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I. INTRODUCTION

This report contains the scientific results of two balloon flights on
27 June 1974 and 19 February 1975, It describes the instrumentation
flown and its calibration, the reduction of flight data, the analysis of a
portion of that data, and an evaluation of the system performance. A
similar report, with results from three later flights, will be presented
separately; although occasional reference is made in this report to
comparisons with the later calibrations and data.

There are several ways to measure minor gases in the terrestrial
atmosphere using passive infrared techniques. They are all variations
of the inverse radiative transfer problem of inferring constituent concen-
trations from the transmitted or emitted spectral radiance. One of these
techniques uses the sun as a radiant source and measures the change in
spectral transmittance of the atmosphere as either a function of height
or, from a constant, elevated height,as a function of changing secant includ-
ing zenith angles > 90°. A second technique measures the spectral emission
of the constituents both as a function of height and selected zenith angles.

Generally, the spectral resolution of the first technique is greater,
making constituent identification easier, but is limited to abso rptivities
=2 0.01, These measurements are limited to daylight hours and specifically
to sunrise and sunset in the case of the long path (68 ¢ 90°) data. In con-
trast, spectral emission measurements can be made at any time and can
measure emissivities S 10_4 with an order of magnitude less resolution.

In an effort to obtain diurnal as well as s:asonal and geographic data
and in preparation for the flights discussed in this report, a spectral
radiometer was designed and constructed capable of measuring emissivities
of known atmospheric constituents as a function of height and zenith angle
at selected geographic sites, The constituents and their spectral properties
had been previously identified from solar absorption spectroscopy and

laboratory studies, This instrument was one of the first scanning grating
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spectrometers designed to operate at liquid helium temperatures and several
subtle problems were encountered which had to be resolved for successful
operation of the instrument. These are discussed in appropriate sections
below.

A brief discussion dealing with the selection of this particular spectral
instrument may be useful at this point, To obtain constituent height pro-
files from emission data requires spectral resolutions < 3 cm-l. The
actual resolution requirement depends on the constituent, but no rmally a
higher resolution provides more constituent information. From
a practical point of view, filter radiometer systems offer neither ade-
quate resolution nor sufficient spectral purity for the desired measure-
ments. Any instrumental debate reduces to diffraction techniques (gra-
ting) vs interferometric techniques (Fourier transform) or combinations
of each (Hadamard)., Any real comparison of these two basic forms of
spectroscopy ultimately depends on the physical source of the noise

generated at the detector, If the detector preamplifier system is photon

noise limited, then there is no multiplex advantage of the inierferometric
system and the throughput advantage reduces to the ratio of the square
roots of the etendue of each system. This ratio is in the range of from
one to ten, depending on specific systems, Since the two systems are,

in principle, not greatly different, other considerations become the deter-

mining factors. In this specific case, these factors were experience of
the University of Denver with cold grating spectrometers, : the possibility
of using a grating system as a filter monochromator, the availability of
real time spectral information, and the lack of success of field type cold

interferometric systems at the date of this undertaking.

175, N. Brooks, A. Goldman, J. J. Kosters, D. G. Murcray, ¥, H,
Murcray and W. J. Williams, '"Balloon-Borne Infrared Measurements'',
Phys. Chem, Upper Atmos. (B. McCormac, ed.) 278-285, 1973,




II. INSTRUMENTATION

A, Introduction

In preparation for the flights described in this report, a liquid helium
cooled grating spectrometer was designed and built at the University of
Denver., The design parameters were chosen such that the instrument
could measure the spectral emission from minor atmospheric constituents
of the stratosphere and operate from a balloon supported platform. The
features of this spectrometer are described below, along with some of the
initial problems encountered. A second, nearly identical spectrometer was
developed simultanecusly with this instrument for incorporation in the
nose section of the WB57F aircraft as part of the Department of Trans-

portation's CIAP program. A few of the design features, primarily exter- 4

nal configuration, have derived from this functional dualism.

There are a number of basic considerations in designing a spectro-
meter for operation at LHe temperatures, The normal considerations,
such as resolution, spectral range(s), scan time(s), field of view, etc.
were assigned values based on the spectral information and sensitivity
required to calculate constituent height profiles. These values were

derived from available high resolution transmittance data and medium resolu-

tion emission data. The following values were used as design guidelines:

Resolution 1 cm‘1
Spectral Range 3-30Mm total, in selected intervals
Scan Time 1/2 - 2 min, possibly adjustable
External F.O. V. :J2 - 1° in the vertical
-8 -9 S S 4
NER 10 to 1077w cm sr = Mm
Optics Low emissivity and low temperature

(instrument emission should be low

relative to data)




In addition, the instrument was designed for remote operation, low
power operation (due to heat load on cryogenics), 12 hour minimum
operating time, measuring incident radiance from several elevation angles,
operation at stratospheric temperatures and pressures, and sustaining
15-20 g's shock in any plane (parachute impact) and possibly retain
calibration.

There are also some special considerations associated with cooling
the instrument to LHe temperature and containing it in a high vacuum,
These include such things as operating moving mechanical systems (grat-
ing drive, optical chopper, switches) and providing an optical design
(and mounting) that is temperature compensating; thus avoiding both external
access to alignment when cold and stressing or cracking the mirrors.

Some consideration was also given to the nature of the preamplifier since

the detector is high impedance.

B. Optical Design

Selection of an appropriate grating(s) is the principle step in design-

ing the spectrometer. Using the grating equation, the expression for Rayleigh

diffraction limit and the equation for instrument throughput, expressions
can be derived relating the grating size and blaze angle to resolution and
noise equivalent radiance (NER). The minimum usable grating size is
determined by the desired resolution and the diffraction limit of the
grating aperture;

dv = 1 Cm-1 = L,é‘%,

w sin

where w = width of grating and 8 = operational angle (to the normal) of
the grating. This minimum grating width is w = 1,2 cm for § = 30°,
Since most gratings do not perform at 100% of their theoretical resolving

power, the grating should be at least slightly larger.
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The instrument NER is also affected by the grating size in the
following way:

NEP (of detector)

HER = (AQ) dnT ’

where Af«, the area of the grating and the solid angle of the slit aperture,
is the throughput or etendue, d\ is the spectral interval and T is the instru-
ment transmission. The throughput can also be expressed in terms of

the spectrometer slit width (s), slit height (£), grating width (w) and focal
length (F) as:

' Using the grating equation and substituting d@ = —sb;,
L dv 2 sinb 2
it Q] = f L memee
3 & F v cosb o
where% is the Fastie parameter and is S 1/30,
Most spectrometer designs have similar f/numbers (the ratio of
F/w) within about 50% limits. If the ratio F/w = a is considered constant,

then

An_QEZs'mGQW
" v cos® a

and, for a specific wavelength and resolution, the throughput improves with
an increase in angle, slit height and grating size. The throughput scales
either linearly or as the square of the grating width, depending on whether
or not the slit height is scaled with an increase in the grating dimension,
The results of the diffraction and throughput criteria are compatible
and indicate that the larger the grating the better the instrument which
is a well accepted conclusion. The limit on the grating size became a
practical choice of the largest configuration which could be reasonably
operated cold, This limit was set at 8.4 cm square based on arguments
relating to instrument weight and size and after calculating an adequate
NER for a grating of this size. It should be noted that both 6 and ¢ have

practical restrictions. Since the wavelength range to be scanned is broad,
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6 cannot be too large due to the functional relationship between the
grating efficiency and §. The limit on £ is related to maximum detector
sizes and the available techniques to reduce the exit slit image to the
detector size. In this case a limit of 1 cm was placed on £: assuming

—%‘ = 3130 and\%~ 5, then at w = 6 cm the increase in throughput becomes
linear instead of ~ w . The instrument volume is still scaling as w3

and the weight by at least WZ. Thus, there may be a point at which the
increase in throughput reaches a practical limit. The size of 8.4 cm
was chosen because it is a standard Bausch and Lomb size and meets

the various criteria discussed.

The Littrow type mount was selected for the grating because one less
large mirror is required than in a Czerny-Turner type mount. Therefore
it can be mounted in a smaller volume for the same grating size and
spectrometer focal length. Also, at the resolution anticipated, slit curva-
ture is not important and the conventional circular slit geometry of the
Czerny-Turner system is not needed. Figure 1 shows the selected optical
schematic of the spectrometer, There are several features in this
design which are related to the low level of signals to be measured. The
optical beam is dispersed twice (double passed) by the grating and optically
chopped after the first pass. This not only improves the spectral purity,
but provides a radiometric reference at 4K which, for all purposes here,
is zero. In addition, the image plane after the first pass is displaced
from the slit-detector plane by the height of the slit such that no direct
radiation from the first pass falls onto the detectors (even though unchopped).
This is necessary because large amounts of dc radiation on the detector
can change the noise and responsivity. The sequence through the optical
path is as follows: radiation from the fore-optics passes through baffles
in the LLHe heat sink to the entrance slit (s), from s to the collimating
mirror (M4), to the grating (G), back to M4 and MS’ The first pass
terminates at the chopper (C). The second pass is similar to the first,

starting at the chopper, off M,, M , G and M4. The final focus is at
)

4!
the light cones in front of the detectors after either passing through or

-
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Table I.

for 2 mm wide slits,

Wavelength

11

12.
13.

