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ABSTRACT

An analysis has been made of atmospheric
radiance data which we-s lcomputed by the Weather
Bureau based on a variety of atmospheric models.
Narrow spectral regions, located within the carbon
dioxide absorption band centered at 15 microns, have
been considered. It is shown that a spectral band
approximately 1. 7 microns wide centered very close
to the absorption band shows promise, when the data
is properly processed, of providing le¢ horizon sensor
accuracies of about 0. 05 degrees. A '"two color"r
technique involving the use of two spectral regions in
the vicinity of the ’“02' absorption band is discussed.

The possibility of using the 28. 6 to 40. 0 micron
spectral region within the broad rotational water vapor

absorption band is also considered.

vi



I. INTRODUCTION

Infrared horizon sensor technology has now reached the point where the
instrumental errors are far smaller than those which result from uncertain-
ties and variations in the radiation characteristics of the earth's horizon.

For this reason the question of the optimum spectral band in which to operate
becomes very important.

Earlier horizon sensors operated in a very broad region of the infrared
spectrum, extending from approximately 2 microns to about 18 or 20 microns.
Since germanium is a useful optical material in this region, the long wave-
length cutoff was usually established by the germanium optics at about 18 or
20 microns, depending on the length of the optical path in the germanium.

In addition to several atmospheric absorption bands, the 2 to 18 micron
spectral region also contains the broad atmospheric ""window' between 8 and
13 microns. Since the atmosphere is quite transparent in this region, the
radiation profile of the earth's horizon can be seriously - ffected by meteoro-
logical conditions. In clear weather the earth itself will be the source of
radiation on which the horizon sensor operates. In overcast weather the
effective source of radiation may be a layer of high clouds, whose temper-
ature is considerably lower than that of the earth. An even more serious
sitnation, and one which often occurs, is the inclusion of earth and high cold
clouds in different portions of the same scan. Figure 1 gives a comparison
of the approximate magnitude of the temperature difference between earth and
clouds. These plots show samples of data obtained by the Barnes Engineering
Company (Ref. 1) using a calibrated conical scan horizon sensor with a
spectral bandpass of 2 to '8 microns mounted on a Mercury vehicle (Mercury
Misegion MA-5, November 29, 1961). It can be seen that the apparent temper-
ature of the earth is approximately 250°to 260°K, while the apparent temper-
ature of some clouds is as low as 170 °K.

In a conical scan horizon sensor system in which attitude information is

obtained by comparing the position of the center of the pulse generated as the
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scan crosses the earth, with a fixed reference. the presence of a cloud in a
portion of the scan can cause serious errors. This is illustrated in Figure 2.
The cloud problem can be partially avoided by clipping the signal below the
level at which most of the cloud dips occur; however, if this clipping level is
made too low, serious signal-to-noise problems will develop.

An edge tracking system which scans vertically across the horizon,
locking onto the radiance gradient in accordance with some predetermined
criterion, will also be seriously affected by the presence of clouds if the
system spectral bandwidth includes the atmospheric window region. The
altitude of the apparent horizon above the earth will vary with meteorological
conditions and serious errors will result.

Since it would be preferable to avoid '"seeing' the clouds altogether, the
chosen spectral region for horizon sensor operation should not include the
8 to 13 micron "window'" or any significantly large portions of it. Thus the
use of a reasonably narrow spectral region centered at one of the atmospheric
absorption bands is indicated. Then, hopefully, the atmosphere would become
opaque at an altitude above that at which clouds are usually found.

There is an atmospheric absorption band located at approximately 2. 7
microns which is caused by water vapor and carbon dioxide. There are also
absorption bands at 4. 3 microns and 6. 3 microns because of the presence of
carbon dioxide and water vapor respectively. At 15 microns there is a strong
absorption band caused by carbon dioxide. There is also a very broad water
vapor absorption band located in the vicinity of 20 to 40 microns.

Several investigations have clearly indicated the superiority of the two
latter absorption bands over the three former (Refs. 2 through 5). In partic-
sensing purposes. There are two principal reasons for this: One is that
carbon dioxide has a very uniform distribution throughout the atmosphere,
having a concentration by volume of approximately 0. 031 percent. The other
important reason is that the peak of the thermal radiation from the earth
occurs in the vicinity of 15 microns. Since a horizon sensor operating in an

absorption band does not track the true earth horizon, but rather a point on
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the horizon radiance curve at a considerable altitude, it is very important
that the absorbing gas be uniformly distribut.d so that accuracy and repro-
ducibility may be achieved.

