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An Atmosp heric Temperature Profile
Measure d Wt h an ln.Situ Infrared Radiometer

I
.

I. INTROD I CT1OM

A great deal of effort has been expended during the past 15 years to develop

hardware and analysis techniques to derive vertical distributions of atmospheric

temperatures from radiance measurements made from a satellite-based sensor.

Most of these measurements have n’ade use of the 15 ~im carbon dioxide band as

first suggested by Kaplan 1 and have been based on the fact that carbon dioxide can
be taken as uniformly mixed in the free atmosphere. This assumption allows us
to make a rather good estimate of the transmission properties of the atmosphe re

In the spectral region of interest.  In principle, then , the radiances , as incas-
ured in different spectral Intervals of the 15 urn carbon dioxide band, ranging

• from the band center to one of the band wings . can be interpreted in terms of the
vertical distribution of atmospheric temperature. Figure 1 indicates the basic
concept calculated for the U. S. Standard Atmosphere, li’76 . 2 in terms of the

• spectral channels that compose the temperature sounder on the Defense Meteoro-
logical Satellite.

(Received for publication 1 May 1979)
1. Kaplan . L. D. (1959) Inference of atmospheric structure from remote radiation

measurements, .1. Op. Soc. Amer. 49~10O4.
2. U. .~~ Stapdard Atmosnhere (1976) NOAA-S/T 76-1562, Supt. of Documents,

U. S. Government Printing Office.
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Figure 1. Calculated Spectral Distribution of Upwell ing Radiance in the
l5~~m Carbon Dioxide Band. Indicated pressure levels show the portion ofthe atmosphere responsible for the maximum upwelling emission to space

• at the frequencies of the DMSP filters

Since the concept of remote temperature sounding of the atmosphere was first
suggested, the development of objective inversion algorithms has been fraught
with difficulty and largely discarded in favor of statistical techniques requiring
climatological data as a basis of comparison. In an effort to get at the root of
this difficulty, a project was designed to investigate and verify our ability to solve
the ‘ forward problem ” that is~ the calculation of the expected spectral radiances
emerging from an atmosphere whose profile of temperature and moisture is known

• from radlosonde/ rocketsonde measurements.
The Defense Meteorological Satellite Program (DMSP) includes a sensor cap-

able of measuring radiances in the 15 Mm region at frequencies located as indicated
in Figure 1. Using several sets of measurements from the DMSP satellite, a
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a study of the ‘ forward problem” was conducted by McClatchey. 3 This study
began with the identification of a number of satell i te measurements made in geo-

graphical  regions in close proximity in t ime and space to rawinsonde/rocketsonde

stations. Further , an effort was made by inspection of visual and infrared imagery
• obtained by sensors on the same satellite , to establish that the atmospheric path

from surface to satellite was free of clouds. Carbon dioxide was assumed uni-

formly mixed and the rawinsonde/rocketsonde temperature data were used to com-
pute the upwe ll ing radiation corresponding to the six fil ter channels of the satel-
lit e  sensor. With the exception of one channel located near the carbon dioxide
band center , all channels for all cases studied showed a significar i- ~ystcm at ic

• discrepancy, the calculated values being larger than those measured. The mag-
nitude of this discrepancy is largest in the 707 cm~~ channel ( 15 percent) and
smallest in the Q-branch channel centered at 668 cm~~ .

Three potential sources of these radiance discrepancies have been considered:
1) A sensor calibration error; 2) An uncertainty in the calculated tranamittances;
and 3) Rawinsonde/rocket sonde temperature errors (or some difference between

the rawinsonde temperatures and a radiatively derived temperature) . The ques-

tion of instrument calibration has been investigated and potential uncertainties
due to this cause a-c felt to be far less than those observed. The transmission
uncerta inty issue is being investigated , and current estimates are that it , too, is
unlikely to be the cause of the large radiance discrepancy noted. The third item
is the subject of this report.

2. RADIOMETR I C ANt ) SUPPORT NG MF.TEOROLOGICAL
MI~ASUREMENTS

A liquid-nitrogen-cooled radiometer operat ing In the l5~~m region was flown
on a balloon-borne platform launched from White Sands, New Mexico on
28 September 1977 (see Murcray, et al4). The intent of this measurement was to
fi l ter  the radiometer in the strongest absorbing portion of the 15 Mm carbon diox-
ide band and to view the atmosphere horizontally. Transmission calculations
indicated that the atmosphere would be opaque over short horizontal distances all

• the way from the surface to an altitude of 20 km and that even at 30 kin (the max-
imum height of the balloon) the atmosphere would become opaque over a horizontal

S distance of a few hundred kilometers. Therefore , in the lower portion of the
atmosphe re, the radiometer would be expected to measure the local temperature.

3. McClatchey, Robe rt A. (1976) elltte Tern rature Soundi of he
Atmos there: Ground Truth na sis PGL-TR - 6- 9, D 38236.

4. Murcray . D.G., Murcray, P .R . , Murcray, F.J . , Williams, W.J. (1978)
Infrared Background Measurementa. ~FGL-TR-78-0249 , AD A062260.

