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Because of an error in computer programming, all values of intensity in
the 9.6 . ozone band, interval 36 (948-1100 cm™ *), were incorrect, except
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ties and to determine new values for many of the constants given in this
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tion will be issued soon as a supplement to this report. It is emphasized,
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INFRARED FLUX AND SURFACE TEMPERATURE DETERMINATIONS
FROM TIROS RADIOMETER MEASUREMENTS

ABSTRACT

The TIROS II meteorological satellite carried a multiple channel radio-
meter of medium resolution (about 5 degrees). Two of the channels were design-
ed to measure the upward radiation in the "window" at 8-12 microns, and over
the broad spectral region of 7-30 microns. To deduce surface temperatures
and total upward flux values from the measurements in these two channels,
additional operations must be carried out on the data. As a basis for these
transformations, the specific spectral intensity over the entire infrared
region was calculated at five zenith angles for each of 106 atmospheric models.
In the 7=30 micron channel, an empirical relation was found to transform '
measured values to total intensity; and, from the limb-darkening exhibited by
the 106 individual models, a method of calculating flux was formulated; in this
case, the results contain inaccuracies of only about two percent attributable
to the method used. In the 8-12 micron channel, the influence of ozone and
water vapor was determined for the model atmospheres, and curves were develop-
ed for the direct transformation from measured values to surface temperaturec;
however, if a knowledge of the water vapor content of the viewed column is
lacking, errors in the inferred surface temperature can range from near zero
to ten degrees or more. A series of radiative flux maps over Europe, calcu-
lated from the 7-30 micron data, have values whose magnitudes are in accord
with other estimates and measurements. Corrected satellite 8-12 micron data
are compared with shelter temperatures for several stations in a cloudless
area; the range of the satellite data from 3.5 degrees higher to 5.0 degrees
lower than the shelter data is discussed. '

I. INTRODUCTION

Radiometers of relatively high angular resolution and low spectral reso-
lution have been designed to measure from satellites the radiation emanating
from the earth and the atmosphere. Their purpose is to provide measurements
of temperature and of the heat balance for meteorological use. However, the
desired quantities are not immediately derivable from the measurements, but
require consideration of the spectral response of the instruments and of the
processes giving rise to the radiation, as will be shown. In the ensuing
discussion, the TIROS II radiometers and the measurements obtained by them
are cited, but the principles are applicable to any similar instrument.

The satellites, TIROS II, IIX, and IV each carried a multiple channel
radiometer with a resolution of about five degrees. Details of this experi-
ment are discussed elsewhere (Astheimer, DeWaard and Jackson, [l ] ; Hanel
and Wark, (15] . Essentially, there were five broad band chamnels, two at
short (solar) wavelengths and three at long (terrestrial) wavelengths. The
earth was scanned by the radiometer, mounted at 45 degrees from the spin axis
of the ratellite; progressive scan swaths can be reconstructed as radiation
maps. The response versus frequency for each channel is shown by Hanel and
Wark.

The radiation data from a channel of the TIROS radiometer contain the
spectral characteristics of both the filter and the radiation; although each
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is variable through the spectrum, the filter remains constant while the spec~
tral shape of the radiation changes with the meteorological conditions. The
two are not yet separated. In addition, each radiometer response does not
necessarily cover a spectral band interval which is necessary and sufficient
for the deduction of meteorologically significant quantities. These problems
are examined in this paper, and methods of deducing desired quantities, speci~
fically the outgoing infrared flux and the surface temperature, are explored.
The discussion will be confined to channels 2 and 4, which are sensitive in
the ranges 700-1400 em.”! and 300-1400 cm.’l, respectively.

II. ACCOUNTING FOR THE INFLUENCE OF THE FILTERS

Because of the rather high angular resolution of the TIROS radiometer,
the sensed radiation comes from a small area within which the direction of
propagation is nearly constant relative to the local vertical; dimensionally,
then, specific intensity is implicit in a measurement. In addition, however,
the radiation is filtered before arriving at the sensor. Therefore, the
quantlty measured by the TIROS radiometer is

1 (®) =II%( ) 9,,dv [ I(%) g, dw W

where I (0)is the total specific intensity passing through a filter in the
direction 9, the zenith angle; L8 is the outgoing intensity from the
earth's atmosphere at wave number 4 ; Q.. is the filter transmittance; and the
limiting wavenumbers 4, , and 3; determine an interval outside which ¢,=0.
By the mean value theorem for the integrals, (1) can be written as

I () = gaf I.(®) dy (2)

where @ defined by (2), is the average value of @, between I and % .
The integral f I9)dv is a meteorologically significant quantity and should be
estimated from the observed data. However, since @ depends not only on ¥ -
and %5, but also on the functional shape of I,(®), a unique relation between
I,(® andf”‘];{?)d‘» does not exist theoretically. This is an inevitable conse-
quence of using a broad band filter with a varying transmittance with respect
to wave number. Practically, if the variability of (p with respect to the
different values off 'I,(Q)clv which we encounter in the earth's atmosphere is
tolerably small, then we can evaluate \[; I, (OMy within reasonable limits.
Furthermore, since the filter transmittance drops rapidly at both ends, it is
possible to use the following relation instead of (2):

Iq,(%b cpf 1,(®) duw (3

where %'>%, , and ‘V"< The new average filter transmittance, q)' » 1s made

as 1nvariab1e as possible with varying atmospheric conditions by suitably
choosing 44 and 4%'. In order to do this, it is necessary to calculate the
outgoing intensities with and without a filter for as many different atmos-
phelric conditions as possible and to determine from these the limits v— and
vy .
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Next, in order to be able to evaluate the outgoing intensity for the
interval outside the limits of our filter transmittance, it is necessary to
find some empirical relationship between this quantity and the observed
quantity. ‘

In studying these problems, the outgoing intensity was calculated for
106 atmospheric models at five zenith angles ( ® = 09, 20°, 45°, 60°, and 78.59).
The models were taken from radiosonde data from all latitudes and seasons,
59 of them with clear sky conditions and 47 with overcast conditions at
different cloud altitudes (clouds are assumed to be black). All the soundings
used went to at least 25 mb. and the temperatures were extrapolated parallel
to a standard atmosphere (Minzner et al., [17)) to the pressure 0.1 mb.
Humidity was extrapolated to conform in general to observed stratospheric
values (See, for example, the summary by Barclay, et al., [3] ) with constant
frost points above 100 mb. and constant mixing ratios above 10 mb.  The ozone
distributions for different latitudes and seasons were assumed from the work
of Dutsch [8] and of Craig [5].

Appendix A lists the pressure, temperature, water vapor, and ozone distri-
butions of the 106 atmospheric models which were used in the calculation of
the outgoing intensity. In addition, the sky tondition and total water vapor
and ozone masses are listed with each model. The location and time of the
radiosonde release are also presented.

III. TRANSMISSION

To calculate the outgoing radiation, the spectrum was divided into 77
intervals, most of which are 25 cm®* wide. :

'The transmission for each interval of the H,0O bands, except the window
region, was expressed graphically as shown in fiéure 1 with use of two para-
meters; f,W/2 and R , where

P .
w 2‘;‘[%# | | (4)

w u
fp&u ImJu
- = e

o<, WU

Pc:-.
E(L o

and 4, is the generalized absorption coefficient defined by Elsasser [ 91,

g 1s the acceleration due to gravity, q, (in gmkg') is the mixing-ratio, P

is the pressure, B is the standard pressure (1013.25 mb.), and ec and ec, are
the half-width at p and p, respectively. The shape of the transmission
curve for P = 1 is based on Cowling's "universal" curve {4 ], which, accord-
ing to him, can be used with adequate accuracy for every 25 cm.-l intervals

of the Hp0 spectrum. Later Goody [12] has shown that the transmission due to
his random model agrees well with this curve, and Yamamoto [27] has used it
in constructing his radiation chart. 1In order to express the pressure effect

(5)
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reasonably (refer to Yamamoto and Sasamori [30]) the transmission curves with
different values of F are shown in figure 1. Construction of these curves is
based on measurements of Howard, Burch,and Williams [16] in the 6.3 micron
HZO band. The value of.ly,for each 25 cm’* interval is shown in Table 1. The
values for the rotational band are those compiled by Yamamoto [27] , based
on Yamamoto and Onishi's theoretical values i 28] |, corresponding to T = 260K
on the whole rotathnal band and Weber and Randall's measurements [ 25 ] for
the 400 to 600 cm. ~ interval®. The values of {,.for the 6.3 micron band are
newly evaluated based on measurements carried out in our laboratory (unpublished)
and referring to measurements of Howard, Burch,and Williams [16] and also of
Fowle [ 10 J.

