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In this status report, we review the highlights of our strato- 
spheric program over the past 2.5 years. The major efforts have been, 
first, the analysis. of data from the BIC-2 campaign, and second, the 
building of new instrumentation to replace that lost at the end of BIC- 
2. Much of the present review has previously been presented in the "his- 
tory" section of our September 1986 proposal for the continuation of the 
current grant. For clarity, the review will be done by topic, rather 
than chronologically. For reference, the overall program has been sup- 
ported as follows: NASA grant NSG 7181, 1975 to 1978, construction of 
the initial far-infrared spectrometer (now called FIRS-1); NASA grant 
NSG 5175, 1977 to present, balloon flight program, laboratory measure- 
ments, and data analysis; various CMA grants, 1980 to 1986, data analy- 
sis, laboratory measurements, duplicate stabilized platform. Further 
support for associated activities (travel, etc.) has been supplied by 
the Smithsonian Institution and SAO; indirect support in the form of 
metal mesh filters has been provided by I. Nolt working under his own 
NASA grant. 

2.1 Field Measurements. 

The balloon-flight history of the FIRS-1 is summarized in Table 1. 
On the first three flights the spectrometer was mounted at the cas- 
segrain focus of the SAO's 102 cm diameter balloon-borne telescope. This 
large telescope had been flown many times by G.G. Fazio at the SA0 for 
far-infrared astronomy, and we also attempted to use it for this purpose 
as well as for studying the stratospheric emission spectrum. Our program 
was to launch during the sunset lull, ascend, spend half of the evening 
hours on the stratosphere and half on astronomical objects, and spend 
all of the dawn and daytime hours on the stratosphere. 

All three of these flights were productive in the sense that we 
obtained useful spectroscopic data that formed the basis of several 
published papers on stratospheric HC1 and HF, as well as a physics de- 
partment Ph.D. thesis by J. Brasunas. These flights clearly demonstrated 
the potential of far-infrared spectroscopy of the stratosphere, but we 
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Table 1 

Far-Infrared Spectrometer Balloon F l i g h t s  

Fl ight  Date NSBF No. Al t i tude  Time a t  F loa t  Day/Night Platform Telescope Detector  

. 1  

2 

3 

4 

5 

6 

. 6/14/79 1148-P 29 km 11 h r s ,  n igh t  SA0 102 c m  bol.  

10/16/79 1176-P 29 km 16 hrs .  n igh t  SA0 102 c m  bol .  

12/03/80 1231-P 29 km 13 hrs .  n igh t  SA0 102 cm P -c 

1/23/83 1316-P 35 km 5 hrs .  day JPL-4 1 4  c m  P-C 

5/16/83 1321-P (24 km) 0 hrs .  day JPL-1 14 cm P-C 

6/20/83 1332-P 37 km 13 h r s .  day + n igh t  JPL-1 14 cm P-C 

Comments, bv f l i g h t  number: 

(1)  Test f l i g h t .  Good high-elevation s t r a tosphe r i c  epec t ra ,  except f o r  some 
*- 

s a t u r a t i o n  of white l i g h t  point. Occasional l a s e r  f a i l u r e s  and 
low-elevation point ing problems due t o  f rozen cables .  

(2) Very good s t r a tosphe r i c  spectra.  Several  ae t ronanica l  o b j e c t s  observed. 
Elevat ion angles  from 30 t o  2 degreee. 
sunrise .  

Helium exhaus ted .1  hour a f t e r  

( 3 )  Very good s t r a tosphe r i c  spectra.  Elevat ion angles  from 30 t o  -2.4 degree 

Helium exhausted before  eunrise .  
( tangent  23 km). 
balloon reef ing  s leeve entanglement. 
F i r s t  use of photoconductor (p-c) de tec tors .  