9
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At  highe r a l t i tude s , a ornparison between measurements and calculat ion s couldbe made via the r adiat ive transfe r equation and the presumed known temperature
profiles meas ured t ,v raw insonde and rocketsonde .

The liquid nit rogen used to cool the entrance aperture of the radiometer isallo wed to vent out throug h an entrance battle system which both cools the baffl e
and provtdes an ant ifro s t capabil i ty (or the entrance window . In order t avoiddumping liquid nitr ogen , it was nece. -~ a ry to orient the radiometer at an elevationangle of 20°. This reduces somewhat the a l t i tude  at which the radiometer  can beconsidered to be monitoring the local temperature.  However , thi s  si t uation can
“.~ C O I in t r r f ~~ by app ly ing a radiative transfe r equation at somewhat lower a lt i tudestha n or L ~ Lnai1\ ~tt cnded . A high resolution spectrum based on the U . S. ~~andard
Atmosphere, 19762 and the actua l measurement geometry is g iven in Figure 2.This fi gure helps provide an understanding of the actual  a tmosphere opacity at
float a l t itude .

The radiometer was carefull y calibr ated against a known black body on tourseparate occasions . No diff ic ulties were encountered and the tour calibration
results were consistent to better than 0. 5 percent. Consideratic ,n of other possi-
ble err ors associ at ed w ith  calib rat ion proced u res leads t o the confiden t st at em enttha t the radiance measurements should not be as large as 1 pe rcent.

The radiometer was filtered so that the net spect ral response function of theinst rument  is as indicated in Figure 3. Although it was originall y intended to usea narrow f i l ter  located in the Q-branch (see Figure 2) (about 1.5 cm~~ wide cen-t er ed near 668 cm 1) , it was not possible to obtain such a f i l te r  without  great
expense. Therefore , an available fi l ter  centered near 683 cm~~ near the strong-est portion of the R-br anch was used instead . This fact also contributes to adecreased opacity at hi gher alt itudes.  This lower opacity simpl y requires thatthe measurements be analyzed by application of the radia t ive transfe r equation at
somewhat lower alt i tude than would otherwise be required. Figure 4 has been
included to provide an indication of the net atmospheric opacity as viewed fromthe radiometer. It can be seen that the atmosphere becomes significantl y non-opaque above 150 mb .

Figure 5 shows the details of the flight including launch time , the t ime thesensor was located at certain pressure altitudes , the general path of the balloonpackage, and the location of rawinsonde ground stations from which vertical pro-file info rmation was obtained. Figure 6 show s the temperature field at the 30 mbpressure level as obtained from rawinsonde information. This figure is shown asan indication of the temperature uniformity over a broad geographical region. Atthis pressure altitude , the temperature can be seen to be uniform to within 1 or2°C over distances of 3000 km. Temperature data at lower altitudes show asimilar degree of uniformity. This fact is important as we use the local rawinsonde

10
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I
data as input to the radiat ive tr ans fer equation under conditions when the atmos-
phere becomes more transparent at the higher al t i tudes .

Figure 7 is a typical example of one of the raw insonde and rocketsonde tern-
perature profiles above the 200 m b  level. The raw insonde data shown in this
fi gure correspond to the 0900 MDT raw Insonde launched on 28 September 1977 .
The roe ketsonde data above 25 mb can be seen to diffe r by a few degrees from
the rawinsonde data in the region of overlap. The rocketsonde was launched at
1427 MDT on 28 September 1977. In the region of overlap of r awinsonde and
rocket sonde da t a, some tests were run to stud y the effect of using f i r st  one and
‘h ’n  t t ~ ’ t her -iet of data on the computed upwel l ing radiances. Fi gure 8 shows
the rirs u it  of t l i i - ~ ~nalys is for the 0900 rawinsonde data. In view of the small
change and the direction of that change , 0 

it was decided to use the rawinsonde data
to the maximum possible height and to add the rocketsonde data at the top of the
rawinsonde sounding. The atmospheric profiles of temperature and composition
derived from rawinsonde and rocketsonde data used in all calculations described
in the next section are provided in Tables Ia to 11.

3. ANALYSIS OF RA D IAN CE MEASUREMEN TS

Due to a recovery fai lure, the lower alt i tude data (fo r pressures greater
than 290 mb) were not obtained. However , good data were obtained at higher

- alti tudes.  Based on the atmospheric opacity as Indicated in Figure 4. da ta ob-
tained at pressure levels greater than about 150 mb might be expected to be
close to the local atmospheric temperature . We might expect the deviation in the
region from 290 to 150 mb to increase with decreasing pressure. At higher
altitudes (Lower pressures) it is clear that  the radiances received at the sensor
n.t~st be an appropriate weighted average of radiances along the atmospheric path
determined by application of the radiative t ransfer  equation. Equation ( 1) ix t he
usual form of the t ransfe r equation applicable to the problem assuming the atmos-
phere to be in Local Thermodynamic Equil ibr ium wi th  the source function set
equal to the Planck function.

I~ f
13(17. T) di(j ) ( 1)

0
(This wil l  tend to min imize  the measurement-calculatIon discrepancy d~ - • cribedin Section 3 .)