18.
20.
22
24.
26.

0
.0
0
0

2nd order
. Oum
10.

1st order

(A o B o YRR < TR

Spectrometer Resolution as a Function of Wavelength

Resolution

3.8cm’”
3.0
2.4
2.0
(R

.031lym
. 030
029
..029
. 029

.062
. 060
+ 058
. 058

+ 05+




reflecting off the dichroic beam splitter M7. Note that the chopper, M5

and M() are in a plane below that of the detectors, M_, and the slit, Also,
the exit slit is one end of a short light pipe utilized to match the slit
size to the detector size.

Currently there are two replica gratings available for the spectro-
meter. One is blazed at 10um at an angle of 22° and the other is blazed
at 2ym at an angle of 26. 8°. Both are mounted on aluminum substrates,
which bolt directly into the spectrometer. The 22um blazed grating has
been used on the initial balloon flights, recording the 20-26ym region
(1st order) with one detector and the 10-134m region (2nd order) with the
second detector. A 2mm slit was used on these flights and Table I shows
the resolution attainable with this slit and grating combination.

The fore-optics shown in Figure 2 are used to couple the narrow field !}
of view (F.O.V.) beam observed through the cold shields and window to
the relatively fast, f/5, F.O.V. of the spectrometer. The actual F.O. V.
through the window depends on the slit size which, for a 2 x 8mm slit, is
1 x 4°. The spectrometer is oriented such that the slit length is horizontal,
The center of the optical axis passes radially through the center of the vacuum
dewar and changes in the observational height angle are accomplished by rotat-
ing the dewar.

The cold baffling is designed with the LHe baffles just on the edge
of the F.O.V. and the internal LN2 baffles just outside of the F.O. V.,
An image of the grating is formed near the LHe baffles closest to the
LN2 baffles. The F.O.V. diverges from that point.

The window, which is KRS5, is cooled during both flight and calibra-
tion with an external supply of LNZO A reflective cold shield is attached
to the copper cooling ring of the window and extends into the spectro-
meter dewar, overlapping the internal LNZ baffle. This shield did not
quite overlap the internal baffle on the flights described here, but has
recently been extended to eliminate a large amount of stray radiation

being admitted through the gap and scattered or reflected off the window
9
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into the spectrometer (see discussion below). The LN2 and LHe internal
baffling and the external baffling also serve to block stray radiation
from outside the F.O. V. from entering the spectrometer, This is
especially important for observations near and below the local horizon
(limb scans).

Upper limits on a desirable window temperature can be calculated
based on expected minimum radiance levels at 40km, the emissivity
of KRS5 and some ratio criterion between these two values. From data

-1 1

obtained with an LN, cooled spectrometer at 30km, extrapolations for J
40km are ~ 107" wem ™~ sr’ ym™ at 12ym and 24um, Using the

criterion that the window emission should be $ 10% of the minimum signal

to be measured, then the window emission should be >~ 10-9 w cm-2 sx-.1

; u.rn'l. The primary transmission loss of KRS5 is due to reflection at

two faces, so the absorption or emissivity is < 2%, However, some contribu-
tion to the apparent emissivity comes from the reflection term as the

window looks back into the LN, and LHe shielded regions of the instru-

ment. To what extent the window looks at LN2 temperatures versus LHe f

temperatures depends on the optical quality of the window and the angle

at which it is mounted. A close estimate of the desired window tempera-
ture can be obtained by using an emissivity of ~ 10%, Window tempe ra-
tures of 78K at 12hm and 50K at 244m meet the above criterion. From this
it is apparent that some correction in the reduced data will be necessary
for window radiance at the longer wavelength, even though the window is
cooled to LN?. temperature. Three parameters are important: the
window temperature, the LN2 baffle temperature and the optical quality
of the window. Perhaps the most important parameter is the temperature
of the internal LN2 baffles., Before the cold baffle from the window cool-
ing was extended, knowledge of the temperature near the window mount

was also necessary since the dominant correction required on the flights

discussed here was derived from this temperature.

11
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C. Electronics

Two Santa Barbara Research Center Ge:Cu detectors are mounted
in the main cryostat at the end of short light pipes. As previously men-
tioned, these light pipes adapt the 1 x 4 mm dimensions of the detectors
to exit slit dimensions, The detectors are heat sinked to the LHe
reservoir through a copper block. One advantage of the spectrometer design
is that separate vacuum dewars for the detectors are not necessary, which
reduces the instrument size and eliminates the need for optical adjust-
ment between the exit slit image and the detector position. The dark
resistance of these detectors is approximately 5 x 1011 ohms. An
electrometer type pre-amplifier with a high input impedance, shunted
with a very low capacitance is therefore required for impedance match-
ing of the signal transfer circuit, The input radiance is interrupted

(chopped) at a 260 Hz rate with a tuning-fork chopper manufactured by

American Time Products, The pre-amp (buffer) circuit is shown in
Figure 3a,.

To reduce the microphonic noise generated by tuned or vibrating
leads between the detector and the pre-amp and the capacitance produced
by long leads which would reduce signal due to RC loss, the detector pre-
amp was physically mounted as close as possible to the detector inside a
the rmally controlled case., When this instrument was developed, commer-
cially available electrometer-type amplifiers required too much power
to operate, which presented an extreme heat load to the LLHe. Also, the
available electrometers had an input capacitance that was too high for
the RC combination of detector impedance and chopping frequency.
Therefore, considerable experimentation was required to develop a pre-
amp with high input impedance (- 1013(2). matched differential input
stages and low supply power (40 mv for both channels) that would operate

reliably at =~ 200K. Because the gain "A'" of the pre-amp is directly

13




pProportional to the resistance value of the feedback resistor, R, Rf was

£
isolated from the heated pre-amp environment and heat sinked to the LHe

baseplate temperature.

Problems were experienced when the pre-amp temperature would
get too cold (~ LN2 temp). Some resistors would physically crack and
become an open resistance. This problem caused failures and delays.
Therefore, considerable effort was exercised to manually select com-
ponents that would survive if the pre-amp temperature would inadvertently

get too cold.

Another problem has been microphonics as the major source of
noise. Unfortunately, detector resistance noise is not seen. Analog
Devices now has available a new IC, low power, FET input, electrometer
type op-amp, mounted in a T0-99 case that can be physically mounted
very close to the detector mount, probably eliminating most of the present
lead length., This, in turn, should decrease the microphonics and hope-
fully increase S/N, Time shouid be spent using this approach for a
pre-amp.

Following the pre-amp, the detector signal is buffered with a voltage
follower, mounted external to the dewar on a circuit boa rd in the electronic
case of the experiment control box (see Figure 3a). The signal is then

wired to a gain amplifier controlled by binary switches. This gain amplifier

has 16 gain settings (/2 apart). If in the future automatic gain control is
desired, a circuit has been designed to detect the peak signal voltage
level of the scan and logically adjust the gain for the following scan on
that basis, This AGC circuit adapts easily to the present manual gain
control circuit,

From the adjustable gain stage the ac signal is synchronously rectified
using a phase reference signal from the tuning fork chopper. The dc signal
is then fed to two low pass active filters (f0 = &5 Hz, June! fo 12. 5 Hz,
Feb.) with two parallel outputs: one with a gain of one and the second with

a gain of 10 for June and 40 for Februrary.

14




The prime flight data recording system is an on-board recorder. The

analog detector signal and all other ""housekeeping'' signals are processed
with an analog to digital converter and then recorded with a University

of Denver designed and developed 1/2'", 7 track, digital, IBM format,
long record time, tape recorder. This 8 channel recorder samples the
analog signal of each channel 25 samples per second. One of the eight
channels is submultiplexed for 16 inputs for low sample rate information
such as temperatures, etc.

As a back-up the data signals are also real time recorded through an
FM-FM, S-band telemetry link. This system lacks the desired accuracy
if the recorded data is to be used for data reduction, but it provides a
real time look at the data. If the program permits, a PCM system should
be considered in the future.

