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ABSTRACT

FouV grating8 spOctral radiomeers and a filter radiomOeur

were designed, conscructed and flown on a balloon Vehicle -ive'

times to me2asure atmoespheric radiance from 5 to 20 m-.icrons.

MeasuremenIC-,ts- were made at twelve dii fe rent angi e sC be tenzenith

and nadir and at altitodes uip to 100,000 Loot. Thec equiluent and

calibration procedures are described. Nuumerousn snnmplv spectra

arv presented showing the change in radianctl with beth angle and

a 1ti tude .

A program is developed for theoreticall.y calculating atmos-

pheric radiance. This program combine& a line by line calCUlatio.n

of atmospheric transmittance with a sixteen layer model of the

atmosphere to calcuilate emnission spectra at various anglecs and

altitudes.
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I. INTRODUCTION

Radiation plays a dominant role in -the thermodynamics of the

earth's atmospheric system. An understanding of the flow of radia-

tion within and through the earth's atmosphere is important from a

meteorological standpoint. The flow of radiation within the atmos-

phere has not received much experimental attention. Few experimental

observations concerned with this flow have been made, particularly

concerning the spectral distribution of such radiation. The radiation

emerging from the top of the atmosphere has been more extensively

studied, partly because satellites make an ideal vehicle for such

measurements. Considerable attention has been given to the problem

of using such data to infer the characteristics (particularly the

temperature profile) of the atmosphere below the satellite. The

success of these techniques depends ultimately on how accurately the

flow of radiation through the atmosphere can be predicted. The

objective of this study was to measure the intensity and spectral

distribution of the radiation emitted by the earth and its atmosphere

at various altitudes above the earth's surface, and to compare these

measurements with those predicted theoretically. Accordingly, a

spectral radiometer system was constructed to -ecord data of this

type automatically while it was carried aloft hy a large balloon.

This system was flown five times.

Large computers have made it possible to predict the results

of radiometric measurements, given sufficient information on the

distribution of the various atmospheric constituents that have strong

absorption bands in the infrared, and the variation of temperature

with altitude and geographic location. As part of the effort of this

study a computer program has been developed for performing such cal-

culations. The cost of these calculations may become prohibitive

unless criteria are placed on the theoretical calculations which

limit the computation time. These criteria are based on an under-

standing of the molecular physics involved and are designed to reduce

the computer time required without sacrificing physically significant

accuracy. The results of these investigations are discussed in detail

below.
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II. INSTRUMENTATION

The object of the program was to study the variation of the

spectral radiance with altitude and elevation angle. To accomplish

this instrumentation was designed and constructed consisting of four

Czerny-Turner 1/2 meter spectrometers, a filter radiometer, and on-

board digital recorder, FM-FM telemetry and associated batteries and

power supplies. The spectrometers scanned from 5 to 20 L at discrete

angles while the filter radiometer scanned all angles with two filters.

The signals from the infrared detectors are amplified and

synchronously rectified. The output signals, which consist of

voltages between 0 and 5 vdc, are recorded by means of the on-board

digital magnetic tape recording system. Parallel outputs are telemetered

to the ground via the FM/FM telemetry system. The telemetered data are

used as backup for the on-board recording and to monitor the system

performance during flight. All mechanical rotations are accomplished

by means of 400-cycle, synchronous motors powered by transistorized

inverters. Primary power for operating all units is obtained from a

28 vdc silver-zinc battery pack. The voltages required for the

electronics are supplied from small nickel-cadmium battery packs

or mercury cells. The various units are mounted in a gondola system

constructed of brazed el~ctrical conduit, which serves to protect

the instrument. The complete system without the Air Force command

and control package weighed 350 kgs.

A. Spectrometers

Four Czerny-Turner 1/2 meter spectrometers were employed in

pairs in the balloon system. The pairs of spectrometers were set

so that one pair viewed an elevation angle of +e0 while the other

pair viewed an elevation angle of -0 ° . Thus both inc ruing and

outgoing data were obtained simultaneously at complementary angles.

This also has the effect of reducing by a factor of two the time

required to obtain information from all the angles being viewed

and therefore the altitude change between data at the same look
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angle is reduced by a factor of two. If only one spectrometer is

used the balloon will normally ascend about 5 km during the time

required to make a spectral scan at each of the 13 angles employed.

Each pair of spectrometers is designed to scan from 5 to 20t.

One spectrnometer scans from 5 to lO, while the other scans from 10

to 20p. All spectrometers employ Bausch and Lomb replica gratings,

100mm x 125mm it. size. The gratings used for the 5 to 101 scan are

blazed at 8u and those used for the 10 to 2 0L scan are blazed at 16 .

Order separation is accomplished by using long wavelength pass filters

which cut on at 4 .8p and 9.8u, respectively.

The optical schematic of one of the spectrometers is shown in

Figure 1. One of the previously mentioned gratings along with two

15cm diameter 1/2m focal length spherical mirrors form the basic

instrument. Fore-optics consisting of a plane mirror and a 10cm

diameter 25cm focal length spherical mirror reduce the angular field

of view of the instrument. The incoming radiation is interrupted by

an optically reflecting chopper. Radiation from a conical black body

source is reflected from the chopper to the spectrometer entrance

slit. Thus the output voltage from the detector is proporticnal to

the difference in radiance between the "target" and that of a black

body of known temperature. The black body consists of a series of

conical cavities machined in a block of aluminum with thermistor beads

embedded in the wall. The temperature of the black body is not con-

trolled but is allowed to vary with its thermal environmert.

A plane mirror is placed at a 450 angle in front of each

spectrometer. These mirrors are rotated at the end of each spectral

scan so that each spectrometer can receive and measure the spectral

rad-aice from different angles. The positions of these mirrors are

controlled by a series of cams and microswitches. A microswitch

activated at the end of each spectral scan causes the mirrors to

rotate to the next position. The elevation angles at which data

were taken were chosen so that the secant of the zenith angle was
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doubled; thus; the nadir (1800), 1320, 1200, 104.50, 970, 93.5
90 ° , 86.50, 830, 75.50, 60f, 300 and the zenith. A black body is

placed on each spectrometer so that it is viewed when the spectrometer

is viewing the zenith, which serves as an in-flight calibration.

The time required to scan the spectrum can be varied by

changing a set of gears in the grating drive system. For all

flights made under this program the spectral scan was 2.7 minutes.

Reeder thermocouples were used as detectors on all four

spectrometers for the first four flights. The thermocouples are

low impedance devices. Therefore, the preamplifiers used with the

units had to be carefully designed to make sure the system was

detector-noise limited. For the 24 February 1969 flight two

spectrometers were modified to accept liquid helium cooled Ge:Cu

detectors which increased the overall sensitivity of the units.

B. Filter Radiometer

The filter radiometer was designed to complement the grating

radiometer system. The objLct was to obtain emission data at all

angles during the time it takes the grating instrument to make a

single spectral scan at one angle. Thus at each altitude the var-

iation of radiance with wavelength would be measured at one angle

and the variation of radiance with angle would be measured over a

wavelength region. If an amplitude anomaly occurred on one instru-

ment it would be checked against the other instrument to determine

whether the anomaly is spectral or spatial.

During each scani of 3600 two different filters were used.

Onu of these transmitted only the emission from the 15 micron region,

which was totally doninated by carbon dioxide (See Figure 2). The

other transmitted radiation from five to twenty-five microns in

wavelength. The transmittance of the wide-band filter falls off at

the longer wavelengths. The two filters were alte. nately placed in

the optical path after each 1800 scan. Figure 3 shows the partly

disassembled radiometer, te cylinder at the lower right (5) contains

i
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a plane diagonal mirror. The rotation of this cylinder provided the

angular scan. The filters were mechanically changed by a cam (9)

mounted on the rotating cylinder, when the viewing angle was either

upward (zenith) or downward (nadir). The cam also actuated a switch

that changed the gain of the amplifier to compensate for the differ-

ence in the spectral bandpass of the two filters.

Just before and just after the filter change at the zenith,

the radiometer viewed a calibrating black body (3). Thus a calibra-

tion for each of the filters was obtained during each 3600 of scan.

The black body obscured approximately the field of view blocked by

the balloon. In the downward direction 10" of scan were also lost

during the change of filters. Since the variation of the radiance

with angle is very slow at angles near vertical, the loss of these

anrles in the zenith and nadir directions is not significant.

The angular scsn was driven by a synchronous motor and gear

train at a rate of 220 seconds per scan. Thf angular position of

the diagonal mirror was continuousy monitored by measuring the

resistance of a direct coupled potentiometer.

The radiation detector was a Reeder thermocouple with a 1mm

square target, the field of view was restricted by an aperture (15)

to 90. Just in front of the aperture is a i,,tor-driven reflective

chopper blade (16) that interrupted the incoming atniospheric emission

and reflected the radiance of a reference black body cone (10). The

atmospheric emission was focused onto the thermocouple by the 2 inch-

diameter spherical mirror (14) mounted at the rear of the radiometer.

The radiation passing through the filter from this mirror is converg-

ing, but the convergence does not significantly affect the bandpass

of the filters.

The output of the radiation th..rmocoupie wae fed into a gee-

fonner, then into a solid state amplifi-r, and finally into a syn-

croverter fo synchronous rectificatin. A,, offset voltage was also

provided at the output to insure that the output would not go below

the 0-5 volt range when thr radiaicc viewed became greater than that

of the rc ference black bdy.