14
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Table La. Atm~apherlc Profile, of Temperature and Composition
Derived from Rawtna onde and Rocketsonde Dat a

White Sands Missile Range, 211 Sept . 1977~ 0900 MDT

P S 3~JSE T(WP1R&T1~~( NOL E CU LESI SO CR
(NO ) (K) CO? 1(20 03

334.011 240.95 2.4841+21 2.1181+11 .1701.17
350.000 940.45 2.4381+21 2.0751+10 5.1301.17
342.800 748.23 2.4811+21 2.0’61+1$ 5 .2211+17
380.000 740.35 2.l0l(•?l 1.7821+18 !.7671+1 7
275.380 736.25 1.5271+21 1.6351+11 f .1111+i1
Ul.III 231.13 1.7501+21 1.½65E+1$ 8.4~~~E+11
211.CII 111.3! 1.4101421 1.1111+11 7.2041+17
117.111 714.8! 1.2451+21 1.0561.18 1.579101)
*75.111 213.43 1.225(42 1 1.04l(+l l  7 .633 1+ 17
150.111 717.15 1.8511+21 6.3101+17 0.1611+17
127.311 201.83 1.3111420 7.3821,17 1,1111+17
123.111 701.65 0.730 1+20 7.4231+17 1.5381417
120.000 201.15 1.4381+20 7.1761+17 S.1231+1 7
113.900 190.65 7.S6U$20 6.7601.17 ~.456E+t7
111.011 137.25 7.C0$E+20 3.9401+17 1.033 1+18

05.000 153.63 6.12SU.20 5.3341417 1.1211+16
00.000 201.25 5.1101.20 4.7321+17 1.2511+16
70.000 i0t 7~5 4.500(420 4.1581+11 1.4711+16
80.090 213.l~ 4.2001+90 3.5641+17 1.0171+16
56.311 115.23 3.5411+20 3.3441+17 1.9751+18
51.111 213.45 3.3001+20 2.9701+17 1.2871+16
40.000 711.25 2.8001420 2.3761+17 2.8961+16
31.800 219.15 2.2211.21 1.0691+17 3,5111416
30.000 721.85 2.1001470 1.7821+1? 3.868(018
28.000 220.25 2.0111+20 1.7111+17 .1$tE+16
21.000 221.65 1.7501420 1.4051+17 4.1781+16
1.110 723.85 1.4001+20 1.1881.1? 4.707(416
11.3$? ~30.75 1,3571420 1.1511+1? 4.669(416
16.739 231.05 1.17214120 9.9431+16 ‘.2221+ 16
14.483 232.05 1.l12(~Z0 0.5911.16 5.552(016
12.311 734.85 8.7381419 7.4321.16 5.151(416
10.81$ 736.55 7.507(415 6.4301+16 8.1161+16
8.141 237.95 5.7831419 4.0391+16 1.5341+16
8.157 242.35 4.310(419 3.6371+16 (.9111+16
4.091 250.83 2.064(419 2.4301+16 3.3381+16
2.137 164.63 1.4981+19 1.2891+16 1.1201417
1.006 273.35 1.042(418 5.9761415 3.0711418

.330 283.45 3.7661+18 3.1961415 1.479(416

.322 751.03 2.2341+18 1.9131+15 1.2001.15

.2S3 736.15 1.901(016 1.6811.13 7.0111+15

.211 730.45 1.’IIE’le 1.2691+15 4.959(415

.150 247.15 1.3301418 1.1291+15 4.1751+15

16 
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TabLe lb. Atmospheric ProfUes of Temperature and Composition
Derived from Rawtnsonde and Rocketsonde Data

White Sands Missile Range , 26 Sept. 197~ , 1250 MDT

PRI!SURE T EWP EQ*TUQ I MOLECULES/SO CP
(MO) 1K) C02 1(20 03

355.850 250.85 2 .5tCE+21 2.1371.18 ‘.0871417
3’0.111 249.45 2.4501+21 2.0791+18 5.1301+17
300.008 241.35 2.IIOE+21 1.7821+10 5.7671017
283.6)0 237.75 l.C87E+21 1.6861+10 ‘.9621+17
273.800 236.65 1.317 142 1 1.6261+18 (.122 1+17
258.000 232.05 1.7501+21 1.465(416 (.453(41 7
200.000 221.85 1.401E4’21 1.1*01+18 1.2041+17
175.800 215.65 1.2251+21 1.0411+16 7.633(417
174.300 215.45 1.2201+21 1.0251•i8 7.6461+17
151.008 205.55 1.8501+21 6.9101+17 8.1801.11
125.101 202.15 5.7501420 7.425(417 6.~ 55E+1 7
124.600 202.05 6.7221+20 7.411E+t7 (.9731.17
1(1.011 195.65 7.100(420 5.540E+17 1.0331+18
81.010 201.75 5.8001420 4.7521+ 17 1.251 1+16
78.800 20’.35 4.C00E+2O 4.1’81+17 1.4711418
81.011 211.55 -4.2001+20 3.564(417 1.8171418
56.300 214.0! 3 .541 1+2 0 3.3441+17 1.5751+16
50.000 214.63 3. ’ I0E+20 2.9701+17 2.2 67 1+16
41.010 217.65 2.20 0 1+20 2.3761+17 2.8981+18
31.010 222.0’ 2.1001+20 1.7821+17 3.6661+18
23.000 723. 85 1.750(420 1.4851+17 4.1781418
20.000 221.05 1.400(420 1.1861+17 4.7871418
15.600 229.95 1.118(420 9.3851+18 5.35 1E+te

