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INFRARED HORIZON PROFILES FOR SUMMER CONDITIONS
FROM PROJECT SCANNER

By Thomas B. McKee, Ruth I. Whitman,
and Richard E. Davis
Langley Research Center

SUMMARY

Measured horizon radiance profiles in spectral bands of 615 cm-1 to 715 cm-1
(CO2) and 315 cm-~1 to 475 cm-1 (H20) from Project Scanner flight of August 16, 1966,
are shown. Data cover a latitude range from 10° N to 57° N. Excellent agreement
between measured and independently analytically predicted radiance profiles in the CO2
region confirms that the analytical technique is within the experimental accuracy. The
agreement of measured with predicted profiles and the lack of dependence on the presence
of clouds indicate that the 615 cm-1 to 715 em~1 spectral region is a leading choice for
attitude determination applications. Horizon profiles in the 315 cm~1 to 475 cm-1 spec-
tral region show a strong dependence on the presence of clouds; therefore this spectral
region would be a poor choice for attitude determination applications. Mixing ratios of
water vapor deduced from the radiance measurements indicate little latitudinal variation
and are less than 0.017 g/kg at altitudes between 16 km and 33 km.

INTRODUCTION

Throughout the space era to the present time manned and unmanned spacecraft have
employed horizon sensing systems by which the earth's limb or horizon was sensed to
determine and sometimes control the attitude of the spacecraft. The desire for these
devices to operate both day and night led to sensors in the infrared region of the spectrum
where the horizon characteristics are produced by the contrast of the "cold" of space with
the thermal emissions of the earth and its atmosphere.

Flight experiences have revealed operational problems with the first-generation
horizon scanners which were identified as being due to high cold clouds and not due to
basic instrument limitations. Thus, there was added emphasis for increased knowledge
and understanding of the characteristics of the input to these devices, the horizon itself,
or, more particularly, the horizon radiance profile. Indeed, it is evident that a perfect
instrument reflects the variabilities of the input. Therefore, the NASA Project Scanner




has been directed to the study of the radiance profiles of the earth's horizon, or horizon

definition research.

The purpose of this report is to describe the Project Scanner experiment and to
present the horizon radiance profiles measured during the first flight in August 1966.
The relation of this experiment and the results to previous theoretical and experimental
data is described as are the pertinent details of the instruments used. The meteorolog-
ical situation existing as the flight measurements were made is described since these
atmospheric conditions are the inputs to the theoretical methods used to calculate radi-
ance profiles for comparison with the measured data. The measured and analytical pro-
files are presented as tabular data as well as graphs for increased utility in possible

future analyses.

SYMBOLS
A amplitude ratio, dimensionless
b intercept of line equation
B coefficient in Fourier series, volts
Cq constant, 1.1909 X 10~° erg-centimeter2/second-steradian
Co constant, 1.4389 centimeters-degrees
DEH coordinate transformation matrix
€ partial pressure of water vapor, millibars
f input to radiometer, volts
g output of radiometer, volts
GHA, Greenwich hour angle of Aries, degrees
GMT Greenwich mean time
h altitude, kilometers
H tangent height, kilometers



integers

source function, watts/meter2-steradian-centimeter-1
radiance responsivity, volts-meters2-steradian/watt
period for Fourier series

latitude, degrees

slope in line equation

coordinate transformation matrix

number of term in Fourier series

radiance, watts/meter2-steradian

spectral radiance, watts/meter2-steradian-centimeter-1
pressure, millibars

radius, kilometers

equatorial radius, kilometers

polar radius, kilometers

vector from center of earth to spacecraft

vector from center of earth normalto §

distance along line of sight, kilometers

radiometer line of sight vector from spacecraft

time, seconds

reference time for each mirror scan, seconds



At

AV

X?Y’Z

a,B,y

An

time delay, seconds

temperature, degrees Kelvin

voltage, volts

voltage difference, volts

water-vapor mixing ratio, grams/kilogram
spectral radiant emittance, watts/meter2-centimeter-1
Cartesian coordinates, kilometers

direction angles, degrees

mirror angle, degrees

angular spacing of elemental fields of view, degrees
reflectance of calibration optics, dimensionless
longitude, degrees

wave number, centimeter-1

spherical coordinate, kilometers

standard deviation

transmittance, dimensionless

spectral response of radiometer, dimensionless

phase angle, degrees

BACKGROUND

Even the most cursory look at the earth's horizon reveals that what is seen is not

necessarily the true solid-earth horizon. Man's experience from aircraft and in space
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indicates that in the visible region of the spectrum to which the eye is sensitive the solid-
earth boundary is not always discernible. Clouds and scattering of solar radiation by the
atmosphere are the most important factors in this region and cause the indistinctness of
the horizon. And, of course, at night even under conditions of moonlight the aforemen-
tioned factors still exist but have a much reduced contrast with the space reference.
Since earth satellites experience day and night effects during each orbit, it was recog-
nized that infrared sensors would be required if horizon scanners were to be of signifi-
cant value in furnishing information on the attitude of a spacecraft. The infrared region
at wavelengths greater than about 51 is the part of the spectrum of interest since the
thermal emission of the warm earth is at these wavelengths and also there is very little
reflected solar radiation. After some of the flight experiences with the early horizon
scanners, it became quite evident that the infrared region is not immune to disturbing
factors. Again, what is ""'seen' is not the solid-earth—space interface but a view which
is very strongly influenced by the atmosphere. The high cold cloud problem, mentioned
previously, results from this influence. The infrared horizon is therefore characterized
by no sharp thermal discontinuity between the warm earth and the cold space. The char-
acterization is rather one of a gradient which has been termed the "horizon radiance pro-
file" or the "earth limb radiance profile."