I
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C. Magnetic Tape Recording System

The data to be recorded consists of five radiometric channels,

the outputs of pressure transducers, thermistor outputs, mirror angle

indicators and voltage standards. The digital recorder, designed and

built by project personnel, provides for time-sharing recording of

this data with sampling rates as required by each data input.

Time sharing is provided for by an eight step commutator with

a basic sampling rate of 200 samples per second, giving 25 samples

per second for each input. In addition a subcommutator with 1 steps

is used as an input to the main commutator and operated in synchronism

with it to provide 16 inputs with a sampling rate of 1.56 samples per

second. By connecting inputs in parallel, other sampling rates can be

obtained, such as 50 or 100.

Analog to digital conversion is accomplished at the output of

the commutator by a linear ramp, a crystal oscillator and two com-

parators, The result is a 12-place binary number for each data point,

adjusted so that 5 volts at the input is represented by 4000 incre-

ments. Tests have shown that the recorder is reiroducible to a single

increment (1.25 m.v.) providing a dynamic range of 4000.

The 12-bit binary number is translated by microcircuits into

an I.B.Mformat and recorded on 1/2 inch tape with standard 7 track

heads. Thc recorder usC 10-inch computer reels mounted coaxially
3

to save space. The overall \olume of the unit is less than O.03m

III. CALIBRATION

Three major problems were encountered in calibrating the

spectral radiometers. The first was acquiring a known source (known

emissivity, and temperature) with an adequate aperture. The sccond

was determining how the radiation from this source was affected by

the subsequent optical path. The third was ascertaining whether the

calibration varies when the instruments were subjected to the opera-

tional environment.
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The radiometers use a rotating mechanical chopper with a

mirror surface to pass radiation al ternately from the target and a

reference through the grating spectrometer and onto the detector.

Thus the calibration process seeks to define the absolute response

of the radiometer to the difference in the spectral radiance between

a "known" target and a "known" reference. It is necessary to consider

both attenuation and emission from all optical components preceding

and including the chopper. The radiation from optical components

behind the chopper does not enter into the calibration, although

attenuption due to these components is significant.

The accuracy of the radiance measurement is potentially

greatest when the radiance emitted by the optical componcts is

minimal, constant or both. This can be accomplished by using a

small number of mirrors of high reflectivity at a low temperature

in a sheltered or insulated environment, preferably at the same

temperature as the reference source. Therefore the instrument,

mirrors and reference black body were operated as near atmospheric

ambient temperature as possible, and most of the components were

partially shielded from exposure to the direct flow of atmospheric

wind and direct exposure to solar radiation.

A minimum number of mirrors was used in front of the chopper.

Only the chopper mirror is in the reference path, three milrors are

in the target path, two mirrors constitute a small telescope to limit

the field of view to less than 10 in elevation And a third mirror is

used to scan through 13 elevation angles from zenith to nadir.

The relation between these mirrors and the incoming radiance

is expressed in the following equation.

NTcl2 3 + (l cl)P 2 P3 + M 2 (l-)2) ? - M3 (l-P3 )

IN RC4 M,(l) Kd (Eq.l)
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where

NT = Spectral radiance of the target or

calibrating source

NR = Spectral radiance of reference black body

MI,2,3,4, = Spectral radiance of mirrors 1,2,3,4

P1,2,3,4, = Reflectivity of mirrors 1,2,3,4

d = Recorder units (digital counts)

K = Calibration factor.

The attenuation due to the remaining optical path is included

in K. This attenuation varies with wavelength and may vary with the

gaseous content along the path. A small correction was applied to K

for the absorption due to instrumental CO2 in the lower atmosphere.

Any non-linearities, either in the detector or electronics, would

:llso be included in an expression for K. unless the parameter d

had been adjusted to compensate.

To a fair approximation all the mirror radiances (temperatures)

except the rotating mirror can be equated to the reference black body

radiance. The reflectivities are also nearly equal. These assumptions

simplify Equation 1. Since the data reduction was handled by computer,

at least one of the sets of data was reduced using Equation 1 with the

only modification, NR = M Because the chopper mirror temperate.

could not Le measured and is in close proximity to the black body

this appeared to be a goon approximation.

The emissivity of tie reference black body is assumed to be 1.

It is in a semi-enclosed area and any reflective component would

represcnt radiances of nearly the same level, so the equivalent

emissivity is3 1.

The spectral radiometers were calibrated in the lab before

they were flown. A large black body with a known emissivity of

better than .99 was used. Absorptions due to CO and H20 precluded

obtaining a good calibration at some wavelengths. This problem
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persiste'd but to a lesser extent when the black body and instrument

were sealed in plastic and flushed with dry N2.

The preflight calibration was supplemented with two in-flight

calibrations. The zenith position of the rotating mirror was used

for one of these calibrations. The rotating mirror would nornally

see the balloon in this position. A wide aperture black body was

mounted such that it filled the field of view of the radiometer when

the rotating mirror was in the zenith position. For the other in-

flight calibration, the "window" regions were used as a source of

rear zero radiance at the higher altitudes with small zenith angles.

This data usually represents the maximum sigoal level attained, and

is therefore the most sensitive calibration in terms of signal to

noise. Also, these spectral scans were made just before and just

after the scan of the in-flight black body and the temperature of

the mirrors and instrument remained nearly constant during this

interval. It was therefore possible to obtain a two temperature

calibration f-r at least some wavelengths with all other parameters

remaining fixed.

IV, ACCURACY OF DATA

The absolute accuracy of the data is difficult to assess. It

is certainly not greater than the equivalent noise level. However,

at so',e wavelengths it may be nearly equal Lo the equivalent noise.

Thiis is particularly true near the bcginnin dnd the end of the spectral

scans, where the cutoff filters and the blaze efficient of the grating

reduce the apparent sensitivity of the radioi..ter. Within the central

part of the scan the greatest errors appear o be due to systematic

sources. When identified, they are removed in the data reduction.

Based on in-flight calibrations and some physical interpretation of
-2 -l -l

the data, they seldom exceed 10 to 154t cm sr - - One such error
is due to the CO2 attenuation within the spectrometers. Since the

instruments operate at ambient pressure, the attenuation due to CO2

falls off with increased altitude. The resulting error approximated-2l- -l
101w cm' sr in the center of the band at low altitudes. A

correction was applied to the calibration coefficient in the form
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K(l + OP). P is the local pressure, ot is similar to an absorption

coefficient and is a function of wavelength.

One point should be stressed regarding systematic errors.

The relative accuracy between records, close in time, is greater

than the absolute accuracy implied by these errurs.. In particular,

when working with the differences between two such records, the

systematic errors are significantly reduced.

On the flight of 25 February 1969 the detectors were changed

to Ge:Cu cooled to liquid helium temperature. lle noise was reduced

more than an order of magnitude and the resolution improved. Details

can be observed in the data below the microwaLt level. However,

these detectors change sensitivity with altitude, ,probably due to

their temperature environment). The sensitivity change was greatest

through the lower atmosphere, approaching 3, per spectral scan, how-

ever, above the tropopause the change in sensitivity was less than

1/2%o per spectral scan, introducing an uncertainty above the noise

le.'l. Knowledge of the patameters of the calibrating sources place

the accuracy limit slightly above the microwaLt level. At 154 the

reference black bov varies in radiance by 54w/l C. The calibration

black body has a similar variation with temperature and in addition

varies above 34w/.Ol in emissivity. When comparing the 15U region

with the atmospheric radiance for horizontal paths, similar uncertainties

occur due to discrepancies in measuring Lhc atmospheric temperature. To

take fullest advantage ot the data che differences between successive

records should be considered along with the absolute level of eachi record.

V. FLIGiT RESULTS

A flight program was planned -hich would obtain data from a

variety of conditions and utilize oil available time on each flight.

Flights were planned tor both day and night ascencs and at various

times of the year. The first three flights were launched about sun-

rise. This is g8norally the best time for launching large balloons

in the Holloman area and because daytime flights generally present

better temperature environment for balloon borne instruments. After
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the instrumentation was proven in the daytime environment, two night

ascents were made. On all flights the balloon was valved after reach-

ing a floating altitude of about 31 km to establish a descent rate

near 100 m/min. This allowed additional data to be taken and compared

with the ascent data. The ascent rate on all flights was about 150 m/min.

On all flights recovery was accomplished without incident and the

instrumentation suffered no damage on impact. Details of the flights

and pertinent meteorological data are presented below and in Table !

through V.

I June 1967

The instrumentation was flown for the first time on I June 1967.

Everything operated properly throughout the flight and data were ob-

tained at all altitudes. The spectrometer slits and overall system

gain had been chosen on the assumption that the spectrometer black

body source would follow the ambient temperature fairly closely. This

did not prove to be the case. The black body stayed considerably above

ambient. Part of the data obtained when the spectrometer system was

looking up (measuring the atmospheric radiance) were off scale, and

this was particularly true of the "window" regions at the higher

altitudes where the difference between the radiance of the black body

and the atmosphere was large. Data were obtained when the spectrometer

was looking below the horizon and in the major absorption bands where

the radiance differences were less. Samples of the data obtained

during this flight are given in Figures 4 through 6 with the auxiliary

information listed in Table I. Sample data from the filter radiometer

are shown in Figures 7 and 8.