• 15.000 230.3! 1.0501+20 8.9101+18 !.470E+i6
10.000 233.65 7.0001+19 S.940E+16 6.2461+18
9.300 233.05 6.510(415 5.52414 16 (.3591+18
6.147 237.93 5.7031+19 4.8391411 (.‘541+18
6.157 242.3! 4.3101+19 3.6571+16 (.5011416
4.091 250.0’ 2.1€4E+19 2.4301+16 3.3551418
2.137 264.65 1.4561+19 1.289E+16 1.1261+17
1.806 215.35 7.0421+18 5.9761+15 3.0711+16
•530 263.45 3.1681418 3.1961+13 1.4791+16
.322 258.65 2.’254(418 1.5131415 (.2001+15
.25 3 256.15 1.5811418 1.6211+15 7.0111+15
.217 250.45 1.5191+18 1.2811415 4.5591+1!
•190 247.1’ 1.2301+18 1.1251+15 4.1751+15
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Table Ic. Atmo pMrtc Profu se of Temperatur. and COmPOSItIOn
Derived from Raw Inscods and Rockstsonde Data

White Sands Utestle Range, 20 Sept. 19??, 1300 MDT

P11S3* TIPPEIIT%*( NOLECILEI#$S ~~(51) (11 COt Nt0 03

502.000 293.23 2.8101.21 2.Z74l~t1 4.12*1417
343.110 231.43 2.3471421 2.1611.10 4.1111.1?
U0.101 141.43 2.4901+21 2.0151+18 ~~t3S1•17
311.110 141.45 2.1111.21 1.7811410 3.7671411
241.111 134.35 1.0821+21 1.3571+10 (.1911417
230.000 *32.53 1.7301.21 1.4151+ 10 (.4511417
211.101 2*0.7! 1.4018+21 1.1181410 7.2141•17
173.0.5 *14.03 1.18131.11 1.0401.11 7.0131411
$73.01. 213.73 1.0171.11 1.0318410 7.I1U•17
*30.000 *00.43 1.0318+21 $.1111417 0.1011+17
123.000 VI1~~3 0.1301+18 7.423141? 1.1901,17
124.011 1S1.7~ 8.7341410 7.4111417 8.9631+17
105.805 1,0.25 1.4061+20 6.2131+17 1.101141?
111.111 151.13 7.1011+20 3.l4SE~i7 1.0131410
51.00$ 117.43 6.11114t1 1.405841? 1. 1101.18
00.000 201.75 5.8101+90 4.7521417 1.21*1410
71.010 201.23 4.1001411 4.1108417 1.4711.18
01.011 211.35 4.2011.10 3.9541+17 1.1111410
54.111 214.15 3.0161+20 3.1931+11 2.0428410
51.100 21 .1S 3.5011+21 2.9701+1? 2.2011.18
41.111 118.13 2.1101.11 2.3761411 1.8111,10
30.001 *21.11 2.1011.11 1.7128417 3.8101410
25.300 223.45 1.7711+21 1.90314 17 4.1441418
25.000 *25.73 1.7301420 1.4031.17 4.1701410
20.000 *27.0! 1.4111+11 i.1l1 t•11 4.18714*8
13.008 229.83 1.0511+20 8.1111416 1.4701.18
11.000 732.13 0.2601+19 7.00IE•1l 0.56314*1
11.110 130.33 7.5171+15 6.4311111 6.1112410
1.147 237.33 3.7031415 4.0311•1I 0.9341+18
6.15? 242.3! 4.31ff+19 1.U7t•tI 4.1011410
4.091 230.83 2.1641+11 2.4301.16 1.3101418
2.137 164.43 1.4961+11 1.2011+16 1.1201+1 1
1.006 *75.33 7.1421418 3.9711413 7.0711416
.538 163.45 3.7661+18 3.1161.15 1.4791.16
.381 231.15 2.2341+11 1.9111+13 8.2008419
.283 231.13 1.5811410 1.6711+11 1.1111+1 5
.217 250.45 t. ’111411 1.28,1+15 4.1951.15
.1,0 247.15 1.3301418 1.1251+15 4.1732+1 5
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Table id. Atmospheric Profile. of Temperatur, and Composition
Derived from Rawtn.onde and Rocket.onde Data

White Sand. Missile flange, 28 S pt. 1977, 2100 MDT

PUUVSE TISPUITUSI MCI ECU..8S#SO CM
(10) (8) COt 020 03

301.000 149.45 2.5278+21 2.1441+11 4.9921+17
335.001 241.43 2.4918421 1.1138+10 5.0571+17
311.111 239.05 2.IIIE$’21 1.712(411 5.7678+17