The Bausch and Lomb grating is driven axially with a direct drive
Aeroflex torque motor., Also directly coupled to the grating drive shaft
is an Aeroflex tachometer used for position and velocity control in the
closed loop drive system circuit (see Figure 3b). The signal which drives
the grating is a ramp function derived from a binary controlled D to A
converter driven from 100 kHz clock, This type of ramp generator features
many options: 7 scans periods, programmed or command controlled scan
stop mode, programable speed-up or slow-down mode during the scan, e.g.
slow down the scan to improve the resolution at a specific band, and an
externally adjustable scan length. Because of the hostile environment
in which the grating drive system operates, special Bemol self-lubricating
Fernalon AW polyimide ball bearings were selected for axial support.

This torque motor-tach -ramp combination is a reliable, versatile,
accurate, efficient, low power (typically 20 m W) low mass grating drive

system that has operated successfully at 4, 2K,

15
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D. Vacuum Dewar

The vacuum dewar was designed specifically for the spectrometer

and its airborne applications, It was constructed by Cryogenic Engineer-

ing Company, Denver. The dewar is 0.46 m in diameter (plus plumbing)

and 0.90 m long. It weighs about 100 kg and the spectrometer which mounts

in it weighs 9 kg. There are a number of features which should be described

to explain the spectrometer capabilities. The purpose of the dewar is to

provide liquid helium cooling for the spectrometer and the Ge:Cu detectors

mounted to the spectrometer base plate. The operational time, after fill-

ing, should be in excess of 12 hours to permit the launching and completion

of a balloon flight. The amount of LHe required depends on the heat load from

two sources. One is the external load through radiation and conduction

and the other is the internal power dissipation of the grating spectrometer.

For the final dewar design, shown in Figure 4, these heat loads are approxi-

mately summarized as follows:

External Heat Load
Radiation and Insulation
Fiberglass Support
Piping

Miscellaneous

Internal Heat Load
Grating Drive
Optical Chopper
Pre-amp Heater

Radiation through window

. 191 watts
. 062
« 051
.010

—

.314 w » .4434/hr.

. 020 watts
.014
. 050
. 050

—_—

.134 w - .1894/hr,

B¢




The LHe hold time should be 19 hours with the dewar capacity of 12%.
Times slightly longer than this (21-22 hours) have actually been measured,
but the grating drive and chopper were off for most of that time,

The liquid nitrogen shield around the LLHe dewar contains about 84
of LN2 with a hold time of over 48 hours. The external LN2 supply for
cooling the optical window contains 25; and will cool the window and external
baffle system for more than 12 hours. The window cooling system has
relatively high heat inputs due to conductive and convective losses, i.e.
it is not a vacuum insulated system.

The venting of both the He and N, gas is at points in the respective

2
dewars that permit operating the dewar at observation angles of about

-10° to 60° from the horizontal. Also, the dewar can operate vertically,
standing on the end away from the window. This, however, rotates the

B @V (40 x 1°) by 90° and also increases the temperature gradient
between the ILLHe in the dewar and the spectrometer base plate.

The spectrometer and dewar system are suspended in the vacuum
dewar with four re-entrant fiberglass cylinders which provide rigidity,
mechanical strength for up to 20 g's loading on parachute impact and
thermal insulation. Initially the spectrometer base plate of aluminum
was coupled to the LHe through two large stainless steel washers and the
stainless steel walls of the dewar. The initial coolings indicated that the
base plate did not get cold enough for the detectors to operate. To aid
the rmal conductivity copper straps were soldered to the walls of the LHe
dewar and browht out to a copper ring in contact with the base plate. This
lowe red the temperature considerably to < 7K.

Heat sinking the base plate was one of two problems encountered
in the initial design. The second was that the LHe plumbing provided a
resonant cavity for acoustic oscillations so that the LHe hold times
were 2 - 12 hours. This problem was difficult to recognize due to lack
of experience with the instrument and because the helium hold times usually
were in the 8-12 hour range. Several experiences of 2 hour hold times
resulted in carefully checking for thermal shorts and finally determining
that the problem was acoustic oscillation,
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Working with this spectrometer in its dewar requires significantly

more time for testing and modifying than conventional spectrometers
because of the times required for pumping the vacuum dewar and cooling
and warming the spectrometer., Five days minimum are required to com-
plete one test cycle of placing the spectrometer and cold shields into the
dewar, evacuating, cooling, testing, warming and reopening the dewar.
Slightly longer times are required if a bakeout procedure is used in the
evacuation process. However, once tested, the spectrometer can be kept
operational for extended periods. The longest such period to date is about

one month,
III., CALIBRATION

The spectrometer is calibrated in the laboratory and in the field
prior to each flight or series of flights, It is important that these
calibrations are accurate and that all the variables are measured and changed
in a controlled manner. The calibration provides a means of converting
the voltages measured during flight to absolute spectral radiance. These
radiance values are then used to calculate spectral emissivities and con-
stituent profiles (see Data Reduction).

The spectrometer is calibrated by filling the field of view with a known
source of uniform intensity, This source is then varied in intensity over
the range of values anticipated during the balloon flight. The calibration
is derived from two procedures. The two procedures consist of either using
a series of single point calibrations at different temperatures and assuming
zero radiance at zero voltage output or .using successive calibrarion scans
at slightly different tenperatures in a differential mode and calculating the
slope resulting from the radiance and voltage differences. In this manner
a number of systematic errors can be determined, such as offset voltages,

unce rtainties in the value of the calibration source and system non-linearities.

19
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The calibration source is usually a cavity with dimensions such that
it is optically black to better than 0,99, an aperture that fills the field
of view and walls that are heavy enough to be good thermal conductors
to assure temperature uniformity. In addition, the black body is double
walled with liquid nitrogen between the walls., This black body is operated
cold over a range of temperatures down to 80K. It is important that it is
mounted with sufficient overlap of the window mount to prevent warm
radiation from entering the cavity through the aperture since there are five
orders of magnitude between radiance values at room temperature and
liquid nitrogen temperature at 12um,

The uniformity and absolute value of temperature of the black body
are very important. Errors of 1K in temperature of the black body can
lead to errors in excess of 10% in the assumed radiance value (see Figure
5). The black body temperature is measured with sensors mounted in the
wall at the end of the cylindrical shaped cavity. Both thermistors and
platinum resistors are used as temperature sensors. Also, the LN‘2
is pressurized and the temperature of the LN.2 at various pressures com-
pared with the temperature sensors, With care these temperatures will
agree tot 0.2K, but systematic measuring errors can easily cause errors
of T 2K.

The calibration coefficient (K) for each wavelength is derived in the
following way:

KWV s (ZINi),
where V is the detector output voltage at wavelength X and T N,1 is the sum
of all the sources of spectral radiance incident on the detector. In general,

ZNi = NB(BIack Body) TB + NW( Window) TW* NM(Mirrors) TM

- NR( Refe rence) TR
B’ NW' NM and NR are radiance values associated
Plank radiation from their respective media., Only a fraction of this

The quantities N

radiance will be incident on the detector due to the optical properties of

the intervening path (i.e., the black body radiance will be partially absorbed

21
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by the window and mirrors). Thus TB' TW' TM and ‘r'R have values in
the range of 0.0 to 1.0 and are effective transmission terms for each
radiance source. In reality each T would be a product of terms such as
mirror reflectivities, grating efficiency and window transmission and
reflection. Most of these terms drop out of the calibration as shown below.
The general expression for ZNi contains terms for emission from the

instrument mirrors and optical reference path (that which the detector
sees during the closed portion of the tuning fork chopping). Since the
mirrors and reference are at or near liquid helium tempe rature, these
terms are zero. In addition the instrument transmission function, which
includes mirror reflectivities and grating efficiency, can be incorporated
‘into the calibration coefficient which is constant, The vacuum window
transmission can also be included in the calibration coefficient but will
still show up in the window correction term. Thus,

K'V ‘w Ry

TITW = KV = NB + NW T + N'VV TW = NB + NW

.

where N'W is the radiance from all sources being reflected internally from

the window into the spectrometer. Both window terms should remain con-
stant during calibration and for simplicity of expression can be referred
to as NW. - (There may be some minor thermal coupling between the
black body and the window but it does not appear to be important during the
time frame of the calibration procedure.)

There are two ways of determining values for K as a function of wave-
length. Both assume that the field of view is filled with a proper black
body with contrecllable temperature, At each temperature of the black
body a value for K can be calculated:

N_ + N

K = B \\'

\Y
If the detector and electronics-are linear over the radiant range in question
and if Nw' < NB' then K will be constant as NB is varied, If K is not

constant, the nature of this variability can be determined by calculating
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the value of K from succeeding pairs of measurements in the differential

fashion,

This proceedure removes errors in K due to window radiance and provides
a means of measuring system linearity by varying NB over the entire
range of interest. This procedure is also very susceptible to errors

in the measured temperature of the black body.