The usefulness of a horizon sensor does not necessarily require the detection of the
solid-earth horizon. The detection of a characteristic of the radiance profile could pro-~
vide and indeed does provide the necessary information for the tasks assigned to the hori-
zon scanner device. Therefore, a meaningful measurement effort not only must measure
the radiance accurately but also must determine accurately the positioning of the mea-
sured profile to the solid earth. The variability of the profile characteristic which is
detected by a horizon sensor is a direct input-induced error to that system. (Ref. 1
defines many of the profile characteristics that are sensed by present-day horizon
scanners.)

Recognition of the atmospheric effects just noted and exemplified by the operational
problems of early horizon scanners led to an increased emphasis in the study of those
atmospheric processes which give rise to the radiance profile and to how horizon scanner
design should evolve to overcome the identified problems. For example, it was recog-
nized that selection of the spectral region for the instrument sensitivity could reduce the
effects of clouds and other variabilities in horizon profile characteristics. Spectral
regions related to two strong absorption bands of atmospheric constituents were identi~
fied as the most promising. These bands were the 665 cm~-1 CO2 band (151) and part of
the extensive rotational water vapor band (wavelengths greater than about 171). Empha-
sis was in these bands rather than at shorter wavelengths since the various atmospheric
windows (at 10 to 12u and less) were avoided and also more energy might be available
inasmuch as the effective blackbody temperatures associated with these atmospheric



radiations tended to give maximum radiance at wavelengths greater than about 12..
Theoretical studies indicated that the CO2 band should be more promising since CO2 has
a known constant mixing ratio in the atmosphere and absorbs strongly enough to limit the
effects of clouds and the variable lower atmosphere. Water vapor is considered because
it is a strong absorber and is active over a wide spectral range. However, the water-
vapor mixing ratio is variable with altitude and time; these variations could cause sig-
nificant changes in the horizon profile. Techniques were rapidly developed to predict
the radiance profiles associated with various atmospheric representations. Beginnings
were also made in the experimental investigations to support the theoretical predictions.
These activities are discussed briefly herein. The most recent and comprehensive
state-of-the-art summary in this topical area is reference 2.

Theoretical Work

Considerable activity has been generated with regard to the analytical prediction of
the infrared horizon radiance profile. Required for this effort is the well-founded theory
of radiative transfer. Thermal radiation from the earth and the atmosphere has been the
only source of energy considered in these calculations. The atmosphere is considered to
be divided into an arbitrary number of spherical shells for which the temperature, pres-
sure, and density are known. From a point outside the atmosphere it is necessary to
sum the contributions of the various shell elements along different lines of sight through
the atmosphere. These individual contributions are determined by a source function
dependent on temperature and frequency (or wavelength) and by the spectral transmissiv~
ity which is a function of the particular gas and its effective pressure, temperature, and
optical path, The factor that is most uncertain in such an analysis is the spectral trans-
missivity of the atmospheric gases since laboratory measurements on which to base such
calculations do not exist for the combinations of pressures and optical paths which exist
in the upper atmosphere. Various transmissivity models have been developed for use in
these calculations.

References 3 to 13 are sources listed chronologically which contain radiance pro-
file calculations. Various infrared wavelength regions and atmospheric conditions are
presented in these sources, as well as different ways of handling the transmissivity rep-
resentations for the different atmospheric constituents considered. References 11 and 13
present the most systematic collections of radiance profiles available. Reference 11 uses
climatological data to represent latitudinal variations over a year's period. Reference 13
is more comprehensive in that eight synoptic situations as well as climatological data are
used over a somewhat more extensive longitude range to depict the latitudinal results over
a year's period. The method described in reference 12 was used for the results pre-
sented in reference 13 and for the theoretical profiles which are compared with the
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experimental measurements reported herein. A more complete description of this
method is contained in the section entitled ""Analytical Profiles for CO2 Band."

Experimental Work

From the point of view of horizon definition research the experimental approaches
capable of verifying the theory have been few indeed. However, several experiments
have been conducted with at least a strong emphasis in their planning related to horizon
sensor problems, especially the problem of cloud effects. In particular, various spec-
tral regions have been investigated to determine the gross contrast between earth and
space and the effects of clouds while viewing the earth. References 14 to 17, presented
chronologically, are illustrative in this respect. In particular, references 15 and 16
illustrate the impact that the theoretical studies had with respect to the potential advan-
tages of the 151 CO2 band to overcome some of the experienced horizon scanner prob-
lems. A review of these experiments is presented in reference 2.

