A pressure modulator radiometer for measuring stratospheric trace gases
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This article describes a pressure-modulator instrument which is designed to measure trace
constituents of the stratosphere from a balloon platform at an aititude of about 40 km. Double-
sided limb-scanning allows profiling below the instrument and a direct determination of the
instrument attitude from the radiance data. The instrument is described in detail and the methods
of radiance measurement and calibration are discussed. Some of the supporting laboratory
measurements are described. A concentration profile of carbon monoxide from 20 to 45 kmis
presented as an example of the resulis of the first series of flights.

INTRODUCTION

Chemically active trace constituents of the upper atmo-
sphere are important because the chemical balance of the
region affects the radiation balance, and hence the dynamics.
Therefore these compounds, although present in very small
amounts, can have a significant overall effect upon the state
of the stratosphere. However measurements of these com-
pounds are hampered by their low concentrations and the
small signals which they produce.

Pressure modulator radiometry is a technique by which
small signals from the thermal emissions of constituents can
be detected and analyzed to determine a concentration pro-
file. Previous applications of this technique have been to
temperature sounding and to constituent measurements.’
The temperature sounding instruments, using CO, as the
pressure modulating gas, have been flown on balloons and
satellites, notably the pressure modulator radiometer
(PMR) instrument on the Nimbus 6 satellite and as part of
the stratospheric and mesospheric sounder (SAMS) instru-
ment on Nimbus 7. In the area of composition measure-
ments, previous balloon-borne instruments have measured
nitrogen oxides™ and a variety of measurements have been
made using the SAMS instrument mentioned above.* The
principal advantages of the technique are the large energy
grasp, which serves to increase the available signal, and the

igh effective spectral resolution, which enables the instru-
ment to detect signals from specific gases while rejecting
those from other species. This is achieved without sensitive
mechanical or optical systems, allowing the instrument to be
readily used in balloon-borne and satellite systems.

This article discusses a new balloon-borne instrument
which is designed as a generai-purpose instrument for stra-
tospheric composition measurements. For the first experi-
ments the instrument, which has three independent chan-
nels, was equipped to measure carbon monoxide at 4.7 um,
methane at 7.6 gm, and formaldehyde at 5.7 ym.

. PRESSURE MODULATION TECHNIQUES
A. Overall description

The schematic of a pressure modulator radiometer is
shown in Fig. 1. It consists of a conventional filter radio-
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meter with a fast chopper at the inpui to modulate the radi-
ation and an additional cell, the pressure modulator celi or
PMC, filled with the gas being studied. The density of the gas
is cycled mechanically at a rate which is much less than the
modulation frequency of the chopper. The fast chopper al-
ternately selects the atmospheric signal or an internal refer-
ence signal. A discussion of the spectral, mechanical, and
signal characteristics of a modulator is given below with par-
ticular emphasis on features which are used in the instru-
mentation to be described.

B. Spectral characteristics

The essential feature of the pressure modulation tech-
nique is the use of the emission lines of the gas itself as a
precise optical filter for incoming signals. ¥Variations in the
density of the gas in the modulator cell cause variations in
the absorption of incoming radiation only in spectral regions
near spectral lines of that gas (Fig. 2). Electronic systems
can extract this signal which, being a function of radiation
near spectral lines of the gas in the cell, is likely to be indica-
tive of emission from the same gas. There is a precise correla-
tion between the radiation coming in from the gas in the
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F16. 1. Schematic of a pressure modulator radiometer. Radiation enters the
system from the left-hand side and is interrupted by a fast rotating chopper.
The rear face of the chopper is reflecting and therefore the ongoing radi-
ation in the system is alternately the input radiation and the radiation from
the reference blackbody. The field of view is delineated by the field stop. The
radiation then passes through the pressure modulator cell containing a sam-
ple of the gas being measured. The gas density is varied cyclically at about 11
Hz. The radiation is spectrally limited by a conventional multilayer filter
and then falls on 2 detector. The signal produced is processed by the elec-
tromnics to produce “wideband” and “sideband” signals.
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F1G. 2. The operation of the pressure modulator cell in spectral space. Fig-
ure (a) shows the transmission function of the moedulator gas in spectral
space at its two pressure extremes. The effect of the PMC in 2 PMR, after
electronic processing, is the replacement of a single gas cell/detector chan-
nel by two independent channels, each containing an effective iransmission
filter (b) instead of a gas cell. One of these filters has an effective transmis-
sion function equal to the average transmission function of the two trans-
mission extremes, the other to the transmission differences. The resulting
detected radiances (¢), are known as the “wideband™ and the “sideband”
response, respectively. The PMR output is the total detected radiant energy
integrated over wave-number space from each channel.

atmosphere and the absorption features of the same gas in
the cell. Since this perfect speciral alignment is achieved
without any dispersing components and their attendant ad-
justments, the instrument is inherently robust.

The selection of the spectral region to be used is deter-
mined by the constraints of maximum signal and minimum
contamination of that signal by emission from other gases
resulting from chance coincidences between the spectral
lines of the required and contaminant gas. Since any specific
gas being studied has only a few infrared vibration-rotation
bands, the choice is often not perfect and it will be necessary
to account for some contaminant signal.