On the February flight the window radiance term was significant and
the differential technique was used. The derived values of K were constant
to 5-10% over the range of radiance to be measured during the flight, At
very large radiance levels K became non-linear. Also at large radiance
levels but in the linear region, the value of K calculated from the single
point procedure was approximately equal to the linear value of K from
the differential calculation.

A good relative calibration was also obtained for the June flight, but
the magnitude of K was wrong, apparently due to slight icing of the window
during the calibration procedure. The absolute magnitude of K was
adjusted by a factor of 2.2 based on comparative atmospheric data with
the Februrary flight. This leaves the absolute magnitude of the final
data and derived constituent profiles for the June flight somewhat in
question, but the relative shapes of the profiles should be accurate. The
calibration coefficients used on these two flights are shown in Figures 6
through 9. The primary difference in K for the two dates results from a
change in bias voltage.

A number of experiments have been performed to determine if
variation of any of the instrument environmental parameters might change
the calibration coefficients, The temperature of the liquid helium sink
and the liquid nitrogen shield were varied by lowering the gaseous venting
pressure, but the spectrometer output did not change when looking at a

constant radiance source, Changes in the calibration can also be caused

e3
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Plot of calibration coefficients (K. ) vs wavelength for 19 February

1975 in the short wavelength region.
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Table II.

Flight Date:
Location:

Primary Instrument:

Auxiliary Instruments:

Purpose of Flight:

Launch
Float

Time Log:

Cut Down

Flight and Instrument Parameters

27 June 1974 Flight

27 June 1974

Holloman AFB

1. Liquid helium cooled spectrometer with
cold window.

1. A.S.L. Temperature Sensors

2. A.S.L. Ozone Sensor

3. NASA Ozone Sensor (Hilsenrath)

To measure minor atmospheric constituent
height profiles and preliminary field testing
of LHe spectrometer,

0711 MDT
0928 MDT (38.0 km)
1404 MDT

LHe Spectrometer Parameters:

Window Material
Scan Time

X Equation

Grating Order
X Range
Resolution
Sample Interval
Detector Bias
Amplifier Gain
Band Pass

NER (Realized during

flight)

KRS5
43 sec %
16420 b' . =1 n)\ :
char = 13.793 15030 (sin (50 - 17.703)
2 1
8.50 - 13, 00ym 19. 20 - 26. 15ym
.03ym . 06ym
. 005ym .0lym
+ 4v + 4v
22.5/225 15.8/158
25 25 Hz :
4x10 "wem ™ “sr” pym 3 x 10°8wem” sr-lum r




by shifts in optical alignment. To study this and other long term calibra-

tion variables, the instrument is calibrated several times before a flight,
either as a complete black body calibration or as a one point calibration
check (usually against a room temperature source). No measurable change in
the calibration has been noted to date that can be related to shifts in align-
ment, which includes any effects due to transporting the instrument and
recovery related shocks and vibrations.

The calibration is linearly related to the detector bias voltage. The
bias value is established with the window cold and the black body cooled
to a radiance level anticipated in the stratosphere. As a resuit the pre-
amp is saturated at higher radiance levels. However, an auxiliary low
voltage bias can be substituted for the flight bias for preflight checks.

Both the calibration and the data reduction processes assume proper
wavelength identification of the data, The wavelength calibration is
accomplished by measuring the positions of a large number of known
atmospheric lines or line groups. These line positions are fitted by
least squares to the grating equation based on the assumption of a constant
angular velocity of the grating drive. The equation has the form:

n\ = 2d sin (wt + ¢)

where d = 25 microns and t is the time base of the recorder expressed
as data sample points. Values for the constant (;and ¢ are contained in
Tables IT and V. To date this method seems to be accurate to within a
resolution element, Note that line positions from both orders of the
grating (both detectors) must fit the grating equation using the same con-
stants. Selected atmospheric lines are monitored during flight and minor
adjustments are made to the equation to compensate for temperature effects
on the drive circuitry. This is accomplished with a scaling parameter

(b' or a) contained within the constant w.
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IV. FLIGHT DETAILS

A. 27 June 1974 Flight

The 27 June 1974 flight was made in conjunction with the NASA LACA TE
Program and direct flight costs were allocated to that program, Prior
to this flight difficulties were expe rienced with the liquid helium dewar
hold times as was explained previously, This flight had originally been
scheduled for early May and was postponed until June due to the required
modifications,

This first flight was launched at 0711 MDT on 27 June 1974 at Holloman
AFB. Table II summarizes the flight details. The main experiment on
board was the above described spectral radiometer set to scan from 8. 5um
to 13. 0Mm and from 19. 2um to 26, 15um. An Ozone Sensor developed by
Hilsenrath of NASA Goddard was also on board. Also a pair of temperature
sensors and an ozone sensor provided by Atmospheric Sciences Laborato ry
were flown, The instruments including control instrumentation and para-
chute weighed 682 kg and the balloon weighed an additional 595 kg. The
balloon reached a float altitude of 38 km at 0928 MDT and remained at
that altitude until termination at 1404 MDT. Figure 10 shows the flight
trajectory., The parachute impacted south of Phoenix and the equipment
was recovered and returned in good condition.

Temperature and humidity data from rawinsonde ascents near the time
of the balloon flight were collected and plotted on a common plot. A
smoothed average was selected as representative of the sonde data and
used in the infrared radiance analysis process described in a later section,
The sonde temperatures, dew points and smoothed curves are shown in
Figure 11, Note the magnitude of variation of any one temperature mea-
surement from the smoothed curve., This AT when interpreted radio-
metrically (Figure 5) represents a basic uncertainty in the inverse radiative

transfer process,
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Figure 11. Plot of air temperature vs aititude for 27 June 1974 including
data from several rawinsondes and also showing dew point,
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The spectral radiometer worked throughout the flight and data from
both wavelength regions were recorded on tape, Three elevation scans
were made at float altitude. Several minor problems in the instrument
performance caused a considerable delay in the data reduction process,
The principal problems were cross-talk between pre-amps, resonant
microphonics (both discussed later), variability in wavelength drive due
to variable ground currents in the tachometer lead and warming of the
outside surface of the vacuum dewar at float altitude causing an increase
in the radiance reflected from the window into the spectrometer.

Usable data were obtained from one of the three auxiliary experiments,
the NASA ozone sensor. The ozone altitude profile derived from this
experiment was supplied by Ernest Hilsenrath, Upper Atmosphere Branch,
Goddard Space Flight Center and is shown in Table III 5 This table con-
tains the O3 mixing ratio from the flight data and from an average of 17
rocket sondes flown at mid-latitude during the day. - According to Dr,
Hilsenrath, there is no significant change in the mixing ratio during float.
He also indicates that it is difficult to estimate the errors in the measurement
since the vacuum chamber tests with the aspirator were not conclusive
above 36,5 km., Additional errors could also be due to losses in the
plumbing at high altitudes that could not be accounted for in the data
reduction. In either case, these errors would tend to under-measure
the ambient ozone by as much as 20% above 36.5 km. Below this al-
titude the measurement should be as good as the optical measurement

itself, which is about + 5%.

ZE. Hilsenrath and T. A. Ashenfelter, ""A Balloon Ozone Measurement
Utilizing an Optical Absorption Cell and an Ejector Air Sampler,'' NASA
Technical Note No. NASA TN D-8281, Goddard Space Flight Center,
Greenbelt, Md. 20771, July 1976.

3A. 7. Krueger, '"The Mean Czone Distribution of Several Series of
Rocket Soundings to 52 km at Latitudes from 58°S to 64°N'", Pure Appl.
Geophys. 106-108, 1272-1280, 1973,
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j Table III. NASA Ozone Profile
{
’ Alt Balloon Ozone Standard Atmosphere
] (km) Monitor Mid-Latitude
27 June 1974 17 Rocket Sondes
Ly pugm/gm pugm/gm
17.0 0.63
175 0.97
18.0 1.52 2.65
18.5 2,29
19.0 3. 16
19,5 3.00
20.0 3.5 4,27
20. 5 4,48
21.0 4. 87
2.5 5. 20
22.0 5.52 6.00
22.5 6.23
23.0 6.73
23.5 736
24.0 8.23 T Tl
24.5 8.65
25.0 9.73
2585 10. 3
26.0 L. O 9,39
26.5 s
27.0 11,9
27:5 12.0
28.0 12.6 10, 2
28.5 13.1
29. 0 12. 6
29.5 12.8
30.0 12.9 10. 9
30. 5 1342
31.0 13.1
31.5 12,8
32.0 12:9 V1.9
3.5 12,9
33.0 12: 7
3%: 5 V3we
34,0 12.3 | 7R
34,5 12.9
35.0 13.4
35.5 12,6
36.0 12,1 13.4
36.5 13,1
37.0 11.7
37. 5 1.4
38,0 10,6 13.0
34




The ASL ozone instrument did not function properly but the reason for

this is unclear. The temperature sensors operated properly, but apparently

the convective and radiative environment around such a large balloon pay-
load preclude making a true air temperature measurement,

A summary of the atmospheric parameters for each spectral scan of

the spectral radiometer is included in Table IV. The table includes an

identification number for each scan, time altitude, pressure, angle of
observation of incident radiance, atmospheric temperature from Figure L
an apparent window reflectance temperature and an assumed window
temperature. The window temperature sensing circuit suffered from the

same ground current problems as the tachometer, thus negating the mea-

surement on this flight.