• 212.300 230.25 2.0461421 1.7368+10 5.0611417
212.310 137.25 1.5712+21 1.6771+11 6.0021+17
*51.111 *31.01 1.7518.21 1.4I5E~10 6.4531+17
211.000 227.15 1.623(421 1.3778+10 1.7128+17
211.010 128.75 1.4118.’Z l 1.1081.10 7.?141•17
103.300 113.95 1.2038+2 1 1.0011+10 1.412(•17
*51.110 *07.45 1.0508.21 $.9108•17 (.1018.17
*36.300 204.13 9.5411.21 1.0168+17 1.5648+17
111.301 201.63 0.4118.20 7.1468+17 1.1521417
117.311 284.15 1.2118.11 6.1681.17 5.2911+17
111.000 *00.2! 7.II S(+ZI 3.9408417 1.033 1+16
13.300 *97.75 6.6718+20 5.6618+17 1.0711+10
03.300 119.33 5.1318+21 4.9481+17 1.’ZSIE +lO
71.111 101.13 4.1008+20 4.150(417 1.4718•1S
30.108 11’.lS 3. ’811,11 2.9708+17 7.2171418
30.311 116.23 2.1018+20 2.2758+17 3.II7 E•16
30.000 120.03 2.1008+20 1.7028+17 3.6601+16
21.110 *26.25 1.4008.20 1.1108+17 4.7071+10
14.100 226.05 1.011(420 0.4441+16 !.5778•10
12.511 227.35 0.7501+19 7.4258+16 5.032 1+16
10.03$ 236.53 7.5011.19 6.4308+16 6.1168+10
0.147 237.13 3.7038+19 4.0391+16 (.3548+10
5.137 242.31 4.3208+19 3.6578416 6.1111+10
4.091 130.05 2.0648.19 2.430(416 3.3568+16
2.137 964.63 1.4568.19 1.2698+16 1,1218+17
1.006 *73.35 7.1428+18 3.976t•15 3.0711+16

• .538 263.45 3.7668.10 3.1968+15 1.4718•1 1
.312 151.05 2.2348+10 1.9138+15 0.200(415
.103 *56.15 1.1018410 1.1018+13 1.0118.15
.217 250.43 1.5131+16 1.2018+15 4.I C SE +1 5
.198 247.15 1.3308+10 1.129(415 4.115(413
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Table Le. Atmospheric Protiles of Temperature and Composit ion
Derived from Rawina onde and Rocketsonde Data

EL 8’0 , TX

PRESSURE TEMP ERATUR E NOLECULIS/SQ C)’
(MO) (K) CO? 1(20 03

‘50.000 247.55 2.4508+21 2.0791.18 (.1301+1 7
311,100 239.65 2.1001.21 1.7021+10 5.7671+17
251.100 229.35 1.7501+21 1.4651418 (.453(41 7
200.000 219.65 1.4001+21 1.1081+18 7.2041+17
171.010 311.85 1.1901+21 1.0101416 7.7281+1 1
145.011 203.55 1.0151.21 6.6131+17 1.313E+1 7
130.111 200.65 9.1001420 7.7221+17 2.7711+17
100.000 194.65 7.0008.20 5.9401417 1.0331418
55.111 196.65 6.1501+20 5.6431+17 1.0741.18
90.000 196.4! 6.’00E+20 5.3461+17 1.1191+18
15.01$ 200.6! 5.SSOE+?0 5.0491+17 1.1771+18
61.110 203.05 5.1001.20 4.7521+17 1.2511+16
75.000 205.1! 5.2501+20 4.4551+17 1.3521+16
7t,011 207.3! 4.5001+20 4.1!6E+11 1.4711+16
65.000 2I9.2’ 4.5501+20 3.6611+17 2.6261+16
81.000 211.35 4.200 1+20 3.3641+ 1? 1.5171416
55.000 213.6! 3.8511+20 3.2671+17 2.0321+18
50.000 215.5! 3.5001+20 2.9701+17 2.2671.16
43.000 211.2! 3.1501+20 2.673E+17 2.575E +1 8
40.000 216.6! 2.200(420 2.3761+17 2.6961416
36.111 217.3! 2.5201+20 2.1161+17 3.1621018
33.000 217.9! 2.3101+20 1.9608+17 1.4111+18
30.000 210.05 2.1001+20 1.782E+17 3.6661.18
26.000 220.2! 1.2201.120 1.5441417 4.0671+16
23,000 222.1! 1.6108+20 1.366(417 4.4121416
21.011 223.8! 1.400 1+20 1.1681+17 4.707 1+18
16.000 225.6! 1.260(420 1.0(91+17 ‘.0528418
16.000 226.15 1.1201+20 9.5041+16 5.3241+ 18
14.300 230.1! 1.1018420 8.4941+16 (.5711+16
12.000 230.35 8.400(4 19 7.1261+16 !.9311+18
10.000 230.3 ! 7.1101+19 5.9401+18 (.246(4 18

• 6.147 137.55 5.703(419 4.6391+16 6.5341+16
8.157 2~ 2.35 4.3101+19 3.6578+16 2.9011+18
4.091 230.65 2.8641+19 2.4301+16 3.3581+18
2.137 264.63 1.4961+19 1.2691+16 1.1281+17
1.006 275.3! 7.1421+16 5.976(415 1.0711+1 1

