3.

5. Concluding remarks:

Apart from inaccuracies, which are connected with the
TIRCS III radiation measurements, informative statements
have been derived on the "global distribution'" of the mean
relative humidity of the upper troposphere and of the sur-
face temperature, as it would be viewed from space. The
resulting values of the humidity appear very reliable and
its averaged meridional distribution does correspond to
our conception of the climatic effects of the general cir-
culation. Remaining inaccuracies may be caused by devia-
tions of the actual stratification of the atmosphere from
the used models. Therewith the lack of further information
on the presence of thin and high clouds near the tropopause,
and of the humidity and temperature (perhaps channel 1 of
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TIROS VII) of the lower stratosphere may play a parti-
cular part. For a more detailed analysis of the radiation
data, measurements with a higher accuracy and higher re-
solution as those of the HRIR of Nimbus I [14] are de-
sirable.

The maps in Fig. 1 - 18 show distributions of the relative
humidity and of the surface temperature only for a sequence
of 6 days. Informations on seasonal variations of the geo-
graphical distribution of the relative humidity or of the
surface temperature will be obtained from an evaluation

of the radiation data of TIROS IV, which will be done in
the near future.
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Appendix

Quasiglobal presentations of the TIROS III radiation
data measured during the orbits 1 - 77 ( July, 12 -
July,17 1961 ).

( By an error the geographic contour lines are shifted
in the maps for the first 4 days 2o degrees southward. )
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ABSTRACT

The outgoing radiation is calculated in small spectral ran-
ges, where the conditions become complicated as several
atmospheric gases particirate in absorption and emission.

A gener2l computer program has been developed, which may be
apolied to any spectral range. Till now we have calculated
in the following spectral regions (and in subdivisions)

(1) 7.10 to 8.27 microns (1410 to 1210 cm-1)
(2) 4.36 to 4.9% microns (2290 to 2030 cm-1)
(3) 3.10 to 3.81 microns (3225 to 2625 cm™ ')
where exist absorption bands of

(1) H,0, N0, CH
(2) H20, co N
(3) H,0, CH

4
9 0, CO

4.

The equivalent temperature differences caused by the neg-

2

lection of the minor atmospheric constituents have been

found to be in interval (1) about 8 degrees Kelvin, in in-
terval (2) about 5 degrees Kelvin, in interval (3) about

2 degrees Kelvin. The errors of calculations of the out-

going radiation which arise from the absorption functions

and from the procedure of calculation are discussed, and their
influence on the equivalent tlackbody temperatures. Similar
calculations may be important for the measurements in the

HRIR channel of the Nimbus satellite between 3.4 to 4.2
microns, which is mapping the nighttime cloud cover. Between

3.4 to 4.2 microns the gases COZ' CH4, N,0 are absorbing.




I. INTRODUCTION,

In recent years a number of papers have been published con-
cerning the interpretation of radiation data received from
the meteorological satellites (Ref. 1-16).

The experience with these data and additional theoretical
investigations indicate that it is necessary to execute
measurements and investigations in spectral regions which
are smaller than those used in the first TIROS experiments.
The reason is that there are wanted more detailed infor-
mation about the vertical structure of the atmosphere, (for
instance the vertical distribution of temperature and ab-
sorber concentrations) and about radiation orocesses (for
instance radiative heating and cooling). Theoretical in-
vestigations have been made for instance by Kaplan, King,
Wark, Yamamoto, Smith, and others (Ref. 16-29), especially
for the infrared part of the electromagnetic spectrum,

but also for the microwave part.

The first practical method to derive a meteorclogical
parameter from TIROS satellite measurements has been proposed
by Moller (1960) and developed in references6 , 19. By his
method it is possible to deduce the relative humidity of

the upper troposphere and the surface temperature of the
Earth respectively of clouds. These investigations were

the starting point for extensive interpretations of TIRCS-
radiation measurenments.