The 2. 7 *nicron, 4.3 micron, and 6.3 micron absorption bands are not
useful for horizon sensing because of the small amount of thermal radiation
emitted by the earth's atmosphere in these spectral regions. Also, particu-
larly in the 2. 7 micron band, there is a problem with scattered sunlight
which will cause objectionable variations in radiance between day and night.

Although the water vapor absorption band near 35 microns shows some
promise, it is less desirable for use in horizon sensing than the 15 micron
COZ absorption band because of the nonuniformity of the distribution of water
vapor in the atmosphere.

A report published by the Weather Bureau (Ref. 5) contains the results
of atmospheric radiance calculations which were made from seven atmospheric
models measured at widely separated points in the northern hemisphere. In
addition the ARDC standard atmosphere of 1959 is included as one of the at-
mospheric models. The atmospheric models used and the locations at which
they were measured, together with the dates and weather conditions are shown
in Table 1.

In general it might be agreed that eight samples would not be a sufficient
number from which to draw conclusions of a statistical nature. In the work
considered here, however, the atmospheric models were selected to repre-
sent rather extreme locations and weather conditions with a variety of con-
ditions between the extremes. For these reasons it is felt that a careful
analysis of the data calculated from these models will provide a worthwhile
estimate of the magnitude of the errors produced in a horizon sensor system
by variations and uncertainties in the atmospheric radiance profile.

The above mentioned report presents detailed data on the atmospheric
radiance profile as a function of wavenumber in cm-1 and closest approach of
the line of sight to the earth in kilometers (designated as ""h'' in Figure 3).

The dats exesnde from 2330 em | to 12: 6 S (4. 28 microns to 800 microns).
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The Weather Bureau radiance values were computed by assuming that
the earth's atmosphere was divided into 200 concentric layers, between sea
level and the altitude where the pressure is 0.1 millibar. The spectrum
from 4.28 microns to 800 microns was divided into 77 intervals. The radi-
ance of each layer was computed using the data of a particular atmospheric
model which shows temperature, pressure, and absorber concentration as a
function of altitude. The radiance of each layer was multiplied by the trans-
mission of the remaining layers above the one in question. These radiance
values were then summed for each spectral interval and each value of h,
making it possible to plot curves showing radiance as a function of "'h" for
any spectral region within the range investigated. In the original calculations,
the refraction of the atmosphere was taken into consideration. Refraction
causes the slant -path through the atmosphere to curve, increasing its length
over that which would be used if a nonrefractive atmosphere were assumed.

In Figure 3, h is the actual distance of closest approach of the line of
sight to the earth while h’ is the apparent distance as seen from space. In
the determination of errors in the angular position of the line of sight direc-
tion in space, the difference between h and h’ is not significant, since the
changes in the errors produced as a result of atmospheric refraction are
small compared with the uncertainties in the errors themselves.

It is the purpose of this report to analyze in some detail the data for the
spectral region near 15 microns contained in the Weather Bureau report, to
ascertain the accuracy which may be expected of an edge tracking horizon
sensor operating at this wavelength. Radiance versus altitude data for narrow
spectral regions on either side ot the center of the 15 micron absorption band
are also shown. A comparison is made of the characteristics of these spectral
bands with those of the band at the center of the absorption band. The results
show that it is advantageous to operate as near as possible to the center of the
band.

Curves are also shown of the radiance differences between two adjacent
spectral regions plotted against the altitude h. It will be seen that these

differences reach a maximum at a reasonably well defined value of h. The



possibility of using this technique for horizon sensing is discussed. In
addition to the above, curves are presented showing atmospheric radiance in
the 28. 6 to 40. 0 micron water vapor absorpticn spectral region. This region
is shown to be inferior to the COZ absorption region for horizca sensing

purposes.




II. THE 14.29 TO 16. 0 MICRON REGION

This spectral region is located very near the center of the CO2 absorp-
tion band. The radiance values shown in Figures 4 and 5 were obtained by
combining three of the spectral intervals shown in Reference 5. The radiances
caused by these three narrow bands were combined to provide radiance of a
realistic magnitude for the operation of horizon sensors.