For the window region from 778 to 1232 cm.”} the outgoing radiation was
first calculated on the basis of data and a formula proposed by Roach and
Goody { 21 ] . However, because this procedure is too sophisticated for prac-
tical applicatian, the use of the formula was discontinued. It was found
instead that the outgoing intensity calculated by the Roach and Goody formula
can be approximated fairly well by using the fractional absorption curves
shown in figure 3, which are very close to the exponential curve and which
are expressed as a function of the effective optical path u, given by

P
|

w, = — L d 4 (6)
€
3) Y& °F
o
The transmission values for each interval in the window region are shown in
figure 3. '

The transmission values of the 9.6 micron ozone band for the interval
from 948 to 1100 cm.”) were evaluated from the measurements of Walshaw [ 24 ]
and were expressed as functions of the ozone path length u(oﬁ, and the pressure
parameter Pe(0), where ‘ '
P

u(o,) = ff(o,)clp @

o

—— —

*After completion of the computation of the outgoing intensity, a recent
investigation of the absorption of the rotational band of Hpo0 by Palmer [20]
was noted. He measured the fractional absorption of the rotational band
between 200 and 500 cm.” ", The value of p*u for 50 percent absorption was
taken by him as a measure of the band intensity and plotted as a function of
the wave number as shown in figure 2; here ¢{ is the vapor optical path in

gm. cm.~2 and p"= P.+ bp, with p, the total pressure and R, the partial pressure
of water vapor. Therefore in order to compare our transmission with Palmer's,
the value of u for 50 percent absorption for f»! assuming T = 300K was obtained
from Yamamoto's paper [27] and is shown in figure 2. It will be seen that
Palmer's experimental values and our values based on theoretical calculation
agree fairly well.



TABLE 1. GENERALIZED ABSORPTION COEFFICIENT OF THE H,0 BANDS AND TRANSMITTANCE OF FILTERS

INTERVAL B I Band Transmittance
and Limits  Center Ay L TIROS 1T TIROS III TIROS 1V"
(em=*) (cm-1) (cm 1y (T= 260 K) Channel Channel Channel Channel Channel
2 4 2 4 2
1 0-25 12.5 25 12
2 25-50 37.5 25 330
3 50-75 62.5 25 650
4 75-100 87.5 25 970
5 100-125 112.5 25 1200
6 125-150 137.5 25 1250
7 150-175 162.5 25 1230
8 175-200 187.5 25 1100
9 200-225 212.5 25 700
10 225-250 237.5 25 600
11 250-275 262.5 25 400
i§ 275-300 287.5 25 - 260
300-325 312.5 25 170
14 325-350 337.5 25 96 8‘233 31?22
15 350-375 362.5 25 52 0.152 0.255
ig 375-400 387.5 25 30 0.193 0.353
400-425 412.5 25 18 ’ )
18 425450 437.5 25 12 0,195 ooz 0402 00
19 450-475 462.5 25 7.5 0.002 0.213 0.008 0.457 0.008
20 475-500 487.5 25 5.0 0.006 0.213 0.017 0.508 0.017
21 500-525 512.5 25 3.3 0.012 0.200 0'032 0.527 0.032
22 525-550 537.5 25 2.25 0.024 0.199 0.047 0.550 0.047
23 550-575 562.5 25 1.60 0.032 0.200 0.070 0.570 0.070
24 575-600 587.5 25 1.15 0.040 0.203 0.092 0.593 0.092
25 600-625 612.5 25 0.74 0.038 0.201 0.09%4 0.612 0.09%
26 625-650 637.5 25 0.54 0.022 0.184 0.060 0.620 0.060
27 650-675 662.5 25 0.40 0.011 0.170 0'015 0.631 0.015
28 675-700 687.5 25 0.305 0.006 0.201 0.008 0.637 0.008
29 700-725 712.5 25 0.225 0.015 0.275 0.017 0.587 0.017
30 725-750 737.5 25 0.185 0.047 0.259 0.070 0.582 0.070
31 750-778 764.0 28 0.140 0.119 0.254 0.160 0.568 0.160
32 778-814 796.0 36 0.168 0.245 0.253 0.555 0.253
33 814-871 842.5 57 0.360 0.333 0.345 0.541 0.345
34 871-908 889.5 37 0.465 0.313 0.410 0.524 0.410
35 908-948 928.0 40 0.467 '0.297 0.460 0.508 0.460
36 948-1100 1024.0 152 0.468 0 308 0.477 0.454 0.477
37 1100-1149 1124.5 49 0.418 0.304 0.540 0.396 0.440
38 1149-1198 1173.5 49 0.374 0.291 0.375 0.355 0.375
39 1198-1232 1215.0 34 0.331 0.266 0.320 0.310 0.320
40 1232-1250 1241.0 18 0.32 0.328 0.261 0.29% 0.279 0.294
41 1250-1275 1262.5 25 0.53 0.321 0.257 0.262 0.245 0.262
42 1275-1300 1287.5 25 0.95 0.302 0.231 0.205 0.188 0.205
43 1300-1325 1312.5 25 1.90 0.250 0.176 0.140 0.083 0.140
44 1325-1350 1337.5 25 4.4 0.159 0.122 0.086 0.016 0.086
45 1350-1375 1362.5 25 10.0 0.064 0.048 0.041 0.041
46 1375-1400 1387.5 25 13.0 0.015 0.007 6002 6.020 -6-862-0.02°
47 1400-1425 1412.5 25 48. 0.002 .00
48 1425-1450 1437.5 25 78.
49 1450-1475 1462.5 25 130.
50 1475-1500 1487.5 25 270.
51 1500-1525 1512.5 25 450.
52 1525-1550 1537.5 25 410.
53 1550-1575 1562.5 25 160.
54 1575-1600 1587.5 25 55.
55 1600-1625 1612.5 25 145.
56 1625-1650 1637.5 25 245.
57 1650-1675 1662.5 25 270.
58 1675-1700 1687.5 25 245
59 1700-1725 1712.5 25 155.
60 1725-1750 1737.5 25 70.
61 1750-1775 1762.5 25 36.
62 1775-1800 1787.5 25 18.
63 1800-1825 1812.5 25 9.3
64 1825-1850 1837.5 25 5.0
65 1850-1875 1862.5 25 2.8
66 1875-1900 1887.5 25 1.8
67 1900-1925 1912.5 25 1.12
68 1925-1950 1937.5 25 0.70
69 1950-1975 1962.5 25 0.43
70 1975-2000 1987.5 25 0.26
71 2000-2025 2012.5 25 0.17
72 2025-2050 2037.5 25 0.085
73 2050-2075 2067.5 25 0.050
74 2075-2100 2087.5 25 0.024
75 2100-2125 2112.5 25 0.011
76 2125-2160 2142.5 25 35 0.005

77 2160-2500 2330.0 A5 3¢o 0.000
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and/%QQis the ozone concentration in cm.-atmo. per mb. The transmission
values for the 9.6 micron ozone band are 'shown in figure &4, in which the

band interval was taken to be 138 cm.”} as Walshaw did. However, because

in the present study the band interval was assumed to be 152 cm.-l, following
Roach and Goody, the actual transmission value which was used is given by

‘ 1 38 9
T = 1 ——r(1=7) (9

where %'is the fractional transmission shown in figure 4 and ¢ is that used
in the present study.

It should be noted that the temperature effect on transmission has been
neglected in both the Hy0 and O, transmissions. The 15 micron CO, band trans-
mission is based mainly on the work of Yamamoto and Sasamori [293 and of
Sasamori [ 22 ], but some modifications were made as a result of measurements
which were carried out in our laboratory. The transmission values for each
sub-interval are shown in figure 5a through 5j, in each of which (a) indi-
cates the pressure effect on transmission at 300K and (b) the temperature
effect on transmission at normal pressure. The transmission values for the
4.3 micron CO2 band are based on the measurements of Howard, Burch,and
Williams, and on our own laboratory measurements, which are shown in figure 6.

