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Sate llite Temperature Sounding of the Atmosphere:
Ground Truth Analysis

I . INTRO DUCT I ON

Since satellite-borne temperature sounding of the atmosphere was first  sug-
gested as a practical measurement, the 15-gm region of carbon dioxide absorption
(and emission) has been utilized. The suggestion to use the 15-gm band was first
made in 1959 by Kapla n. By the mid 1960’ s. in struments were built and flown by
NO AA , and temperature sounding was a reality. By 1972 the f irst  sounder package
was flown on a Defense Meteorological Satellite.

Throughout this period , attempt s at ground truth comparisons left unexplained
di screpancies. These discrepancies were generally dealt with in the software of
data analysis schemes, by adjusting transmittances , by adjusting measurement s.
or by the development of inversion algorithms equivalent to a giant look-up scheme
a mong a climatological library of measured radiances associated with known temp-
erature profiles. It is hoped that through careful analysis, we might better under-
stand some of the causes for discrepancies between measurement and calculation
and then discover methods of correcting the errors. In this way we may eventually
obtain temperature soundings without recourse to climatological data and we will
be more certain that inferred temperatures are a direct result only of the satellite
measurements themselves and not simply the result of the climatological statistics
used in the interpretation of measured radiances.
(Received for publication 18 November 1976)
1. Kaplan , L. D. ( 1959) Inference of atmospheric structure from remote radiation

measurements, .1. Opt. Soc. Amer., ~~j lOO4 .
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This report represents an analysis of a l imited number of Defense \leteoro-
logical Satellite radiance observations made dur ing  the period fro m February to
A pril 1975. All of the sounding data and corresponding visible and infrared
imagery obtained during the t ime period were scanned and a small number (9) of
ca ses were identified where satellite observations were obtained in the v i c in i t y  of
a radiosonde and rocketsonde site and conditions were deemed by us to he clear.
We also demanded that the satellite track over the “ground t ruth ’ si te was wi th in
100 nm of the station and within 3 hr of the radiosonde/rocketsonde launch time.

The decision was made at the outset that measured and computed radiances
would be compared (as opposed to temperatures) .  This decision allows the ques-
tions associated with temperature inversion to be removed from discussion here .
Allowing for on-board calibration issues, radia nce is the fundamental  quantity
being measured. Given a sufficient ly detailed description of the atmo spher e in
terms of temperature and absolut e humidity as functions of pressure , and given a
detailed descript ion of the fil ter fun ct ion s in the 15 g m band channels, and given
an appropriate computation scheme for atmospheric t ransmit tance , the calculation
of upwelling radiance is a straightfo rward problem.

The solution to the equation of radiative t ransfer  is presented in Eq. ( 1) .

I
~~p = [ i i  B(~ , T) dr d~ + f  f(p) B(v. T

) d vi/f  
f (p) d ~ ( 1)

where

is the radiant intensity in W/cm 2 / s r / c m
_ 1

,
B( v,T)  is the Planck blackbody function,
T is the atmospheric temperature and T 5 i s the surface temperature.
‘r is the transmittance of the atmosphere from the altitude associated with

the pressure level . p. to the top of the atmosphere,
v is the frequency (given here In cm 11, and
f(~.’) is the instrument filter function.

If we assume that B(v, T) is relatively constant over the width of a fil ter func-
tion (10 or 12 cm~~ wide) , and If we write ls(p )  as independent variable instead of
1’ , we obtain Eq. (2) . where the quantity, d~ /d~vp. now becomes a weighting
function that can be interpreted as defining the atmospheric layer primarily re-
sponsible for the upwelling emission in the spectral interval , ~~v.

181, = i
i) 

B(t71’r) d(tvp) dfvp B(i. T5
) (2)
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f( v ) r ( v ) dp  (3)T
8~~ f ( v) d v

2. (;R0UND TRUTH DATA

A list of all stations used in this study together with the dates of measurement
are included in Table 4. Table 1 provides the detailed atmospheric profiles of
temperature, water vapor, and ozone as functions of pre ssure. The pressure levels
are those reported in the radiosonde and rocketsonde data. Radiosonde information
was generally extended from the surface to about the 10 mb pressure level with
data at higher altitudes obtained from rocketsondes. The ozone data were not
obtained from the radiosonde site, but were introduced from climatological models
of o~one distribution. Since ozone only has a minor effect on the atmospheric trans-
mitt ance in the 15 g m region, this is not expected to lead to serious error.