B. 19 February 1975 Flight

The 19 February 1975 flight was flown as a test flight for a group of

instruments to be flown in Alaska in April and May of 1975, The assembled

gondola ready for flight is shown in Figure 12. The experiments on board

included the spectral radiometer, a four field of view filter radiometer,
the ASL temperature sensors, ASL ozonesonde, an X-ray sensor designed
and built by James Barcus of the University of Denver, and 1, 27um OZ
(IA ) radiometer designed and built at the University of Denver,

The balloon was launched at 0342 MST and reached a float altitude

of 29.1 km at 0552 MST. The payload of 726 kg and balloon of 456 kg
floated eastward until 1258 MST when the flight was terminated. Figure 13

shows a plot of the flight trajectory. l'he parachute impacted 10 miles east

of Big Springs, Texas. The instruments were retu rned in good condition
and prepared for shipment to Alaska after the necessary modifications,
A summary of the flight and instrument parameters 1S listed in Table V.
Tempe rature and dew point height profiles were collected from ascents
made at times near those of the balloon flight. Plots of these data and

the assumed average profiles are shown in Figure 14,
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Table IV.

Record
No.

60
64
69
73
78
82
86
94
102
105
11}
116
119
127
132
135
142
147
152
156
160
168
180
191
204
226
247
AT i
280
283
286
289
292
295
298
301
304
318
346
361
375
389
396
403
490

Table of Paramete rs for Individual Scans

Time
(MST)

0740
0743
0747
0750
0753
0756
0759
0804
0809
0814
0819
0824
0827
0831
0835
0838
0842
0846
0849
0852
0856
0900
0906
0915
0922
0937
0952
1010
1021
1023
1025
1028
1030
1032
1034
1036
1038
1046
1058
1114
1125
1535
1142
1147
LRSS

Alt
(kft)

32.8
36,1
39.4
42,7
45.9
49.2
52.5
55.8
53,1
6&. 3
65. 6
68.9
T2, 2
#5556
78,7
82.0
85+ 3
88. 6
9k 9
95, 1
98. 4
{03 57
108. 3
114, 8
121. 4
124,7
124, 7
124.7
124, 7
Iz4.7
124.7
Y24, 7
124, 7
124, 7
124, 7
124, 7
124, 7
124, 7
124, 7
124, 7
124, 7
124,7
124, 7
124, 7
1247

Alt
(km)

10.
bE,
12,
13,
14,
15.
16.
by
18.
115278
20,
21
22.
23,
24,
&5,
Pefa
27,
28
25
50,
Sk
3ae
35,
il
38.
58,
38.
38.
36
38,
38
585
38.
38.
38.
38.
38.
38.
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38. 0
38.0
38.0
38.0
38,0

Press
(mb)

288.
249,
214,
183.
15T,
L33,
12,
9546
80.9
68. 8
58.5
49.9
42,6
36. 4
33,2
26,6
22,8
19,6
16, 8
14. 6
12,5

.
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Zenith
Angle
(°)
63.0
63,0
63.0
63.0
63.0
63.0
63.0
©3..0
63.0
63.0
63.0
63,
63.
63.
63.
63.
78.
78.
78.
78.
78.
&3,
83.
83,
83,
83.
83,
88.
G5
93.
93
93¢
93,
93.
DS
93,
Y93
48.0
63,0
78.0
83.0
88.0
93.0
93.0
a3, 0
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for the Flight of 27 June 1974,

Air

Temp
(9K)

236,
230,
223,
215,
208,
203,
2001,
2011,
203,
Z0T.
212,
215,
Z2¥7.
218,
220,
222
224,
226,
228,
230,
234,
236.
239.
243,
246,
246,
246,
246,
24(/),
246,
246,
24(1).
246,
246,
246,
Z-«H).
34()

246,
246,
240,
246,
246,
246,
246,
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2
0
1
3
5
5
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Temp
(°K)
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Table V. Flight and Instrument Parameters

19 February 1975 Flight

Flight Date: 19 February 1975
Location: Holloman AFB, New Mexico

Primary Instruments: 1. Liquid helium cooled spectrometer with
cold window.

2. 4 detector LN2 radiometers.

Auxiliary Instruments: 1. A.S.L. Temperature Sensors
2, A.S.L. Ozone Sensors
3. X-ray (Barcus)
4, 1,27um Radiometer
Purpose of Flight: Test instrumentation for Alaska series in April

and May 1975, To measure minor atmospheric
constituent height profiles.

Time Log: Launch 0342MST
Float 0552MST (29. 1 km)
Cut Down 1258MST

LHe Spectrometer Parameters:

Window Material KRS 5
Scan Time 43 sec
s i n\ = 50 sin[8.60 x 107" —=—(char) + 18.79]
. 5580
Grating Order 2z 1
A Range 8.10-13,60ym  18,00-27.20ym
Resolution . 03ym .06ym
Sample Interval .005ym L0lym
Detector Bias + 18v +18v
Amplifier Gain 2,53/ 113, 2 2.83 /113, 2
Band Pass 12, 5H %= 12. 5Hz
NER (Realized during 4x10-8wem=2s " 1um-13x10'8wcm‘2s i ]um- ;
flight)
3Q
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The spectral radiometer operated successfully during the entire flight,

However, many of the same minor problems present in the June data
plagued the data reduction process, Apparently the problems had not
been completely identified. In most instances the magnitude of the
problem had been significantly reduced, but better solutions were required
before flying in Alaska. The filter radiometer lost sensitivity shortly
after launch so no useful data were obtained: apparently the detector had
run out of liquid helium. The ASL Ozonesonde did not obtain a meaningful
measurement and the temperature sensors still read high. This approach
for measuring local air temperature was abandoned after this flight. The
X-ray monitoring instrument operated properly and measured appropriate
background levels, but these data are not directly of interest and are not
presented here. Any perturbed X-ray data from Alaska will be reported.
The 1.27um radiometer stopped operating during ascent apparently due

to cold electronics,

A summary of the atmospheric parameters for the spectral radiometer
for the February flight are shown in Table VI. Spectral scan identification
numbers are contained in the first two columns. These are associated with
the two recorders flown as part of the balloon instrumentation. The other

columns are identified the same as for the June flight.
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Table VI. Table of Parameters for Individual Scans for the Flight of February 1975,

Record Record Time Alt Alt Press Zenith Air Skin Window
No.(#2) No.(#3) (MST) (kft) (km) (mb) Angle Temp Temp Temp
2 PK) (K} (°E)