Only three experimental efforts have been directed primarily toward horizon defi-
nition research in the infrared in the sense of angular resolution sufficient to define the
radiance profile and to measure the positioning of the profile with respect to the solid
earth. These experiments are as follows:

(1) The NASA-LRC flights of a radiometer aboard the X-15 research airplane
(ref. 18)

(2) The DOD-AFCRL flights of a multichannel radiometer on an Aerobee rocket
probe (ref. 19)

(3) The NASA-LRC {lights of Project Scanner

The NASA-LRC work in horizon definition is described in references 20 and 21 with some
resulfs from the initial Project Scanner flight being given in references 21 and 22.

Table I is presented as a means of relating the experimental results referenced
herein to the topic of horizon definition. In this table the term ''vertical spatial resolu-
tion'" means the vertical distance subtended by the field at the distance of the horizon
from the instrument. The term ''spatial positioning' is the accuracy to which the radi-
ometer line-of-sight tangent height is known with respect to the solid earth. In some of
the experiments no positioning data were available. Also, the Tiros reference data are
omitted from the table because of the very large field of view (5°). The details of the
Project Scanner values are presented in subsequent sections. As indicated in table I,
the NASA-LRC data represent the best measurements of the horizon radiance profiles
currently available.



PROJECT SCANNER EXPERIMENT

The Project Scanner experiment was conducted on a suborbital rocket vehicle
launched from Wallops Island, Virginia, at 0618 GMT on August 16, 1966. Peak altitude
attained in the flight was 620 km. An operational schematic of the flight experiment is
shown in figure 1. After the spacecraft was erected near the local vertical, scanning
mirrors in the radiometer provided the vertical scan motion for horizon crossings and
spacecraft spin allowed the horizon crossings to be at different azimuths. The necessary
inertial orientation information was obtained from the star mapper. Development and
testing of the star mapper are described in reference 23, and a detailed discussion of the
determination of inertial orientation by using star-mapper data is presented in refer-
ence 24. A very limited description of the star mapper and associated data reduction
are given in appendix A of this report. The dual radiometer used in the present experi-
ment was actually two radiometers mounted back to back; one was sensitive in a spectral
band (CO2) of 615 cm-1 to 715 em=-1 (16.3u to 14.0u) and the other was sensitive in a
spectral band (H20) of 315 cm-1 to 475 cm-1 (31.8u to 21.1p). Development and testing
of the dual radiometer are described in reference 25. A detailed description of the
instrument and the characteristics needed to interpret the radiometric data, which
includes spectral response, frequency response, field of view, scan mirror operation,
and preflight calibration, are included in appendix A. Also included in appendix A is a
brief description of the telemetry and radar tracking used for the experiment,

DATA REDUCTION

All data were transmitted to ground based receivers and recorded as a function of
time during flight. A ground-based time generator provided the time code which was
recorded on magnetic tapes along with flight data in real time. In data reduction the pri-
mary data of the star mapper, dual radiometer, and radar were first processed as a
function of time and then combined to determine radiance as a function of tangent height.
A block diagram of the data reduction process is shown in figuré 2. The processing of
the dual radiometer and radar data and the calculation of tangent height are described in
this section. A brief description of star-mapper data reduction is given in appendix A.

Dual Radiometer Data

Reduction of the dual radiometer data follows two separate paths. The upper path
in figure 2 indicates the processing of radiance data. The lower path describes the han-
dling of mirror angle data which is telemetered for brief periods through one of the
radiance data channels.



Radiance data were taken continuously during flight. However, only data periods
of 0.5 sec during a 3.2 sec scan period which record the horizon crossings were useful.
These periods were hand selected from oscillograph records, filtered for high-frequency
noise, converted to digital form, processed to obtain radiometer output voltage as a func-
tion of time, stored on magnetic tape, and listed. The list was then hand edited to select
three data points within the 0.5-sec period needed for conversion from voltage to radiance.

Mirror angle data were transmitted from each side of the radiometer through one
of the radiometer channels. The information was a series of eight coded pulses for each
cycle of the scan mirrors. Radiance data were interrupted for 4 msec for each coded
pulse. Data from the dual radiometer data tape were passed through a 5000-Hz linear
phase filter, which preserves the steep slopes of the coded pulses, to a position pulse
recognition scheme which determined the time and amplitude of each pulse. Time and
amplitude data were then listed so that the list could be hand edited to eliminate bad data.
Mirror angle calibration data are combined with the time and amplitude data to form a
history of time tj and mirror angle nj. Each group of eight points defines a scan
period and each group of four defines the linear portion of the up and down scans. All the
down scan groups of four are put together and a straight line is fitted to each group of
four points with the following form:

n=m(t-ty) +b (1)
where 4 4 4
1) (- to)ni . Z(ti - to) Z n;
| i=1 i=12 @)
4 4
4 Z (t1 - to)z - z(tl - to)
i=1 i=1
and
4 4 4 4
2 (-t0)" ) m ) (i-t0) ) (1= to)m
b = izl =1 =1 i=1 : 3)
4‘ 4
4 Z(tl -to)z - Z(tl-to)
i=1 i=1

The slope, intercept, and reference time ty for each scan are used with voltage and
time data as inputs to the dual radiometer data reduction program (fig. 2). The dual



radiometer data reduction program must convert voltage to radiance, compensate time
for time delays, and compute a mirror angle for each data point for all five detectors.