A frost point hygrometer supplied by the aerospace instrumentation

laboratory of AFCRL was flown along with the instrumentation. The data

obtained with this unit are included in Figure 9. The results indicate

that the unit may have been contaminated at the higher altitudes how-

ever the data obtained up to tho tropopause are probably valid. The

emission from water vapor at the higher altitudes is below the noise

level of the instrumentation, therefore the frost point hygrometer was

not florin on subsequent flights.
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30 November 1967

On the 30 November 1967 flight the spectrometer slits were closed

in order to reduce the signal le-;els and to keep the data on scale at

the higher altitudes. Closing the slits increased the resolution of

the data obtained and reduced the sensitivity, thus the data obtained

had a greater absolute uncertainty than that obtained on the first

flight. Spectra representative of those oLtained during this flight

are presented in Figures 10 through 33, with the auxiliary information

listed in Table II. With the change in slits the data remained on

scale and were obtained at all wavelengths, at all altitudes, and at

all angles. Sample data from the filter radiometer are shown in

Figures 34 and 35.

On the basis of the data obtained during the first two flights

it was possible to adjust the spectrometer slit and overall system

gain so that the peak signals fully utilized the dynamic range of

the recording system without saturating the system.

25 June 1968

The instrumentation was flown the third time on 25 June 1968.

Everything operated properly and data were obtained throughout the

flight. These data are presented in Figures 36 through 127 with

the auxiliary information listed in Table III.

1 July 1968

The flight of 1 July was launched at 0205 MDT and data were

obtained at night. The on-board magnetic tape recording system

malfunctioned because it got too cold. The telemetry system operated

properly and data were obtained via this link. However, this required

a number of auxiliary steps which delayed data reduction. Data from

this flight are presented in Figures 128 to 151 with the auxiliary

information listed in Table IV.
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25 February 1969

Thermocouple detectors were used in the spectrometers during

the first four flights. These detectors had sufficient sensitivity

in the regions of strong absorption, however little infoi-mation was

obtained in the regions where the atmosphere transmits fairly well.

In order to attain more sensitivity two of the spectrometers were

modified to zccept Ce:Cu photoconductors as detectors. This change

resulted in at least an order of magnitude increase ir sensitivity.

The absolute accuracy was still limited by the knowledge of tempera-

ture of the black bodies. These spectrometers were flown on the

February 25. 1969 flight. For this flight the units were set to

look at zenith anglas of 48.2, 70.5, 80.2, 85.2, 90.0 and 93.60.

Everything operated properly and data were obtained at all altitudes.

The spectra obtained during this flight are given in Figures 152

through 166 with auxiliary information listed in Table V.

A number of interesting atmospheric emissions were noted

during this flight. Of special interest was the atmospheric

emission at II.3 due to HNO 3 , The data indicates that this coi,-

stituent occurs only at the higher altitudes. Additional emissions

due to HNO 3 are noted at 5.8 , and overlapping the methane at 7 .S ..

W. CALCULATIONS OF ADNOSPHERIC EMISSIONS

The calculations of atmospheric emissions are designed to

pernit a reasonable comparison to be made between the predicted and

observed results. The model used for the calculation is described

below, the physical and experimental parameters of the model are

explained, and finally a partial examination of the possible errors

is given. A complete examination is not possible due to a lack of

knowledge o:- quantities related to the concentration of aerosols,

lack of thermal equilibrium, and the accuracy of the line parameters

used in the calculations. The calculations arc divided into two

parts. First the absorption coefficients were calculated for a

Ji
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zenith path through each of 16 layers (see below) of the atmosphere.

Second, each of these layers was divided into two parts and, after

appropriate slit functions and secants were applied, atmospheric

emission was calculated based on the temperature profile for the

flight date.

A. Absorption Calculations

For the purpose of the absorption calculations, the atmosphere

was divided into sixteen layers. Each of the first 15 layers, which

commence at sea level, %as two kilometers thick. The sixteenth layer

includes the portion of the etmosphere above 30 kilometers. Each

layer is treated as having a constant pressure, temperature, and mix-

ing ratio of the various gases. The temperature and pressure were

determined by the average of the values listed in the Handbook of
1

Geophysics for Air Force Designers at the boundaries of the differ-

ent layers. In the case of the sixteenth layer, a temperature of

227 0K and a pressure of 5.95 millibars were used. This corresponds

to the Curtis-Godson approximation for uniformly mixed gases in a

constant temperature atmosphere. The above mentioned temperatures

were only used for the purpose of calculating absorption coefficients.

The temperatures measured by sondes flown at the same time as the

emission measurements were used for the Planck function in the

radiative emi.sion integrals.

Ite optical thicknesses of the different molecules were also

taken from the Handbook of Geophysics, with the exception of H20 and

03 for which value ; of 2.5 gm/cm 2 and 0.35 atmosphere cm, respectively,

were used. With the exception of CH4 H 20, and 0 the different

absorbers were considered uniformly mixed. The percentage of rotal

of the absorbers which were used are given in Table VI. The source

of the mixing ratios for these molecules is as follows: The ozone

concentration and distribution are the result of smoothing and aver-

aging of several tocket-borne measurements over White Sands, New

Mexico. The decrease in the concentration of methane at the upper

!
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altitudes is based on recently reported infrared absorption measure-
3

ments. The upper altitude water vapor values are also obtained from
4

infrared absorption measurements, while the lower altitude values

are taken from a particular sonde measurement which corresponds to

one of the emission measurements flights.

The absorption coefficient was calculateu on a line by line

basis. The line parameters were primarily those collected as a

part of the AFCRL Atmospheric Transmission program. The 15 micron

band of carbon dioxide line parameters was based on a compilation

by Drayson and Young.
5

The monochromatic absorption coefficients were calculated at
different frequency separations, or net intervals, in the different

6 -I
layers. T he smallest net interval 0.001 cm , was used in the

upper two layers, as required by the low pressures in these layers.
-I

A net interval of 0.002 cm could be used in layers 11 through 14,
-I

while a 0.01 cm net interval was sufficient for the lowest 10

layers. In all layers but the first 10. a Voigt profile, which is

a convolution of the Lorentz and Doppler shapes, was the shape function

used. The ground was taken as totally absorbing.

B. Emission Calculations

The above descriptinn concerns the assumptions and approxi-

mations made about the atmosphere itself. It was also necessary

to restrict the computations to some degree. One very effective

restriction was to compute the emission only once for each kilom-

eter above sea level. The previously calculated absorption co-

efficients can thus be converted to transmissions once, and then

used for the computations of emission at any number of altitudes.

The absorption coefficients are valid for any angle of observation

in the atmosphere if the proper slant path factor is used, so th y

need be calculated only once, provided the distriuution of the

various absorbers is not altered.
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Each two kilometer layer must be broken down into two sub-

layers to properly account for the thermal structure of the atmos-

phere. In order to cut by a factor of two the number of exponentials

which are required and also to alleviate a storage problem, it is

advantageous to consider these two sublayers as having the same

transmittance. Thus only one exponentiation is required for each

layer. The square of this transmittance is the transmittance for

each layer as a whole. The lower sublayer can be thought of as

being only 0.88 kilometers thick, while the uipper portion is 1.12

kilometers thick. This approximation is not e.act, and it will be

discussed again later. It should be emphasized that this approxima-

tion does not affect the transmission of the layer as a whole. The

transmissions calculated are at altitudes corresponding to even

numbers of kilometers above sea level and to those even numbers plus

0.88 kilometers. It will be seen that this distinction from calcu-

lations at integral numbers of kiloweters is primarily a pedantic

point in the actual comparisons of calculations with observations,

since the altitude is not known this closely.

C. Choice of Model

The experimental reasons for the choice of this model will

now be considered. The large number of different conditions was

the most important experimental consideration. The experimental

values to which the calculated values were to correspond were to

be taken during a number of balloon flights, not only during the

time at float altitude, but primarily during the balloon ascent.

Had the object been to predict the emission spectra which would

be observed from a single altitude, then a different approach would

have been followed.

The instrumentation consisted of four spectral radiometers,

each scanning a different wavelength region or looking through the

atmosphere at a different angle. Each spectral scan would require

slightly more than two minutes of time. At the ascent rate of the

balloon, each radiometer should complete a spectral scan during an

altitude change clf about one-half kilometer. Thus, in rising to

I
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30 kilometers altitude, a total of over two hundred spectral scans

would be recorded. If each radiometer looked in a fixed direction,

then some of the repeated scans could be neglected, but the angle

in which the radiometer is pointed is changed after each spectral

scan. That particular angle would not be repeated for a few

kilometers.

The need for an efficient means of carrying out the compu-

tation for a large variety of altitudes, angles and different

atmospheric temperature profiles, can be seen to have been quite

essential. This was the reason for adopting a procedure that

only calculated transmissions a single time, and then used these

transmissions for different altitudes as well as different flights.

The effect of the balloon ascending during the data acquisi-

tion should be pointed out. During each spectral scan, the balloon

would always be within 0.25 km of an integral number of kilometers,

however, the actual altitude was not known to an accuracy significantly

better than this. Unless the altitude is adjusted as a function of

wavelength for each scan, the altitude steps need not occur at smaller

increments than one kilometer.