Azimuth pointing f a i l u r e  e t  s t a r t  of f l i g h t ,  caused by 

(4) Test  f l i g h t  B I C - I  make-up. Excel lent  s t r a t o s p h e r i c  spectra .  E leva t ion  
angles from 30 t o  -3.9 degree ( tangent  20 km). 
te lescope f a i l u r e s .  

Occasional l a s e r  and 

( 5 )  Aborted f l i g h t .  BIC-XI  a t tempt .  Balloon-burst during ascent .  

( 6 )  Excel lent  s t r a tosphe r i c  spectra.  B I C - I 1  f l i g h t .  Elevat ion angles  from 
30 t o  -4.9 degree (tangent 13 km). 
instruments functioned per fec t ly  during e n t i r e  f l i g h t .  
destroyed i n  f r e e - f a l l  a f t e r  termination. 

Additional spec t r a  on ascent.  A l l  
Instruments 
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were hampered by a number of problems which were a direct result of 
being mounted on the large telescope platform: the platform was quite 
heavy, limiting our altitude range; there was no way to point accurately 
in absolute elevation for atmospheric limb-sounding; the spectrometer 
was exposed to the cold air and mounted in a cramped space; and instru- 
ment rotation at the cassegrain focus caused excessive cryogen boil-off 
when the horizon was viewed. In response to these difficulties, we 
proposed in 1981 to build a small, dedicated telescope for the FIRS-1. 
In addition, we accepted the offer of a JPL flight platform and support. 
The results of these flights are discussed next. 

Our last three flights all took place in 1983. The January test 
flight was quite successful, yielding many excellent atmospheric spectra 
down to a tangent height of 20 km, and also uncovering several engineer- 
ing problems which were solved before the next flight. The new telescope 
worked quite well. The spectrometer ran better than ever before, produc- 
ing spectra free of sidebands (spectral line ghosts) for the first time, 
due to a change in the internal optics (which change has also been 
included in the FIRS-2). In addition, this was the first flight on which 
we had a calibrated black-body reference source, a completely baffled 
beam out onto the sky, and a very well calibrated elevation read-out. 
All this, plus the fact that we were observing in the afternoon, led to 
extremely good spectra in which we were able to locate easily 12 lines 
of OH, thus extending previous sub-mm detections of OH by Kendall and 
Clark, and by Carli and Bonetti. 

The fifth flight was aborted during ascent because the balloon 
burst. After a hard landing, which damaged the gondola but not our 
spectrometer or telescope, we refurbished the instruments and returned 
for another attempt. 

The sixth flight was part of the last BIC-2 campaign, and it was a 
scientific success. We enjoyed our highest flight altitude and longest 
time at float during this afternoon/sunset/evening flight. Furthermore, 
all of our instruments worked flawlessly the entire time. We also took 
advantage of the azimuth-stabilized gondola to take ascent spectra at 
constant elevation angle. Operations were continued downrange, but at 
much lower efficiency, due to our limited command and monitoring capa- 
bilities in this mode. In total, over 1600 spectra were obtained, all 
free of sidebands. Since these spectra cover nearly one-half of a diur- 
nal cycle, divided between day and night, they give an especially good 
view of the OH variation. At the end of the flight all instruments were 
unfortunately destroyed when the gondola free-fell from about 33 km. 