Radiance data.- Radiometric calibration (appendix A) relates effective radiance to
a voltage difference; thus a voltage difference from a known reference must be deter-
mined. A zero radiance source is assumed when the radiometer is pointed away from
the earth at space. One cycle of the radiometer voltage output as a function of time is
shown in figure 3. The scan proceeds from earth across the horizon to space, then back
across the horizon to the earth again. While the radiometer looks at space, the output
voltage is decaying to a steady-state level. The decay is interrupted briefly for an
internal flight calibration of the radiometer. If a time period of 1 second is allowed
between one horizon and the next, the slope of the output function becomes small enough
so that a straight line provides a very good description of the output. Consequently, a
straight line is fitted to the output from t; to tg (the first and last times used in line
fit). A slope and an intercept are determined in a manner similar to that used in equa-
tions (2) and (3). The resulting equation is

V=m(t-t1)+b 4)

For tg =tj Stg (t2 and t3 being the first and last times used for radiance data), the
voltage difference of the signal from the space reference is

AV =Vj - m(ti - t1) - b (5)

where at any time tj there is a voltage Vj.
Next the AV's must be converied to radiance. In radiometric calibration each

detector was calibrated with the blackbody sources, and a radiance responsivity k was
determined from the following equation:

AV = kSOOO[NV(T) - N,(770 Kﬂqo(v) 6(v)dv (6)

In flight a value of AV is measured which is given by

AV = kS‘OOO Ny(H)p(v)dv (7

where k is determined in preflight calibration. The purpose of the experimental mea-
surement was to deduce the radiance of the horizon profile in a spectral band given by

10



N(H) = 5 :2 N, (H)dv ®)

and not by the integral expression in equation (7) which contains the effect of the spectral
response of the measuring instrument. Unfortunately, the spectral shape of the source
measured in flight Np(H) is not the same as that of the source used in calibration
Nu(T).

To determine N(H), an assumption must be made of the spectral shape of N,(H).
The assumption is made that the analytically computed shape of Ny(H) is correct which

S' N (H)dv
allows one to calculate the useful integral ratio 1 . Now, rearrange equa-
Ny(H)p(v)dv
tion (7) to be
V
Ny(H) p(v)dv = (9)

Multiply both sides of equation (9) by the integral ratio to get

5”2 N (H)dv \T'Vz N, (H)dv
" _Avl 1

(Mo -A (10)
Ny(H)p(v)dv \. N (H) p(v)dv
Then
S' ’2 N (E)dY = AV 1 (11)
LS‘ N, (H)p(v)dv
But by definition of N(H) in equation (8)
’2 N (H)d

N = AV 1 (12)

1 n@ewar

11



The 1962 U.S. Standard Atmosphere (ref. 26) was used in evaluating the integral
ratio. A change in the ratio of less than 2 percent is found as tangent height changes
from 20 km to 50 km for the 615 cm-1 to 715 cm=-1 band. For the present work the inte-
gral ratio value for a tangent height of 20 km is used; the change in radiance due to this
effect at higher tangent heights is much smaller than the experimental accuracy.

In the 315 cm-1 to 475 cm~1 spectral region the problem of radiance determination
is more serious because the water-vapor mixing ratio is variable and must be specified
in addition to temperature and pressure. Both dry (ref. 7) and wet mixing ratios, given
in table II, were investigated with the 1962 U.S. Standard Atmosphere in evaluating the
integral ratio for H9O. The atmosphere labeled wet is saturated up to h = 33 km with
a constant mixing ratio above this altitude. Also given in table Il are the integral ratios
normalized to the value at h = 15 km for the dry atmosphere. Notice that the integral
ratio is quite stable for both atmospheres up to an altitude of 30 km. Above this altitude
the conversion for voltage to radiance is strongly dependent on tangent height. The value
of the integral ratio at h = 15 km for the dry atmosphere was used for all data to be
presented.

Time delays.- Two time delays are introduced into the radiometric data; these
delays must be removed. The first time delay is introduced through the electrical filters
of the telemetry system and is easily determined since the filters are linear phase filters.
Values differ slightly from channel to channel but 4.3 msec is typical. The second time
delay is caused by the dual radiometer. Both the thermistor bolometer detectors and the
amplifiers contribute. No simple definition exists of this time delay because the radiom-
eter phase response is not linear. However, a quantitative determination of the effective
time delay is possible.