• .536 263.45 3.76’SE+16 3.1561+15 1.4791+16• .322 156.05 2.2541+28 1.9131+15 8.2001415
.283 251.15 1.5811416 1.6111+15 7.0111+1!
.217 250.4! 1.5191+18 1.2691+15 4.9598+15
.190 247.1! 1.3301+18 1.1291+15 t~~j7C (+j5
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Ttble if. Atmospheric Profiles 2 Temperature and Composition
Derived from Ra w insonde and Rocketsonde Data

AL6UQU (A0U (, NM

• PRISIUSE TEIPERITUR E POLECULB#’SO CP
(Ml) (K) C02 1(20 03

350.00* 245.05 2.4308+21 2.0798+10 5.1308+17
311.111 230.45 ?.1S08+11 1.7128.11 5.7678+11
250.000 229.93 1.7508+21 1.4058+10 6.4531+1 7
211,110 221.15 1.411(422 1.1108+10 1.2S41+17
173.000 214.3! 1.225(421 1.1418.10 7.6338+1 7
150.000 207.0! 1.1318+21 0.9108+17 1.1011+17
122.000 200.25 8.540(420 7.2478+17 ¶.S731+17
100.000 200.15 7.1011+20 5.9408+17 1.033(410
52.510 190.15 6.4751+20 5.4958+17 1.0911+16
11.311 212.05 6.195(420 5.2578+17 1.1381+10
63 .500 100.05 5.0438+20 4.9608+17 1.1901.16
81.100 7,1.15 5.6011+20 4.7528+17 1.2511+16
15.000 204,3! 5.2501+20 4.453(417 1.3528+18
71.111 207.25 4.5118.120 4.1508417 1.4711+10
65.110 210.23 4,5508+20 3,0611+17 1.6261+18
61.500 211.15 4.3058420 3.6531+17 1.7501418
60.1*0 213.2! 4,2008+20 3.5641+17 1.6171.10
55.000 213.95 3.6508+20 3.2678+17 2.1321+18
51.011 114.2! 3.5008.120 2.9701417 2.2071+16
45.111 *15.95 3.1308+20 2.6731+17 2.5751+16
40.000 210.35 2.6008+20 2.3768417 2,0961+16
36.310 210.95 2.’SS(+ZO 2.110E•17 3,1451+16
32.300 a17.15 2.~261E42I 1.9191+1? 3.4691+16
30.000 220.43 2.100(420 1.7028+1? 3.6601+16
26.000 222.25 1.121E+2I 1.5441+17 4.0178+16
21.000 723.6! 1.1111+20 1.3668417 4.412E•16
20.080 225.35 1.410(420 1.1008417 4.1118610
11.000 226.95 1.260842* 1,089141? 5.052(410
16.111 221.65 1.1201+20 9.5041416 9.3241416
14.300 230.65 1.1011+20 1.4988+16 (.5778416
12.000 230.6! 0.4008+19 7.120E~18 5.9311+10
IS,IIS *30.09 7,1008+11 5.9401+16 (.2461410
0.187 737.95 3.703(419 4.039(416 1.3548416
6.157 242.35 4.1108+19 3.6578+16 (.901(4*6
4.091 250.05 2.1641+19 2.4301+16 3.3501+10
.2.137 *64.65 2.4188+19 1.269E•16 1.1208+17
1.006 273.3! 7.1428+11 5.5711413 3.071(416
.530 163.4! 3.7661+10 3.1968+15 1.4191+11
.322 238,85 2.2548+16 1.913(4*5 1.2011+15
.203 238.1! 1.5011+18 1.1118+15 7.011(413
.217 150.85 1.5158+10 1.1091+15 8.9351419
.190 *47.1! 1.3318+11 1.1291+13 4.1758+15
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whe re

is the radiance received at the sensor;

~ is the mean frequency of the filter;

B(17, T) ts the Planck Function associated with frequency ~ and temperature T;

,(r) is the transmittance from points in the atmosphere (where the temperature
is T) to the point of observation. This transmittance is a weighted aver-
age over the filter function shown in Figure 3.

init ially, the fou r rawinsonde data sets obtained at White Sands, New Mexico
were used directly in a numerical analogue of Eq. ( 1). The transmission results
were computed with the AFGL Atmospheric Absorption Line Parameters Com-
pilation and a line -by-line calculation scheme similar  to the one described by
McClatchey et al 5 but applied to a multi-layered atmosphere was used. The trans-
mission results were calculated in this way from each pressure level specified in
the rawinsonde data of Table 1 to each lower pressure level in the same sounding
along a 200 elevation angle.

It was felt that the irregular spacing of the rawinsonde pressure levels might
lead to computational errors. This could be a particular problem if large inter-
vals occur at altitudes where the transmission changes rapidly from near unity to
near zero. In order to avoid this problem and reduce the risk of a substantial
computational uncertainty, it was decided to define a much finer pressure mesh
and then to interpolate the transmission and temperature values associated with
an individual rawinsonde run to this revised pressure mesh.