Figure 4 shows the atmospheric radiance versus h within the spectral
region 14. 29 to 16. 0 microns for atmospheric models A, B, C, and D.
Figure 5 shows the same for atmospheric models E, F, G, and H.

It can readily be seen from the graphs that there is considerable varia-
tion in the absolute values of the curves. It can also be seen that if a
threshold were sct at a fixed value of radiance, and the value of h where the
radiance reaches this value were arbitrarily def '.2d as the horizon, con-
siderable errors would result. For example, if the value 2 X 10-4 watts
em™? ster”! were taken as the threshold, the differences in the corresponding
values of h could be as large as 6.5 kilcmeters {(between atmospheres B and
D); on the other hand, if the horizon is defined as the value of h where the
particular radiance curve reaches a certain fraction of its peak value, much
higher accuracy can be obtained. This is equivalent to normalizing the
atmospheric radiance curves to a common maximum value. Thus, in this
method of processing, only the shape of the curves is of consequence. There
appears to be much less variation in the shape of the horizon radiance profile
than in its absolute value.

This would be a reasonably easy system to mechanize in an actual
system, since it would only be necessary to measure the peak detector output
signal at reasonably close intervals and then threshold the device at a pre-
determined fraction of this maximum signal. Another advantage of this
system is that, since absolute values are no longer important, errors caused

by slow changes in the responsitivity of the system would be minimized.
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Table 2 shows the values of h in kilometers corresponding to various
fractions (from 10 percent to 90 per cent) of the maximum radiance value for
each atmospheric model. Column 9 gives the maximum difference for the
models considered, while column 10 shows the standard deviation for the

measurements of h corresponding to each percentage value.

Table 2. Analysis of Horizon Radiance Data for 14.29 to
16. 0 Micron Spectral Region

Atmospheric 1 2 3 4 5 6 7 8 9 10
Model
Max.

Percent A B C D E F G H |Diff. i
of Peak (km) | (km)
90 31.0({30.0(28.0(29.2129.5{30.5{29.0(29.0| 3.0 |0.89
80 34.8133.0(30.5|32.0{33.5(33.5|32.4{33.0| 4.3 [1.23
70 37.0(35.3|-33.0(34.5[36.3|35.3(35.0(36.0] 4.0 |1.14
60 39.5(38.0135.3/37.0/38.5(37.5{37.5138.5| 4.2 }1.26
50 41.7(40.5|37.8(40.0|41.5(40.3(39.7140.5| 3.9 |1.13
40 44.7(43.5{40.5(43.0|44.5(43.2143.3(43.5( 4.2 [1.20
30 47.5(46.5|43.8(45.847.4(46.5|47.1147.0| 3.7 |1.12
20 51.2}150.0{47.5(50.0}50.5|50.2|51.0j50.5| 3.7 {1.07
10 511, "5l B51M07 | 58, Bl B 55.5155.4 56.0(55.0] 3.7 |1.12

It would, of course, be desirable to have many more specific atmos-
pheric model determinations from which to compute the standard deviation.
But, as mentioned earlier, since the models were selected to represent
extreme conditions as well as various conditions in between, they are assumed
to be sufficiently valid samples to allow the computation of a standard devia-
tion. Thus the computed standard deviations could be considered to be the lo
error of a horizon sensor operating in the 14.29 to 16. 0 micron region. The
angular error to which this corresponds, depends, of course, on the altitude

of the vehicle on which the horizon sensor is mounted.

13



The numbers in column 10 of Table 2 do not strongly suggest a particular
fractional value of maximum radiance at which to operate; however, it appears
that any fixed fractional value between 50 and 80 percent would be satisfactory.
One would not want to operate at a very small fractional part of the maximum
signal since this might introduce a signal-to-noise problem. On the other
hand, if a value vory near the peak were chosen, an additional uncertainty
would be introduced by the flattening out of the radiance profile as the peak
value is approached.

From an inspection of Table 2, it is seen that lo values of horizon
uncertainties of about 0.9 to 1.3 kilometers can be expected.

If a space vehicle were at an altitude of 185 kilometers (100 nautical
miles), the slant path to the earth's horizon would be about 1600 kilometers.
Thus the angular lo error in the line of sight as detérmined by the horizon
s 1sor would be 1. 3/1600 radians, which is slightly less than 0.05 deg. As
the altitude of the vehicle increases, the angular uncertainty is reduced in

proportion.