Consider an idealization of the periodic waveform which is the input to the radiom-
eter during the flight condition. One cycle of the near square wave is completed in
3.2 sec, which is in accord with the scan period of the radiometer. The horizon
crossings are one-half cycle of a sine wave which take 50 msec. This time is typical of
the flight experience. By inspection the ideal input function £(t) can be made antisym-
metric about t=0. The function f(t) may be represented by a Fourier sine series

o0
£(t) = Z Bp sinl‘-lﬂ (13)
n=1
where
2 l nrt
By =2 g £(t)sin 27t at (14)
lJo L

12



When f£(t) is processed through the radiometer with frequency characteristics given in
appendix A, the output g(t) is a sine series having modified amplitude and phase; the
output is given by

g(t) = E A;LBp sin (n_zwt_ + tI)n> (15)

n=1

In figure 4(a), the input curve f(t) and the output curve g(t) are shown for the time of
the horizon crossing. Apply a time delay At to make the two curves coincident at a
time 25 msec into the horizon crossing; the result is noted in figure 4(b). An estimate

of errors introduced in the experiment due to the frequency response is the difference in
the curves shown in figure 4(b) with the exception that the difference at the peak ampli-
tude of 2.0 is nearly accounted for in the radiometric calibration. In practice the time
delay is determined by using a straight line for a horizon crossing instead of a sine wave;
however, the time delays are nearly identical and the sine wave representation gives a
much better view of the errors introduced by the frequency response. These time delays
are determined for each detector channel and are added to the time delay due to telemetry
and subtracted from the time tj stored with the radiance data.

Mirror angle.- A mirror angle is needed for each detector at each time. An angle
An which defines the location of each detector relative to the center one is measured in
the laboratory. This A7 is incorporated along with time delay in equation (1) to yield

n=m(t -tg - At) +b + Ap (16)

For each scan from space to earth the values of m, b, and to are constant so that the
angle data at the ith time for the jth detector is given by

Mij = m(ti,j -to - Atj) +D + Anj (17)

Radar Data

Radar data reduction is accomplished at the NASA Wallops Station as a service to
the range user. Pertinent data, which include latitude and longitude of subspacecraft
point, altitude, and time, are stored on magnetic tape. All position data are based on a
Fischer spheroid (ref. 27).

13



Tangent Height Calculation

All information necessary for a calculation of tangent height has been discussed.
Tangent height H is defined (fig. 5) as the distance along a geocentric radius vector
from the surface of the earth to the point where the radius vector is normal to the line
of sight S. In practice the known parameters in figure 5 are ﬁl through the radar
data and earth model and the direction of S ina star-mapper-oriented coordinate sys-
tem through the mirror angle 7. Time is also known. In solving the problem for H
and L,x of the vector ﬁz, the total vector § must be found in an earth centered sys-
tem and then ﬁz may be determined. Once ﬁz isfound H, L, and X are computed
for each set of Nj, 7j, and tj for each detector.

Reference spheroid.- For the calculation the relationship of radius as a function of
geocentric latitude must be known and is given by

r= P (18)

In the present work the Fischer spheroid (ref. 27) has been used; the radii are
re = 6378.166 km and rp = 6356.784 km.

Transformations.- Transformation of the S vector from a star-mapper coordinate
system to an inertial system is already available. It is the inverse of the transformation
needed to solve the spacecraft orientation problem with the star mapper and is given in
equation (25) in reference 24. Direction of § is

=) =memt (£ (19)
|1 E
Inertial Star mapper

One rotation of the inertial axis by the GHA, alines the X-axis with Greenwich, England,
and thus the system is earth centered. The transformation is

cos GHA-,, sin GHA}, 0
M = |-sin GHA, cos GHA, 0 (20)
0 0 1

Now the direction of the § vector is
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S\ _mpEm-! [
\I§] |51
Earth Star mapper

(21)

Orientation of the § vector in the star-mapper system is known through the mirror
angle 7; thus, the orientation in the earth system is available from equation (21). The
x,y,Z coordinates of the earth system are related to latitude, longitude, and direction
cosines by the following equations:

x=pcosLcosA=pcosa
=-pcos L sinx = p cos 8 (22)

zZz=psin L =pcos vy

Once X, y,and z are determined, then p, L, A, o fB,and y can also be
determined.

Tangent height.- From the right triangle involving ﬁl, ﬁz, and S in figure 5,
the magnitude of S is given by

5] =Ry - [ (23)
|5
Now the vector ﬁz may be found by
ﬁz = ﬁl +8 (24)
I-i2
From —= the latitude and longitude are found by using equation (22). Then the radius
|Rs|
at the tangent point is found from equation (18). Finally tangent height is given by
H=Iﬁ2' -rg (25)

Radiance profiles.- When H, L, and X are computed, a complete description of
the horizon profile is contained in the set of Hj, Lj, 2Aj, and Nj. To make following
analyses simpler, these four parameters are linearly interpolated to yield tangent height
at even 1-km increments.
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Since signal-to-noise ratio for the 615 cm-1 to 715 cm-1 data is about 40:1, indi-
vidual radiance profiles appear noisy. A significant improvement is possible if the pro-
files for one scan are averaged to produce one radiance profile instead of four profiles.
The data presented have been averaged; however, one detector channel was not included
due to a calibration error.