Chance co-incidences beiween spectral lines of the de-
sired gas and other gases, particularly of plentiful constitu-
ents such as water, do occur as shown in Fig. 2(c). These
must be allowed for by exact calculation requiring knowl-
edge of the concentration profile of the contaminant. Since it
is desirable to obtain this profile as accurately as possible, the
“wideband” signal is used as an additional source of infor-
mation. This signal is the total signal received, attenuated by
a cell transmission function appropriate to an average cell
pressure. It may be obtained simultaneously with the pres-
sure modulator signal by methods discussed below. This
overall signal is usuaily influenced more by the contaminant
gas{es) than the gas under observation. Thus, for a CO mod-
ulator the wideband signal is almost entirely due to czone
whereas the pressure modulator signal is 70% due to O,
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30% due to CO. In this case an ozone profile can be deter-
mined first using the wideband signal and then that profile
used to calculate the effect on the pressure modulator signal.

C. Signal calibration

The reference signal (Fig. 1), which is viewed alternate-
ly with the atmosphere, must be very stable. If it is not stable
then it is very difficult to separate out the effects of a variable
reference from those of the atmosphere. In order to achieve
such stability, a separate blackbody source and a reflecting
chopper is used, rather than the emission of the chopper
blade alone. The two choices for the reference blackbody
temperature are room temperature, which is easy to manu-
facture, or a low-temperature source, which produces al-
most zero radiation. The choice of a coléd blackbody is appro-
priate for an atmospheric emission sensor as this signal is
comparable with the small atmospheric signal. The use of a
room temperature source would mean that the two signals
were always significantly different and comparatively small
relative variations in the large reference signal would be-
come important.

. Mechanical characteristics

Since the oscillation in gas pressure is essential to the
operation of the instrument, care must be taken to maximize
this without compromising other parameters. Typically
compression ratios of 3:1 are used in the cells at oscillation
frequencies in the range 10-20 Hz. The frequency used is a
compromise betweer: a low frequency which simplifies the
mechanics, and a high frequency which is easier to deal with
in the electronics and leads to fewer problems with gas leak-
age. Previous instruments have used various designs for the
cell, most of which have required extreme care in fabrication
and assembly.’ Qur new design, described in Sec. [II B, is
simple to assemble but requires more drive power.

It is evident that a modulator running at a sufficiently
low frequency will have isothermal compression cycles,
whereas one running at a high frequency will have adiabatic
compression cycles. In general, moduiators run somewhere
between these two extremes and although we have some evi-
dence for temperature cycling in our modulators, it appears
from measurements that the cycle is predominantly isother-
mal.’

E. Signal characteristics

Incoming radiation is modulated first by the chopper
and then by the modulator. The pressure modulator signal
therefore appears both as a “baseband” signal at the modula-
tor frequency and as sidebands around the chopper frequen-
¢y { ~500 Hz). The sideband signal is the one processed by
the electronics for two reasons: First, the increase in frequen-
cy from the basic modulator rate to almost the chopper fre-
quency, improves the signal-to-noise ratio obtainable with
many detectors as it raises the frequency above that of signif-
icant 1/fnoise. Second, thermal emissions from the modula-
tor, modulator gas and the associated optics, which are ei-
ther approximately constant or vary at the modulator
frequency, are easily filtered out in the electronics.

Pressure modulator
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If the volume of an isothermal pressure modulator is
varied sinusoidaily at a frequency f, then the density vari-
ation is given by

1/11 + A sin(2uft) ],

where the constant 4 is related to the compression ratio, T,
by A = (U — 1)/(U + 1}. Since the density modulation is
not sinusoidal, the signal modulation will not be sinusoidal
and there will be sidebands at harmonics of the PMC fre-
guency about the chopper frequency. In the case of a rotat-
ing bigh-frequency chopper, there will also be sidebands due
to the imperfections of the blade which occur at harmonics
of the chopper rotation rate. All these effects can clearly be
seen in Fig. 3 which illustrates the complexity of the modula-
ted signal after detection. The electronics necessary to éx-
tract the sideband signal are described in Sec. I1I C.

il. LIMB-SCANNING

The technigue of “limb-scanning” is used to maximize
the amount of material within the field-of-view or the bal-
loon-borne instrument. The atmosphere is viewed almost
horizontally as shown in Fig. 4. The amount of material in a
limb path is up to 70X that in a corresponding vertical path
with the same lowest height, known as the “tangent height.”
In the case of an absorber with a constant mixing ratio at all
altitudes, the signal from a imb path is strongly weighted by
the atmospheric pressure profile to the tangent height pro-
ducing a narrow weighting function® and therefore good ver-
tical resolution. Different regions of the atmosphere are sam-
pled by varying the view angle in 3 step-wise manner during
an instrument “scan.” An additional advantage is that the
background to any limb path is space which is effectively a
zero signal source for an infrared instrument.
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FI. 3. A spectral analysis of the electronic signal produced from the detec-
tor in Fig. 1 for the particular case of a CO pressure modulator. The region
of the spectrum around the chopper frequency is shown. The central peak
(C} is the chopper fundamental. The average value of this signal is the
“wideband” component. The pressure modulator sidebands (marked P1,
P2, and P3) can be seen and the average magnitude of these represents the
“sideband” signal. The peaks marked C1 and C2, are the subharmonics of
the chopper due to the imperfections of the 12-bladed system. These occur
at about 41-Hz intervals.
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The major disadvantages of limb-scanning are the poor
horizontal resolution, the complexity of the path and the
necessity of knowing the view angle very precisely.