3. I)MSP FILTER FUNCTIONS

Data from two separate satellites are included in this analysis, the Block 5C

noon satellite launched 16 March 1974 designated 8531 and the Block 5C morning
satellite launched 8 August 1974 designated 9532. Table 2 provides the digitized
filter functions for the six channels in the 15 gm CO2 ba nd fo r each of these sa t ellit e

sensors. The listed frequencies are nominall y the central frequency for each

fil ter function. Note that the Q-branch filters (located at 668 cm l ) , have wid ths
at ha l f -maximum of about 3. 5 cm~~ whereas the other channels have widths at
ha l f - maximum of about 12 cm ’. Note also that the 668 cm~~ fil ters are digit ized
non-uniformly with a greater spacing near the edges of the filters.

4. ATMOSP HERIC TRANSMITTANC E

The atmospheric transmittances are computed by ave raging over the appro-
priate filter function by first computing the monochromatic transmittances for the
appropriate atmospheric oath taking into account the temperature, pressure , wa ter

vapor , and ozone distributions. ’ These monochromatic transmittances were then
weighted by the appropriate filter functions as indicated in Eq. (3) in order to
generate the appropriate averaged transmittances. Prior investigations indicated
that a monochromatic step of 0. 1 cm~~ would obtai n a result of hi gh accuracy in the
vicinity of transmittance near 0. 5, even at high altitudes. Therefore, the step size
of 0, 1 cm~~ was used throughout . The AFCRL Atmospheric Absorption Line

7 -



Parameters Compilat ion . 2 was used for all absorption lines in the spectral region
of interest. The calculat ions were based on the January  1976 da ta tape. Some
rece nt comparisons of these calculations with some recent measurements 3 are

presented in Figures  1 and 2.
The Lorentz l ine shape was used throughout with a line-wi ng modif ica t ion  of

CO2 proposed by Burch . This l ine-shape fa ctor forces all l ine  contributions to
zero 15 cm 1 f rom the line center. In addition to the contributions from water
vapor lines in the vic in i ty  of the f i l ters , a contr ibut ion  is included for th e water
vapor con t inuum based on an extrapolation in the 15 gm region from the laboratory
mea surements of Burch and others as summar ized  by Big nell. The absorption
coefficien t associated with selfbroadening is given in Figure 3 and has been intro-
duced indep endent of temperature.  The ratio of nitrogen broadening to self-broad-
ening was taken to be 0. 005. For a more thorough discussion of this  matter , see

4Burch.
The t ransmit tances for the 9 cases included in this investigation are given in

Table 3 together with the computed radiances.

3. ~ F IGIi TIM~ FL~~CTIO~ S

The concept of “ weighting function ’ was in troduced in E q. (2 ) .  In general , if

we are dealing with atmospheric absorption by CO2 alone and if the atmosp heric
model is defined with sufficiently detailed stratification , a unifo rm series of
weigh ting functions would be produced by a calcula tion of the logari thmic der iva t ive
of the transmittance. A n exa mpl e of su ch a set of cu rves is shown in F igure  4 which
was compu ted for an atmospheric model containing only CO 2 in the 15 ji m region
wi th f i l ters similarl y defined as the DMSP fil ters used in this investigation. Fig-
u re 4 was based on the U . S. Standard A tmosphere containing 44 levels between the
surface and space. In addit ion to the standard weighting function defined in Eq. (2 ) ,
a set of “Energy Func tions can be defined for a given atmospheric profile. Fig-
ure 5 provides the cor respondi ng Energy Functions for the U. S. Standard Atmos-
phere , 1962 and are defined by Eq. (4 ) .  These curves have been normalized to

2. ~IcC 1atchey, R. A. • Benedic t , W . S., d ough . S. A. • Burch , D. E . ,  Cal f ee , B. F . ,
Fox , K. ,  Rothman . L.S. , and Garing. J. S. ( 1973 )  AFC RL Atmospheric
Ab sorption Line Parameters Compilation. AFCRL-T R -73- 0 096 .

3. Burch , D. E. ( 1976 ) (p rivate communication) .
4. Burch , D. F.. ( 1970) Semi-Annual  Technical Report: Investigation of the

Absorption of Infrared Radiation by Atmospheric Gases, Aeronutroni c Report
U-4784 .

5. Bignell. K. .1. (1970) Quart. • J. Roy . Met. Soc., 96:409.
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uni ty at their maximum values. In a sense they are more useful than the st and I rd
wei ghting functions as the area under these curves represents the ac~ua 1 energc
aris ing from the atmosphere bounded by any pa i r  of pressure levels.

Owing to the comp lexity in troduced by u~i ing  the actual radios o?I de/ rockets on de
pressure levels in our calculations and also the contributions to the weig h t ing
func tions by the i r regular  (but realistic) d i s t r ibu t ions  of water vap or in the lower
t roposph ere , the weighting functions shown in Figures 6 and 7 are seen to he less
smooth and less regu’ar than those in Fi gures 4 and 5.