Signal-to-noise ratio for the 315 cm-1 to 475 cm-1 data is about 80:1; thus, aver-
aging was not as necessary as for the CO2 data. Both averaged and not averaged data

are presented.

Resultant Data Accuracy

The intent of this section is to identify the principal error sources, to estimate an
error for each source, and to combine these errors to yield an estimate of total system
accuracy. Error sources are conveniently separated as error sources for the radiance
measurement and error sources for the tangent height determination. Error sources and
estimated errors for radiance are shown in the following table:

Error Radiance accuracy, %, of —

Error source COy H20
CO2 H90O at at
6 W/m2-sr | 12 W/m2-sr

Preflight calibration:

Temperature of source . . . . . . . +10 K +10 K +1.5 +0.9
Emissivity of source . . . . .. .. 0 to -0.5%|0 to -0.5%| 0 to -0.5 0 to -0.5
Spectral response of radiometer . . |+1% +1% +1 +1
Reflectance of calibration optics . . |+/3% +3% +\3 +\3
Voltage readout (+10) . . . . . . .. +45 mV {25 mV +2 +1
System operation:
Telemetry (+10). . . . . . . . . .. +60 mV  |+60 mV +3 +3
Frequency response . . . .. . . . 0to-2% |0to-2% 0 to -2 0 to -2
Voltage readout (x10) . . . . . . .. +45 mV |25 mV +2 £1
Data reduction:
Assumed spectral source . .. .. +1% +1% +1 +1
Space zero determination . . . . . +20 mV |10 mV z1 +0.5

Further subdivisions of sources are preflight calibration, system operation, and data
reduction. Under the error heading the only difference in the COg and H9O sides of the
radiometer is the voltage errors which are a function of the signal-to-noise ratio for each
radiometer. The last two columns in the table indicate the radiance accuracy associated
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with each error at a particular radiance level which is near the maximum radiances
measured. As the radiance level changes, the voltage and temperature errors cause the
percent accuracy of radiance to change.

A similar description of errors in tangent height are contained in the following
table:

Error source o Error Tangent height accuracy, km
Radiometer mirror position (+10) . . . +0.020 +1.0
Radiometer time delay. . . . . . . .. +0.001 sec +0.5
Star mapper (+10) . . . . . . . .. .. +£0.008° +0.4
Alinement of instruments . . ... .. +0.005° +0.25
Altitude (10). . . . . . . . . ... .. 0.5 km +0.45
Total system error +1.3

The radiometer mirror position contributed the largest error which was caused by a
jitter in the mirror drive system in the radiometer. Conversion from time and angle to
altitude in tangent height is dependent on spacecraft altitude; a typical value was used to
obtain the values shown. A total system tangent height accuracy, the square root of the
sum of the squares of each contributor, is +1.3 km.

Measured radiance profiles presented for the CO2 and H9O spectral regions were
obtained by averaging the radiance data from four detectors; in addition, profiles for the
H20 region are presented by individual detector. Since averaged data are presented,
consideration must be given to the effect of averaging on radiance accuracy. When data
are averaged, the error sources under preflight calibration are not improved with the
exception of voltage readout. As a conservative estimate, assume no improvement in
preflight calibration. The errors from telemetry, voltage readout, and space zero deter-
mination are random errors which are improved by the square root of the number of
readings averaged; thus, an improvement of a factor of 2 is realized by averaging radi-
ances from four detectors. Further averaging into geographic cells provides better
accuracy depending on the number of profiles in the cell.

Relative accuracy, which is the accuracy of one profile relative to another or of one
point to another within one profile, is another accuracy of interest. The preflight cali-
bration does not affect the relative accuracy since the calibration is described by a
straight line through the origin. Thus, only the system operation and data reduction
errors need to be considered.

Estimates of resultant data accuracy for COg9 and H20 data at several radiance
levels are shown in the following table:
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Absolute accuracy (10), Relative accuracy (10),
Radiance, percent percent
W/m2-sr Averaged Averaged
COy HoO Hy0 COg Ho0 HoO

12 4 4 4 3

6 4 7 5 3 6 4

3 6 12 8 4 11 6

1 17 35 21 ' 11 33 17

DATA PRESENTATION AND DISCUSSION

Horizon radiance profiles include measured and analytically predicted profiles for
the spectral region 615 cm-1 to 715 cm-1 (CO2). Predicted profiles for the CO2 region
are derived independently of the measured profiles. Measured radiance profiles are
presented for the spectral region 315 cm-1 to 475 cm~1 (H20). Predicted profiles for
the H20 region are not presented due to a lack of independent knowledge of H9O mixing
ratio. Mixing ratio of water vapor has been deduced from the measured radiance pro-
files in the 315 cm~-1 to 475 cm-1 region.