This last problem of determining the tangent height of
the view is critical to correct retrieval of the concentration
profile. In order to determine the tangent height to an accu-
racy of + 0.5km at 15 km from a balloon at 40 km, the angle
must be known to within 4+ 0.05°. This angle is measured
relative to the horizontal, which is taken as the tangent to the
average isobaric surfaces in the stratosphere.

We measure the angle of the optical beam relative to the
horizontal by using the information contained in double-
sided scanning data which is shown in Fig. 4. The direction
of view of the instrument is steered by a single mirror (see
below) which is capable of rotation through nearly a full
circle.

Since a scan position obtained using the shaft encoder is
measured relative to the package, the package must be stable
during a complete scan sequence { ~ 10 min) in order to be
able to compare the two sets of data. Within this constraint,
any differences between left and right scans are attributed to
instrumental effects, which may be the tilt of the package or
asymmetry of the beam under rotation. The latter occurs if
the optics are not truly axial and can be successfully elimin-
ated by careful alignment.

We define a as the dip angle of the beam between the
nominal horizontal and the true horizontal, and the beam
asymmetry angle, 53, as the excess angle by which the beam
rotates when the mirror is rotated by exactly 180°,

I we select a case when the left and right signals are
identical, then if the atmosphere is horizontally homoge-
neous, the true depression angles for the two cases are identi-
cal. If the true angle is & and the measured angles for these
cases are L and R, we find (Fig. 5) that

AMBIENT
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FiG. 4. Schematic of the TORBAR implementation of limb scanning. The
atmosphere is viewed from two sides of the instrument by scanning at angles
between — 2% and 6° from the local horizontal. A radiation “zero” is estab-
lished by views at ~ 25°and a known radiance by rotating to — 90° 1o view
an internal calibration target of known emissivity and temperature.
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F16. 5. Scanning geometry. H-H is the truc horizontal and the lines A and B
are the beam orientations when the shafit encoder indicates horizontal. The
error compriscs two parts: The dip angle o which is a measure of the pack-
age tilt, and the beam asymmetry angle 5 which is the angular ervor in the
beam between the two ““horizontal” positions. The apparent angles Z and R
are the results of measurements at the true angle fat which the left and right
signals are equal. These measurements are affected by the dip angle and
beam asymmetry angle, resulting in the equations for the apparent angles
L=08+4+caandR=0—a—p

L=08+¢
and
R=6—a-pf
or
L_R=2a+B=7

where y is defined as the tilt angle.

By comparing left and right scans using a least squares
technique for each scan we can determine & and 8, and then
using estimates from scan pairs throughout the flight, we can
then estimate y as a function of time.

The ideal signal source for this measurement is one
which is large, shows a strong dependence on scan angle and
is uniform in space and time. The wideband signals fulfill
these requirements, being predominantly due to the more
plentiful minor constituents such as water and carbon dicx-
ide. We use the wideband signal from the formaldehyde
channel centered at 1746 cm™ ! for our attitude sensing,
whose signal is predominantly due to water.

Using scan pairs throughout the flight, we can estimate
v as a function of time. Data from the area of the tropopause
are eliminated and the various estimates in the scan weighted
appropriately. The function

> [tk = Sgth + 0]
j

is minimized, where Sis the signal, £ the nominal scan angle,
subscripts L and R refer to left and right scans, respectively.
The sum is done over a restricted range of scan positions,
interpolating data between real data points using a linear
formula. The sum of squared residuals is shown in Fig. 6asa
function of the angle ¥ and a definite minimum is found. A
more complete discussion of this technique has been given in
a previous paper.’

A limb-scanning instrument is generally only able to
derive concentration profiles from flight altitude down. For
view angles above the balloon the material in the path is
weighted towards the balioon level for all scan angles and
therefore vertical resolution is poor. For view angles below
the balloon the path between the tangent height and the bal-
loon becomes less transparent at wavelengihs where the in-
strument is sensitive and eventually becomes opague as the
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FiG. 6. Sum of squared restduals for some flight data (from the flight of
August 1983) as a function of y. The vertical scale is in units of [nWm 2
st ' (em ')} A definite minimum can be seen at 0.68". Data from views
near the tropopause are excluded from the summation as these are not ex-
pected to be similar for the two scans.

tangent height moves down through the atmosphere. When
the path becomes opaque before the tangent height is
reached, the instrument does not detect emission from the
tangent level and the concentration profile is again indeter-
minate. The level at which the instrument loses sensitivity
can be adjusted to a certain extent by adjusting the pressure
in the pressure modulator cell, but as sensitivity to lower
levels is increased, sensitivity to upper levels is decreased.

. THE TORONTO BALLOON RADIOMETER
{TORBAR)

A. Optical design

The Toronto Balloon Radiometer is a three-channel in-
strument designed to sense thermal emission using double-
sided Emb scanning. The optical design is shown in Fig. 7. It
consists of a2 scanning mirror, M1, a simple 0. 1-m-diam tele-
scope and folding optics, M2/3/4, a field lens and field split-
ter assembly, LI/M6a/Mé6b, followed by an individual PMC
for each channel and detector optics discussed below. Since
the energy available is small, care must be taken to maximize
the energy usage of the instrument consistent with ifs size
and other constraints. This can be at the expense of image
quality if the field-of-view can be maintained. A ray-trace
computer program was used to aid the design and the final
result has efficient energy collection but relatively peor im-
age quality. Compromises had to be made, particularly in
the area of the field lens, L1, as many components need to be
situated at the field stop position for maximum efficiency.
The optics is not spectrally selective as gold coatings are used
for all the mirrors and calcium fiuoride for the field lens and
all windows in the individual channels.