Meanwhile the instruments have been further developed and

it is possible to make radiation measurements from satellites
in spectral intervals, which 2re essentially smaller than the
TIR0S-channels. For instance the Himbus Weather Satellite

has a high resolution infrared radiometer (HRIR) which measures
the outgoing radiation between 3.4 and 4.2 microns. It maps

the nighttime cloud cover by measuring the energy received

in this spectral region. It is very valuable to get this night-
time weather information.
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It is the purpose of our investigation to make possible a
correct interpretation of radiation data in smaller spectral
regions. Therefore, we calculate the possible errors intro-
duced into the evaluation of outgoing radiation measurements
by too rough approximations in the equation of radiative
transfer. It is necessary to have a precise knowledge of
each parameter entering the equation of radiative transfer.
Therefore, we will discuss the influence of these parameters
and their approximations. Especially it is necessary to have
good knowledge of the transmission functions as functions

of pressure, absorber mass and temperature. One needs these
functions for the range of values which may adopt their
parameters in the Earth atmosphere. If different gases are ab-
sorbingin one spectral interval it is necessary to regard the
influence of the overlapping of their absorytion bands on

the outgoing randiation. The transmission functions of the
single gases must be multiplied.

In the present report we calculate the outgoing radiation

in regions where the conditions are complicated because of
the presence of several absorbing gnses. For our calculations
we use experimental absorption functions, and where such

are lacking, theoretical calculation. The method 1s general
and can be applied to any spectral region and to any absorb-
ing gas , if the transmission functions and the vertical
distribution of the gases are known. The number of gases..
possible tc be regarded, is not restricted.




II. THE OUTGOING RANDIATION: THY EQUATION CF® RADIATIVE
TRANSFER, ITS REFRESENTATION *‘ND INVERSICN,

The equation of radiative transfer is:

U

oo
(1] FM(U,(-))= jBAV(TO)dT(U sec O+ j BAV[T(Z) ]dTAV[(U-u)seCO]
w 0
where
Av frequency interval in wavenumbers
Fp, Outgoing radiation in the interval Av
departing from the upper boundary of the atmosphere
T(z) temperature as a function of z
TO ground temperature
z height
qu Planck's function in the frequency range
TAV transmission function of the atmosphere in the
frequency range Av
@ nadir angle of the direction of observation
u effective mass of the absorbing suﬁstﬂnce

U total mass of the absorbing substance.

The parameters of Eq. [1] are essential for the influence
on the outgcing radiation for the interpretation of satel-
lite radiation measurements. As consecguence we discuss in
the following these parameters and the infliene of their
variation on the outgoing radiation and on the related
equivalent température. As these parameters influence the
outgoing radiation, their errors cause uncertainties in
the deduction of the vertical structure of the atmosphere,

that means in inversion processes.

II. a) Transmission functions: representation and discussion.

For the representation of the absorption of atmospheric

molecular bands there are known four methods:

(1) Theoretical summation over the contributions of all
lines forming the band. For this procedure it is neces-




(2)

(3)

(4)
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sary to know the line-parameters deducible form the
quantum mechanics of rotation and vibration transitions:
position, strength, halfwidth. It is usual to take models
and assumptions or approximations for line shape (for
instance Lorentz-shape, combined Lorentz-Doppler shape,
Doppler-shape), pressure dependence and temperature depen-
dence, for instance

[2] 2, _ P (To)1/2
a, P T
where a = Lorentz-shape
a, = halfwidth at NTP.

As it is impossible to regard all lines together by
the summing up of their contributions, one must eliminate
the weak lines. This can be a source of errors (Ref. 44).

Theoretical calculation with the use of band models. One
regards quantum mechanical data of strength, and position
of lines in the band. Then one chooses an appropriate
band model with mean values of line strength, halfwidth
and distance of the lines. Assumptions and apvroximations
are made for line shape and temperature dependence.

Deduction of the absorption from experimental data. The
accuracy is given by the limits of the measuring device,
for instance by the spectral resolution. As these empiri-
cal relations have always restricted regions of validity,
it is sometimes difficult to use them in atmospheric prob-
lems, especially when the absorption band is weak and the
used atmospheric layer thickness is small.

Fitting of experimental absorption datas to theoretical
band models; at this procedure it is difficult to regard
the weak lines adequately.