Geographical locations of horizon radiance profiles are shown for 615 cm-1 to
715 cm-1 spectral interval in figure 6 and for 315 cm~1 to 475 ecm-1 spectral interval
Locations of measured radiance profiles are shown as solid dots. Circles
Since the radiance profiles

in figure 7.
with a cross inside denote the locations of analytical profiles.
are measured from a spinning spacecraft, the radiance data that contribute to a single
profile are gathered over a geographic region which defines the spatial resolution of the
data. This spatial resolution is indicated by bars for a few profiles in figures 6 and 7.
Latitude coverage of the experiment is seen to be from 10° N to 570 N.

Meteorological Rocket Network Support

An attempt to predict the horizon radiance profiles in the 615 cm=1 to 715 cm-1
region independently of the measured profiles has been made. In order to do so a knowl-
edge of the meteorological parameters (temperature and pressure) as a function of alti-
tude must be obtained. In support of the experiment special launchings were made to
measure temperature, wind speed, and wind direction from four Meteorological Rocket
Network (MRN) sites. All MRN data were taken within 2 hours of the radiance profile
measurements. The meteorological data and analysis of that data which resulted in tem-
perature and pressure distributions in geographical areas of the horizon profile mea-
surements are presented in detail as appendix B of this report. An error analysis of
effects of temperature accuracies on radiance profiles is also included.
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Analytical Profiles for COg Spectral Band

The atmospheric data discussed in appendix B were used to predict radiance pro-
files which can be compared with the measured radiance profiles. The analytical pro-
files were calculated by using a modified version of the computer program described in
detail in reference 12. This section contains a brief description of the calculation and
the principal factors involved.

Radiative transfer equation.- Any technique used to calculate the radiance profile
of the earth's limb (refs. 3 to 13) has as a goal the solution of the radiative transfer
problem in a curved atmosphere. The equation for radiance at a tangent height H is

Vo S v
2 ("o JV(T)%E ds dv + 2 J i To) 7o dv (26)

N@) = - .

“1
where sg5, Tg, and 7o are the values at a boundary or for the last layer of the atmo-

sphere when no boundary is present. As long as the assumption of local thermodynamic

equilibrium is valid, the source function J3(T) is related to the Planck blackbody equa-
tion W,(T) as follows:

W (T) Cqv3
J(T) = L = NY(T) = —lel'}——— (27
——=i-1
exp< 2 )
Thus equation (26) can be rewritten as
V9 (So v
N = - N,TI ds dv +S 2 NU(To)To d¥ (28)
v VYO0 5 v

The second term of equation (28) represents a boundary condition determined by the tem-~
perature of the boundary and the fractional amount of that surface induced radiance trans-
mitted to the observer. In the radiance profile calculations the boundaries considered
are clouds and the earth's surface.

Solution of transfer equation.- In the transfer equation (eq. (28)) temperature is
dependent on altitude, and transmittance is dependent on temperature, pressure, path
length, concentration of absorbing gas, and wave number. Since neither temperature nor
transmittance is expressible in a closed form, the integrals of equation (28) are normally
solved by numerical integration. It is convenient in solving equation (28) to rewrite it as

V9 rSg v
N(H) = -S‘vl go N (T)dT dv + Svl N(To) 7o dv (29)
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Since a valid assumption is a spherical earth and a spherical atmosphere, a solution of
equation (29) for a given tangent height is determined in the following manner:

(1) Divide the atmosphere into concentric spherical shells and find a mean tem-
perature and a pressure representative of each shell.

(2) Calculate a transmittance from the top of the atmosphere to each shell boundary

for each band interval Av.

(3) Form the AT for each shell by subtracting one value of 7 from the next
value of 7.

(4) Compute the blackbody radiance Np(T) for each shell by using the average
temperature in the shell.

(5) Sum the products Ny(T)AT Av for the shells; this completes the solution.

Factors affecting calculation of transfer equation.- In the 615 cm-1 to 715 cm-1
spectral region the factors considered in the computation of the transfer equation are
temperature, pressure, mixing ratio of COg2, transmittance, absence of thermodynamic
equilibrium, Doppler broadening, refraction, clouds, and other gases (H20 and 03).
Temperature and pressure were the meteorological data described previously. The CO2Q
mixing ratio was taken to be 314 parts per million in the sensible atmosphere (0 km to
80 km) and is given in reference 12. Effects of H20 and O3 on the radiance from
615 cm-1 to 715 cm-1 have been estimated and found negligible (ref. 12). Clouds were
included in the computer program as blackbody boundaries; however, none were evident
at altitudes high enough to have an effect on measured data.

In the COg speciral region the transmittance model used was the data computed by
Stull, Wyatt, and Plass (ref. 28). This work assumed a Benedict modification of the
Lorentz line shape. These data are published as tables which contain transmittance
computed for a range of pressure, temperature, and path length. Rather than use the
tables which would require a very time-consuming table look-up, the data were curve
fitted in the regions of interest so that transmittance can be computed directly. Effec-
tive temperature, effective pressure, and optical depth are the essential elements in the
computation of transmittance for slant paths in a real atmosphere.