Animportant feature of the instrument is the facility for
two-sided limb scanning discussed above. This is realized by
the 45° scanning mirror M1 which is pivoted on an axis
aligned with the optical axis of the system. The mirror can
rotate through almost 360° and therefore input radiation can
come from either side of the instrument. The external instro-
ment field of view is clear to a scan angle of — 25° to allow
for a “space view” (see below) and at — 90° (vertically up-
wards) a reentrant cone in the instrument allows the system
to view a known radiance. These last two facilities form a

Pressure modulator 3525
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F16G. 7. Schematic (not to scale) of the main optical system of the Toronto
Balloon Radiometer. Input radiation falls on M1, the scanning mirror and
is then focused by M2 onto the field assembly L1/MS5. Folding mirrors,
M3/M4, rotate and steer the beam through the refiecting chopper C. From
the field-splitting assembly, radiation passes into one of the three indepen-
dent pressure modulator/detector channels (F1-P3, D1-D3) for measure-
ment.

major part of the radiometric calibration of the system and,
since they are situated at the input of the instrument, allow
the emissions of the individual optical compenents to be eli-
minated from the signals. The mirror is driven by a stepper
motor geared down to give a rotation of 0.163°/step. The
position of the mirror is monitored independently by a shaft
encoder with 0.044° resolution.

The fast rotating chopper described in Sec. 111 B is situ-
ated in front of L1. It is a 6-mm-thick disk of stainless steel
0.2 m in diameter with 12 blades and rotates at about 4000
r.p.m. One face of the chopper is polished and gold-plated
and the instrument alternately views the atmosphere in the
clear sections and a cold blackbody in the reflecting sections.
The cold blackbody is cooled with liquid nitrogen and is
contained within a dewar assembly.

The three fields-of-view of the instrument are spatially
separated by the mirror pair M5a/b, the central field being
undefiected. Each of the mirrors MSa, M5b can be indepen-
dently adjusted for alignment purposes. The fields are delin-
eated with a field stop on the back of L1. This is a grid or
three 22 mm X 5 mm slots corresponding to the three fields
of 2.04° horizontal X(.45° vertical.

The pressure modulator optics for each channel simply
consists of a pair of calcium fluoride windows for entrance
and exit to the cell.

The filter, detector optics and detector for each channel
are all contained within a dewar and are cooled to liguid
nitrogen temperature. This has the dual advantage of de-
creasing the total radiation on the detector, which improves
its performance in some cases, and of providing mechanical
protection for these components which are the most delicate
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in the system. The filters are coated germanium with specific
passbands for each gas. They were designed and supplied by
Dr. J. Seeley of Reading University and are temperature in-
variant between rcom temperature and the cryogenic tem-
perature of operation. The detector lens consists of an antire-
flection coated germanium doublet.® The use of a high
refractive index material allows the construction of a fast,
aberration-free condensing lens. The detectors used are
photo-conductive, mercury-cadmium-telluride for the
methane and formaldehyde channels and a photo-voltaic in-
dium antimonide for the carbon monoxide channel.

There are a large number of sources of mechanical vi-
bration in the instrument and therefore the detector dewars
are designed to be mechanically stable with respect to the
main optical plate, which is the optical reference for all the
other optical components. This is achieved by anchoring the
base of the cryogen vessel to the dewar base, which is in turn
bolted directly on to the plate, with three short (80 mm)
glass/epoxy pillars as shown in Fig. 8. The use of glass/
epoxy maintains the necessary thermal isolation whilst pro-
viding the required mechanical rigidity. The fil! and vent
tube for the cryogen also pass through the baseplate and
therefore it is necessary to fill the dewars by means of a pres-
surized system. Many layers of aluminized mylar are used as
radiation shields and a container of molecular sieve material
is attached to the cryogen vessel to adsorb as much residual
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F16. 8. Liguid nitrogen dewar (capacity of 1 ¢) used to cool the detector
optics attached to the base of the cryogen vessel. Efficient evacuation of the
dewar along with muliiple layers of aluminized mylar wrapped around the
cryogen vessel give a cryogen lifetime of up to 40 hours. The support posts
provide thermal insulation and mechanical rigidity with respect to the rest
of the optical system.
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gas as possible. Together with efficient evacuation of the sys-
tem, these precautions reduce the heat leakage to such an
extent that a duration of 24-40 b is obtained from the 1-#
charge of liquid nitrogen. The nitrogen vapour over the lig-
uid is pressurized to about 10° Pa using an absolute pressure
relief valve. This prevents excessive boil-off during balloon
ascent and freezing of the liquid, with the associated loss of
thermal contact between the dewar body and the cryogen, at
ceiling.

Since all the frequency-selective optics are contained in
the detector dewar, a change of instrument operation from
one gas to another requires only the substitution of an appro-
priate set of detector optics and detector. This design flexibii-
ity should enable the instrument to be used for monitoring of
many trace constituents in the future.