E(J~~p) = B1~ . T( 1~~p)~ (4

6. RA I ) IAN C E ( :ALCULATIONS

The calcula tion of radiance proceeds in a s traightforward manner , once  t he

mean transrnittances defined in Eq. (3) have been computed , f rom each pressure
level to space. We need only associate a B(~ , T) value with each r v a l u e  and f ind
the area under the resulting curve. Examples of the required numer ica l  quadra ture
are found in Figures 8 and 9 which represent the R(1 , T) vs r re la t ionshi p for the
668 and 727 channels for the Barking Sands comparison of 24 I’ eh ruarv  1975. These
curves are seen to be well defined , thus being amenable to s imp le quad ra tu r e  tech-
niques. The results of radiance calculations for the nine cases investigated are
presented in Table 4 together with the measured radiances .  The calculat ior ~s have
assumed that the surface temperature was equal to the lowest altitude temperature
reported as part of the radiosonde measurement.  This may help to expla in  the dis-
crepan cy in the 746 cm~~ cha nnel. In general the results are good only fo r  the 676
cm~~ cha nnel. All the other channels show significant discrepancies and on balance
the discrepancies are systematic , the calculations being greater than  the measure-
ments. At this t ime , there is no sat is factory exp la nation for these d iscrepanc ies .
but we are embarking on a special stud y of atm ospheric t ransmit tance  in the  15 j im
CO2 ba nd in order to establish the t r ansmi t t ance  va l id i t y  with respect to satel l ite
temperature sounding.

9
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Figure 3. Self-Broadening Absorpt ion Coef fi cient Used in
the Calculation of the Water Vapor Continuum in the 15 gm
Region
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Table 3. Computed Transmit tances  for the Atmosp he res 1)escrihed by Table 1 a nd
the 1”ilter Functions Defined in Table 2. T ran smi t t an ce s  are  for the total path from
the indicated pressure level to space
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‘I ’ h ip  4. Compar ison  of \ l p C  sured With (‘oniput ed }~ad iances  for  the 9 ( ‘ : s ’s  St u dj p d

1 or a t ion  Dat e  0__— 
668 676 695 707 727 746

( ‘ , i l c  H a r k i n g  Sands 2 / 2 5 / 7 5  4 . 5° 55 . 1 4 1 9  45 . 1 65 . 0 84 . 9 100 .3
\!eas 22 . ON 159 . 8W 953 1 54. 1 42. 5 41 ,  5 57 . 4 7~~. 9 95. 0

(‘ale Pt. \ i u g t i  2 / 1 8 / 7 5  9 • 4 0  57 .8 45.0 44.9 58.3 76.6 90.6
\ !ea5 34 . I N  119 . i\’~ 8531 57 . 6 46 . 1 43 . 1 52 . 4 7 1 . 3  86.0

( ‘ ale Kw a j a l e i n  2 / 2 8 / 7 5  0. 5° 57 .0  4 2 . 6  46 . 5 68 . 0 87 .5  101. 8
\ I ea s  8. 7 N  16 7 .7 E  8531 55 . 1  42. 2 41 . 7 5 9 5  8 3 0  98 .4

(‘a l e  K wa j a le i n  2 / 2 7 / 7 5  37 . 1° 58. 7 43. 7 44 . 6 64 . 3 83 . 9 ‘)9 •
~deas 8. 7N 167. 7E 9532 56 .0  4 3 .7  39 . 9 56 . 6 77 .0  95. o
(‘ ale  Ba rking Sands 2 / 2 8 / 7 5  37 . 0° 54 . 7 42. 3 43 . 1 60 . 6 80. 2 25 • 8
\ ieas 22. ON 159 , 8W 9532 53. 1 42. 6 39 . 0 53 . 6 7 1, 8 88. 6

( ‘ ale Barking Sands 2 / 1 8 / 7 5  37.00 58. 6 44. 5 45. 1 6 1 . 4  7 9 . 6  94~ 5
\leas 22 . ON 159 . 8W 9532 54 .8 43.6  40 . 3 53 . 3 7 1 . 0  86 . 2

(‘ale Ba rking Sa nds 2 / 2 6 / 7 5  46. 4 ’ 57 .3  43 .4 43 . 3 5 9 .5 79 .4 95~ 1
\ ieas 22 . ON 159. 8W 8531 54. 9 4 4 . 2  40 . 0 52 . 7  7 3 8  89 . 7

(‘ale Kwa ,~alein 2 / 2 0 / 7 5  27 . 5° 59 . 5  44 . 5 46 . 6 66 . 9 85. 9 10 1. 1
\ leas  8. 7N 167 . 7L 9532 54.4 42 .4  40 . 8 60 .~ 3 80. 7 97 5

(‘ale Kwaj ale i n 4 / 1 / 7 5  22 .6°  57.7 42 .7  45. 9 66 .6  85. 5 100 . 2
\ lp a s  8 . 7 N  167. 7E  8531 5 7 , 0  43 .0  4 1. 2 58 , 2 80. 1 94 . 8
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