46 47 0401 18.0 5.5 504. 63.0 251.9 242.5 80
49 50 0403 19.7 6.0 472, 63.0 248.6 240.2 80
52 53 0405 21,3 6.5 439. 63.0 245,2 238.2 80
55 56 0407 23.0 7.0 41\, 63.0 241.2 236.0 80
58 59 0409 24,60 T.5 383. 63..0 237.6 234.0 80
61 62 0412 26.2 8.0 355, 63.0 233. 7 232.5 80
64 65 0414 27.9 8.5 330, 63.0 230.5 23L,8 80
67 68 0416 29.5 9.6 306, 63.0 226.7 228.8 80
70 TE 0418 31.2 9.5 286, 630 223,20 227.0 80
T2 73 0420 32.8 10.0 265, 63.0 220.2 225.6 80
74 75 0421 34.4 10.5 245, 63.0 219.5 224.3 80
76 7 0422 361 11.06 228, 63.0 220.6 223.0 80
78 79 0424 37. 7 ¥1,5 210, 63.0 219,.6 221,5 80
87 85 0428 40.0 12,2 188.5 63.0 220, 2 218.3 80
90 88 6429 41.0 12,5 179.7 63.0 219.6 214.5 80
96 92 0433 42.3 12.9 169.3 63.0 2216 21205 80
101 97 0436 44,3 13.5 153,6 63.0 219.6 209.0 80
104 100 0438 47,6 V4.5 I3V, 7T 63.0 218.0 206.0 80
106 102 0440 49,2 15.0 121.4 63.0 21565 205, 2 80
110 105 0442 51.8 15.8 107.5 63.0 213.1 201.8 80
114 109 0445 54,1 16,5 96.3 63.0 21z, 3 198,06 80
118 113 0447 55.8 17.0 88.5 63.0 211.4 196.0 80
120 1i5 0449 57.7 Li.6 8l.2 63.0 209.0 194.5 80
123 118 0451 59. 1 18,0 76,0 63.0 208.7 192.2 80
126 121 0453 el 0 I8, & ©69.3 63.0 208.4 189.8 80
129 124 0456 63.0 19,2 63,4 63,0 208.2 187.0 80
131 126 0457 64.3 19.6 59.6 63.0 208.2 185.0 80
134 129 0459 65, o e 55 630 208.2 182,.7 80
138 133 0501 6.3 20.5  Sl.7 63,0 208.2 179.8 80
141 136 0504 €5,9 21,0 47,7 63,0 208, 2" L. 8 80
144 34 0506 70.5 2k.5 44,1 63,0 208:. 2 115:9 80
147 142 0508 The9 21.% 41,5 63,0 208.2 174,2 80
152 147 0511 75.8 22,5 37.8 63.0 208,24 17T2.5 80
154 149 0513 5,50 25,0 35,0 650 208, a 171.9 80
158 152 0516 Tl 23.5 3.4 63.0 208, 2 17l.2 80
163 157 0518 78.7 24,0 29.9 63.0 208,242 170,3 80
166 160 0521 80,7\ 24,6 27.2 63,0 208.2 170.0 80
169 163 0524 Sids 3 &S Z2b. 0 63,0 208,2 169.8 80
) i 166 0525 S0l #wD 5 w3y 063G 2D8.2 169.2 80
176 170 0528 85:, 3 20,0 21.9 63.0 208.2 169.0 80
180 174 0531 86,9 <6.5 wU«3. 63,0 208.2 168.8 80
183 177 0533 88.3 26.9 19,0 63,0 208.2 168, ¢ 80




Table VI, Table of Parameters for Individual Scans for the Flight of February 1975,
(Continued)

Record Record Time Alt Alt Press Zenith Air Skin Window
No. (#2) No. (#3) (MST) (kft) (km) (mb) Angle Toemp Temp Temp
3 8 "B *R

188 182 0537 90.2 27.5 17.3 63,0 208.5 168.0 80
193 187 0540 91.9 28,0 16,0 63.0 208.8 167.3 80
196 190 0542 92.5 28.2 15,5 63,0 209.0 166.9 80
199 193 0545 93.8 28.6 14,7 78.0 209.3 166.3 80
202 196 0547 94,5 28,8 14,2 78.0 209.5 166.0 80
204 198 0548 95.1 29,0 13,8 78.0 209.6 165.3 80
207 201 0550 95.5 29.1 13,5 78.0 209.7 164.9 80
208 202 0551 95,5 29.1 13,5 83.0 209,7 164.7 80
213 207 0554 95,5 29,1 13,5 88.0 209.7 163.9 80
215 209 0556 95.5 29.1 13,5 93,0 209.7 163.4 80
221 215 0559 95,5 29,1 13.5 81.0 209.7 162.1 80
229 222 0604 95,5 29,1 13,5 81,0 209.7 161.0 80
242 235 0608 95,5 29,1 13,5 81,0 209.7 158.4 80
255 248 0614 95,5 29,1 13.5 81.0 209.7 156.4 80
263 256 0621 95.5 29.1 13,5 81.0 209.7 155.2 80
279 271 0636 95.5 29,1 13.5 81.0 209.7 155.0 80
290 282 0645 95,5 29.1 13,5 81,0 209.7 155.2 80
308 300 0652 95,5 29,1 13,5 81,0 209.7 157.0 80
358 350 0718 95.5 29.1 13,5 81.0 209.7 164.0 80
408 400 0754 95.5 29,1 13.5 81,0 209.7 169.5 80
458 450 0830 95.5 29.1 13.5 81.0 209.7 173.5 80

500 0905 95.5 29.1 13,5 81,0 209.7 176.3 80

550 0940 95.5 29.1 13,5 81,0 209.7 177.1 80

600 1015 95,5 29.1 13,5 81,0 209.7 176.5 80

689 1048 95,5 29.1 13.5 81.0 209.7 174.6 80

764 1200 95,5 29.1 13,5 81.0 209.7 173.8 80

|
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V. DATA REDUCTION

The data reduction process is essentially the same for both flights
except that specific constants may differ for each. The objective of the
data reduction is to convert the recorded electrical voltages back to the
original incident radiance with as much precision as possible., To accom-
plish this the recorded data must be examined for spurious content and,
whenever possible, the undesired signal removed or compensated for.

In addition the untreated data are examined for variations of the primary
data reduction parameters such as wavelength and zero references (both
optical and electrical). Of course, ideally there are no spurious inputs,
In practice, with proper identification of such inputs in ground tests and
during the first few flights, these inputs should be reduced to insignifi-
cant levels,

Before the June and February data were reduced to radiance, corrections
had to be made for electrical cross talk between the pre-amps. The cross
talk was not recognized until after the June flight because it was at relatively
low levels (£ 10%) and unanticipated. It is important, however, because
the radiance levels at complementary wavelengths of the first and second
order of the grating are sometimes orders of magnitude apart., The cross
talk mechanism was not properly identified after the June flight and was
present but slightly reduced for the February flight, It has been eliminated
to < 0. 1% on all subsequent flights. Careful measurements were made of
the effect prior to the February flight and in-flight data were used for the
June flight, Figures 15 and 16 are plots of the pre-February measurements
showing that the cross talk is linear with amplitude with a diffe rent magni-
tude from short wavelength to long (~ 3.5%) than from long wavelength to
short (~ 6.3%). It was finally determined that there was a small capaci-
tive coupling between the output of one pre-amp and the input of the other
(~ .01 pf) causing this cross talk., The solution was to shield about 3 ¢m

of input lead.,
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Every effort was made to eliminate another persistent problem,
microphonic noise due to vibrating detector leads. This problem has not
yet been completely solved,although the level of the problem has been
greatly reduced. The microphonics are partially related to the pre-amp
suspension in its thermal box. Until recent changes this suspension has
tended to loosen with repeated thermal cycles and with parachute impact
shock. In addition, certain elevation angles of the instrument allowed
more microphonic coupling than others. During ascent on the June flight
this coupling developed a resonance at certain elevation angles resulting
in what appeared as a constant frequency and amplitude. An example is
shown in the first 10 seconds of Figure 17a. It was largely possible to re-
move this pseudo constant frequency from the data before further reduc-
tion (see Figure 17b).

Once the electrical artifacts are removed from the observed spectra,
the voltage as a function of wavelength can be converted to spectral
radiance. This process is basically the inverse of the calibration proce-
dure and can be expressed in the following way:

§ N = KV - NW ;
where V is the measured voltage corrected for cross talk, microphonics
and zero references (both electrical and optical). NW* is the radiance
correction for window emission and reflection. (Actually N 4 NW* is
initially calculated and a lengthy procedure is then followed to dete rmine
the most likely value for NW* for each spectral scan,)

The initial design of the spectral radiometer called for a cooled
window with low emissivity such that NW* < N, particularly in the 10~

12hm region. However, this condition was not realized until the sixth

balloon flight with the spectrometer., (See Instrumentation, Optical Design.)

Some method was therefore necessary to remove the radiance associated

with the window (NW ) from the measured spectral radiance,

There are several sources of the radiance attributed to the window

The first is the emissivity due to the bulk window material and surface
contamination. This is held to a minimum by cooling the window and
47
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selecting the window material. The second is the several sources of
radiance reflected or scattered off the window into the optical path.
With properly constructed and cooled baffles this source is also held

to a minimum, but small openings in the baffle system can permit large
fluxes of radiation from warm sources to be reflected into the optical
path.