To calculate the transmission of band models over inhomogeneous
paths, Curtis and Godson (Ref. 34, 35, 3%6) have proposed
their well known approximation (Ref. 45), where they introduce




a mean value of the halfwidth

jSadm
dem

Already Kaplan (Ref. 37) has shown gqualitatively and quanti-

(3] a =

tatively that the application of this approximation to lines
with Lorentz-shape leads to an overestimation of the absorp-
tion of inhomogeneous layers, especially at smaller pres-
sures. Drayson (Ref. 28) has shown this too for the example

of the 15 p COz—band and has extended those consideration

to paths with arbitrary pressure levels. The completest trans-
mission data for H2O and 002 have been given by Stull, Wyatt,
and Plass (Ref. 38). In the recent time some authors have com-
pared experimental measurements in the free atmosphere with
calculation based on these tables:

(1) Roney (Ref. 39) has measured solar spectra in the 2 to 5
micron region for atmospheric slant pnaths at heights of
about 42.000 ft. He finds that his measurements show a
much lower absorption than would be expected by the
calculation based on the Plass-~tables. He tries to ex-
plain the discrepancy with the Lorentz-line shape used
by Plass and with effects due to refraction neglected
by Plass. From Roney's spectra one ma, also recognize
that the "Plass-spectra" are shifted in the direction
of small wavenumbers compared with the measurements.

(2) Measurements of the University of Denver (Ref. 48)

show spectra obtained by means of a balloon borne spec-
trometer system in different heights. They compare their
measurements with calculations basing on the Plass-tables,
and they find: region 2100 to 2500: "if one shifts the
observed spectra 9 cm"1 (towards small wavenumbers) which
is less than the uncertainty in the scale in this region,
one notes that the spectra are in reasonably good agree-
ment considering that the experimental results are due to
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a combination of absorpticn by N2O and 002 whereas the
theoretical results are based on 002 only", region 1400
to 1800 cm™
predicted at all wavenumbers in spite of the fact that
the observations were made 2.5 km below the altitude

"....the observed absorptions are less than

) used in the theoretical spectrum. There is good agree-
ment between the theoretical and experimental results as
‘ far as the position of the peak absorptions are concerned,
‘ but the relative strength of the individual absorptions
| are consideralby different".

(3) S.R. Drayson(Ref. 28) shows by means of thecretical cal-
culations that the Flass-tables are not correct in the
15 micron region mainly for the following reasons:

(a) "Plass was forced to use the Cirtis - Godson apiroxi-
mation which .... tends to overestimate the absorp-
tion".

(b) "The line strengths (used by Plass) were not in
perfect agreement”.

(c¢) "Probably the greatest single cause is the use of the
quasi-random band model «....",

From Drayson's calculations (Ref. 28, Fig. 8) one could
observe that a shifting of Drayson's spectra towards smaller
wavenumbers sometimes would give a better (but not full)
agreement with Plass's results.

(4) List and Oppel (Ref. 40) have used the Plass-tables for
water vapor in the 4-5 micron region. For wavelengths
larger than 4.5 microns, where HQO is the dominant ab-
sorber, they find a difference between calculations and

‘ measurements; they suppose the reason for the discrepancy

‘ are the theoretical calculations (Plass) for the transmias-
sion of H2O which they have used. A discrepancy in posi-

‘ tion between calculated and measured values can be ob-

- served too: the observed spectra must be shifted in di-

; rection of smaller wavenumbers to get a better agreement

f. with the calculations. From the spectra one can deduce:

A > A in most of the cases.

calculated observed



(5) Bolle (Ref. 41) has compared the transmission data in
the region of 4.7 microns given by Taylor ans Yates
(Ref. 42) with those from Plass and has found that the
latter are everywhere smaller than the premier. Bolle
and Volker (unpublished) find from measurements of
the spectral sky emission on the earth surface in the
spectral range from 4.6 to 5.1 microns and 7.41 to
8.70 microns that there are essential discrepancies
compared with the radiation to be expected by the Plass-
tables.

For the absorption of atmospheric minor constituents
Burch ani al. (Ref. 31) give experimental absorption
functions in dependence of pressure and absorber mass.
They give empirical relations which mostly are written
‘either in the form

[4] A= gA(v).dv = c[w.Pz]
or

[4a] A= SA(v)dv = C + D-log[w-Pg]

where a, b, ¢, C, D, are empirical constants, and c is

approximately equal to C.5;

Pe = equivalent pressure of the absorbing gas
w = absorber-mass

4 = integrated absorption

V = wavenumber,

It can be seen from [4], [4a] that a change of absorber
mass must change the integrated absorption. If one uses
these relations, of course one has to consider their

limits of wvalidity, but weak excess of these limits doesn't
cause severe errors in the calculation of the outgoing
radiation: see table 1, cases;r,g. A strong excess causes
greater errors, cases a,(.