There are some other experimental points which should be

mentioned, but which do not deal directly with the present experi-

ment. In completely different computations by pcrsons here and at

other locations, differences in the transmittance observed and cal-

culated are often as large as 5%. It is unusual for band strengths

or halfwidths to be known to an accuracy of 5%. The line shapes are

known to often differ from the Lorentz shape which ib used. In addi-

tion, little work has been done concerning temperature dependence of

the halfwidth. The halfwidth is usually assumed to vary as T , but8

in a recent report, the CO2 halfwidth was found to vary nearly as

T3/2

The above considerations are not mentioned to suggest a crude

calculation is all that is justified. Quite the contrary, a very

careful calculation is required to even reach these limitations.
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Many effects can cause a disagreement between the computed and

observed emissions. The basic philosophy in the calculations has

been to carry out calculations which are accurate enough so that

deviations from the ex1 rimental values can be ascribed to either

the theoretical inputs, or to the experimental errors, but not to

the computational procedures or the model used.

D. Mathematical Model

The mathematical form of the problem for the emission observed

at altitude X and wavelength ), is

dT

R(X.,X2 2. B, (X)-dT (),,X)dX()

Before comparing the result of this integral to experimental data, it

is necessary to degrade R(X,X 2) by application of an instrument or

slit function. The transmittance is expressed here as a function of

wavelength, not wavenumber, but this only involves a trivial change

of variables. The value used for the geometric coordinate X2 is

either zero or infinity, depending on whether the angle involved

results in an optical path terminating at the ground or at a point

outside the atmosphere. The transmittance T(-,X) is given by

X2 S.U.

T(\,,X) = exp (-Z ' ' g().,iiX)dX (2)
i = all X
lines

The Doppler and Lorentz halfwidths, ci and cri, the line strengths,

Si, and quantity of absorber, U, are functions of the pressure

and temperature along the integration path. The function g is the

line shape function. The quantity of absorber has been given the

same subscript at the lines to indicate that its value will be

different for the lines belonging to the different absorbers. The

line positions are v..
i
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The form of (1), when it is specialized to the previously

described model, is

R(X ,N) - 1, m)INm TN m+l] (3A)MN

where
m

TN m = r= , (3B)
j=N

with

T T exp(-T2j 2j+l1go ,'i ,oivi) (3C)

Lines

Using equation 3A emission spectra have been calculated for

three flights. For each flight spectra are calculated for 2 km

intervals from 2 to 32 km and for secants of 1, 2, 4, 8 and 16 in

the upward and downward directions. There are 160 spectra for

each flight calculated for geometric situations similar to the

observed data. The 1 June 1967 data are presented in Figures 167

to 176. The 30 November 1967 data in Figures 177 to 186, and the

1 July 1968 data in Figures 187 to 196.

E. Accuracy of Model

For the purpose of seeing the effect of the one kilometer

thick layers of isothermal atmosphere, it is convenient to choose

an example which does not precisely correspond to the atmospheric

problem, but which is not too different.

Let Lhe Planck function at altitude X be

B = B exp(-bX) (4)o

A value of b=0.28 results in a decrease in the Planck function of

25% per kilometer. Ihis is approximately the case encountered at

5 microns wavelength, when the temperature is dccreasing at 5c per

kilometer from -40 0 C. The transmission is taken to be

T exp (-aX) (5)
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This would be true for the exact center of a Lorentz line with no

Doppler or temperature effects and for uniformly mixed atmosphere.

These conditions permit (1) to be integrated and (3) to be summed

exactly. Equation (1) becomes

0

R(X,o) j' B exp(-bX) d(exp(-aX)) = B (6)
0 o a+b0

Equation (3A) will use one kilometer thick layer in this case,

and has the form

R(Xo) exp(-am)-exp(-a(m+l)) (7)m-o ,m I J

Thc point within the layer by which the temperature of the layer is

determined has not yet been specified. The method used will be given

below, at the end of this example, but for now assume it is at a

distance Z from the lower boundary of the layer. Then

B = B exp(-b(m+Z)) . (8)BX,m o

The value of Z will be determined so that (6) and (7) give the same

result. Since (7) is evaluated to be

R(eo xp(- bZ) r (1 " 
- 4np(-a)) 1 (9)

R(,,o) = exp(-h-a) (

the equality of (6) and (7) requires Z to U'

a I - exp(-b-a)Z = -In (-r) I - exp(-a) ( o

It can be seen that as a - o, Z 0. It is not so obvious from the

form, but by evaluation one finds Z - 0.5 as a -. 0. The value of Z

determined by (10) is plotted as a function of the transmission, T,

thyough a 1 kilometer thick layer. That is, T = exp(-a).

If only a single layer had been considered, and the Planck

function had been considered to vary linearly with altitude in the

single layer, then the value of Z would have been found to be -

1I

a a (Ii)
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The results (10) and (11) may be taken as equivalent for cases en-

countered in the atmosphere, in particular they have the same limits

for large and small values of a. Strictly, they are only equivalent

for small values of b. With the possible exception of the shortest

wavelengths at the lowest temperatures in the atmosphere, b can be

considered to be small. In the calculations of atmospheric emission,

the value of Z was determined by equation (11).

The transmittance of each two kilometer thick layer should

have been quite accurate, provided the line parameters and mixing

ratios were correct. The pressure was taken to he the mean of che

boundary values. The quantity of absorber in the upper and lower

sublayers was taken to be the same, and equal to one-half the quantity

of absorber in the layer. This resulted in the transmittance of the

layer as a whole, (that is, the square of the Lransmittance for

either of the sublayers), being correct to the accuracy of the

Curtis-Godson approximation, whicZ, is quite reliable for layera as

thin as two kilometers. If the two sublayers had been considered

to have the same thickness, then the transmittance of the upper sub-

layer" would have been too small, while that of the lower layer would

have been too large.

The approximation for the sublayers was improved by considering

thw two sublayers to have a different geometric thickness. Te only

actual effect of this thickness interpretation was the change of the

input temperatures for the Planck functions. The change in these

temperatures was less than one degree, and so the improvement was of

doubtful use. Since no additional computation was involved, however,

it was used.

There is an ambiguity in what the thickness of the layers

should be. It could have been picked so that the quantity of the

absorber in the two layers was the same. This would have resulted

in almost exact results for weakly absorbing regions. The thickness

could have also been picked so that the integral of pressure with
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respect to the absorber thickness, r pdU was the same for each sub-

layer. This value would have resulted in a good approximation for

strongly absorbing regions. The division of levels for the weak

absorption case would have been at 0.93 kilometers from the lower

boundary, and at 0.84 kilometers for the strongly absorbing case.

These values assume a uniformly mixed exponential atmosphere. The

average of the above two values, 0.88 kilometers, was used in the

calculations. The error in thickness could have thus been as much

as 6%, but assuming a temperature gradient of 50C per kilometer,

this is only a temperature difference at thc boundaries of 0.03oC.

There are two cases in which the effects of an error in the

transmittance will be considered. The first is the case when the

observations are made at the lower boundary of the two kilometer

layer, and the second at the intermediate position in the layer.

The first of these cases is the more important since it can be con-

sidered to be the total emission of the l-tyer. Even if the effects

of the layers are to be measured at a lower altitude, the remaining

portion of the calculation only involves the calculation of a trans-

mittance through the intermediate layers. A. stated above, the

transmittance of complete layers involves almost no approximation.

Let the emission at the lower boundary of the two sublayers

having transmittance T and T2 , and Plarick functions BI and B, be R.

The rearest of the sublayers is denoted by the symbols TI and BIF

The value of R is

R = B2(I-T2)T1 + B1 (1-TI) (12)

It will be assumed that B2 
= kB,. The above value of R is the value

obtained when T1 and T2 are correct. If values in error by amounts

L1 and L2 are used, while the value of TI £2 (which is the trans-

mittance of the layer) is correct, the difference in R is

LR = I kA L B 1 I(k-1) (13)
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For example if k equals 1.25 and A is 6%, (notice that this value is

an absolute error of 6%, which would correspond to a 12% fractional

error if T were 50%) the error in emission would be 1.5% of the

value which would have been observed if the lower sublayer had been

black. This is the error in radiance that would be expected under

the most adverse condition of B and B2 differing by 25%. In the

case of the longer wavelengths, the error would be considerably

less. A better perspective is to consider it as a temperature error,

which would be approximately 0.30C.

It is interesting that (12) also applied to the case of the

emission calculated at the intermediate position of the layer.

That is, there is an amount of radiance B2 (T-T 2 ) reaching the upper

boundary of the layer, ot which an amount T is transmitted through

the upper sublayer, having an emission B1 (1-TI) itself. In this

case the error in T 2 is considered zero, while that of T1 is still

A The total error in the calculated emission is

AR = B2 (1-T2 ) 1 - B I (14)

Again, let B2 = 1.25 B In order to see what size error this

represents, it is important to consider the cases which can actually

arise. Take 6 to bo 0.1(1-T) (i.e., a 10% fractional error in the

absorption of Lhe sublaycr). It is not reasonable to expect T, to

be greater than I V This Is an important observation in the evalua-

tion, but its physical basis is obvious. The only point at which

it could be in doubt is where there is a large sudden decrease in

absorber concentration, and although there are such large sudden

decreases, the above observation appears to remain valid.