The window radiance for the February and June flights was related to
radiance bypassing the baffle system, Further, the reflected radiance
did not appear to be from a single temperature source where a single ""gray"
body correction could apply to all wavelengths, Nevertheless ''gray'' type
corrections were attempted over shorter wavelength intervals where they
represented a good approximation. These temperatures were calculated
using the assumed residual radiance from pairs of wavelengths in the
following fashion. Using the black body equation for radiance and taking

the ratio of the radiance at two wavelengths and the same temperature,

5 :
Nl >\l " CCZ/AZ F_ 1
0 e o
N, A3 ecz/XIF_ i

Since we are looking for 'gray' body temperatures, it is desirable to
retain the ratio NI/NZ through the derivation. This can be accomplished
and solved for the temperature by approximating e - 1 with e” and is

accurate to 5% for AT < 4800 (Mm K), Then solving for the temperature,
¢, (1A, = 1/A})

* 5
LY
|
TN

Temperatures derived in this fashion and tested against the measured data
are listed in Tables IV and VI under the column labeled skin tempe rature,
On later flights (Alaska 1975) the temperature of the spectrometer skin

was actually measured and compared with this calculated temperature, The
two t.l-mpvrahn'f-s seem to track in time with a constant offset, the calculated

temperature being lower, Expressions for the window correction, N , for

W
the two flights reported are:

50
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0.0013 N(Ts) for 27 June 1974

and

Z
I

0.008 N(Ts) for 19 February 1975,

It is important to remember that the purpose of the corrections for
window-emission and reflection was not primarily to have good spectral
window data, but rather to obtain good base line data in the regions where

constituents of interest were emitting, Thus the required input on re-
b3

w
constituent band. In addition it is desirable to limit this error to < 10%

moving N is to limit the residual radiance error to < 10% of N in a

of N in the atmospheric windows to permit analysis of aerosol effects on
long wavelength radiation. This criterion cannot be met here since assump-
tions were made as to the expected atmospheric window radiance in order

to calculate Ts which was not measured on these flights. Consequently,

for the two flights reported here,great care should be exercised in

deriving conclusions from the fine detail of the height vs radiance pro-

files of the atmospheric window regions,

Once the window corrections are determined, the atmospheric radiance
is calculated for all the spectral scans made during each flight. To
facilitate presentation here and to reduce the noise somewhat, the spectral
scans were grouped in uniform altitude increments and coadded. Samples
of the resulting spectral radiance for the 27 June 1974 flight are shown in
Figures 18 to 22 for the short wavelength region and Figures 23 to 27 for
the long wavelength region. In addition, samples of the 19 February 1975
flight are shown in Figures 28 to 48 for the short wavelength region and

Figures 49 to 71 for the long wavelength region.
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After the spectral radiance is calculated some test of the accuracy
of the values should be made. Such tests may contain comparisons with

known or expected radiance values. Several examples of these tests are

Comparison with a well made real time calibration (on-board black

body). Care should be taken to avoid systematic errors.

Examination of spectral radiance for strong emission regions and
comparison of this radiance with Planck black body radiance from
an appropriate atmospheric temperature.
Fitting selected spectral regions to simple models over a range
of emission parameters (pressure, secant, etc.).
i. A linear mass model may fit weakly emitting regions such
as "windows, ' provided the emission in the region is
primarily due to uniformly mixed molecules ( or particles).
ii. Emission associated with selected strong line groups may
be proportional to |Pw, where P is pressure and w is concen-
tration.
iii. Both i. and ii. and other models have predictable secant
functions at a constant pressure altitude.
Repeatibility of measurements in spectral regions associated with
known constituent concentrations such as CO2 emissions
i over the duration of one experimental observing period,
ii. over several observing periods.
Exploring the possibility that there may be specific known func-
tional relationships between basic atmospheric parameters (P, T)
and integrated radiance over selected spectral regions which can
be used as
i. pseudo calibration,
ii. to infer an average black body radiance for the observational
path. This is especially useful when adequate tempe rature

profile data is missing. Again CO, regions may be suited

2
for these purposes.
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These examples are just that and each experiment will dictate its own
tests. Spectral radiometric measurements offer many possibilities for such
tests. In an attempt to explore some of these possibilities for the 27 June
and 19 February flights, a number of wavelength regions were selected,

Some of these regions have been labeled atmospheric windows and some con-

tain emitted radiance from a specific atmospheric species. Table VII lists
the regions investigated and the apparent dominant feature of each region.
Average spectral radiances for each region were calculated from the
measured radiances for all records of both flights, This data is presented

in Table VIII for the 27 June 1974 flight and in Table IX for the 19 February
1975 flight. These average radiances are used in all the following discussions

and constituent profile derivations. The average radiances have an arbitrary
-1 -1
um

lower limit of 10—8 w cm-2 sr ’
The following development is an attempt to test the data in the manner

proposed under 3.i., and 3.ii. above., This discussion is not related to the

derivation of the constituent profiles discussed in the following section.

The inclusion here is of an exploratory nature with the possibility of develop- |

ing techniques for quickly evaluating specific radiance data, techniques for

inferring the mean atmospheric temperature when soundings are unavail-

able, or techniques to look for small variations in large amounts of data

(i. e. possible seasonal changes in window radiance due to particulates. ) s

The average spectral radiances (I:I_) calculated in Tables VIII and IX

were converted to emissivities in the following manner:

-
caiels -
where
“t(B,n) d
it J.f(B, n) dn
B = ——
-]
S h dn
The integral I: dn is the column density along the optical path and f(B, n)

is the weighting function for the black body term related to successive

density layers. Initially a linear weighting was used (f(B,n) = B(n)) in
107

- ...—.-—M




15.
16.
17.
18.

19,
20.
2l.
22,
23.
24.
25,
26.
27.
28.
29.

Table VII, List of
Wavelenjglh Rangs

Short Wavelength Region (2nd order)

Spectral

Regions of Interest

Constituent of Interest

8.85-8. 90ym
9.475-9. 500
9.74-9.78

10.00-10. 05

10.405-10.410

10. 465-10. 550

10. 690-10. 700

10. 700-10. 800

10. 800-10.815

10.87-11.765

11.035-11. 065

11.215-11, 315

11.415-11. 465

11.845-11.925

12. 540

12.540-12, 670

12. 670

13.205-13, 265

9um O,
9. bum O, compare with Snider
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this calculation. B was calculated for each altitude of observation
using at least 10 layers because the temperature lapse rate was generally
not linear. Various possible functional relationships between emissivity
and the emitting medium can be explored to determine which spectral
regions can be described with simple extinction coefficients,
In general
T = 1-¢€ e-f(m,p, T),
where f(m, p, T) may be determined by line-by-line or band model calcu-
lations or some simple approximation to these more elaborate calculations,
such as a linear coefficient with optical mass (m) or pressure weighted
square root dependance (VPm). For emissivities < 10% such approximations
reduce to
€ = afm or € = b PBm,

where m = P secy and Bm is the optical mass of a specific species.
Thus € = agPsecl or € = bP\Bsec® = bm|B/sech.
Plots of In ¢ vs ln m were made of some of the spectral regions for
both flights and a few of these are discussed here as representative. Since
both linear and square root regions are linear with air mass, such regions
should be characterized by curves of slope I on a In vs In plot. This
assumes that sectd is not varied. The sect relationship can be identified
by varying this parameter at a constant float altitude.

In the stratosphere a number of spectral regions should fit a linear
model of weak non-overlapping lines. However, most of these regions
are dominated by radiance from atmospheric constituents such as O3 at
8. 9um and HNO3 at 11. 3um, which are not uniformly mixed. Figure 72
shows a plot for HNO3 where a linear mass function is assumed. The
layering of the HNO3 is quite apparent, The atmospheric window regions
should fit the linear model; however, on these flights the effects due to
the instrument window were removed based on assumptions about the radiance
levels in the atmospheric windows so that a plot of that region only shows h

these assumptions.
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number 10, 19 February 1975,
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The 25;m region of HZO emission is composed of strong randomly
spaced, non-overlapping lines and should fit a /Pm type model. Figure

73 shows a plot of this region which is nearly linear with m. The square

root relationship was confirmed with data from this and a later flight
where several secant scans were made at a constant pressure altitude.
These plots will be shown in a later report. Note that while the water

vapor is not uniformly mixed with altitude,it is sufficiently close to uni-

e A e

form in the stratosphere that a functional relationship containing the square
root of the mixing ratio plotted on the scale used in Figure 73 appears to be

a straight line,

The spectral region which includes a CO2 Q-Branch at 12, éum
is plotted in Figure 74. This region consists of a large number of weak
but overlapping lines, The plot could be fit with a linear curve but the
best slope is not 1 and plots of the secant variation indicate a slope less
than one, Thus the overlapping lines modify the linear model as expected.

Figures 72 to 74 and the above discussion about them show some of
the considerations necessary to use 3,i. and 3.ii. A later report will
explore these points further,

A further test example using 2 above pertains to two strong absorption
regions: one at 9, 74im due to 03, the other at 25, 2um due to HZO. The
near center of the 9. 6Um band becomes totally black when observed over
long optical paths in the stratosphere. The measured radiance levels are
therefore defined by the stratospheric temperatures at appropriate altitudes,
Figure 44 illustrates this point as the center of the O3 band lost much of
its spectral characteristics and appears more as a short segment of a
black body curve at an appropriate temperature for the lower stratosphere,

Similarly, the 25,2um emission from H,O is totally black at low altitudes

2
in the troposphere and can be used to check calibrations. This check
has been made on some later flights but the speciral data shown in this report

do not include data from low enough altitudes to show this effect,
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VI. ANALYSIS OF SPECTRAL RADIANCE

The spectral radiance combined with the observational parameters of
pressure, temperature and secant angle are used to calculate constituent
concentrations. The derivation of the vertical distribution of the minor
constituents is done by fitting the observed integrated radiance of selected
isolated spectral regions to the corresponding theoretical integrals. Two
methods are used: the line-by-line method and the band model method. £, S
The individual line parameters (frequencies, intensities, halfwidths and
energy levels) and band model parameters (average intensities and average
halfwidths) are available for most atmospheric molecules of interest,
Elaborate computer programs have been developed for these computations
and are currently being used on the CDC 6600/7600 computers at the National
Center for Atmospheric Research in Boulder, Colorado.