IV. THE OUTGOING INTENSITY

The outgoing intensity for each interval was calculated at the five
zenith angles from '

200

I,(9) = |By(T.)+ 2,z (0)(222[Th (AT) | a9

by assuming the 0.1 mb. level as the top of the atmosphere and by dividing
the atmosphere into- 200 layers, where 4~ is the center of the interval A%
T. is temperature,~T0 1 the temperature at 0.1 mb.,B® is the Planck intensity,
and Ty is the transmission from the 0.1 mb. level to a given level. For the
‘interval in which the HZO and COZ (or 03) bands overlap, Ty is taken to be

" the product .of the transmissions of the separate gases.

The outgoing intensity which passes through a filter is found by multi-
Plying the average filter transmittance within the interval a%by the quantity
evaluated in (10). Appendix B lists the outpoing intensity and the filtered
outgoing intensity for each atmospheric model at the five zenith angles.

Data for TIROS 1II and ILI are presented.



- 10 -

0.3t—

04—

0.5}—

T

TRANSMISSION

08—

0.9}—

7

LEGEND

C Observed Volues with FP=0.958

x " " ' P=0.088~ 0.130
" P =0.023~0.023

" "

Figure 4.

10 100 1000
PATH LENGTH OF OZONE = 10°Uo, in cm-atm

Transmission values of the 9.6 micron ozone band for a band interval
Curves for different values of P, are drawn as a

of 138 cm."!
function of the ozone path length.

10000



0.6
z
o
(7))
»
=
[75]
z
<
P
-~
100
(a)

0.6 }—
-
© 0.7 |-
(7]
[72]
=
[72]
P
a [
Sos
'—

0.9 {—

LY
o : / L #
10 100 1000

(b)
OPTICAL PATH LENGTH IN CM-ATM

Figure 5a. Interval 550-575 cm.=l,

The transmission values for each sub~interval of the 15 micron CO
band are shown. The upper section (a) of each figure indicates tae
pressure effect on transmission at 300K and the lower section (b)

indicates the temperature effect on transmission at normal pressure.



- 12 =

TRANSMISSION
1) o
» 2
| i

o
\‘
I

o]

Figure 5b,

1.0 ) ' 10 - 100
OPTICAL PATH LENGTH IN CM-ATM
(b)

Interval 575-600 cm,”}

1.
1000

TRANSMISSION



TRANSMISSION

0. 1.0 10
OPTICAL PATH LENGTH IN CM-ATM

(b)

Figure 5c¢. Interval 600-625 cm.-1

100

!OOO‘ ’

TRANSMISSION



- 14 -

TRANSMISSION
" AN o
o B

| ]

o
o
|

0.7 |-

I L

0.01

|'
(oA 10 10
OPTICAL PATH LENGTH IN CM-ATM

{b)

100

Figure 5d. Interval 625-650 cm. !

l.
1000

TRANSMISSION



TRANSMISSION

Figure 5e.

o

o

[e]

| I |

==
0.00!

0.0 0. 1.0 10
OPTICAL PATH LENGTH IN CM-ATM
(

b)

Interval 650-675 cm.” !

100"

TRANSMISSION



TRANSMISSION
° °

[o]

i I J

0.0t

Figure 5f.

0.1 1.0 10

OPTICAL PATH LENGTH IN CM-ATM
(b) '

Interval 675-700 cm.”!

100

1000 °

TRANSMISSION



TRANSMISSION

1 1

0.0 0.1 1.0 10 100
OPTICAL PATH LENGTH IN CM-ATM
{b)

Figure 5g. Interval 700-725 cm.“1

TRANSMISSION



0.2 {~

0.3 —

TRANSMISSION

0.6 |~

0.9 —

0.5 |~

{ |

0.1

Figure 5h.

1.0 10 100
OPTICAL PATH LENGTH IN CM-ATM

(b) :

Interval 725-750 cm.~!

Tooo' -

>

o
TRANSMISSION

o



- 19 -

0.3

0.4 —

0.6 p—

o
®
!

TRANSMISSION
lo]
3
]

o
@
I

10 100
(a)
0.4 |-

0.5 |-

0.6 —

TRANSMISSION

0.8 [~

0.9 |-

"7o.l 1.0 ’ o) 100 1000
‘ OPTICAL PATH LENGTH IN CM-AT

(b) |
Figure 5i.  Interval 750-775 cm."}



0.7

o
®

TRANSMISSION

0.9

0.7

0.8

TRANSMISSION

- 20 -

OPTICAL PATH

100 1000
(b)
LENGTH IN CM-ATM



FRACTIONAL ABSORPTION

SR AL AL L AL 111 AL AL
0.7 — z
0.6 —

0.5 —
04 —
0.3 —
0.2 b—
0.1 — ///"/:;/://:
7, 7 /
Ay Ay
//////:// /////
0.05 — /,//////’,/’/,//:’/,’//,
VO A A
/////C/,///:// ////////
//,;éﬁ:,///:/: ,::,;’/ _ :
o LrtiTrEr e 1ol ool ool el ol 1
0.0001 0.001 0.01 0.1 1 1O 100 1000 10000

CARBON DIOXIDE (IN CM—ATMO AT N.T.P)

Figure 6. Absorption curves for the 4.3 micron CO, band are shown for different values of P/760, (P ).
The solid segments of the curves represent laboratory measurements and the dashed segments are
extrapolations. ‘

-'[z-



- 22 -

The computed outgoing intensities at % = 0° under three atmospheric condi-
tions are shown in figure 7. At the left are the atmospheric models, with
pressure versus air temperature drawn as solid lines (the extrapolated parts
are dotted) and pressure versus dew points.as dashed lines. At the right the
corresponding intensities, in c.g.s. units, versus wave number are drawn as
heavy lines; the lighter lines represent the Planck intensities versus wave
number for a range of temperatures, as indicated. These three diagrams repre-
sent (a) cloudless conditions in the Arctic in winter; (b) cloudless condi-
tions in the western United States in summer; and (c) overcast conditions in
the Tropics. The influence of the strong absorption bands is evident at 600-

(800 cm. -1 (carbon dioxide), 950-1100 cm.~ L (ozone), and 1300-1900 em. "} (water

p vapor) . 9.6 ~ G
I5p
V. ESTIMATION OF THE OUTGOING INTENSITY FROM TIROS DATA

Using the computed results for 106 model atmospheres, it was found,
after several trials that the values of %7, and %' given in Table 2 gave
the least scatter of ontgoing intensity between these limits plotted against
values of intensity through the filter (Eq.l); these relations for TIROS I1
(TIROS 11 will hereafter be cited unless specific reference is made to another
satellite) are shown in single mean lines in figures 8 a and b, for channels
2 and 4, respectively,

TABLE 2. VALUES OF THE LIMITS % AND %; FOR TIROS II, III and IV

TIROS II Channel 2 814 cm.~! 1325 cm.”!
Channel 4 350 cm.-1 1325 cm. !
TIROS III Channel 2 750 cm."! 1250 em."!
Channel 4 350 cm.-l 1149 cm."1
TIROS IV Channel 2 750 cm.”! 1250 cm."1

The intensities between these limits for TIROS I1I, III and IV are shown in
Appendix B.

Because the dependence on ¥ is small, single mean lines in figures 8 a
and b, which include values for ¥ = 0°, 60°, and 78.5°, provide satisfactory
transformations, with negligible error; values for Y = 78.5° lie above the
mean lines and those for @ = 0° lie below for channel 2; the reverse is true
for channel 4. The mean deviations of the points from the mean lines are
abont 0.4 percent for channel 2 and 0.6 percent for channel 4.