B. Pressure moduiator cells

Previous designs of pressure modulator cells have used a
freely suspended piston/spring arrangement driven magne-
tically at the resonant frequency. The gap between the piston
and the bore is not sealed and gas leakage is minimized by the
smali size of the gap.! However this makes the cells difficult
to manufacture and assemble. We have used a2 more conven-
tional arrangement of piston and cylinder with sliding bear-
ings and a PTFE sealing ring (Fig. 9). The drive power must
be increased to compensate for the frictional losses in this
arrangement but any oscillation freguency may be used as
the system is nonresonant. A Ferroftuidic seal (trademark of
the ferrofluidic Corporation Inc.) transmits the motor drive
power through the wall of the pressure modulator cell and a
flywheel/con-rod system transmits the drive to the piston.
The d.c. motor consumes about six watts of power whilst
running the modulator at about 11 Hz.

The pressure cycling within the modulator is monitored
by a variable-reluctance diaphragm pressure sensor attached

PRESSURE MODULATOR CELL (PMC)

directly to the cell. The upper- and lower-pressure values are
logged by the data system and the pressure cycle is used to
derive a square-wave reference signal for the s1gna1 process-
ing electronics (see below).

The formaldehyde modulator is unique in this instru-
ment in that the gas is unstable and polymerizes in the cell.
In order to maintain a constant pressure of formaldehyde, it
is necessary to genecrate fresh gas continuaily. This is
achieved by heating paraformaldehyde powder in a small
container attached to the modulator. Paraformaldehyde de-
composes into formaldehyde and water, the latter being re-
moved by a calcium sulphate dryer. The heater is controlled
by the on-board computer which maintains a constant pres-
sure in the modulator cell using the pressure sensor de-
scribed above.

C. Signal channels

Ascan be seen from Fig. 3, the electronic signal from the
detector is very complex in nature. It is also very small. A
battery-powered pre-amplifier attached to each detector
raises the signal level and the signal is passed to the signal
processing electronics, which are also powered by separate
batteries. The use of separate power supplies minimizes
ground loops and noise coupling in the system. The signal-
processor is coupled to the on-board computer through
opte-isolators to maintain the electrical isolation of each sec-
tion.

The function of the signal processor electronics is to
determine the pressure modulator signal and the overall
“wideband” signal. After amplification and filtering to sup-
press d.c. offsets and low-frequency signals from the modu-
lator, the signals are extracted in two stages. First a phase-
sensitive detector (PSD) using a reference signal derived
from the rotating chopper shifts the wideband component at
the chopper frequency to d.c. and the sidebands from the
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| FIG. 9. Schematic of the pressure modu-

lating cell. The optical thickness of the
gas varies with the cell pressure. The
pressure is varied by a piston osciflating
in a cylindrical bore beneath the optical
cell. The piston is driven by an internal
flywheel crank and con-rod mechanism,
which is connected to an external drive
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pressure modulator to the modulator frequency and its har-
monics. The average value of this signal is the wideband
output. The average signal is derived by averaging the fre-
guency of a voltage-to-frequency converter for one second.
The signal from the PSD is also applied to a filter/amplifier
system tuned to the pressure modulator frequency. The pass-
band is narrow enough to exclude the chopper sidebands
(C1, C2in Fig. 3). The resulting signal is then detected by a
second phase-sensitive system using a reference derived
from the modulator pressure transducer. The average value
of the resulting d.c. level is obtained with a second voltage-
to-frequency converter.

The voltage-to-frequency converters use a double
counting system as shown in Fig. 10 to improve the overall
resolution. A fast clock is counted for the nearest integer
number of converter cycles that occur in one second. The
average frequency is then obtained from the ratio of counts
and the clock frequency. The advantage of this technigue is
that the average is accurate to within one cycle of the fast
clock (~1 MHz), giving a theoretical resolution of 10~ °in
one second, whereas a simple counting scheme would only
be accurate to one cycle of the converter ( ~2 kHz). In order
to ensure that the troe measurement period remains approxi-
mately synchronous with the required measurement period,
the converter frequency is offset from zero and is never al-
lowed to drop to alow value. Two sets of counters are used so
that measurement cycles are continuous with one set of
counters being read and cleared whilst the other set is in use.
The measurement cycle for each channel is also synchro-
nized to the reference frequency of the corresponding phase-
sensitive detector in order to suppress the variations in the
cutput due to a noninteger number of reference cycles occur-
ring in one measurement period. Synchronization ensures
that there is an integer number of cycles in one measurement
period and therefore cyclic variations average out exactly.
This is particularly useful for the pressure modulator signal
whose reference goes through only about 11 cycles in one
second.

D. Overali instrument controt

It was decided very early in the instrument design that
the instrument should be completely computer controlled.
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Thus a full microcomputer system is used to control ail
mechanisms and measurement systems. The system also
handles formatting the data frames (see Sec. V A) for trans-
mission to the ground, producing a split-phase data stream
for the data transmitters.

The command system for the instrument consists of a
16-bit word sent one bit at a time using a total of 18 com-
mands. Sixteen of these commands set single bits in a 16-bit
command word, one causes the command to be executed and
one 1s used to reset all the bits of the command word to zero
in the case of an error. The partial command word is re-

turned in the transmitted data stream so that it can be

checked before the “execute” command is sent. The com-
mands alter the contents of the computer’s operating tabies
which in turn determine the mode of operation of the various
mechanisms. Commands are not essential for instrument op-
eration, but are used to adjust the instrument to varying con-
ditions, e.g., compensating for an excessive tilt by adjusting
the scanning system.