Xe
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IT1.b) Application of the transmission functions in smaller
spectral regions (also in overlapping cases).
We calculate the outgoing radiation in the following spec-

tral regions:
(a) 1210 = 1410 (cm™)
(b) 2030 = 2290 (cm™ )
(c) 2625 - 3225 (cm™ ')

where as absorbing atmospheric molecular gases are present:
(b) HQO, co N
(c) H,0, CH

4
5 0, CO
4

For H2O and CO, we use the Plass-tables, from which we

2

calculate mean values T of transmission for our spectral ran-
ges despite the critic which has been given to the accuracy
of these values. As the transmission in these tables is
given as function of the three variables P, w, T, we have

to interpolate in diagrams like those given in fig. 1.

For N20, CH4, CO we use the experimental data of Burch and
al. (Ref. 31) and the experimental data of Goody and Wormell
(Ref. 43). For the time being we have not applied any tempe-
rature correction to these experimental data. As Goody and
Wormell and List and Uppel (Ref. 40) have shown, the tempera-
ture dependence of a single absorption band can be neglected.
The temperature variation in the atmosphere is not large,

the temperature has a more pronounced effect on the strength
of the spectral lines. Nevertheless, we use a temperature
reduction for H20 and 002, as the Plass-tables are given with
respect to temperature. We take

2 An.T
Treduced =
= 4m

(5]

as Bolle (Ref. 41) has used.

D
=]
i

difference of absorbing mass between two levels

-3
|

= (T1+Ti+1)'%" where Ti = temperature in the i-th level.
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For pressure correction we use according to Curtis (Ref. 34,
35, %6, 45)

> F.Am
am

[6] Preduced =

where P = 1/2 (Pi + Pi+1)'

When more than one absorber are present, the outgoing radia-
tion F 1is calculated by means of multiplication of the trans-
missions of the indivicual gases:

[7] P(TysToseenyty) = F(T)
n
~—
where T¥%* =,' T
d‘:A j
T, = mean transmission of the j-th gas in the regarded spec-

tral interval. The influence of the different gases on the

vertical distribution of T* can be seen in fig. 2: it gives

the transmiesion of the atmosphere as it is seen from 31 km

altitude to given prressure levels below. Our curves show re-

markable absorption of 002 and N20 yet at greater heights.

As we have used a relatively small value for the mixing ratio
of N20, this absorption could be yet greater_in reality.

II.c) Planck function as term of the equation of radiative

transfer..
In an accurate calculation one has to take the black body
radiation Bv = Bv(T) at every frequency of the absorption
band and multiply it with the specific transmission of the
related wave number. But the so-called "spectral calculation”
necessitates a large effort in computer time. If one takes
a mean transmission function over a number of frequencies
one also can take a mean value of the black body radiation
in the regarded spectral interval. The choice of such a mean
value of the black body radiation in one spectral interval
is not easy: the distribution of the transmission functions
of the gases are superposed by the radiation which is emitted
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by the Earth surface. To determine a mean value EAV one
should know the distribution of the outgoing radiation as

a function of the frequency: F, = Fv(v). Then one could take

(8] €av © Bay = Fay 0
where F, = l—:[ F dv and £, = 14— dv = — E! dv is
4 " Av v Av T AV €v T Av Bv
4av AV AV

the mean value of the "emissivity" of the atmosphere, includ-
ing the radiation which originates from the Earth surface or
from clouds. (These considerations follow an idea which Bolle
(Ref. 41) has used in his calculations of the emission of

the atmosphere at the ground). But our conditions become

complicated,
radiation at 10 mb does not come from the 10
other heights.
tion is coming from (in one spectral range),
measurements of Fv(v) at this level and then
equation [8]. '

If one knows from which level

as we have to regard that most of th-

outgoing

mb level but from
most of the radia-
one should have
operate after

These considerativus show that it would be very difficult to

cet any indication about the frequency Vg
regarded as weighted mean value in the
interval. Therefore, we have generally

tic mean value of v in the interval Av = vy -
(9] B(T) = B (T)
v Vg
Vg = 72 T Varith

at which Bv
whole respective spectral
taken for Vg

could be
S

the arithme-~

V1.

Now we may calculate F, (vs) according to equation [1].

Then we have studied the error of this choice:

We have calcu-

lated F as function of the blackbody radiation B for diffe-~
rent values of vs(deviating from the arithmetic mean value)

fig. 3a. The difference is severe. But if one

calculates

the attached equivalent blackbody temperatures from F at

those frequencies Vg the difference is not very severe:

fig. 3b.