However, in the case of channel 4 it is not sufficient to obtain the
intensity between 350 and 1325 cm.”!  The desired gquantity is the intensity
over the entire infrared spectrum, which includes spectral regions outside the
observed portion. In these outer regions the average absorption by the
atmospheric gases is greater than the average in the observed region, so that
one cannot account exactly for the unobserved portion of the spectrum nor
should the variation of intensity with zenith angle be the same in the observed
and unobserved portions. In figure 9 the intensity over the entire infrared
spectrum is plotted versus the intensity through the channel 4 filter: calcu-
lated values at three zenith angles for the 106 model atmospheres are shown,
‘with mean lines drawn for ® = 0°, 60° and 78.5°. The variability of the
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total intensity is somewhat greater than for the 350 to 1325 em.” 1 interval,
as can be seen from a comparison of figures8 b and 9, but it is still small;
only a small correction for zenith angle is required. The transformation of
the data in figure 9 can be represented well by the empirical formula

(1l1la)

o -~

T(8) = v+ sTJ%) + t[Iq}(fT) - _r_@]af

where r = 14,100 and 8 = 4.040 are evaluated from the ¥ =0 line; t =
-2.6X10'5, and °I¢= 7500; the final term in (11a) is small, at all times less
than 3 percent. For TIROS III, the angular dependence given by the last term
in (1la) is negligible; for this satellite, however, the transformation is not
quite linear, but can be expressed by

2

1(%= v+ s‘qu(%}) + t [ Iq’(@}] (11b)

where r' =10,500, s' = 1.971 and t' = 6.419X10-6. In the case of TIROS 1V,

there was no channel 4; by using channel 2, nevertheless, a fair approximation
of L(%i is possible. 1In figure 10, the channel 2 intensity is plotted versus
I(®) ; the mean linescan be expressed by

T(o)= v+ s L@+ {t+v 10+ w"[ L,® ] M-8 o

where r" = 31,180, s" = 3.426, t" =-6,130, v"' = 1.126, w" =-2.92X10"7,

B; = 78.5° and T(®) is the channel 2 intensity; the scatter of points
is seen to be about 1.5 percent. Thus, for each of the three satellites a
different empirical formula is found to be most suitable.

Initially it was thought that a better estimation of the outgoing inten=-
sity over the whole spectrum might be achieved through the combined use of
channels 2 and 4. The spectral regions outside the channel 4 filter are
characterized b{ strong absorption; this is also the case for the interval
350 to 814 cm.”*, the difference between the intervals of the channel 2 and
channel 4 filters. From a mean relation between the intensities in the
difference interval and outside the channel 4 interval, using the calculated
values for the 106 model atmospheres, the outgoing intensities over the entire
spectrum were estimated. The mean error by this method (0.7 percent) was the
same as that obtained when using Eq. (lla). Because the difference method
offers no advantage in the calculated case, system noise in the actual TIROS
measurements makes the use of the channel 4 data alone preferable.

VI. ESTIMATION OF THE OUTGOING FLUX

From the meteorological point of view the outgoing flux is more signifi-
cant than the outgoing intensity because the former is the radiation leaving
a unit area of the atmosphere in all directions, whereas the latter is the
radiation in one direction only. The outgoing flux F is given by
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3
F = 2#]1(9)55n‘9'cos‘9'd‘9’ (12)

where :I(E?) represents the outgoing intensity over the entire infrared spec~
trum in the direction @ . Because the TIROS radiometer measures only the
outgoing intensity in a given direction, the angular dependence of the out-
going intensity has to be known in order to evaluate F from the observed data.

The limb-darkening effect was examined by calculating the outgoing
intensity for %= 0, 20° 45°, 60°, and 78.5° for the 106 model atmospheres.
In figure 11 is shown the limb-darkening for several model atmospheres, includ-
ing extreme cases in which the largest amounts of water vapor are in clear sky
conditions and the smallest amounts are in overcast conditions, and the mean
for the 106 models. Limb-darkening is here defined in the usual way, as the
ratio of the intensity in direction % to the intensity in the vertical;
I(®)/I(0)is drawn versus ¥ in this figure. The limb-darkening effect is
large where the amount of water vapor and the temperature lapse rate in the
troposphere are large, as usually occurs at lower latitudes; at high latitudes
or in high thick overcast conditions, where the amount of water vapor and the
temperature lapse rate are less, the effect is smaller. As a first approxi-
mation, the limb-darkening for any atmospheric condition might be assumed to
be that of the average for the 106 model atmospheres. This average curve may
be expressed with considerable accuracy by the empirical formula

T(®) = T(o)(1+ a® + b® + %) (L3)

with a = -1.989X107% b = 5.876%107%, ¢ =-1.928%1077, and © in degrees.

However, it is apparent from the curves shown in figure 11 for several different
atmospheres that the use of the average limb-darkening curve for all conditions
will introduce errors. These errors will be systematic, rather than random,
giving for large zenith angle measurements an overestimation of flux in high
latitudes and areas of overcast conditions, and an underestimation for warm
moist conditions encountered at low latitudes; the reverse is true at very

small zenith angles. Equation (13) must therefore be modified to allow a

more exact calculation of the intensity for any atmospheric condition.

From Eq. (13), [ (L@®/I1(0)=1]/[a®+b®*+ ¥] = ¥ = |

for the mean intensity of the 106 models. For each individual model, however,
Y is not necessarily unity. In figure 12 ¥ is plotted vs. I( 0) with
® = 209, 45°, 60°, and 78.5° for each of the 106 model atmospheres, showing
the change of limb-darkening effect with increasing intensity. The value of
¥ 1is about zero for small intensities and about 2 for large intensities, with
¥ = 1 for the average value L1(O)= 75,574. Because the data in this figure
can be closely approximated by a straight line, Eq. (13), expressing the
average limb-~darkening, may be corrected to represent any specific case by
setting ¥ , the guantity in the ordinate, equal to « +ﬁl'(o}. Hence, the
intensity can be expressed by the empirical formula
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19= L)1 + [« + p1OLaB + b¥ + 8T 0

where o = -1.375 and A = 3.129%10"°. It may seem that the scattering of

points in figure 12 is quite large. However, it_should be borne in mind
that the quantity [«a+2ATO][a® + bB* + cB*7] does not exceed 0.15 or
0.20, so that the average error introduced by calculating I(0) from (14) will
be 2 percent or less.

Tnserting (14) into (12), we have

F=T@[A+ CIO]

(15

where

z 2 3
A = Z"_"f [|+°"(0~%+ b® "f‘c%')]sin%’cos‘ﬁ’dg' = 3,238 (16)

C- Zﬁfl{p(“‘&”‘éz* B )sinFeosHd® =-2.198x[07¢ (N

The procedure in calculating radiative flux from the TIROS data, I,p(%), is
thus to determine L(®) from (11), solve (14) for I(O), and insert the result-
ing value into (15).

This method of calculating flux cannot, of course, give an exact solution.
First, the assumption of a plane parallel atmosphere which was made in solving
Eq. (10) becomes invalid at very large angles; at 78.5° the total air mass is
about 4.9 atmospheres, compared with 5 atmospheres in the plane parallel
assumption, and the difference increases rapidly at greater angles.- Second,
the extrapolation of the limb-darkening to 90° by means of .(14) leads to sub-
stantial errors at very large angles, where the increasing ipfluence of the
higher atmosphere can even lead to a reversal of the slope of the limb-darken-
ing curve. Third, the assumption of circular symmetry in the radiation field
which ‘is implicit in (12) is contrary to the scale of horizontal variations
which occur in the atmosphere, although this is not important in light of the
resolution of the instrument under consideration; the viewed area is 40 miles
or more across whereas the vertical dimension of the part of the atmosphere
contributing substantially to the outgoing radiation is much less. However,
the radiation at large zenith angles does not contribute greatly to the flux;
from angles greater than 60° the contribution is about 25 percent, and for
angles greater than 78.5° it is only about & percent. Flux, calculated from
the TIROS intensity data, which do not occur for ® greater than about 75°,
should therefore contain only small systematic or random errors induced by the
method outlined above.
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Until now, c.g.s units have been used exclusively, It is the practice
in meteorology, however, to express radiative flux in langleys (cal/cm®) per
minute; in addition, the TIROS satellite data, as described in the Data Users'
Manual | 6 ] , are expressed as radiative flux in watts per meter?. Equations
(11), (14) and (15) can be applied directly to the TIROS II data, Xg(¥) by
appropriate changes of the constants; the values of the constants for TIROS II,
III and IV are glven in Table 3.

Table 3. CONSTANTS FOR TRANSFORMATION OF TIROS DATA TO RADIATIVE FLUX

TIROS II TIROS III TIROS IV
r = .06348 ly/min . r' = 04727 1y/m1n r'" = 1404 ly/min
s = .005789 Ly m° s' = .002628 -1)’-‘1‘-— s = .004909 LM
w min w min
t =--3. 73.xw'8 1y m? t' = z.928x1o'6 l.;_“fi t" = -.02760 LY.
w min w< min min
T,= 23.56 w/im? . V' = .001614 1y mZ/w min
' W' = -1.332X107° 1y m*/w2min
&, = 78.5°
® = =1,375 < = -1.375 < = -1,375
8 = 6.950 min/ly $ = 6.950 min/ly A = 6.950 min/ly
A= 1.0307 A = 1.0307 A = 1.0307
C = -.1554 min/ly C = -.1554 min/ly C = =-.1554 min/ly

Other satellites would require the evaluation of new empirical formulae and
sets of constants.