There are also many temperature and other sensors in
the instrument which allow the overall instrument condition
to be monitored continuously. This information has been
invaluable in the development phase for determining the
cause of instrument anomalies and generally adjusting the
performance, as well as in helping prepare the instrument for
flight.

Complementary to the on-board computer system is the
ground computer for real-time analysis. This takes the data
stream from the instrument and decodes it in real time to
produce engineering displays of the instrument status and
plots of time variations. This system is also programmable to
cope with various instrument conditions. The engineering
display allows the continucus monitoring of over 100 pa-
rameters. The data are also recorded in several different
forms for later retrieval and scientific processing.

V. FLIGHT SUMMARY

The TORBAR instrument has been flown four times
from the National Research Council of Canada facility at
Gimli, Manitoba over a period of three years. The first flight
in August 1983 was an engineering flight and was successful

Fis. 10. The synchronization technique
used for the voltage to frequency converters.
A measurement period starts on the first
positive edge of the reference square wave
after the nominal start of the measurement
period, and ends on the first positive edge
after the nominal end of the period. Cyclic
variations at the reference frequency there-
fore average out because the measurement
period is an exact number of cycles in
length. The measurement period is also syn-
chronized to the output of the voltage to fre-
quency converter. The final average fre-
quency is (M /N)f, where fis the clock
frequency. The resolution is 1 /N which for a
1-MHz clock and a 1-s measurement is
~107°.

REFERENCE OUTPUT

VOLTAGE - FREQUENCY
CONVERTER OUTPUT

CLOCK

3528

Pressure modulator



apart from landing in Lake Winnipeg which severely da-
maged the instrument. In 1984 the second flight was moder-
ately successful and many of the instrument faults were cor-
rected. In 1985 two launches were made on July 31st and
Avugust 8th. The last flight was the most successful of all.
Launched on a 643 000-m? balloon, the instrument reached
an altitude of 43.3 km with a maximum variation of 1.5 km.
Data were collected for 20 h during which time all mecha-
nisns functioned well. The instrument was successfully re-
covered and the post-flight checks were made without diffi-
culty.

V. DATA PROCESSING

The data processing for the TORBAR instrument is di-
vided into three sections. First is the reduction of the house-
keeping data comprising temperature, voltage, pressure, and
status readings. Second is the processing of the radiance data
from the various channels to aliow for instrument attitude
and altitude variations and the conversion from frequency to
radiance units, a process referred to as calibration. Third is
the analysis of the radiance data in conjunction with other
data and models 10 deduce concentration profiles of various
gases in the atmosphere.

A. Raw data format

The data from the instrument are transmitted and
stored as data frames. These occur at the rate of 1 Hz and
consist of 128 16-bit words. Important quantities and/or
those whose values change rapidly, e.g., radiance signals, are
sampled and encoded into every frame. Quantities which
generally vary more slowly are multiplexed into frame
words at a slower rate. This is accomplished by three multi-
plexers. A fourth multiplexer slowly reads out the contents
of the computer control tables for confirmation purposes.
Al data anslysis starts from these data frames.

8. Housekeeping data

The physical quantities monitored in the instrument are
easily transformed into voltages using appropriate frans-
ducers and electronics. Two instrument multiplexers mea-
sure these voltages using solid-state switches to sample the
channels. The analogue-to-digital conversion scheme is a
simpler version of the “double-counting” voltage-to-fre-
quency technique used for the signal channels. Calibration
voltages on some channels aliow the whole multiplexer to be
calibrated using a linear calibration scheme. Each individual
channel can then be related to the corresponding physical
quantity using a second calibration. In most cases the cali-

ration is linear and is simply accomplished. This double
calibration is performed in real time by the ground station
computer so that the engineering data appears in appropri-
ate units.

Temperatures are measured using two different tech-
nigues. Linear current sensors (National Semiconductors
EM134) are used for most temperatures as the current
source systern is ideally suited for a large switching matrix
and lead lengths are not relevant. The current muitiplexer
uses reed relays and diode isolation to achieve a low-leakage
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matrix. However the precise calibration of the sensors is dif-
ficult and it has been found that for precise, consistent tem-
perature measurements of the blackbody and other critical
components, precision thermistors (YS! Precision Thermis-
tors 44006) whose resistance vs temperature characteristics
areknownto + 0.1 °Care preferred. These are also accessed
using a reed-relay switched matrix. The resistance versus
temperature relationship for the thermistors is known but
nonlinear and therefore a set of straight-line segments is used
in the ground computer to allow the high-speed computa-
tion of the temperature. A more accurate, but more time-
consuming, curve-fit scheme is employed in the final data
reduction programs.

C. Signal channel data

The output from the signal channels consists of six fre-
quencies from the corresponding veltage-frequency con-
verters. Since the voltage-frequency and radiance-voltage re-
lationships are both linear, a conversion directly from
frequency to radiance is made. The equivalent instrument
spectral passband varies somewhat as the gas pressure in the
modulator drifts, and therefore it is removed from the analy-
sis at this stage by calibrating in terms of the monochromatic
blackbody signal at the center of the passband (2140, 1746,
and 1308 cm ~! for the CO, CH,0, and CH, channels, re-
spectively) using a calibration sequence at the end of each
atmosphere scan.