Under the assumption that processes in the atmosphere are adiabatic (a
reasonable assumption in the bulk of the troposphere) , the relation expressed as
Eq. (2) can be derived (see Gordon 6) where ic is the ratio of the universal gas con-
stant to the specific heat of dry air at constant pressure.

T Const. X PK (2)

The value of K is 0. 286 a 2/7 . To the extent that this relation is valid, it can be
seen that equal increments of p2’7 would yield equal temperature Increments. An
examination of the hydrostatic equation indicates that equal height increments will

5. McClatchey, R. A. , Benedict , W. S. , d ough, S. A. ,  Burch, D. E. , (‘alfee,
ft. F. , Fox, K. , Rothman, L. S. , Garing, J. S. (1973) f t~e AFCRL
Atmospheric Absorption Line Parameters Compilation, AFCR L -T ft -73-
0096. AD 762904.

6. Gordon, A .H. ( 1962) Elements of Dynamic Meteoro 1ogy~ D. Van Nostrand
• Co. , Inc. , Princeton, N.J.
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also resul t. A~ tempera ture  Is one of the impor tant  a tmospher ic  p a r am e t e r s
g~ ver n lng the emit ted  radiance , we have chosen equal increment s of p~ as the
basis of Increa sing the numbe r of  atmospheric  levels for computat ional  purposes .
I n t h i ,  was we have increased the number  of levels from a typical  r awtnsonde set
of about 40 to 100 level5.

h aving extended the independent variable a r ray  as indicated above , the follow-
ing interpolation procedures were devised for the t ran smi ss ion  and temperature
respect ive L y; 1) The transmission computed at the in i t i a l  rawinsonde levels was
interpolated exponential ly wi th  pressure; and 2) The tempera ture  interpolation
was carried out on the basis of Eq. (2) , but w i th  the exponent determ ined from the
pressure and temperature values in adj acent rawinsonde levels. Test results
were computed with  the atmosphere above the 350 mb level divided into 100 and
200 levels and the results compared w i th  those based on the original rawinsonde
set of about 40. Changes of a few percent occurred when the 100-level results
were compared with  the 40-level re sults.  The further increase to 200-levels
caused a negligible fur ther  change in the resul t ing radiances. Therefore, all
remaining calculations were performed wi th  100-level atmospheric models.

Figures 9a and 9b provide a composite of the calculated radiances based on
the tour White  Sands data sets and the direct comparison of calculations wi th
measurements . We have plotted the radiances based on the ‘ local temperature ”
(assum ing that  the Planck function , B(~ , T) associated with  the local temperature
represents the total radiance) . This wi l l  be the case i f  the atmosphere becomes
opaque in a depth over which  the temperature does not change from the local
value. We have also applied Eq. (1’) to the calculat ion of radiance based on the
rawinsonde/rocketsonde profiles obtained at each of the indicated t imes . Although
the measured radiances are seen to agree rather well w i t h  the “local temperature ”
radiance values in the range from 290- 150 mb, it can be seen tha t there is a clear
systemat ic  discrepancy between the measurements and the (presumably more
accurate) radia t ive  transfe r calculations (symbols in Figures 9a and 9b) . The
“local temperature ” results clearly tail for pressures less than 125 rnb, but we
would assume our radiat iv e transfe r calculations to represent the measured radi-
ances rather well. The disagreement between measured and calculated radiance3
is seen to increase to a maximum value near 50 mb of about 20 percent. It is
interest ing to note that the general shape of the calculated and measured radiances
match even though their absolute values do not. It should also be noted that the
spread in calculated radiance values associated wi th  these four different atmos-
pheric profiles (see Table La to if) , is small. Thus , it seems unlikel y that some

• local temperature anomaly associated with the radiometer fli ght path is the cause
of this discrepancy.
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Figure 9. Computed vs Measured Radiance Profiles. Computed
points are the results of application of the radiat ive t rans fer equa-
tion. Computed curves result from the equivalent radtances de-
rived from local temperature values. Results are provided for
the four different White Sands Missile Range rawinsonde data sets
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Figure 10. Computed vs Measured Radiance Profiles.
Computed points are the result of application of the rad-
iative transfer equation. Computed curves result from
the equivalent radiances derived from local temperature
values. Results are provided for the Albuquerque and
El Paso rawinsonde data sets
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In order to further  investigate the possibility of this discrepancy being re-
lated to an atmospheric non-uniformity,  rawinsonde data from two nearby stations
(Albuquerque and El Paso) were used as the basis of radiance calculations again
using Eq. ( 1) . The results can be seen in Figures l0a and lOb to be similar to
those obtained with  the rawinsonde data from White Sands Missile Range.