Optional modifications of the radiance and transmittance functions in equation (28)
can be made to account for effects due to Doppler broadening of spectral lines and the
absence of local thermodynamic equilibrium. In the lower atmosphere the Doppler half-
width is masked by the stronger Lomentz line shape, but at h 30 km in the earth's
atmosphere the half-widths for the Doppler and the Lorentz line shapes are equal. Above
this altitude the Lorentz line shape is narrower near the center of the line than is the
Doppler shape. The behavior of the Doppler and the Lorentz line shapes away from the
center, in the wings of the line, is markedly different. The Doppler line shape at a given
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altitude falls from the more strongly absorbing center in an exponential manner but the
Lorentz line shape at the same altitude falls from the less strongly absorbing center
according to an inverse square law. Therefore, at altitudes above 30 km it is desirable
to assume a mixed Doppler~Lorentz shape in which the line center takes account of the
Doppler shape but the wings of the line follow the Lorentz shape.

As previously stated, the source function is related to the Planck blackbody function
by equation (27) when local thermodynamic equilibrium exists. Local thermodynamic
equilibrium can only be assumed when the vibrational and rotational energy levels of the
gas molecule remain populated according to a Boltzmann distribution determined by the
local kinetic temperature. This condition cannot be assumed to exist throughout the
effective atmosphere. The modification of the source function used to approximate the
Curtis and Goody nonequilibrium source function is discussed in detail in reference 12,

A constantly changing density exists along a line of sight so that Snell's law of
refraction is relevant in the limb profile problem. A constantly changing index of refrac-
tion is as computationally impractical as a constantly changing temperature and pressure.
A similar approximation to that employed for the temperatures and pressures was used
whereby an effective density for each shell was used to compute the index of refraction
for that shell. The distance that the line of sight traversed in each shell was then modi-
fied by the refraction of that shell. In this way the gas concentration, and thereby the
transmission of each shell, was slightly changed.

Analytical profiles predicted for the present experiment are shown in figure 8 as
dashed-line curves. The average of the analytical profiles weighted by the distribution
of measured profiles is also given in figure 8. Figure 9 shows the temperature distri-
butions and analytical radiance profiles at the extremes in geographical latitude of the
experimental data. The radiance and tangent height have been reversed in this figure
for ease in comparing radiance and temperature profiles. The analytically predicted
radiance profiles have differences of 0.7 W/m2-sr in peak radiance due to tropospheric
temperature variations, but little difference in radiance levels is noted at larger tangent
heights (fig. 9). The temperature variation with latitude is large at low altitudes but
small at high altitudes. This condition is not unusual for the summer season.

Measured Profiles for CO2 Spectral Band

Fifty measured radiance profiles in the 615 cm-1 to 715 cm~1 spectral interval are
given in table III. Radiance profiles are tabulated at 1-km increments from H = 10 km
to 60 km. Geographic location is indicated by a mean latitude and longitude given at the
bottom of the table, and the data are presented in order of increasing latitude.

To compare the measured radiance profiles with analytical radiance profiles, the
measured profiles were divided into groups by geographic cells. Each geographic cell
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contains one analytical profile. The cell designation for each measured profile is given
in table III. Measured profiles in each cell were averaged together and compared with
analytical profiles by cell in figure 8. A comparison of the average of all measured data
with analytical data averaged and weighted according fo measured data distribution is

also shown in figure 8.

Numerical data used in figure 8 are given in tables IV to XII. In addition to aver-
age radiance the maximum, minimum, and standard deviations are also given. An exam-
ination of the standard deviations in tables IV to X reveals values consistent with those
that the error analysis would predict. For example, at a radiance of 6 W/m2-sr a 1o
relative error of 3 percent is 0,18 W/m2-sr. Standard deviations from H = 10 km to
19 km for cell 6 vary from 0.10 to 0.15 W/m2-sr. Cell 6 has the largest number of
profiles of any cell, a total of 16.

Agreement between measured profiles from cell averages and analytical profiles
is within experimental error in figure 8. The agreement confirms that the analytical
technique of calculating radiance profiles is within the accuracy of the experiment.

These statements are made of course in the light of the error analyses previously
discussed. In this regard it is well to remember that the analytical profiles have error
bounds (due to meteorological data errors as described in appendix B) as have the mea-
sured profiles. Actually, the agreement is not as good in cells 2 and 3 (fig. 8) as in the
other cells. Peak radiance differences in cell 1 are partly caused by the analytical pro-
file being located at a higher latitude than any measured profile in cell 1. A noticeable
trait of cells 2 and 3 is the consistent manner in which measured radiances are about
0.15 W/m2-sr larger than predicted radiances at higher tangent heights. This difference
is larger than the error due to meteorological effects in appendix B, but it is sm