15

.ﬁrru uotienbs I933JB pso3BINOTED aJe puB ‘siged JaTTBWS 03Ut
AY 88uea TBI3oads 8yj3 JO UOTSTATPQNs AQ pauTe3iqo 3JB A ¢ X4 83uUT0d
‘umoys ST (uor3zouni-youeld a8y} ul Js8jsweaed fousnbaagy syjy)
Sa JO 90TOUD 8Yj JO 8ouanTJUT 8YJ °qW Q| 3B 4 UOT3BIPBI Furoding
*aT8uE JITPBU S8aJdap O .Awraov G2gs - 629z = Ay 8¢ °*FTd

-  w u %

22¢ 529
jozze  oate 00L€ 070€ 0962 sz62 098z 0082 o7z 0892
.rO
siaydsowyp s10Ww T
\ J-
3
4%
2
le
2]
w.
sisydsowye Kip~” 1=
-
IIQP




16

Fig.

290 .
4 A x
Ta °K *
1
205 1
4 dry atmosphere
. — ¢
1 moist atmosphere R . - . —
280 . .
L] v L4 T v v v v L L]
— 2680 2740 2800 2060 2925 2980 3040 3100 3160 unn.
2625 — v in cnr! s

3b: Av = 2625 - 3125 Aoslgv, 0 degrees nadir angle.
Influence of the choice of <mAu frequency parameter in the Planck-
function) on the equivalent temperature Ty which is attached to the
outgoing radiation in Fig. 3a.
pointsx & are calculated after equation [12] with Vo= Vorithm?
points 1@ are calculated after equation [13],

all other points are crlculated after equation [1].
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After this, we have studied the error of the choice of Vg
on the outgoing radiation F by dividing the original 4v
into smaller parts:

[10] v=2 Ay,
-

we calculate
1

[11] F,._ = . )Av, .F ,
AV ;BA\H. :; 1 ‘Avi

where Vg 9 seey Vg are the mean values of v in the sub-in-

tervalslgv1,llv2,.?. and where E&vn are already weighted

by the length of the attached spectral interval. The diffe-
rence between Eﬁv and E&v is not extreme severe, but never-
theless noticeable fig. 3%a.

But if one calculated the equivalent temperature from
FAv for the interval v one has to choose now a v  in Av:

[12] EAv‘?a Vg

If one now takes Vs = Vgorithm OT€ would have a very large
error: fig 3b. This error (AT) would in general exceed the
error (AT) due to the choice of vy in the calculation without
subdivision of Av, especially when the bands have an asymme-
tric distribution in the spectral interval, fig. 3b, table 2.
Therefore, if one wants to ge more exact values for Tﬁ by
subdivision into smaller parts one has first to calculate
T5Q3v1), TéstQ)..: and then to form from them the mean
value Té, fig. 3b. Té must be weighted with the length of the
attached spectral interval.

1

[13] Ty=

2 AV, .2’Avi “Ta,i o
= =Vi

where 1 = number of sub-intervals.




Table 2

Equivealent temperatures from different sorts

of calculations.

Av = 2625 - 3225 cm |

H,0,N,0,CH, H,0,N,0 H,0

(A) T. =f [ PF,_ (v ... )]where ¥, d 283.4 284.8 284.8

a Av arith AV 281.5 283.0 232.9

after eguation [1] f  280.4 281.8 281.8

(B) T, after equation [13] d 283.,3% 284.8 284.8

n  281.2 282.7 282.7

) £ 279.0 281.% 281.3%
[e0]

- (¢) T.=f[F _.,. )] where F d 289.1 290.2 290,2

_ 4 Aviarith AV 5 287.9 289.0 289.0

after equation [11] f 287.2 288,2 288,72

AT = Ty (A) - Ty (B) d +0.1 +0.0 +0.0

n +0.3 +0.3 +0.2

f +0.5 +0.5 +0.5

AT = Ty (c) - Ty (B) a +5.8 +5.4 +5.4

n +6.,7 +6.3 +6.3

f +7.3 +6.9 +6.9

where d = dry atmosphere, n = normal atmosphere, m =
according to table 3.