14




II. SPECTRAL REGIONS ADJACENT TO THE CO2 ABSORPTION BAND

Figure 6 shows horizon radiance curves for the 12. 30 to 14.80 micron
spectral region for atmospheres A, B, C, and D. This spectral region is
just to the short wavelength side of the center of the CO2 absorption band.
Figure 7 shows similar horizon radiance curves for the same four atmos-
pheric models for th(; 16.0 to 18. 2 micron spectral region, which is just to
the long wavelength side of the CO2 absorption band.

It can be seen from these curves that there is more variation in the
shapes of the curves than is the case for the horizon radiance profiles in the
14. 29 to 16. 0 micron spectral region which is more nearly in the center of
the CO2 absorption band. Thus it is indicated that not only should a reasonably
narrow band of radiation be used, but that it should be near the region of

maximum absorption.
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IVv. "TWO COLOR' HORIZON SENSING TECHNIQUE

Another possible horizon sensing technique is the use of a ""two color"
horizon sensor.1 This would involve the use of two detectors mounted on the
same substrate, equipped with individual filters transmitting in slightly
different spectral regions. The electrical output of one detector would be
subtracted from that of the other and the difference signal would be used in
determining the position of the horizon.

Following is a brief explanation of the principle involved in this tech-
nique. It will be assumed that one of the two spectral regions selected is
located at the center of the CO2 absorption band (let this be called band a),
while the other spectral band (let this be called band b) of approximately the
same width is located just to the long or short wavelength side of band a. As
the line of sight of the horizon sensor moves into the earth's atmosphere,
the radiance in band a will be somewhat higher than that in band b, since the
absorption, and hence the emissivity, is greater for band a than for band b.
This radiance difference will increase for a time as the line of sight moves
deeper into the atmosphere. Since the atmosphere is more transparent for
band b than for band a, eventually a point will be reached where the radiance
in band b will increase at a greater rate than in band a, since the radiation
in band b by this time originates from regions deeper in the atmosphere where
the temperature is greater. Thus the two radiance curves will come closer
together, or even cross. At some point, a maximum difference in radiance
occurs. The position of this maximum should have a reasonably well defined
location with respect to h, the minimum altitude of the line of sight.

Figure 8 shows radiance curves for atmosphere A for the two spectral
regions; 14.29 to 16. 0 microns and 16.0 to 17.4 microns, plotted against h.
Also shown is a curve representing the difference between these curves. The

difference curve in this case reaches a maximum at h = 27 kilometers.

1This technique was first suggested by John Duncan of the University of
Michigan.
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Corresponding curves for atmosphere C are shown in Figure 9.

Table 3

shows the positions of the peaks obtained using each of the atmospheric

models.
Table 3. "Two-Color'" Horizon Sensing Technique
ltitude of Max. Altitude of Max.
Atmospheric Difference in km for Difference in km for
Model 14.29 to 16. 0 p and 14.29 to 16. 0 p and
16.0 to17.4 p Bands 12.85 to 14. 29 p Bands
A 27.0 27.5
B 25.0 25.0
C 24.0 24.0
D 26.0 24.0
E 25.0 26.0
F 215845 25.0
G 25.8 25.0
H- 25.0 25.0
N aximum Spread (km) 3.0 3.5
Standard Deviation (o) .8 1.06

The maximum difference is 3 kilometers and the standard deviation is

0.83. The position of this peak as a criterion for defining the horizon appears

to be as good as or better than the normalization method mentioned earlier.

However, it does have two important disadvantages over the normalization

method. One is the greater complexity required in the horizon sensor, par-

ticularly in the electronics; the other is that it would probably be more

difficult to detect the exact position of the maximum (where the slope is zero)

than it would be to measure the horizon at a fixed percentage of the maximum

radiance.
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Figures 10 and 11 show the same type of curves for atmospheres A and
C for the 14.29 to 16. 0 micron and the 12. 85 to 14. 29 micron regions.
Table 3 also shows the position of the peak difference for each of the atmos-
pheric models for these spectral bands. Here, the maximum difference and
the standard deviation are somewhat greater than for the case previously
considered.’ The 12. 85 to 14. 29 micron band is partially in the 8 to 13

micron atmos heric window, where one would expect the variations to be

greater.
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V. THE LONG WAVELENGTH ROTATIONAL ABSORPTION
BAND OF WATER VAPOR

Figures 12 and 13 show atmospheric radiance versus altitude for the
28.6 to 40. 0 micron spectral region. This region is within the broad rota-
tional absorption band of water vapor.