The radiometric measurements are made from different altitudes
hl' hZ' “ o @ s hm at a constant zenith angle. The atmosphere is assumed
to be stratified into layers defined by actual altitudes of observation. The

analysis starts at h_, the highest altitude of observation with the smallest

1’
radiance values and then proceeds layer by layer to the lower altitudes
with increasing radiance values, The residual atmosphere above hl is
considered as one homogeneous layer so that the infinite resolution radiance
at wavenumber v(cm'l) to be observed at altitude hy, N(v,h;) is a one-

layer emission,

N(U.hl) = €(v,1) B(w, 1),

4A. Goldman, D. G. Murcray, F. H. Murcray, W, J. Williams and J. N.
Brooks, '"Distribution of Water Vapor in the Stratosphere as Determined
from Balloon Measurements of Atmospheric Emission Spectra in the 24-29um
Region, " Appl. Opt, 12, 1045-1053, 1973,

5D. G. Murcray, A.Eoldman, F. H, Murcray, W. J. Williams, J. N.
Brooks and D. B. Barker, '"Vertical Distribution of Minor Atmospheric
Constituents as Derived from Air Borne Measurements of Atmospheric
Emission and Absorption Spectra, ' AIAA Paper No. 73-103, Presented

at the 11th Aerospace Sciences Meeting, Washington, D.C. Jan, 10-12, 1973,
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where B(v, 1) is the black body radiance at temperature § of layer 1, and
€(V, 1) is the infinite resolution emissivity of this layer, The atmosphere
below hl is divided into m-1 homogeneous layers, defined by h
hm. The emission from the first layer is transmitted through the second

2!h3l"'l

layer according to T(v, 2) N(v ’hl)' where T(v, 2) is the infinite resolution
transmittance of the second layer, In addition, the second layer emits
radiance according to €(V, 2) B(v, 2). Thus the infinite resolution radiance
observed at hZ’ N(v, hz) is given by

N(v,h,) = T(v,2) N, h,) * €lv, 2) B(v, 2).

This process proceeds through all the layers below h, according to

1
N(V,hn) = 7(U,n) N(l/,hn l) + el 0y Bipr,n) , fora=2, . . . , M
These equations represent successive equations for N(v, hn), where each

step below h, involves two consecutive layers.

1
Assuming no scattering, the relation 7(y) = 1 - €v) will hold for thermo-

dynamical equilibrium and can be substituted into the above equations.

T(V,hn) is a function of the amount of constituent U(n) in the layer n between

altitudes hn and hn Once a theoretical model is developed for T(V, hn),

S
the equations can be solved successively for U(n), n- 1, . . ., m, thus
yielding the desired constituent profile. However, the observed spectral
radiance N v, hn) is not at infinite resolution, but rather is a convolution
of the infinite resolution radiance N(v, hn)’ with the spectrometer slit

function g(v-V') according to

= V+a i ; vta by ’
N(u,hn) i T N(v,hn) gv-v') dv /uv-a glv-v') dv',

where 2a (cm'l) is the spectral width of the slit function,
The integrated radiance, though, is independent of the slit function,

so that
' 2 V3 =
J‘ N(v,h )dv :j‘ N(v,h ) dv,
vV n v n
1 1
where Vl and VZ are limits of the spectral region under consideration. Thus,

the integrated radiance is a suitable parameter for a fitting of theoretical
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n

integrated radiance | N(V,hn)dl/ (over an isolated region) to the experimental
values J’_I-\I_(U, hn)du by successive solutions of the equations

v 14
a2 s
F[U(n)] = JU N(v,hn)dy " N(v,hn) dyv = 0, forUn), n=1, . ..,

m, where N(v, hn) is given above.

The above determination of U(n) requires a suitable model for the
calculation of T(v,n). The most accurate transmittance is obtained by a
line-by-line calculation. However, for some molecular species adequate
parametric values for this type calculation are not yet available and
band model parameters are used to calculate concentrations, The same
basic 2 layer radiometric approach is used and the integrals (calculated
and measured) are equated.

The line-by-line model is used to calculate water vapor emission spectra.
Mixing ratio height profiles for water vapor using this technique in the 25, 2um
region were derived for both flights and are shown in Figures 75 and 76
for the 27 June 1974 and 19 February 1975 flights, respectively. Included
on these profiles is the mixing ratio derived from the dew point data shown
in Figures 11 and 14.

Band model analysis was used to caluculate the HNO3 mixing ratio
height profiles.6 The band model parameters for HNO3 calculated by
Goldman et al. have sufficient resolution to allow the derivation of HNO3
profiles from several spectral regions within the 11. 3um band. Consequently,
spectral regions 10 through 13 from Table VII are included in the integrated
spectral results rather than just the total band which is region 10, The HNO3
profiles, of course, should be the same for all regions. The profiles shown
in Figures 77 and 78 for 27 June 1974 and 19 February 1975 are derived
from two of these regions (10 and 12). Profiles from both regions are in-

cluded so that both the shape of the profiles and the magnitude of the mixing

6A. Goldman, T. G. Kyle and F. S. Bonomo, ''Statistical Band Model
Parameters and Integrated Intensities for the 5.94m, 7.5um, and 11.3um
Bands of HNO3 Vapor, " Appl. Opt. 10, 65-73, 1971,
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ratios can be compared. The parameter a in these figures is the exponent

for the temperature correction term required to adjust the laboratory

band model parameters to atmospheric temperatures (see discussion in
references 5 and 6). This exponent for the entire band is 1.5 and for narrow
spectral regions within the band is 1. 0.7 In one case, however, the total

band coefficient was adjusted using a = 1 for comparative purposes (27

June 1974). The various profiles shown in Figures 77 and 78 are very similar,
nevertheless, the questions raised by the slight differences are being

studied as to their implications.

’

Band model analysis was also used to derive ozone mixing ratio
height profiles using radiance data in spectral region 1 at 9¥m, This
analysis is similar to that used for the HNO3 and described in references
above. For small values of emissivity the mixing ratio for ozone 1s cal-

culated from the following equation:

g - A€ M(O3)
(S°/d)(AP)H M(air) ’
where

£N(O3)

= B(h ) ’
n

AN = change in radiance from height hn to hn*l’
SY/d = average absorption coefficient over spectral

region 1,
4P = change in pressure from hrl to h L

h &
: 3 n n+tl

H = atmospheric scale height at S T

M(O3) and M(air) molecular weight of ozone and air respectively,

7D. G. Murcray, A, Goldman, A, Csoeke-Poeckh, F. H. Murcray,

W. J. Williams and R. N. Stocker, '""Nitric Acid Distribution in the
Stratosphere,' J. Geophys. Res. 78, 7033- 7038, 1973.

8A. Goldman, ''Statistical Band Model Parameters for Long Path Atmo-
spheric Ozone in the 9-10um Region,' Appl. Opt. 9, 2600-2604, 1970.

9A. Goldman and T. G. Kyle, '"A Comparison Between Statistical Model

and Line-by-Line Calculation with Application to the 9. 6um Ozone and 2. 7THm
Water Vapor Bands,' Appl. Opt. 7, 1167-1177, 1968,
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The values for N(O3) have not been significantly smoothed for this initial
calculation. As a result some of the apparent layering may be over exag-
gerated. The derived profiles are shown in Figures 79 and 80 for 27

June 1974 and 19 February 1975, The ozone data of Hilsenrath? is in-
cluded on the 27 June 1974 figure along with mean mid-latitude profiles

from rocket sound’mgs3 and ozone models proposed by AFCRL. 9

F VII. CONCLUSIONS

The liquid helium cooled spectral radiometer designed for the
Ballistic Research Laboratories has been operated successfully. A
number of instrumental adjustments were indicated as a result of these

first two flights. They have been incorporated into the instrument and

will be discussed in future reports. The radiometer was designed to
measure constituent height profiles. Profiles for several constituents
have been reported here. Summaries of these and profiles from

additional flights will be presented at an appropriate time.
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