moist atmosphere
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The absorption coefficients of different gases are diffe-
rent functions of pressure, mass, and temperature. Therefore,
one had to choose exactly at every level j another Vg for the
calculation of jB . If one wishes to investigate the in-

fluence of single gases one has to take for each gas which

is added another v calculating at a mean value of Vg will

generally have thesconsequence that the absorption of the
one or the other gas is preferred. This may already be

seen from fig. 5, where we compare calculations for the in-
terval 1210—1410(cm-3 obtained from equation [9] with those
from [12]. If one calculates only with the absorption of
water vapor and after [9] one gets an equivalent tempera-
ture FT~a which 1s smaller compared with the value obtained
if first the interval is subdivided into smaller parts but

choosing the wrong v_ after [12]. If one now regards H,0

s
and N20 one gets the same value for Té with and without
spectral subdivision. If one finally regards H20, N20

and CH4, Tﬁ grows larger against the value after [12].

In the spectral range 2625 - 3225 (cm_1) at the short wave
limit of this interval, there is the relatively strong 3020
(cm-1) CH4-band, overlapped by the wing of the 2.7 micron
HZO—band, while there is no strong absorption at the long
wave linit of this interval. By calculating after [12] not
only the relative amount of the influ-nce of the CH4 on

Té will be calculated erroneously, but o course also the
absolute value of Té, fig. 4. The strong asymmetry of the
absorption bands may lead here to an error of 6 degrees!

In this spectral region 2030 - 2224(cm—1)the absorption seems
to be situated favourably to Vg concerning the absorption

of the different gases: The values of T respectively Té ob-
tained with [9] and [12] have a relatively small difference,
fig. 6. Similar consideration can be made in the other spec-
tral intervals, fig. 7, fig. 8. One mgy conclude that general-
ly the results will be more accurate if it is calculated with
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Fig. 4: Av = 2625 - 3325 Aoelgv, 0 degrees nadir angle.
Equivalent temperature em for the outgoing radiation at 10 mb. Absorption
quantities are varied. The number on the ordinate indicate the regarded
gas. The number behind the gas symbol indecates, how many times we have

taken the original mass of this gas.
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Fig. 7

Fig. 8
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13 H,0 3: Hy0, CHy - 3
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are calculated by means of egquation ﬁ;gu.
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smaller spectral intervals and take [13] for the deter-
mination of the equivalent temperature.

I1.d4) Vertical distribution of atmospheric gases and their
influence on the upward directed radiation in the
- atmosphere.

Our calculations have been made on the basis of the
| U.S. Standard Atmosphere 1962 (Ref. 47). To vary the water
vapor content, we have varied the mixing ratio ¢ according to
table 3.

In this table the numbers Crormal give the values from the
U.S. Standard atmosphere 1962

To get probable values of the vertical distribution of 002
and the minor atmospheric constituents, we oriented us by
different authors.

The mixing rations for these gases have been supposed to
be constant with height.

The mass 4m of an absorbing layer has been calculated by
the formula '

-3 -
Cye Moo 1077 Ap C,422.4+ Ap

An = = [atm-cm]
g.MLofN,gas g.28.966
where
Eiz mean mixing ratio of the regarded gas in the i-th
layer
g = 981 (cm.sec—z)
ML=V28.966 = molecular weight of dry air
Mgas= molecular weight of the regarded gas
?N£a§= gpecific weight of the regarded gas at NTP
22.4= volume of one Mol per litre.
A p= (pi - pi+1) in mb

With these values we have calculated the outgoing radiation.

As can be seen from table 4, there is no general  agreement




24

Vertical distribution of water vapor; mixing ratio ¢ [ em’ . m ] ; p = pressure [ mb ]

P ¢ ( dary ) ¢ ( normal ) ¢ ( moist )
1013 2700 6150 9490
795 1260 3200 5090
585 420 1360 2150
470 192 688 1117
350 35,9 234 376
250 8,6 37,0 66,6
190 7,5 16,6 26,7
130 8,2 9,7 12,3
._AO mnm @nm @-1\
70 12,8 15,1 12,8
50 18,6 21,4 18,6
30 43,2 43,1 43,2
10 165 150 165

total water vapor
mass [ g * cm 2] . 0,6578 1,6716 2,6741
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Table 4 Aaobdwuﬁmmv