4. CONCLUSIONS

En view of the previous study carried out by McClatchey, an effort has been
made here to investigate a possible source of the identified discrepancy between
computed and satellite-measured radiances. We seem to have generated more
questions than we have answered. Although the calculations in the range from
290-150 mb onl y diffe r from the measurements by a few percent , the fact tha t the
discrepancy is systematic and similar for all rawinsonde data gives cause for
concern. At higher altitudes , this discrepancy increases to intolerable levels .
How can we hope to adequately solve the inverse problem of determining the
temperature profile from radiometric measurements when we cannot even match
our calculations and measurements under conditions of a well documented atmos-
phere, well-calibrated instrumentation , and carefully constructed computation
techniques ’

Let us look at the imp lication of this discrepancy as though it were attributed
to transmission errors alone. For this purpose, we might inspect the results in
the two different regimes indicated on Figures 9 and 10. Let us consider sepa-

• rately the 250 mb and 50 mb result s:

i) At 250 mb
In view of the general agreement between the “local temperature”

radiances and the measured radiances in the region from 290 mb- 150 mb, it is
clear that an extremely large transmission error  would be required to explain
the discrepancy between measured radiances and those calculated based on
Eq. ( 1) . That is , the atmospheric distance over which the transmission falls
from 1. 0 to near zero would have to be represented by a un L torm temperature.
The lapse rate as indicated by the rawinsonde profiles (see Table 1) is rather
steep in this region. An error of 50 to 100 percent in calculated transmission
would be required to drive the computed radiances into agreement with the
measurements.

ii) At 50 mb
The measured radiance is about 167 pw/cm

2 sr ~jm compared with a

calculated value of 137. 4 pw/ cm 2 sr ~ m. Our calculations clearly show that the
transmission to space along a path at a 200 elevation angle should be 0.31. In
other words , at this altitude and for the path of observation, the atmosphere is
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cl e ar ly not opaque . l e t  its i ’st l i i *at e the net t ransmIs sion mod if i c a t ion  requ 1red
ri’i the calculat i on to agree w i t h  the measurement .  To do this , we assume that
we can ,h ’Unt ’ a mean Pianek radiance for the  ent i re  path front sensor to space.
We would have ( fr o m  Eq. ( 1)) , I(~~ - B(~ , T)( I — r (j ’)) , w ith  l (j ~ - 137 . 4 and
i( ~~ 0. 31. Thus , t he mea n i~ anck radiance ts  199 . 1 . The radiance discrepancy
would I i i tp lv that  the  t ransmiss ion sa t i s fy  the equation , 167 199. 13 ( 1 —

The r e su l t i ng  t ran smls 4 wn would be 0. 16 , a factor  ~f 2 lowe r tha n the calculated
value. A ca re ful  analysis  of our t r ansmiss ion  calcula tion accuracy is being
conducted , and at the moment , we feel that  th is  kind of er ror  is f ar  out side  the

range of 1~o.s.~ible t ran smi ssion uncer ta in ty .
In both the ’  250 mb and the 50 tub measurement s , the results indicate that

the  a tmosp here  t s  apparent l y more opaque than we calculate.  An a l te rna t ive
dcscr tp t i on  t s  that  our cal cula t ion underest imates  the near field radiances.
I tiest ’ r e su l t s  could also be exp lai ned by atmospheric temperature ’s which are , in
Iuct , h ig ice i - t han  W I  th ink .  It could also result fro nt  some additional source of
at i t tosph e rI  c radia t ion.

It Is u sefu l to compare the results obtained from these In— s i tu  measurements
a ith  the ear l ier  study of satellite-observed radiances. At r i r st  glance, the re-

( t - . m igh t  appear to oppose each other , the satel l i te  study yielding a posItive
i-a  Ic ulat t i ’n-n ieasur ent ent  disc repancy and the current study y ielding a negative
cale u l at io n- r t teasu ren i en t  r e s ult . h oweve r , a common thread can be found. The
sa t e l l i t e  disc repancy occurs p r imar i l y in the wing of the carbon dioxide band
where  the sate l l i te  sensor channels sound the troposphere. An effect which mani-
rests I t se l f  as an apparent inc rease in atmospheric opacity over our calculations
would tend toward observing the atmosphere at higher alt i tude where temperatures
(and emitted radiances) are less. Both these discrepant results are compatible
wi th  the in terpre ta t ion  that  the calculations underestimate the near field contribu-
t ing  to the radiance and conversel y overestimate the radiance from the far field.

In summary,  we reel that the radiance discrepancies described in this report
are real. They are consistent  w i th  the results described earlier (Ret . 3) in con-
nection w i t h  the DMSP satell i te radianees. Furthermore, we feel that the dis-
crepancies cannot be a t t r ibuted to ihe  more obvious effects of instrument calibra-
tion , atmospheric transmission , or lack of atmospheric temperature uniformity.
An examinat ion of Eq. (1) leads us to the conclusion that the only remaining source
of error may be the assumption that the source functIon is equal to the Planck
intensit y. This poss ibility has suff icient ly large ramificat ions to remot e sounding
that  we feel it should be investigated further .

We Intend to pursue this problem further with the launch of two radiometers

• (one operating In the lS Mm and one In the 4.3 Mm CO2 bands) as part of a balloon
flight payload. We are hopefu l to make measurement s starting at lower altitudes
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and to reduce the elevation angle of those measurements. Furthermore the in-
creased opacity of the 4 .3 gm CO2 band increases the altitude at which our
radiometer can be used to measure the local atmospheric temperature.
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