The TIROS radiation data are compiled onto magnetic tapes for use on
electronlc computers; complete details are contained in the Data Users' Manual
L~ 6 7 In the case of TIROS II, the radiation data on these tapes are
expressed in watts per meter2, defined by Eq. (1) multiplied by 7Y . For TIROS
III and TIROS IV, however, it was decided to express the infrared data by the
"effective black body temperature', defined by

’F\'I”I (B) Py dr = J B, (T,) ¢,.d» a8

where Iifm)is the Planck intensity at 4~ , and Tg is the "effective black body
temperature', the constant Tr is included to transform Planck intemsity to the
black body flux. Table 4 gives the values of W and Ty for channels 2 and &
for each satellite,

In partly cloudy conditions the limb-darkening effect is somewhat different
from that of clear or overcast conditions. Consider the influence of partial
cloudiness on the limb-darkening by assuming a cloud pattern composed of scat-
tered cumulus type clouds, a typical cloud pattern. 1In such a case the out=-
going intensity which reaches the radiometer in the TIROS will be a weighted
mean value of the intensities originating from the cloud-covered area and from
the cloud~free area. Because of the vertical extension of cloud masses, the
apparent area covered by clouds increases with increasing zenith angle. This
makes the limb-darkening effect somewhat greater than that for the overcast or
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Table 4. VALUES OF W AND Ty FOR CHANNELS 2 AND 4 OF TIROS II, III AND IV,

W(w/ m2)
Tg TIROS II __TIROS III TIROS IV
(9K) Ch. 2 Ch. 4  Ch.2 Ch. 4 Ch. 2% Ch.4>
170 2.48 14.55 2.48
180 3.09 | 9.07
190 5.33 25.15 5.33
200 6.45 | 14.62
210 10.10 | 40.01 10.10
220 11.93 | 23.13
230 17.37 | 59.66 17.37
240 20.11 | 34.60
250 27.65 | 84.50 27.65
260 31.50 | 49.04
270 41.38 | 114.8 41.38
280 46.77 | 67.20
290 58.89 | 150.6 58.89
300 65.71 | 88.48
310 80.41 | 191.9 80.41
320 88.90 | 112.8
330 106.1 | 238.8 106.1
340 116.4 | 1462.7
350 | 135.9 290.9 135.9

clear sky conditions because of the increasing weight given to the colder clouds
with increasing zenith angle. Consider now the error of estimation of the
outgoing flux when the limb~darkening curve as calculated from clear and over~
cast conditions is applied to the scattered cloud conditions. Because of the
difference of the limb-darkening effects, when the TIROS is viewing vertically
above an area of scattered clouds, the outgoing flux from the area will, in

the average, be overestimated; whereas, when the TIROS is viewing obliquely at
a large angle, the outgoing flux from the area will be underestimated; there
will be a tendency for the errors due to this effect to average out for large
numbers of data. Nevertheless, there will be a range of angles in which the
error of estimation is very small, even when applying the limb-darkening curve
calculated from clear and overcast conditions to the scattered cloud conditions.
Further, when the individual cloud masses are large enough to be comparable
with the area viewed by the TIROS radiometer, the cloud height and thickness

become negligible relative to the cloud diameter and the ratio of clouded to
unclouded areas is virtually independent of the viewing angle; accordingly,

+ Filter same as that in TIROS III
* TIROS IV did not carry a channel 4 radiometer
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the limb-~darkening effect will approach that of overcast or clear sky condi=-
tions, which were discussed earlier., It may be concluded, therefore, that the
use of the limb-darkening curve obtained from the clear and overcast conditions
is not so serious as might at first be thought. This remains to be verified
through the examination of simultaneous satellite photographs and radiation
data.

Examples of estimated values of outgoing flux calculated from TIROS II
data are shown in figures 13a, 13b, and 13c. The surface weather chart
analysis for 1200 GMT on November 27, 28, and 29, 1960, made by the National
Weather Analysis Center of the U. S. Weather Bureau, is shown in the upper
part of each figure; the lower part of each figure is an analysis of the
radiative flux, calculated by the method given in this section.

In this sequence of maps the radiation values are mostly indicative of the
amount and height of clouds: it is seen that the front moving across Europe
is assoriated with lower values than are the high pressure areas, and the
development of the open wave over southern Europe is evidenced by the corre-
sponding development of a center of low radiation values. Low radiation values
over Syria and southern USSR on Nov. 27 show an extensive shield of clouds to
be associated with the Low over the eastern Mediterranean; on Nov. 28 the Low
has filled and the clouds have evidently moved eastward to the edge of the map,
as one might infer from the radiation values. In general, the values range
from 0.2 to 0.4 ly./min. which is in accord with the theoretical values pre-
dicted by Yamamoto [27] and with the Explorer VII measurements found by Suomi
[ 23 ) and Weinstein and Suomi [ 26 ] .

However, the channel 4 data are not mere indicators of clouds, for the
channel 2 data are better adapted to this purpose. Rather, it is to be hoped
that radiative flux information can eventually be incorporated into evaluations
of the energy regime of the atmosphere. For such use, the resolution indicated
by figure 13 is probably not required, but this resolution is required if the
method set forth in this section is to be employed.

VII. ESTIMATION OF SURFACE TEMPERATURE

Because the TIROS channel 2 filter covers the window region, in which the
absorption coefficient of water vapor is small, the outgoing intensity in this
region is not changed greatly by absorption and radiation within the atmos-
phere from the intensity emitted by the underlying surface. Several authors
(Bandeen et al., [ 2 ], Fritz and Winston, [ 11 ] , and Hanel and Stroud,

[ 14 ] ) have shown that, by assuming the Planckian intensity distribution
for the outgoing intensity observed by the TIROS channel 2 radiometer, both
the surface air temperature under clear sky conditions and the cloud top
temperature when the sky is covered by relatively dense clouds such as strato=-
cumulus or altostratus can approximated; however, the estimated temperature is
almost invariably too low by several degrees under clear sky conditions. Simi-
lar results are found by Nordberg et al., [:19,1 for TIROS IIL. As was seen
in figure 7, the intensity within the 9.6 micron ozone band is generally less
than that over the rest of the window region; furthermore, because the layers
of the atmosphere within which the water vapor is concentrated are usually
cooler than the surface, the outgoing intensity throughout the window region
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is less than the intensity emitted by the underlying surface. For a better
estimation of the surface temperature from the TIROS channel 2 data, correc-
tions are necessary to account for the influences by ozone and water vapor
upon the outgoing intensity.

Water vapor and ozone are largely concentrated in separate layers of the
atmosphere, near the surface and in the stratosphere, respectively. The
difference between the outgoing intensity in the ozone band interval and the
intensity within the same interval coming from below the ozonosphere is
caused by the net effect of emission and absorption by the ozone layer alone.
Little change takes place in the amount and distribution of ozone and the
temperature of the ozone layer with seasons and latitudes, whereas there are
large changes of surface and cloud top temperatures with seasons, latitudes,
and cloud heights. Therefore, the emission of the ozone layer, which depends
upon its temperature and emissivity, changes little compared with the absorp-
tion of the surface intensity by the ozone layer; the latter depends upon the
surface temperature and the absorptivity of the ozone layer. It is, therefore,
expected that the difference between the surface intensity and the outgoing
intensity within the ozone band interval changes primarily with the change of
the temperature of the underlying surface, the quantity to be estimated. As
a first approximation, the outgoing intensity from the window region without
ozone correction, may be used to determine the ozone correction. Figure l4a
shows the difference between the outgoing intensity in the ozone interval
(948-1100 em.” ") for an ozone-free atmosphere and that with ozone present,
plotted versus the outgoing intensity of the 814 to 1325 em."L interval at
zero zenith angle; these data were computed for 40 selected atmospheres. It
is seen that the relation is linear, with little scattering of points. It
has been found that the same corrections apply to other angles.