The instrument scans the atmosphere on each side alter-
nately. Between the scans a view is taken at — 25° where the
atmospheric content of the path is sufficiently small that the
radiance may be taken as zero to first order. At — 90°, as the
view passes through the vertical, it is intercepted in the in-
strument by an ambient-temperature retro-cone biackbody
of large thermal inertia. These two readings, of a zero radi-
ance and a known Planck radiation suffice for a two-point
calibration of the system. Since the accuracy of the calibra-
tion, particularly the knowledge of the zero value, is critical
to the accuracy of the experiment, these views are longer
than the individual atmosphere views in order to improve
the signal-to-noise ratio and the zero measurement is repeat-
ed at the beginning and the end of the scan. Thus the se-
quence is as follows: left atmosphere-zero—blackbody-zero—
right atmosphere~zero-blackbedy-zero and repeat.

The calibrated measured radiances are calculated as
[C1(0) — 5P

(I, —SP1

where B(#,T,) is the retro-cone blackbody Planck function
evaluated at its temperature and the band center of the delin-
eating filter profile, C7 (&) is the frequency from the atmo-
sphere view at angle 6, I, is the frequency from the black-
body view, SP7 is the frequency from the — 25° zero view, o
denotes a wideband or sideband response, and n denotes a
left or right view. The values of SP 7, [, and T, vary slowly
with time and are linearly interpolated frem their measure-
ment time to the time of the atmosphere view.

Signal data are carefully checked for anomalies and
noise spikes. In particular, readings taken when the mirrors
are moving or stabilizing are rejected.

SIE) =B(v,,T,)
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D. Height and attitude corrections

The initial calibrated data are not in a form that can be
compared to the models. For this purpose the instrument
views must be related to the atmosphere in terms of the in-
strument height and the view angle of the ray path or, alter-
natively, the tangent height. The balloon height is provided
by the tracking data and the attitude of the instrument can be
corrected for using the technique outlined in Sec. II. These
processes result in plots of signal versus view angle which
aliow comparison between the experimental results and cal-
culations using atmospheric medels. A typical pair of signals
(wideband and sideband ) from the CO channel are shown in
Fig. i1.

Vi. LABORATORY TESTING

In order to verify instrument performance and the
agreement of instrumental results with theoretical calcula-
tions, it is desirable to use the instrument to measure known
gas concentrations in the laboratory. It is not possible to
completely reproduce the atmospheric path in the laborato-
ry since this varies in pressure, temperature, and composi-
tion along its length of up to 400 km. Laboratory experi-

Tangent height (km}

200 44 40 ke 20
T T T
150+ .
+
,E ,ﬂ_
8 e
3 #t
w; 4_‘4
X toof ¥ ﬂ
1 ¥
- | /
#
S A+
3 ”,4-
FEs a
50} S+ ~
e ol
Eeal 2
+ ¥ 7
+ ,*_-{;"‘-' + /
-t b*,—-b**t/
O ek 1 i 1 L —ti Iy
-5 0 5

Scan angle (dagrees)

F1c. 11, Signals from the CO channel of the TORBAR instrument at an
altitude of 45 km. The signals have been sorted into scan angle bins
(A = 0.25°) and time averaged over the late morning of August 3th 1985
(3-htime period). The sideband signal {upper) is noisier than the wideband
signal (lower) because the spectral bandwidth is narrower. The PMC (path
length of 10-mm) pressure varied between 2000 and 800 Pa at a tcmpera-
ture of 273 K.
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ments are restricted to measurements using a single cell of
gas and a blackbody as the radiation source,

The equations for the wideband and sideband signals S,
and S,, respectively, are

S, =G f 7,7, B [%,T(x) 17,47,

s, =G,f (|7, — 7, DB [3,T(x) 17.dv.

G and G’ are the combined radiometric and electronic gains
of the wideband and sideband signal channels, 7, is the filter
transmission, 7, is the instantaneous pressure modulator
cell transmission, and 7, is the transmission of the test cell.
An overbar indicates a time average. Wave number depend-
encies in all terms have been dropped for clarity.

In order to concentrate on the gas properties at the ex-
pense of the instrumental gains, which are only required to
be stable, the ratio S, /S, is used, normalized to the empty
test cell. This process results in a determination of modula-
tor “transmissions”” which can be compared to calculations.
In several cases the value of S, is only slightly influenced by
the term involving the test cell, 7., and therefore this term
can be considered as being a monitor of the source intensity
and the ratio as a method of eliminating the effect of source
intensity variations from the experiment.

Although for mechanical reasons the test cell used is
short, the average pressure and total amount can be made
comparable with that of the stratospheric limb path by rats-
ing the mixing ratio from a typical stratospheric value of
10~ % to about 0.01-0.1. At concentrations higher than this
value the correction to the “infinite dilution” solution for the
gas becomes appreciable and requires a detailed knowledge
of the “self-broadening coefficient” or equivalently the mag-
nitudes of the collision-broadened halfwidths for both seli-
collisions and collisions with the other gases in the mixture,
notably N, and O, . These data are available for some gases,
e.g., CO (Ref. 9}, but not for all, and may vary considerably
from line to line and gas to gas. Thus measurements with
pure gas and gas mixtures at various dilutions are required.