If TI=T2=0.5 the temperature error is only 0.00625B . It

is often true that T2=0 while TI 0. In this case the error is

AR=(0.25) BI (I-T 1). This error could thus be as much as 0.025B1,

or an equivalent temperature error of 0.5 0 C when T,=T2 =0. This is

the largest error possible under the restruction T2<T I . The value

___ 2- n
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of 0.1(1-T1 ) for L is almost twice as large as the previous con-

siderations have indicated the model would yield.

The above considerations indicate that the model used for

the atmospheric calculations would not lead to errors, in total,

of greater than that which would be caused by an error of 0.5 0 C

in the measurement of the atmospheric temperature. This is most

likely a reasonable accuracy to expect in such temperature values,

especially if not only the possible temperature errors of the sondes,

but also the differences in time and geographic location are considered.

There are other possible errors in the calculations which

could be much larger than those due to the model. These errors

concern both the errors in the input parameters for the line and

errors in the mixing ratios. In the case of the variable mixing

ratio absorbers, some corrections may have been made in the mixing

ratios to correct for the errors in the line parameters. In general

experience has shown that these errors may be as large as 5% for

the atmosphere as a whole. The errors of this type may result in

correspondingly large errors in the atmospheric emission calculations.
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Cn. (top to bottom) at a zenith observation angle

of 75.50 (sec 4) for 30 November 1967. S'iccessive
records have a 1.00 4w cm-1 sr- V offset for
clarity.
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Figure ',80. Calculated srtectral radiance from 5 to 184 vs"

Iot ltitude for 2 km intervals from lb to 32 km :

(top to bottom) at a zenith observation angle ;
of 82..f) (sec = 8) for 30 November 1.967._I-

Successive records have a 100 4w cn" 2 sr-
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Figure 181. Calculated spectral radiance from 5 to 18u vs

altitude for 2 kin -,tervali from 2 to 14 km
(Lop to bottom) at a zenith observation angle

of 86.40 (sec 16) for 39 November 1967. Successive
records have a 100 w cm- sr-' offset for

clarity.
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Figure 181. Calculated spectral radiance from 5 to 18u~ vs
Ca .altitude for 2 Ion intervals fromn 16 to 32 km
Ct. (top to bottom) at a zenith observation angle

of 86.40 (sec = 16) for 30 November 967.
Successive records have a 100 4w cm- sr1 1
offset for clarity.
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Figure 182, Calculated spectral radiance from 5 to M81L vs

altitude for 2 km intervals from 2 -32 km
(top to 0bottom) at a zenith observation angle
of 93.60 (sec = 16) for 30 November 1967.
Successive records have a 100 .iw c1, 2 ,rl lI

offset for clarity.
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rigure 183. Calculated spectral radiance from 5 to 18 L VS
altitude for 2 km intervals from 2 - 32 km
(top to bottom) at a zenith observation angle
of 97.20 (sec = 8) fo'r 30 November 1967.
Successive records have a 100 iw cm-2 sr-1 L I

offset for clarity.



219

000

1000

1000

1000

1000

1000

1000 -

1000
*1000

~1000
7 1 1 0 0 0

U1000

E
V1000

1000
S1000

z
1000

700

600

500

400

300

200

100

5 0 15 20

WAVELENGTH (ji)

Figure 184. Calculated spectral radiance from 5 to 18.5[1~ vs
altitude for 2 km intervals from 2 -32 km
(top to bottom) at a zenith observation angle
of 104.5 (sec =4) for 30 November_1967.
Successive records have a 100 Lw cm sr- I1

offset for clarity.
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Figure 185. Calculated spec~.ral radiance from 5 to 18.5Li vs
altitude for 2 kin intervals from 2 - 32 km
(top to bottom) at a Zenith observation angle
of 120 0 (sec = 2) for 30 overnber 1967. Successive
records have a 100 .±.w cm* sr- 4-1C offset for
clarity.
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Fi.gure 186. Calculated spectral radiance from 5 to 18.5 .- V

altitude for '- km intervals from 2 - 32 knm
(top to bottom) at a zenith observation angle
of 1800 (sec =1) for 30 November 1967. Succes~ive
records have a 100 .iw cn- 2 sr- i- offset for
claritv.
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Figure 187. Calculated spectral radiance from 5 to 18.5., vs
altitude for 2 km intervals from 2 to 14 km

(Lp 0to bottom) at a zenith observation angle
o0 (sec = 1) for 1 JulX 1968, Successive

records have a 100 4'w cm' sr-I L-1 Offset
for clarity.
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Figure 188. Calculated spectral radiance from 5 to 18.5 vs
altitude for 2 km interval; from 2 to 14 km
(top to bottom) at a zenith observation angle
of 600 (sec = 2) for I July 1968. Successive
records have a 100 uw cm-2 sr- I I> offset
for clarity.
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Figure 188. Calculated spectral radiance from 5 to 18.5ki vs
Con t. altitude for 2 km intervals from 16 to 32 kmn

(top to bottom) at a zenith observation angle
of 600 (sec = 2) for 1 July 1968._ Successive
rocords have a 1100 4w crif2 sr- & offset
I-or clarity.
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Figure 189. Calculated spectral radiance from 5 to 18.5U vs
altitude for 2 km intervals from 2 to 14 km = !(top to bottom) at a zenith observation angie-.

of 75.5 (sec = 4) for 1 July 1968. Successive -
records have a 100 ±w cm"2 sr-1 I offset
for clarity.
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Figure 189. Calcu.lated spectral radiance from 5 to 18.54± vs
altitude for 2 kin intervals from 16 to 32 km

Ct. (top to bottorn) at a zenith observation angle

of 75.50 (sec =4) for 1_July_1968i Successive
records have a 100 kiw cm 2 5r, 1La offset
for clarity.
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Figure 190. Calculated spectral radiance fromn 5 to 18.54 vs
altitude for 2 kmn intervals from 2 to 14 km
(top to 0bottom) i-t a Zenith observation angle
of 82.80 (sec =8) for IlJuly.1968, Successive

records have a 100 Iw cm 2sr k- offset
for clarity.
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Figure 190. Calculated spectral radiance from 5 to 18.5- vs
Cont. altitude for 2 km intervals from 16 to 32 km

(top to bottom) at a zenith observation angle
of 82.8' (sec = 8) for I July 1968[ Successive
records have a 100 w cm-2 tr' 1 wi- offset
for clarity.

-I



230

1000

10001

1000

1000

*1000

E
800

39

700

Z600

400

300

200

5 10 15 20
WAVELENGTH (,u)

Figure 191. Calculated spectral radiance from 5 to l8.5 ± vs

altitude for 2 km intervals from 2 to 14 km
(top to bottom) at a zenith observation angle
of 86.40 (sec = 16) for I July 196$. Successive
records have a 100 1iw cm- sr- 1 - offset
for clarity.
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Figure 191. Calculated spectral radiance from 5 to 18.51 vs

Cont. altitude for 2 km intervals from 16 to 32 km
(top to bottom) at a zenith observation angle
of 86.40 (sec = 16) for 1 July 1968. Successive
records have a 100 pw cm°2 sr-I -I offset
for clarity.
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Figure 192. Calculated spectral radiance from 5 to 18 .54 vs
altitude for 2 kmn intervals from 2 - 32km
(top to 0bottom) at a zenith observation angle
of 93.6 (sec 16) for 1 July 1968. Successive
recor6 s have a 100 P±w cm- 2 sr- Ij~ offse t
for clarity.
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Figure 194. Calculated spectral radiance from 5 to 18.5u vs
altitude for 2 km intervals from 2) - 3 2 km
(top to bottcxn) at a zenith observation angle
of 104.5 0 (sec = -4) for 1 July 1968, Successive
records have a 100 uw cm- 2 sr 1I W1- offset
for clarity.
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Figure 195. Calculated spectral radiance from 5 to 18. 5i vs
altitude for 2 km intervals frOm 2 - 3 2 km
(top to bottom) at a zenith observation angle
of 120 (sec =2) for I J~ly 1968. Successive
records have a 100 .w cm- sr- I oI se
for clarity.
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Figure l9b. Calculated spectral radiance from 5 to l8.5 i vs
altitude for 2 kon intcrvals from 2 - 32 kin
(top to bottomi) at a zenith observation angle
uf 1800 (sec 1) for I July 1968, Successive
records have a 100 4±w cm-2 sr- 1 ' 1 of fset
for clarity.
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Table I

1 June 1967

Time Alt Press Air Temp Source AngieRecord _ (deg)

13 0649 2.0 791 14.1 18014 ob51 2.6 738 9.8 131.8
15 0654 3.0 697 6.3 60 12016 0657 3,5 660 2.9 75.5 104.517 0659 3.9 627 -0.2 82.8 97.218 0702 4.4 583 -4.5 86.4 93.619 0705 4.8 558 -6.8 90 q020 0707 5.6 496 -12.5 93.6 86.421 0710 5.8 487 -13.2 97.2 82.822 0713 6.1 465 -15,2 104.5 75.523 0715 6.5 441 -18.2 120 6024 0718 7.0 410 -22.8 131.8 3025 0721 7.7 373 -28.1 180 BB26 0723 8.2 344 -32.4 131.8 3027 0726 8.7 322 -35.9 120 6028 0729 9.1 304 -38.9 104.5 75.529 0731 9.5 285 -42.3 97.2 82.830 0734 10.1 262 -46.7 93.6 86.431 0737 11.0 228 -53.3 90 9032 0739 11.1 223 -54.2 86.4 93.633 0742 11.6 206 -57.3 82.8 97.234 0745 12.0 193 -60.3 75.5 104.535 0748 12.5 180 -62.2 60 12036 0750 13.0 167 -64.9 30 131.837 0753 13.3 158 -63.9 BB 18038 0756 13.7 148 -63.5 30 131.8