These curves, particularly those of Figure 12, show more variation
in shape than those showing the radiance in the 14.29 to 16. 0 micron region.
Table 4 shows the-values of altitude resulting if the arbitrary position of the
horizon is assumed to be at the 50 percent point on each of the radiance
curves. The extreme difference, occurring between atmospheres A and G,
is 11.5 kilometers. When a standard deviation is computed from this set of
values, its value is found to be 4. 78 kilometers. The limited data available
thus indicate that this spectral region is inferior to the 15 micron CO2 region

for use in horizon sensing.

Table 4. Analysis of Horizon Radiance Data for 28.6 to
40. 0 Micron Spectral Region

Altitude in km Corresponding
Atmospheric Model to 50% Radiance Point

A 16. 0

B 27.0

C 18.0

D 22.5

E 25.5

F 25.'5

G 2055

H 25.0
Maximum Spread in km JUILRE
Standard Deviation (o) 4.78
in km
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The lar re variations that occur in the horizon radiance profile in the
water vapor absorption band are largely caused by the nonuniformity of dis-
tribution of water vapor in the atmosphere as compared to carbon dioxide.
Another disadvantage involved in the use of the 30 to 40 micron region frr
use in horizon sensing is the difficulty of obtaining suitable optical materials

in this spectral region. This disadvantage alone, however, would not be an

unsurmountable one.
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VI. CONCLUSIONS

‘The graphs shown in this report, together with the data on which they
are based, show that a rcasonably narrow spectral region centered at the
15 micron carbon dioxide atmospheric absorption band appears to be the best
region in which to operate an infrared horizon sensor. The results show
that it may be possible with proper mechanization to achieve lo uncertainties
as small as 0.9 to 1.3 kilometers in altitude when determining the direction
of the line of sight from a s‘pace vehicle to the apparent horizon.

If the vehicle is assumed to be located at an altitude of 100 nautical
miles, this error in distance would correspond to an angular le error of
less than 0. 05 deg.

It was also determined that, if the COZ absorption region is used in
horizon sensing, the selected spectral region should not only be as narrow as
is consistent with signal-to-noise requirements, but should also be located
at the center of the absorption band.

A "two color'" horizon sensing technique, in which the maximum
difference in radiance between two adjacent spectral regions is used as the
criterion for establishing the position of the line of sight to the horizon, has
been described. It has been shown that this technique can achieve accuracies
comparable to those of the more conventional technique described earlier.
However, the two color technique involves more difficulty in mechanization
and in data processing.

The spectral region from 28. 6 to 40. 0 microns contained within the
rotational water vapor absorption band is shown to be considerably inferior
to the 14.29 to 16.0 micron region for horizon sensing purposes. An
additional disadvantage of using this water vapor absorption band is the
scarcity of suitable optical materials for this spectral region.

The effects of spectral filters, .which would, of course, be required
in any actual system to isolate the observed wavelength regions, has not been

considered in this report. However, no serious problems are contemplated
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here. Some variation in the actual cut-on and cut-off wavelengths of the
filters can be tolerated without seriously degrading the system.

The most important factor in selecting the filter is to have very high
rejection of radiation at wavelengths appreciably outside the selected limits.
Present filter manufacturing techniques are sufficient to produce filters of
the required accuracy.

The attenuation of the signal by the filter is not expected to be serious
in the CO2 absorption region. For example, filters for the 14.29 to 16.0
micron region can be produced having a peak transmission of between 20 and
40 percent.

The problem is somewhat worse in the water vapor absorption region,
where a filter for the 28. 6 to 40. ¢ micron spectrum region would probably
have a maximum transmission of about 10 percent. Since there is con-
siderable energy in this band, the filter will not present an insurmountable
problem.

This report attempts to give an estimate of the accuracy which might
be expected of infrared horizon sensors operating in the long wavelength
atmospheric absorption bands. Much more data covering a wider variety of
seasonal, geographical, and diurnal conditions, are needed before final
conclusions can be reached. It is planned to publish additional reports,

analyzing further data as they become available.
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