" Unlike ozone, water vapor amounts in the atmosphere vary greatly with
season and latitude. Although the total water vapor varies roughly with
surface temperature, this is obviously not a satisfactory gage. Minimum
amounts are found in winter Arctic or sub-Arctic regimes; maximum amounts are
found within tropical maritime air masses; but intermediate amounts may be
found both in moderate middle latitude conditions and over the summertime
desert. It is therefore not possible to account for the effect of water vapor
on the outgoing intensity from the data of channel 2 alone. The problem is
further complicated by the influence of inversions and by abnormal water vapor
distributions. The inference of surface temperature from the satellite data
requires consideration of the air mass being viewed in order to make .a satis-
factory correction for water vapor. Figure 14b shows ehe difference between
the intensity at the surface in the interval 814 to 1325 cm.-l and the out-
going intensity from the atmosphere with water vapor present (but without
ozone), plotted versus the outgoing intensity over the interval, as calculated
from the 106 model atmospheres. The large scatter of points is a consequence
mostly of the variable water vapor amounts in the models, but surface inver-
sions and abnormal water vapor distributions also contribute markedly to the
scattering. The main characteristics are evident, as shown by the two curves
sketched on the figure: the upper curve may be considered to represent the
corrections for very moist atmospheres to be added to the measured intensity
to obtain the intensity at the surface; the lower curve represents atmospheres
with low water vapor content. The values between the two curves represent
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atmospheres containing intermediate amounts of water vapor, and, of course,
these more or less normal atmospheres are in the great majority. The negative
values indicate the existence of surface inversions; atmospheres with low
water vapor content are more likely to have strong surface inversions, and the
lower curve has therefore been drawn to include the negative values.

The total correction required to obtain surface temperature from the TIROS
II data is the sum of the ozone and water vapor corrections. If the values
indicated by the curves in figures l4a and 1l4b are used, the results shown in
figure 15 are obtained. This figure gives the trangformation from TIROS 11
channel 2 data, with & = 0, to surface radiation temperature: the dashed
curve gives the effective temperature versus the filtered radiative flux, as
given in the Data Users' Manual [ 6 ]; the two solid curves give the surface
radiative temperature for atmospheres of high (upper curve) and low (lower
curve) water vapor content._ The abscissa is shown in c.g.s. intensity units
at the bottom, and in w./m.% of flux at the top.

Limb-darkening for channel 2 is considerably less than for channel 4 at
small angles, but at © = 78,5° the two are about equal. One may ignore the
channel 2 limb-darkening at angles up to about ¥ = 30°, but it is desirable
to take account of it at greater angles. The limb-darkening effect can be
seen qualitatively in figure 16: here the abscissa is Ty , the effective
temperature at angle ©, taken from the dashed curve in figure 15; the ordi-
nate is (531)3 = TS - Ty , where Tg is the surface temperature. The examples
are extremes, with %= 0 in the upper part and & = 78.5° in the lower part;
the curves in each correspond once more to atmospheres of high and low water
vapor content. From this figure, and from similar curves for other angles, an
empirical relation has been found to relate Te with Tg:

K .
A = - &H (19)
where
n = l—_‘\.OI.B;g)O_'??};B'I (20)
¥ = 750x107707 4 | (21)

K= 516, G = 350 and R - 3.9; $ is in degrees. The parameter D describes the
degree of moisture of the air mass, varying from 1.069 to 1.000 for the moist
and dry atmospheres and having an average value of about 1.040. Similar
empirical relations for TIROS III and IV can bhe developed.

Orbit 4 of TIROS II on November 23, 1960, afforded a good opportunity to
examine the channel 2 data over a large clear area at about noon. This case
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is discussed at length by Fritz and Winston [ 11 ], but in essence there

was a frontal system over the area east of the Appalachians and a large High
covering the central United States east of the Rocky Mountains. In Table 5
are listed the effective temperature obtained from the average around each
station by the measurement of TIROS 1I, the corrected surface temperature
using the dashed curve in figure 15 and Eqs. (19), (20), and (21), the sur-
face air (shelter) temperature for several stations at the time when TIROS II
was passing (about 1810 GMT), and the difference between the last two. The
sky was clear at each station; D was taken to be 1.040. The corrections for
the combined effects of ozone and water vapor (Eq. 18) are not large, averag-
ing about 5°C. in this situation; the air within this high pressure area was
rather dry and the surface temperatures were moderate. Agreement between the
inferred surface temperature and the shelter temperature seems to be remarkably
good in most cases; average values are 280.8°K. and 281.1°K., respectively.
Although the mean values agree well, the differences for the individual sta-
tions vary from minus 5.0°C. to plus 3.5°C. Although this might be thought
to indicate the accuracy of measurement by TIROS II, the negative values may
possibly be attributed to thin clouds, not reported by the observer; at all
but three stations some cloudiness was reported within three hours of the
TIROS observation. Small uncertainties in the geographical location of the
TIROS observation also may be responsible for the disagreement. It is well
known, however, that the shelter temperature usually differs substantially
from the temperature of the actual surface, so that such agreement between
satellite and normal meteorological measurements of temperature can result
from the nature of the surface, or it can be the fortuitous consequence of
some other factor such as the time of day or the wind velocity.

In any case, the temperature inferred from the satellite measurements
is the surface radiative temperature. If the emissivity of the surface is
less than unity, and it surely is to some degree, then the actual surface
temperature would be underestimated from a satellite. A good correction
can be made for the ozone, and, if care is observed, the water vapor correc-
tion can be estimated rather well. No account has been taken of scattering
by aerosols in the atmosphere, but Deirmendjian [7] has indicated that the
extinction coefficients due to the scattering are about an order of magnitude
smaller than the water vapor absorption coefficients at the wavelengths being
discussed; also unaccounted for is emission by the atmospheric aerosols, and
no estimate of this effect is available. Scattered clouds will normally lead
to an underestimation of surface temperature, and thin cirrus which cannot be
seen in television pictures can prove troublesome. Altogether, the hazards
estimating surface temperatures from satellites are numerous and have no exact
solution from satellite measurements alone. Estimation of cloud top tempera-
ture is likewise subject to some uncertainty, inasmuch as the optical depth
of the cloud is dependent upon both the density and nature of the cloud
particles. Many clouds, particularly cirriform, may not be totally absorbing,
so that the background of a lower cloud layer or the surface can make a signi~-
ficant contribution to the upward radiation and thereby lead to a fictitious
temperature. Partial cloudiness will have a similar influence upon inferred
temperatures.

Although the inference of surface temperature from measurements in a
single spectral interval leads to the ambiguities apparent in the foregoing
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TABLE 5. COMPARISON OF TIROS TEMPERATURES WITH SHELTER TEMPERATURES
’ PASS 4, 1808-1814 GMT, NOVEMBER 23, 1960

TD, Ts Ta g TS - T8

Station TIROS 11 TIROS II Surface
Effective Corrected Air(Shelter)
Temperature (Surface) Temperature
Temperature

°x)y (°K) (°x) (°c)
Flint 275.3 279.5 279.9 -0.4
Detroit 272.6 276.5 279.9 -3.4
Evansville 275.9 280.3 283.2 -2.9
Springfield 277.1 282.1 282.6 -0.5
St. Louis 278.3 283.2 279.9 3.3
Muskegon 277.8 282.4 279.9 2.5
Akron 277.1 281.6 281.0 0.6
Ft. Smith 275.3 280.4 285.4 -5.0
Tulsa 277.1 282.6 282.6 0.0
Cincinnati 277.1 281.6 281.0 0.6
Mansfield 276.5 280.9 279.9 1.0
Oklahoma City 277.1 282.7 283.2 «0.5
Dayton 277.1 281.6 278.8 2.8
Peoria : 275.9 280.2 280.4 =0.2
Columbia 274.0 278.2 280.4 -2.2
Green Bay 273.3 277.3 278.8 -1.5
Sault Ste. Marie 272.6 276.6 277.6 -1.0
Amarillo 277.1 284.5 281.0 3.5
Little Rock 277.1 282.6 286.0 -3.4
Pittsburgh 275.9 280.2 279.9 0.3
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discussion, measurements in other spectral intervals can be used to improve
estimated values substantially. For example, Moller [18] has shown that
simultaneous measurements in channels 1 (6-6.5 micron) and 2 (8-12 micron)
can be used to determine the mean relative humidity in the atmosphere; with
the humidity known, the parameter D in Eq. (15) can be evaluated. One might
also make use of chanmel 3 (0.2-5 micron) or channel 5 (0.55-0.75 micron) in
the sunlit part of the earth to estimate cloud amount, so that account can

be taken of the influence of clouds upon the upward intensity; this problem
has not yet been investigated, and it is possible that other measurements,
such as that proposed by Hanel [13] and Yamamoto and Wark [31]) to measure
the cloud top height, might also be incorporated. The channel 2 measurements
are useful in themselves, without adjustments of any kind, but the desirability
of knowing surface temperatures dictates additional study directed toward the
resolution of the problems indicated in this section. Whereas the method of
Sec. VI for calculating flux from channel 4 measurements brings the results
within acceptable uncertainty, the reliable inference of surface temperature
from channel 2 measurements requires additional refinements to account for
water vapor amount and distribution, for the temperature structure, and for
the nature and distribution of clouds.