39 0758 14.2 138 -64.1 60 12040 0801 14.3 129 )4.8 75.5 104.541 0804 15.0 122 -65.3 82.8 97.242 0806 15.4 114 -65.3 86.4 93.643 0809 15.8 107 -65.1 90 9044 0812 16.3 98.5 -64.7 93.6 86.445 0814 16.7 93.0 -64.5 97.2 82.846 0817 17.1 88.0 -63.9 104.5 75.547 0820 17.5 82.0 -62.9 120 6048 0822 17.8 78.0 -62.0 131.8 3049 0825 18.0 76.0 -61.9 180 BB50 0828 18.4 71.0 -61.0 131.8 3051 0830 18.9 66.0 -59.8 120 6052 0833 19.4 61.5 -58.9 104.5 75.553 0836 19.8 57.5 -58.0 97.2 82.854 0838 20.3 53.0 -58.5 93.6 86.455 0841 20.8 49.0 -58.9 90 9056 0844 21.2 46.0 -58.7 86.4 93.657 0846 21.5 44.0 -57.7 82.8 97.2
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Table I. Cont'd.

Time Alt Press Air Temp Source AngleRecord (MDT) (ILn (m b) (deg)

58 0849 21.9 41.0 -56.1 75.5 104.559 0852 22.3 39.0 -55.1 60 12060 0854 22.6 37.0 -54.2 30 131.861 0857 23.2 34.0 -52.4 BB 18062 0900 23.5 32.5 -51,9 30 131.863 0902 23.9 30.0 -51.0 60 12064 0905 24.4 28.0 -50.3 75.5 104.565 0908 24.6 27.0 -49.9 82.8 97.266 0910 25.1 25.0 -49.1 86.4 93.667 0913 25.6 23.2 -48.2 90 90. ..- .68 -0916 25.8 22.7 -48.0 93.6 86.469 0918 26.3 21.0 -47.2 97.2 82.870 0921 26.9 19.2 -46.1 104.5 75.571 0924 27.3 17.8 -45.3 120 6072 0927 28.1 15.8 131.8 3073 0929 28.3 15.4 180 B74 0932 28.6 14.7 131.8 3075 0935 28.8 14.2 120 6076 C937 29.0 13.6 104.5 75.5
77 0940 29.3 13.2 97.2 82.878 0943 29.6 12.5 93.6 86.479 0945 30.0 11.8 90 9080 0948 30.2 11.4 86.4 93.681 0951 30.5 10.9 82.8 97.282 0953 30.8 10.4 15.5 'u4.583 0956 30.9 10.2 60 9084 0959 31.4 9.5 30 131.8
85 I00i 31.3 9.6 BB 18086 1004 31.3 9.7 30 131.h87 1007 31.2 9.8 60 12088 1009 31.2 9.8 75.5 104,589 1012 31.2 9.8 82.8 97.290 1015 31.2 9.8 86.4 93.2,
91 1017 31.2 9.8 90 9092 1020 31.2 9.8 93.6 86.493 1023 31.1 9.9 97.2 82.894 1026 31.1 9.9 104.5 75.595 1028 31.1 9.9 120 60
96 1031 30.9 10.2 131.8 30
97 1034 30.8 10.4 180 BB98 1036 30.7 10.6 131.8 3099 1039 30.( 10.8 120 60100 1042 30.5 10.9 104.5 75.5101 1044 30.2 11.5 97.2 82.8102 1047 30.0 11.7 93.6 86.4103 1050 29.7 12.2 90 90104 1052 29., 12.6 86.4 93.6
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Table I. Cont'd. 

239

R Time Alt Press Air Temp Source AngleRecord MD b _oC. (de.g)
105 1055 29.3 13.2 82.8 97.2106 1058 29.1 13.5 75.5 104.5107 1100 29.0 13.7 60 120108 1103 28.9 13.9 30 131.8109 1106 28.9 14.0 BB 180110 1108 28.3 15.2 30 131.8112 111 28.0 15.9 60 120112 1114 27.9 16.3 -44.3 75.5 104.5113 1117 27.7 16.7 -44.5 82.8 97.2114 1119 27.4 17.5 -45.0 86.4 93.6115 1122 27.4 17.6 -45.1 90 90116 1125 26.8 19.3 -46.1 93.6 86.4117 1127 26.5 20.2 -46.6 97.2 82.8118 1130 26.2 21.2 -47.2 104.5 75.5119 1133 25.9 22.2 -47.7 120 60120 1135 25.8 22.7 -48.0 131.8 30121 1138 25.3 24.4 -48.8 180 BB122 1141 25.1 25.0 -49.0 131.8 30123 1143 25.0 25.5 -49.2 120 60124 1146 24.4 28.0 -50.3 104.5 75.5125 1149 24.2 29.0 -50.7 97.2126 1151 23.6 31.5 -51.6 93.6127 1154 23.5 32.5 -51.9 90128 1157 23.3 33.5 -52.2 86.4129 1200 22.9 35.5 -52.2 82.8130 1202 22.7 36.5 -53.9 75.5131 1205 22.6 37.5 -54.4 60132 1208 21.9 41.0 -56.3 30

I
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Table II.

30 November 1967

Time Alt Press Air Temp Source AngleRec ord (MST) 
_ km o 0

5 0720 1.3 865 2 131.8 306 0723 1.3 865 2 607 0726 1.3 865 2 180 75.58 0728 1.3 865 2 131.8 82.89 0731 1.3 865 2 120 86.41O 0734 1.3 865 2 90. . 0736 1.3 865 2 93.6 93.612 0739 1.3 865 2 90 97.213 0742 1.8 812 6.8 86.4 104.514 0744 2.1 776 7.1 82.8 12015 0747 2.7 719 5.0 75.5 131.816 0750 3.5 665 2.4 18017 0752 4.1 610 -2.4 60 131.818 0755 4.8 553 -8.1 12019 0758 5.5 506 - 12.7 30 104.520 0800 6.2 456 -18.3 97.221 0803 7.0 410 -23.9 97.222 0806 7.7 373 -29.4 9023 0808 8.5 329 -35.5 30 86.424 0811 9.1 301 -39.4 82.825 0814 9.8 275 -44.2 60 75.526 0816 10.8 235 -52.9 6027 0819 11.6 208 -57.1 75.5 3028 0822 12.5 180 -61.2 82.8 BB29 0825 13.1 162 -62.5 86.4 3030 0827 13.7 150 -62.2 90 6031 0830 14.4 134 -61.5 93.6 75.532 0833 14.9 123 -62.6 97.2 82.833 0835 15.7 109 -63.7 104.5 86.434 0838 16.4 97.5 -65.6 120 9035 0841 17.3 84.5 -69.9 131.8 93.636 0843 17.9 77.5 -68.1 97.237 0846 18.6 69.0 -67.6 104.539 0851 19.5 60.5 -61.8 180 12041 0857 20.9 48.5 -57.8 131.843 0902 22.3 39.0 -56.9 131,844 0905 23,0 35.0 -56.4 120 18046 0910 24.4 28.0 -54,5 104,5 131.847 0913 25.1 25.0 -53.8 97.251 0915 25.8 22.7 -53.1 93.6 12052 0918 26.5 20.2 -52.0 9053 0921 27.4 17.6 -50.5 86.4 104.554 0923 28.0 16.1 -49.3 82.8 97.255 0926 28.7 14.1 -48.4 75.5 93.6
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. ~T a b l e U I , C o n t ' d , -.

Time Alt Press Air Temp Source AngleRecord (MST) k (0c .. d

56 0929 29.3 13.1 -48.3 9057 0931 29.6 12.6 -48.3 60 86.458 0934 29.6 12.6 -48.3 82.859 0937 29.6 12.6 -48.3 75.561 0942 29.6 12.6 -48.3 6066 0950 29.6 12.6 -68. 3 30 3068 0955 29.6 12.6 -48.3 6069 0958 29.6 12.6 -48.3 75.5 BB70 1001 29.6 12.6 -48.3 82.8 3071 1003 29.6 12.6 . -48.3 86.472 1006 29.6 12.6 -48.3 90 6073 1009 29.6 12.6 -48.3 93.674 1011 29.6 12.6 -48.3 97.2 75.596 1017 29.6 .12.6 -48.3 120 e6.497 1019 29.6 12.6 -48.3 131.8 9098 1022 29.6 12.6 -48.3 93.699 1025 29.6 12.6 -48.3 97.2100 1027 29.4 12.9 -48.3 130 104.5
102 1033 29.4 12.9 -48.3 120104 1038 29.4 12.9 -48.3 131.8 131.8105 1041 29.3 13.1 -48.3 120106 1043 29.2 13.4 -48.3 104.5 180107 1046 29.1 13.6 -48.4 97.2 131.8108 1049 29.0 13.7 -48.4 93.6109 1051 29.0 13.8 -48.4 90 120110 1054 28.9 14.0 -48.4 86.4111 1057 28.6 14.6 -48.5 82.8 104.5112 1059 28.3 15.2 -48.5 75.5 97.2113 1102 28.2 15.6 -48.8 60 93.6114 1105 28.0 16.1 -49.3 90115 1107 27.8 16.5 -49.7 30 86.4116 1110 27.6 17.1 -50.2 82.4117 1113 27.2 18.1 -50.9 BB 75.5118 1116 26.9 19.1 -51.4 60119 1118 26.6 20.0 -51.9 30 30120 1121 26.4 20.7 -52.4 BB

:- i
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Table III.