— — i o Ty ot e S
=3~ P—p—pe el

Author Year Oom ZNO om# co
Goody, Walshaw 1953 - 0,27(%0,08) - -
Slobod, Krog 1950 - 0,25-0,65 - -
Birkeland 1957 - 0,39-0,57 - -
Hagemann 1959 3112 - - -
Keeling 1960 313 - - -
Foitzik, Hinzpeter 1958 332 0,4-0,6 2,2 -
Georgii 1963 - 0,2-0,6 - -
Howard 300 0,5 - -
mean value 312,6 0,40 1,8 0,18
we have used 1964,/65 313 0,30 1,6 0,2
total content (atm - cm) : 246 0,236 1,11 0,158
3 times 6,708 34533 0,474
9 times 2,124 9,99 1,422
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concerning the masses of the minor constituents in the atmo-
sphere. Theréfore, we have calculated the outgoing radia-
tion for different absorber masses to show their influence
on the outgoing radiation and on the equivalent tempera-
tures, see fig. 9 - 12. In these figures the number behind
the gas-symbol indicates how many times we have taken the
absorber mass, originally used according to table 4, and the
designation dry, normal, moist atmosphere relate to the
values of ¢ in table 3.

One can see that greater errors in absorption mass would
lead to significant errors in the equivalent temperatures.
In fig. 4 - 6 there has been plotted the outgoing radia-
tion in relation to the case, when water vapor respectively

water vapor and carbon dioxide are the only gases.
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III. RESULTS AND CONCLUSIONS.

We have shown that a remarkable misinterpretation of measure-
ments of the outgoing radiation in smaller spectral ranges
can be caused by the following errors in the calculation of
the outgoing radiation:

1) neglection of minor atmospheric constituents

2) uncertain values of mixing ratio

3) calculation with mean values of transmission

functions and of the blackbody radiation function
-4) inaccuracy of the transmission function (see section IIa).

The amount of the influence of the last error we have not yet
investigated as extensive as the others in our spectral
ranges; comparisons in several spectral ranges could be

done with the aid of references 42, 52. The amounts of the
errors mentionned under 1), 3) have been found to be about

1) 3)
spectral range AT[°k] aQ[»] AT[°k] AQl7]
Av = 1210 - 1410 8° 18 0.5 2.5
Av = 2290 - 2030 5 20 2 1
Av = 2625 - 3225 2 8 6 0.04

where AT in% is the error of the amount of the eguivalent
temperature and AQ is the error when the outgoing radiation F
is regarded in relation to that value of F, when water va-

por and CO2 are the only absorbing gases. The influence of

the errors mentionned under 3 should be taken from the figures.

In the spectral range 2625 - 3225 (cm_1) we have raised the
height of the emitting level..®We have found that a neglec-

tion of the QH4—absorption and emission leads to a value of

the equivalent temperature which is too high by AT in com-
parison to that value which one obtains without this neglection.

p(mb) - AT[°K]
1013 1.6
950 1.4
710 1.1
410 0.5

where p = pressure at the height of the emitting level.
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. Fig. 9: Outgoing radiation F at 10 mb. Absorber quantities are
varied, The numbers on the ordinate the regarded gas.
The numver behind the gas symbol indicates, how many
times we have taken the original mass of this gas.
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Fig. 10: Av = 1210 - 1410 (cm™ '), O degrees nadir angle.
Equivalent temperature T, for the outgoing ra-
diation F at 10 mb. Absorber quantities are varied.
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Fig.:12: Av = 2030 - 2290 Aoalév.o degrees nadir angle; normal water vapor
distribution. ,
Equivalent temperature em for the outgoing radiation at 10 mb.
Absorber quantities are varied.
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gases normal atmos.

Fig. 13: Av = 1210 - 1410 (cm-1), O degrees nadir angle.
Outgoing radiation at 10 mb in relation to the
case, when water vapor is the only absorber.
Absorber quantities of N20 and CH4 are varied.
The numbers on the ordinate indicate the re-
garded gas. The number behind the gas symbol
indicates, how many times we have taken the
original mass of this gas.

1: Hy0, N,0-1, CH,-9 5: H,0
2: H20, N20—1, CH4—3 63 HZO’ N20-1
33 H50, N2O—9, CH4—1 7: H,0, N20—3
| 4 320, N20-3, CH4—1 83 H20, N20—1, CH4-1
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gases normat atmos.
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Fig. 14: Av = 2030 - 2290 Aosldv‘ 0° nadir angle.
Outgoing radiation when differ=nt atmospheric gases are regarded in
relation to &5m case when only water vapor (points X ) respectively
water vapor mba oom (points ov are @wmmmsd As to ordinate-numbers
please see Fig. 11.
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