Note:

Recently the NASA has obtained the results of spectral emissivity tests
made on thermistors of the type used in the TIROS 5~-channel radiometers.
These show some spectral dependence, whereas it had previously been assumed
that the emissivity of a thermistor was independent of wavelength. The TIROS
II data contained in the Final Meteorological Radiation Tapes are given as

W , defined by Eq. (18) and the filter functions shown in Table 1; those

for TIROS III and IV will be given as Te, determined from the qalibrétion

of the radiometers with a black body. Therefore, although the relations

and constants given in this report will give reasonable results, systematic
corrections may be required to account for modification of the filter function
@, resulting from inclusion of the thermistor emissivity. Additional infor-
mation may be obtained from the authors, upon request, when it becomes avail=-
able.
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APPENDIX A
TEMPERATURE, WATER VAPOR, AND OZONE PROFILES OF 106 MODEL ATMOSPHERES

The atmospheric models used to calculate outgoing intensities are given
here as profile listings of pressure, temperature, water vapor, and ozone.
The temperature and water vapor profiles as functions of pressure were obtained
from radiosonde data listed in the Northern Hemisphere Data Tabulations pub-
lished by the U. S. Weather Bureau. The ozone profiles were assumed with
regard to season and latitude, from the work of Ditsch [8] and Craig [5],

Each model atmosphere is identified by a number, the name of the radio-
sonde station, and the date and time of launching. The sky condition is indi=-
cated by 'clear' or by the height (in mb.) of the top of the undercast. The
total water vapor mass in a vertical column is given in centimeters of precipi-
table water and the total ozone mass in centimeter atmospheres. The total
_water vapor mass includes all water vapor from the surface to the 0.1 mb.

level for clear conditions and from the cloud top to the 0.1 mb. level for
overcast conditions.

Pressures are expressed in millibars, temperatures in degrees Kelvin,

water vapor mixing ratios in grams per kilogram, and ozone in centimeters-
atmospheres per millibar,
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APPENDIX B
INFRARED SPECIFIC INTENSITIES OF MODEL ATMOSPHERES

The total unfiltered outgoing intensity, the filtered (channels 2 and
4) outgoing intemsity, and partial integrals of the unfiltered outgoing
intensities, as determined by the limits W , and 4/ , are listed for each
model atmosphere at five zenith angles ( 8 = 0°, 20°, 45°, 60°, and 78.5° ).
Each model atmosphere is identified by the number appearing above the station
name in Appendix A. ‘

Values of the intensities for each angle are listed according to the
following scheme:

Channel 2 Channel 4
Total unfiltered
Filtered Filtered
TIROS 11
Partial unfiltered Partial unfiltered
Filtered Filtered
TIROS I1I .
Partial unfiltered Partial unfiltered
Filtered
TIROS 1V R
Partial unfiltered

where '"total unfiltered" is J[o I, @) dw ; "filtered" is S Li®g.d»; and "partial
unfiltered" is ,fﬁlyaqdyﬁ with 4/ and 4/ as given in table 2, page 22 of the
main text. Thus,'total infrared intensity is given at the top, and the channel
2 and channel 4 filtered and partial unfiltered intensities for the indicated
satellites are given at the left and right, respectively.



INFRARED SPECIFIC INTENSITIES OF MODEL ATMOSPHERES
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SUPPLEMENT TO M.S.L. REPORT NO.10

INFRARED FLUX AND SURFACE TEMPERATURE
DETERMINATIONS FROM TIROS RADIOMETER MEASUREMENTS

ABSTRACT

Changes in M.S.L. Report No. 10 are required because of the
results from recent tests on the spectral emissivity of thermistor
detectors, and because of some small errors in the computation
of spectral intensities for model atmospheres. The spectral
emissivity of the thermistor detectors of the TIROS radiometers
is presented; these data are included in new filter transmission
values for TIROS III and IV. Small changes and corrections were
introduced into the computer program to produce new intensity
values for the 106 model atmospheres. Corrected constants and
additional empirical equations for the determination of radiative
flux and surface temperature are given.

I. CHANGES IN THE FILTER TRANSMITTANCE VALUES

Table 1 of M.S.L. No. 10 lists the filter transmittance values for
TIROS II, III, and IV which were available at the time of the publication.
It had been assumed, in using these values, that the emissivity of the
detector was unity throughout the infrared (see Hanel and Wark, 1961).

More recently, the NASA has obtained the results of tests on the
emissivity of thermistor bolometers. These showed a marked spectral depend-
ence. Therefore, the "effective filter transmittance", defined by the
product of the emissivity and the filter transmittance, must be substituted
for &, in the operations performed in M.S.L. No. 10.

The accompanying Correction to Table 1 lists the emissivity and the new
Yeffective filter transmittance" for each interval with a non-zero value;
the interval numbers are the same as those of Table 1 of M.S.L. No. 10.

Only TIROS III and IV transmittance values have been changed in this
corrected table. Changes to the TIROS II values can be made, if desired,
from the values of emissivity and transmittance listed in this table. _
However, because TIROS II radiation data have been compiled in terms of W
(Eq. 18, M.S.L. No. 10), while the data of TIROS III and IV are in Ty
(effective black body temperature), the former would entail a greater effort
than the latter in the form of additional transformations to the data;

tests have shown that less than 1 percent change in the final flux values
would result, and it is not profitable to pursue this further.

New values of W as functions of Tgp are required by the changes in
effective filter transmittance. The values, altered for TIROS III and IV,
but not for TIROS II, are given in the accompanying Correction to Table 4.



Correction to Table 1:
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and Effective Filter Transmittance

Thermistor Zmissivity

Transmittance Lffective Filter Transmittance
Thermistor TIROS IIH TIROS II1 TIROS IV*
Interval Emissivity Chan. 2 Chan. 4 Chan. 2 Chan. 4 Chan. 2
13 0.660 - 0.033 - 0.030 -
14 0.660 - 0.108 - 0.108 -
15 0.662 - 0.152 - 0.169 -
16 0.659 - 0.193 - 0.233 -
17 0.683 - 0.189 0.001 0.243 0.001
18 0.682 - 0.195 0.001 0.274 0.001
19 0.707 0.002 0.213 0.006 0.323 0.00¢€
20 0.732 0.006 0.213 0.012 0.372 0.012
21 0.739 0.012 0.200 0.024 0.389 0.024
22 0.738 0.024 0.199 0.035 0.406 0.035
23 0.737 0.032 0.200 0.052 0.420 0.052
24 0.736 0.040 0.203 0.068 0.436 0.068
25 0.734 0.038 0.201 0.069 0.449 0.069
26 0.733 0.022 0.184 0.044 0.454 0.044
27 0.732 0.011 0.170 0.011 0.464 0.011
28 0.731 0.006 0.201 0.006 0.466 0.006
29 0.730 0.015 0.275 0.012 0.429 0.012
30 0.730 0.047 0.259 0.051 0.425 0.051
31 0.730 0.119 0.254 0.117 0.415 0.117
32 0.732 0.168 0.245 0.185 0.406 0.185
33 0.778 0.360 0.333 0.268 0.42] 0.268
34 0.757 0.465 0.313 0.310 0.397 0.310
35 0.703 0.467 0.297 0.323 0.357 0.323
36 0.783 0.468 0.308 0.373 0.355 0.373
37 0.839 0.418 0.304 0.369 0.332 0.369
38 0.810 0.374 0.291 0.304 0,288 0.304
39 0.843 0.331 0.266 0.270 0.261 0.270
40 0.846 0.328 0.261 0.249 0.236 0.249
41 0.839 0.321 0.257 0.220 0.206 0.220
42 0.829 0.302 0.231 0.170 0.156 0.170
43 0.818 0.250 0.176 0.115 0.068 0.115
44 0.807 0.159 0.122 0.069 0.013 0.069
45 0.795 0.064 0.048 0.033 0.000 0.033
46 0.781 0.015 0.007 0.01¢€ - 0.01¢
47 0.763 - - 0.002 - 0.002

Jboes not include the emissivity term.