25 June 1968

Time Alt. Press. Air Temp. Source AngleRecord (MDT) (km) (mb) °C) (deg)

6 0633 2.9 683 10.6 178.5 DB7 0636 3.7 619 b.1 130 28.58 0639 4.4 572 -0.6 118.5 58.5
9 0642 4.9 516 -6.5 103 7410 0644 5.5 496 -8.4 95.5 8111 0647 5.9 465 -12.1 92 85-12 0650 6.4 428 -17.4 88.5 88.513 0652 6.9 410 -19.7 85 9214 0655 7.3 376 -24.7 81 95.515 0657 7.9 351 -28.3 74 103.16 0700 -8.5 322 -33.7 58.5 118.5

17 0703 9.1 288 -40.0 28.5 13018 0706 9.6 269 -43.9 BB 178.519 0708 10.1 251 -46.5 28.5 13020 0711 10.7 234 -49.1 58.5 118.521 0713 11.0 223 -50.6 74 10322 0716 11.2 212 -52.6 81 95.523 0719 11.7 193 -55.5 85 9224 0721 12.2 180 -56.9 88.5 88.525 0724 12.8 163 -60.0 92 8526 0727 13.4 149 -59.7 95.5 8127 0729 13.9 142 -61.1 103 7428 0732 14.2 135 -62.4 118.5 58.529 0735 14.6 123 -65.2 130 28.530 0737 15.2 112 -67.4 178.5 BB31 0740 15.7 107 -67.0 130 28.532 0743 16.2 97 -66.3 118.5 58.533 0745 16.6 92.5 -65.9 103 7434 0748 16.9 90 -63.8 95.5 8135 0751 17.1 86 -62.2 92 8536 0753 17.4 80 -63.4 88.5 88.5
37 0756 18.0 73 -63.2 85 9238 0759 18.4 68 -61.9 81 95.539 0801 18.9 63 -60.8 74 103
40 0804 19.5 60 -60.0 58.5 118.541 0807 19.7 57.5 -59.2 28.5 13042 0809 19.8 54.8 -58.4 BB 178.543 0812 20.3 51 -34.0 28.5 13044 0815 20.7 48.5 -56.4 58.5 118.5
45 0817 21.0 45.5 -55.6 74 103
46 0820 21.6 42 -54.4 81 95.5
47 0823 21.9 39.5 -53.7 85 92
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Table III. Coi i'd.

Ro Time Alt. Press. Air Temp. Source Angle
Reod (MDT) (km (b) 0d~

48 0825 22,3 37.5 -52.9 88.5 88.549 0828 22.6 35.5 -52.1 92 8550 0831 23.0 33.5 -50.5 95.5 81 -_51 0833 23.5 31.5 -49.5 103 7452 0836 23.8 29.5 -49.1 118.5 58.553 0839 24.2 27.5 -46.8 130 28.5.54 0841 24.7 25.5 -44.3 178.5 BB55 0844 25.1 23.9 -44.4 130 28.556 0846 25.6 22.8 -44.9 118.5 58.557 0849 25.9 21.7 -44.9 103 7458 0852 26.4 20.2 -44.1 95.5 81- 59 0854 26.7 19.3 -43.4 92 8560 0857 27.0 18.4 -42.4 88.5 88.561 0900 27.3 17.5 -41.4 85 9262 0902 27.6 16.7 -40.2 81 95.563 0905 27.9 15.6 -39.0 74 103
64 0908 28.3 14.9 -38.2 58.5 118.565 0910 28.7 14.5 -37.3 28.5 13066 0913 29.0 13.8 -36.4 BB 178.567 0916 29.1 13.5 -35.5 28.5 13068 0918 29.4 12.9 -35.3 58.5 118.569 0921 29.6 12.6 -35.1 74 10370 0924 29.9 12.0 -35.2 81 95.571 0926 30.0 11.7 -35.2 85 92 -72 0929 29.9 12.0 -35.2 88.5 88.573 0932 29.9 12.0 -35.2 92 8574 0934 29.9 12.0 -35.2 95.5 8175 0937 29.9 12.0 -35.2 103 7476 0940 29.9 12.0 -35.2 118.5 58.577 0942 29.9 12.0 -35.1 130 28.578 0945 29.7 12.3 -35.1 178.5 BB79 0948 29.7 12.3 -35.1 130 28.580 0950 29.6 12.6 -35.1 118.5 58.581 0953 29.6 12.6 -35.3 103 74 -82 0956 29.4 12.9 -35.5 95.5 8183 0958 29.3 13.2 -36.0 92 8584 1001 29.0 13.8 -36.4 88.5 88.585 1004 29.0 13.8 -36.4 85 9286 1006 28.8 14.2 -37.0 81 95.587 1009 28.7 14.5 -37.3 74 10388 1012 28,5 14.9 -37.9 58.5 118.589 1014 28.3 15.2 -38.3 28.5 13090 1017 28.2 15.6 -39.0 BB 178.591 1020 28.0 16.3 -39.9 28.5 13092 1022 27.7 16.7 -40.4 58.5 118.593 1025 27.4 17.5 -41.4 74 10394 1028 27.3 18.4 -42.5 81 95.5
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Table III. Cont'd.

Time Alt. Press. Air Temp. Source AngleRecord ( k (mb) -(OC_ (deg)

95 1030 27.0 19.3 -43,3 85 9296 1033 26.8 19.7 -43.5 88.5 88.597 1036 26.7 20.7 -44.2 92 8598 1038 26.4 21.2 -44.7 95.5 8199 1041i 25,9 22.8 -44.9 103 74100 1044 25.6 23.9 -4-,.5 118,5 58,5101 1046 25.5 24.4 -44.1 130 28.5102 1049 25.3 25.5 -44.7 178.5 BE103 1052 24.7 28.0 -47.7 130 28.5104 1054 24.4 29.0 -48,9 118.5 58.5 --105 1057 24.2 29.5 -49.1 103 74106 1100 23.9 31.5 -49.6 95.5 81107 1102 23.5 32.5 -49.7 92 85108 1105 23.3 33.5 -50.6 88.5 88.5 _109 1108 23.2 34.0 -50.9 85 92 -110 1110 23.0 35.0 - 51.8 81 95.5
ill 1113 22.9 36.5 -52.5 74 103112 1116 22.6 37.5 -53.0 58.5 118.5113 1118 22.6 38.5 -53.2 28.5 130114 1121 22.1 40.0 -53.8 BB 178.5115 1124 21.9 41.0 -54.1 28.5 130116 1126 21.9 42.0 -54.4 58.5 118.5117 1129 21.6 43.0 -54.7 74 103118 1132 21.5 44.0 -55.0 81 95.5119 1134 21.3 45.5 -55.5 85 92120 1137 21.0 48.5 -56.4 88.5 88.5121 1140 20.7 51.0 -57.0 92 85122 1142 20.4 53.5 -58.1 95.5 81123 1145 20.1 56.0 -58.9 103 74124 1148 19.8 57.5 -59.6 118.5 58.5125 1150 19.7 59.0 -60.0 130 28.5126 1158 19.5 60.0 -60.0 178.5 BE
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Table IV.

I July 1968

Time Alt. Press. Air Temp. Souzce AngleReod (MDT) -(UMn (Mb) 0C
1 0145 1.3 865 26.1 58.5 118,52 0148 1.3 865 26.1 54 103 3 0151 1.3 865 26.1 81 95.54 0153 1.3 865 26.1 85 92
5 0156 1.3 865 26.1 88.5 88.56 0159 1.3 865 26.1 92 857 0201 1.3 865 26.1 95.5 818 0204 1.3 865 26.1 103 749 0207 1.8 812 23.7 118.5 58.510 0209 2.3 767 20.1 130 28,511 0212 3.4 670 10.6 178.5 B12 0215 4.1 607 3.3 130 28.513 0217 5.3 516 118.5 58.514 0220 5.8 485 -9.7 103 7415 0223 6.9 428 -16.3 95.5 8116 0225 7.5 384 -21.7 92 8517 0228 8.4 337 -28.2 88.5 88.518 0231 8.8 315 -31.9 85 9219 0233 9.4 288 -37.2 81 95.520 0236 10.4 251 -44.7 74 10321 0239 11.1 223 -50.0 58.5 118.522 0241 11.6 207 -52.8 28.5 13023 0244 12.2 188.5 -56.7 BB 178.524 0247 12.8 171 -61.0 28.5 13025 0249 13.3 160 -63.0 58.5 118.526 0252 13.9 145 -65.7 74 10327 0255 14.5 132 -67.5 81 95.528 0257 14.8 126 -67.9 85 9229 0300 15.2 117 -68.2 88.5 88.530 0303 15.8 107 -67.9 92 8531 0305 16.2 102 -66.5 95.5 8132 0308 16.3 99 -66.1 103 7433 0311 16.8 92.5 -65.3 118.5 58.534 0313 16.8 92.5 -65.3 130 28.535 0316 16.8 92.5 -65.3 178.5 BB36 0319 17.1 88.0 -64.7 130 28.537 0321 17.7 80.0 -63.4 118.5 58.538 0324 18.0 76.5 -63.3 103 7439 0327 18.4 71.0 -61.4 95.5 8140 0329 18.6 69.5 -60.1 92 8541 0332 18.7 68.0 -60.3 88.5 88.542 0335 19.4 bl.5 -59.0 85 9243 0337 19.5 60.0 -57.8 81 95.544 0340 19.8 57.5 -57.6 74 103
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Table IV. Cont'd.