The technique we have adopted is to inject a sample of
pure gas into the transmission cell and then add inert broad-
ening gas (N, ) to increase the total pressure. We have found
that extreme care is required to ensure that the gases are
uniformly mixed and that the mixture concentration is
known and can be duplicated. In the case of CH,O, particu-
far care must be taken as the CH,O in the transmission cell
must be generated, thus one must be certain that the CH,O
gas level is stable prior to mixing in N,.'%"" Since all the
experimental parameters are known, the instrumental re-
sults can be compared with the theoretical calculations. We
have performed this experiment for both CO and CH,O us-
ing both pure gas and gas/N, mixtures.'™'"'? The results of
a single CH,0O/N, experiment are shown in Fig. 12.

Vii. ATMOSPHERIC MODELLING

The equations that describe the pressure modulator sig-
nals from an atmospheric path are
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Fi16. 12. Comparison of experimen-
tal results with GENLEN predic-
tions for a series of CH,O transmis-
sion experiments. The solid line
represents pure CH,O in the trans-
mission cell and the dashed lines rep-
resent cases with fixed amounts of
CH,O (190, 780, 1620, and 4220 Pa)
mixed with N, in the transmission
cell. Deviation from the calculations
can be seen at high amounts, but
these are unrealistic for atmospheric
soundings. The PMC operated
between 2600 Pa and 500 Pa at a
temperature of 298 K. The test cell
length is 101 mm and the PMC
length is 10 mm.
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for the sideband signal. B is the Planck function and 7 the
local temperature along the ray path, x, which goes from
zero at the instrument to infinity. 7(0,x) is the atmospheric
transmission from the instrument to the point x on the path.

Because of the complexity of the atinospheric situation
the models used to evaluate these integrals are also complex,
consisting of a multilayer general line-by-line emission mod-
el supplemented by simpler models for rough calculations at
higher speed. A discussion of the models used is given else-
where.'® Each of the spectral regions used has & different set
of emitting gases and these influence the relationship
between the wideband and sideband signal considerably. In
particular, both the CH,O wideband and sideband channels
appear to be strongly influenced by H,0O and O, and HNG,.
Their influence is so strong that the CH,O emissions may be
masked by them. The carbon moenoxide channels are in-
fluenced by ozone. Ozone accounts for all the wideband sig-
nal and about 709% of the sideband signal, implying a strong
overlap between the ozone and carbon monoxide spectra. In
fact, an examination of the spectra reveals an almost exact
overlap between the P-branch of the CO spectrum and the
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4.8-um ozone band which consists of a very large number of
weak lines. On the other hand, the methane sideband chan-
nel appears to be insensitive to the presence of N,0, whereas
the wideband is strongly influenced by N,O."

Viil. CONCENTRATION PROFILES

The concentration profile of carbon monoxide has been
determined for the final phase of the flight of August 8th
1985 which corresponds to late morning. This is shown in
Fig. 13. The profile was fitted by first fitting an ozone profile
to the wideband signal (the contribution of CO to this signal
is negligible), followed by the use of that ozone profile with a
CG profile to fit the sideband signal. In both cases 2 manual
iterative scheme was used to match the actual radiance with
a computed radiance starting at the top of the atmosphere
and working down. The comparison between the final com-
puted radiance and the actual measurements is shown in Fig,
11. Perfect matching is not obtained and a mismatch around
the balloon level is exaggerated by the scaling of Fig. 11 in
angle. Profiles with a closer match show unreasonable
“noise” as large fiuciuations in the concentrations with alti-
tude, which is physically difficult to reconcile with the long
path length used in limb scanning which has a smoothing
effect.

The errors on this profile are difficult to represent be-
cause of the interdependence of the radiances from varicus
tangent levels. In order to obtain an estimate of the sensitiv-
ity of the profile to errors in the radiance, a “‘truncated
spike” of increased concentration, 3 km thick, was intro-
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FiG. 13. Carbon monoxide profile for late morning over the southern Cana-
dian prairies on August 8th 1985. The vertical error bar is the mean thick-
ness of a truncated triangular spike used to calculate the horizontal error
bars. The horizontal error bars represent the magnitude of the spike re-
quired to change the calculated radiance by one standard deviation. Each
error bar was derived independently.

duced into the concentration profile. The magnitude of the
spike was adjusted so that the calculated radiance changed
by approximately one standard deviation of the measured
radiances over the relevant portion of the radiance path. The
error is substantially influenced by the magnitude of the un-
derlying ozone signal and if this were eliminated, the errors
would be considerably less. In future flights, it would be
advantageoﬁs to select only the CO R branch 4s the elimina-
tion of the ozone signal would more than compensate for the
loss of 509% of the signal.

Further discussion of the above results and the results
from the other channels will be presented elsewhere. ™

IX. DISCUSSION

The first series of flights of the Toronto Balloon radio-
meter instrument have provided valuable additional data on
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the concentration of carbon monoxide and other carbon
components in the stratosphere. It is expected that refine-
ments of the instrument will aliow the precision of the mea-
surements to be increased and the flexibillty of the instru-
ment will allow it to be rapidly adapted to measuré other
gases. One such possibility is to equip the instrument to
study the time variations of the nitrogen oxides as well as
provide a confidence check on the instruments for global
measurements of the same gases on the Upper Atmosphere
Research Satellite, due for launch in the carly 1990s.
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