*
TIROS IV did not carry a channel 4 radiometer.
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Correction to Table 4: Values of W and TB

for Channels 2 and 4 of TIROS II, III, and IV.

W(w/m2)
Ta TIROS II* TIROS III TIROS IV¥
(°X) Ch. 2 Ch. 4 Ch. 2 Ch. & Ch. 2
170 - - 1.87 10.49 1.87
180 3.09 9.07 -- - -
190 S - -- 4,05 18.27 4.05
200 6.45 14.62 -- -- --
210 -- -- 7.71 29.30 7.71
220 11.93 23.13 - -- --
230 -- -- 13.32 44.02 13.32
240 20.11 34.60 - - --
250 -- -- 21.30 62.79 21,30
260 31.50 49,04 - .- --
270 -- -- 31.98 85.87 31.98
280 46,77 67.20 - -- -
290 -- - 45,04 113.4 45,64
" 300 65.71 88.48 - - --
310 - - €2.46 145.4 62,46
320 88.90 112.8 -- - -
330 - -- 82.57 182.0 82.57
340 116.4 142.7 -- -- -
350 - - 106.0 222.9 106.,0

“Does not include

the emissivity term.

*
TIROS IV did not carry a channel 4 radiometer.
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II. RECALCULATION OF THE OUTGOING INTENSITY

In the calculation of outgoing intensity (Eq. 10 of M.S.L. No. 10) an
error was made in the ozone interval (948-1100 cm-1l). The computer program
omitted the sec @ term for this interval only, giving incorrect transmittance
values for all angles except @ = 0.

This error, along with several others of minor importance, has been
corrected, and the spectral intensities have been recalculated for the 106
model atmospheres.

Using the new intensities and the new filter functions as given in the
previous section, the quantities given in Append}x B of M.S.L. No. 10 have
been recalculated. The limits of integration V, and Vv, , defined by
Eq. 3 and listed in Table 2 of M.S.L. No. 10, are unaffected by the slight
changes in effective filter transmittance.

IIT. FLUX CALCULATION

With the new values of I<b(0), new constants used in the calculation
of radiative flux from Eqs. 1lla, llc, 14, and 15 have been determined.
These are shown in the Correction to Table 3.

This table now includes constants which permit the use of Eq. llc for
the calculation of radiative flux from the channel 2 data of TIROS II and
111, as well as TIROS 1IV.

The compilation of the TIROS III and IV radiation data in terms of Ty
(effective black body temperature) requires that an additional transformation
be made to obtain I 4(8). The following expression gives this transformation
for channel 2 of TIROS III and 1IV.

Iy(6) = 37;3 + fT; +elg +d (11d)

where the constants are given in the Correction to Table 3, I 4 (8) is the
channel 2 intensity at angle @, and Tp is the effective black body temperature
in °K.

In the case of channel 4 TIROS III, the transformations of Ty to Id)(O)
and I<b(9) to I (8) are of such a form that they can be combined into a

single transformation with sufficient accuracy. The TIROS III channel 4 data
in terms of Ty are given as I (@) by the expression

3 o P .
I(e)=37;++‘l;+e7;+d (1le)

where the values g', f', e', and d' are given in the Correction to Table 3.



Correction to Table 3:

Constants for Transformation of TIROS Data to Radiative Flux

TIROS

TIROS

III

TIROS Iv

Channel 2

Channel 4

Channel 2

Channel 4

Channel 2

Equation llc

r'=0.1444 ly/min

s'=0.005109 1y m2

w min

£"=-0.01571 ly/min

v'=0,001360 1y m2

w min

-5 4
w''=-1.240x10 1§ m
wemin

0,=78.5°

Equation lla

r=0.06124 ly/min

s=0.00584 1y m2

w min

=-4.26x10'812 2

w min

or _ 2
I¢—25.23 w/m

Equation 11d & 1llc

Equation lle

g=7.958x10'6w
mzdeg3
==2.624x10"3w
mzdeg2
=40.278 w/mzdég
d=-8.63 w/m?
r"=0.1407 1ly/min

s"=0,006450 ly m2
w min

t"=-0.01827 ly/min
v"'=0.001752 1y m?

g'=6.797x10" 01y
min deg
£'=-2.225x10""1y

min deg

e'=0.00298 1y

min deg

d'=-0.1085 ly/min

Equation 11d & llc

g=7.958x1o‘fg___
mzdeg3
£=-2.624x10"3w
mzdeg2
e=4+0.278 w/mzdeg
d=-8.63w/m2
r"=0.1407 ly/min

$"'=0.006450 1y m2

w min
t"=-0.01827 1ly/min
v'=0.001752 1y m?

4

w min w min
w"=-1.969x10'slz m? w"=-1.969x10'5121n
w min 2 .
W min
- -]
8,=78.5 6 = 78.5°
o
« = -1.215 a = -2.145x10-4 (These values are applicable
-6 to TIROS II, III and Iv.)
8 = 6.31 min/ly b = 5.551x10
A = 1.0335 ¢ = -2.188x10"7
C = -0.1737 min/ly
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IV. SURFACE TEMPERATURE DETERMINATION

In determining surface temperature from the channel 2 data, the
following changes should be made in Eqs. 20 and 21:

-6 222
LOo- §T772 x10 6 (20a)

-10 47
5707 x 1o © +10 (21a)

]

-
¥

The other constants are unchanged.

Because the data in Table 5 were mostly for small 8, the values are
nearly the same when they are recalculated.

V. SUMMARY OF FLUX AND TEMPERATURE CALCULATIONS

The procedure for the calculation of radiative flux from channels 2
and 4 of TIROS II, III, and IV is outlined below. This combines and
summarizes the steps presented in M.S.L. No. 10 and the preceding sections
of this supplement.

TIROS II Channel 2

Determine I(®) from Eq. llc of M.S.L. No. 10
Substitute I(8) in Eq. 14 to determine I1(0)
Substitute I(0) in Eq. 15 to obtain flux

TIROS II Channel 4

Determine I(8) from Eq. 1la of M.S.L. No. 10
Substitute I(0) in Eq. 14 to determine I(0)
Substitute I(0) in Eq. 15 to obtain flux

TIROS III and IV Channel 2

Determine I4(8) from Eq. 1l1d of this supplement
Substitute I¢(O)in Eq. llc of M.S.L. No. 10 to determine
1(9)

Substitute I(®) in Eq. 14 to determine I(0)

Substitute I(0) in Eq. 15 to obtain flux

TIROS III Channel 4

Determine I(8) from Eq. lle of this supplement
Substitute I(8) in Eq. 14 to determine I(0)
Substitute I(0) in Eq. 15 to obtain flux

The constants to be used in all of the above calculations are those
appearing in the Correction to Table 3.
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Equation 19 of M.S.L. No. 10 and equations 20a and 2la of this supplement
provide the estimation of surface temperatures. The procedure is as follows:

Calculate (&7 ) from eq. 19, 20a and 2la.

Determine surface temperature (Tg) from the relation 1% =T, +(8T)
e
where T0 is the effective temperature at angle 6.

VI. REMARKS
L J
The effects of the changes given in this Supplement are small. Radiative
flux is affected by only about 1 percent, and surface temperature determination
by less than 1 degree in mdst cases. Much more serious to the satellite data
are:
1. The assumption that the sky is either clear or solid overcast.
When the sky is clear or the clouds are thin, limb-darkening can
deviate from the values implied in this study. It is likely that,
on the average, the degree of limb-darkening does not vary markedly
with the absolute value of I g (@), but tends to be greater than
indicated in this study. This will be the subject of a later report.

2. Changes taking place in the response of the radiometers. There has
been a clear indication that, in some instances, the signal from
the radiometers degrades with time. Great care should be observed
in implying absolute values to the data. Further information on
this problem may be obtained from the authors.

Because the changes made in this supplement have only small effects
upon the determination of flux and surface temperature, the revised Appendix

B is not reproduced here. However, copies of the revised Appendix B may be
obtained upon request to the authors.
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