Time Alt. Press. Air Temp. Source AngleRecord 
bkm) (oc) (deg)

45 0343 20.0 56.0 -56.9 58.5 118.546 0345 20.3 53.5 -55.9 28.5 13047 0348 20.6 51.0 -55.0 BE 178.548 0351 21.0 47.5 -54.1 28.5 13049 0353 21.2 46.5 -54.1 58.5 118.550 0356 21.5 44.0 -54.8 74 10351 0359 21.6 43.0 -55.1 81 95.552 0401 21.8 42.0 -55.0 85 9253 0404 22.3 39.5 -54.0 88.5 88.554 0407 22.6 37.5 -53.0 92 85 -.55 0409 22.9 35.5 -52.1 95.5 8156 0412 23.3 33.5 -51.6 103 7457 0415 23.9 30.0 -50.6 118.5 58.558 0417 24.1 29.5 -50.5 130 28.559 0420 24.5 27.5 -50.1 178.5 BB60 0423 24.8 26.0 -49.8 130 28.561 0425 25.0 25.5 -49.5 118.5 58.562 0428 25.1 25.0 -49.2 103 7463 0430 25.3 24.4 -48.9 95.5 81'64 0433 25.6 23.3 -48.2 92 8565 0436 26.1 21.7 -47.2 88.5 88.566 0438 26.2 21.2 -46.9 85 9267 0441. 26.4 20.7 -46.6 81 95.568 0444 26.5 20.2 -46.2 74 10369 0446 27.0 18.8 -45.4 58.5 118.570 0449 27.4 17.5 -45.2 28.5 13071 0452 27.6 17.1 -45.2 BB 178.572 0454 27.7 16.7 -45.2 28.5 13073 0457 28.0 15.9 -45.0 58.5 118.574 0500 28,2 15.6 -44.8 74 10375 0502 28.3 15.2 -44.5 81 95.576 0505 28.7 14.5 -44.0 85 9277 0508 28.8 14.2 -43.7 88.5 88.578 0510 28.8 14.2 -43.7 92 8579 0513 29.0 13.8 -43.4 95.5 8180 0516 29.6 12.6 -42.4 103 7481 0518 29.7 12.3 -42.2 118.5 58.582 0521 30.2 11.5 -41.4 130 28.583 0524 30.3 11.3 -41.4 178.5 BB84 0526 30.3 11.3 -41.4 28.585 0529 30.3 11.3 -41.4 58.586 0532 30.3 11.3 -41.4 7487 0534 30.3 11.3 -41.4 8188 0537 30.3 11.3 -41.4 8589 0540 30.3 11.3 -41.4 88.5
90 0542 30.3 11.3 -41.4 92
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Table IV. Cont'd. 
-

Time Alt. Press. Air Temp. Source AngleRecor d k {Mb) -. . (dp)

91 0545 30.3 11.3 -41.4 95.592 0548 30.3 11.3 -41.4 10393 0550 30.3 11.3 -41,4 118.594 0553 30.3 11.3 -41.4 13095 0556 30.3 1.3 41.4 178.596 0558 30.3 11.3 -41.4 13097 0601 30.3 11.3 -41.4 118.5

98 0604 30.3 11.3 -41.4 10399 06n4 30.3 11.3 -41.4 95.5
100 30.3 95.100... 30 .3........11.3 ..-. .41.4 ...... - --92............

____ ___ ___ ___ _ _ _ _ _ ___ _ ___ ___ ___ ___ ___ __ ___ ____ __ ___ __-
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Table V.

25 February 1969

Record Time Alt. Press. Air Temp. Source Angle(mb)R -- c) (deg)
11 0204 1.7 827 11.4 48.212 0206 2.1 782 8.2 70.513 0209 2.4 753 5.8 80.2
14 0212 4.0 69 -5.2 85.2
15 0214 4.3 595 -7.6 90.016 0217 5.2 527 -12.6 93.617 0220 5.8 485 -16.3 90.018 0222 6.2 456 -19.7 85.219 0225 7.0 410 -27.1 80.220 0228 7.6 376 - 31.7 70.521 0230 8.1 352 -35.9 48.222 0233 8.8 315 -41.523 0236 9.4 288 -46.2 48.224 0238 10.2 257 -52.9 70.525 0241 11.0 228 -58.0 80.226 0244 11.7 202 -61.6 85.227 0246 12.5 180 -63.9 90.028 0249 13.4 156 -65.1 93.629 0252 13.7 149 -65.0 90.030 "254 13.9 145 -65.2 85.231 :57 14.8 126 -65.3 80.232 U300 15.2 118 -65.2 70.533 0302 15.6 ill -66.4 48.234 0305 16.3 99.0 -65.8 BB35 0308 16.9 90.0 -67.1 48.236 0310 17.0 89.0 -67. 1 70.537 0313 17.7 80.0 -58.4 80.233 0316 18.0 76.5 -58.6 85.239 0318 18.1 74.5 -59.2 90.0

40 0321 19.0 64.5 -64.0 93.641 0324 19.7 59.0 -60.8 90.042 0326 20.0 56,0 -60,2 85.243 0329 20.1 54.5 -60.5 80.244 0332 20.3 53.5 -61.2 70.545 0334 20.9 48.5 -60.4 48.246 0336 21.5 44.0 -56.2 BB47 0339 21.8 42.0 -56.4 48.248 0342 21.9 41.0 -57.0 70.549 0344 22.7 36.5 -60.8 80.250 0347 23.2 34.o -59.0 5.251 0350 23.5 32.5 -57.7 90.052 0352 24.0 30.0 -57.0 93.653 0355 24.4 28.0 -56.4 90.054 0358 24.6 27.0 -56.2 85.2
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Table V. Cont'd,

Time Alt, Press. Air Temp. Source AngleRecor -921d (km) -S) (°C_ _(eg)_

55 0400 25.1 25.5 -55.6 80.256 0403 25.3 24.4 -55.3 70.557 0406 25.6 23.3 -54.9 48.258 0408 26.1 21,7 -54.3 BB60 0414 26.7 19.7 -53.9 48.261 0416 27.0 18.8 -53.9 70,562 0419 27.4 17.5 -53.6 80.263 0422 27.9 16.3 -52.2 85.264 0424 28.7 14.5 -49.8 90.065 0427 29.0 13.8 -49,0 93.666 0430 29.3 13.2 -48.1 90.067 0432 29.4 12.9 -47.8 85.268 0435 29.7 12.3 -47.0 80.269 0438 29.9 12.0 -46.4 70.570 0440 30.0 11.7 -46.1 48.274 0451 30.4 11.0 -44.9 48,276 0456 30 4 11.0 -44.9 30.277 0459 30.4 11.0 -44,9 85.278 0502 30.4 11.0 -44.9 90.079 0504 30.4 11.0 -44.9 93.680 0507 30.4 11,0 -44.9 90.081 0510 30.4 11.0 -44.9 85.282 0512 30.4 11.0 -44,9 80.283 0515 30.4 11.0 -44,9 70.584 0518 30.4 11.0 -44.9 48.286 0523 30.4 11.0 -44.9 BB89 0530 30.4 11.0 -44.9 70.590 0533 30.4 11.0 -44.9 80.29] 0536 30,4 11.0 -44,9 85.292 0538 30.4 11.0 -44.9 90.093 0541 30.4 11,0 -44,9 93.6
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TABLE VI. Percen-age of Absorbers in Atmospheric Layers

This T,,ble gives the percentage of the total quantity of the

;ndlcated absorbers in each of the ]6 layers into which the atmos-

phere was divied.
Uniformly Mixed

Absorbers CH 4  03 H20

1 21.54 22.46 2.0 47.90

2 17.40 18.36 1.60 39.12

3 -14.24 --14.86 1.30 10.82

4 11.42 11.90 1 .28 1.64

5 9.02 9.40 1.50 0.44
6 7.09 7.30 2,40 0.064

7 5.16 5.38 4.30 0.0060

8 3.76 3.92 5.72 0.0044

9 2.74 2.86 6.30 0.0032

10 2.0 2.0/4 7.76 0.0024

11 1.46 0.36 10.24 0.00176

12 1.06 0.26 11.64 0.00128

13 0.78 O.,1F 11.00 0.00092

14 0.56 0.14 8.94 0.00068

15 0.42 0.10 6.76 0.00052

16 1.18 0.30 17.18 0.00140

J-
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