2.2 JL&x&x.y Measure ments. 

Our initial laboratory experiments with the FIRS-1 were to cali- 
brate the instrument's wavenumber scale, by measuring the emission 
spectrum of H20 and HC1. To increase our experience with the technique, 
we measured the spectra of a number of gases. In several cases, we 
shared this data with other groups; for example NH3 spectra were sent to 
R. Poynter at JPL, and HaOz spectra were sent to F. De Lucia at Duke 
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University. Three species were specifically examined to aid us in 
searching for their signatures in stratospheric spectra: H202, ClNO,, 
and HOC1. The hydrogen peroxide spectra were very useful in helping us 
identify prominent Q-branches which stand out from the forest of lines 
seen in this molecule, and played a leading role ih our recent papers on 
an upper limit and detection, respectively (cf. Scientific Results sec- 
tion, below). The spectrum of chlorine nitrate was measured, torsional 
transitions identified, potential constants determined, and the tor- 
sional partition function calculated as a function of temperature; the 
strengths of far-infrared features were found to be about a factor of 
ten below our detection threshold at the time this work was done, but 
may be within our range in future flights. Finally, we measured the 
rotational spectrum of HOC1, and identified prominent Q branches which 
are useful in searching for this molecule in stratospheric spectra. 
Other experiments on line broadening were undertaken as collaborative 
projects with colleagues at IROE in Florence (HC1 and HF), and NBS in 
Boulder (OH and others) , but these were supported by the CMA and will 
not be discussed further here. 

. . .  2.3 w v s b  

We have at hand a substantial body of software for the reduction 
and analysis of far-infrared spectra. All of these programs were origi- 
nally written for use with the FIRS-1 spectrometer. We have begun to 
make the modifications necessary to reduce data from the FIRS-2, prin- 
cipally in the areas of different data formats from the telemetry 
stream, and eight-times larger data arrays. We use both the central 
computing facilities at the CFA (a pair of VAX 11/780s) and our own 
microVAX (with its recent 8 MB memory extension). All programs can be 
run on both machines interchangeably, and via either machine through the 
local network; however hard-copy must be done on the CFA VAX because we 
have no FIRS printer or plotter. 

The centerpiece of our data analysis programs is a large, least- 
squares fitting program which compares a segment of the observed 
spectrum with a theoretical spectrum, and iterates selectable concentra- 
tions and other parameters until the spectral differences are minimized. 
The theoretical spectrum is calculated by first generating a high- 
resolution model spectrum from an arbitrarily layered spherical model 
atmosphere. We use a precision radiative transfer program which includes 
the effects of Doppler and pressure broadening of lines, absorption and 
emission from near and far neighbor lines, absorption and emission from 
continuum opacity sources, and possible contributions from local contam- 
inants. A number of special devices are employed to make this calcula- 
tion as fast as possible without significant loss of precision. The 
spectra are smeared by a selectable instrument function. Atmospheric 
parameters are contained in separate files specifying the temperature, 
pressure, abundances, etc. as a function of altitude. Molecular parame- 
ters such as the AFGL catalog data and our own analogous data for non- 
AFGL species are contained in other files. A typical iteration cycle is 
done interactively with graphic output display on the terminal screen, 
and takes less than one minute. Hard copy of graphs and fitting results 
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is available on command. 

? 

Many other utility programs have been developed. For example, we 
routinely screen each interferogram for data dropouts or glitches. 
Spectra are also screened by calculating the noise level in designated 
segments. Spectra can be co-added, and statistics generated to give the 
scan-to-scan rms variation at each point in the spectrum, to be later 
compared to the point-to-point rms variation of residuals from the dif- 
ference of the co-added and calculated spectra. A different fitting 
program allows broadening parameters to be determined from laboratory 
spectra. 

2 . 4  trwtation 

Since the loss of FIRS-1, we have invested a considerable effort in 
re-building and simultaneously improving our spectrometer and telescope 
instrumentation. As of this writing, we have completed the re-build; we 
have gone through one iteration of improving the moving mirror drive 
system; we have tested the dewar and its detectors away from the 
spectrometer, but coupled to the full pre-amp circuits; we have tested 
the stabilized platform under static and dynamic conditions (and have 
completed a duplicate of this device for use by IROE); and we have 
completed nearly all of the programming of the instrument control com- 
puter. Remaining tasks are to complete the internal optical alignment of 
the spectrometer, integrate the dewar to the FIRS vacuum tank, systems- 
test the entire unit, mount and align the telescope and stabilized plat- 
form, environmental test the complete package, and run laboratory tests 
to further shake down the system. 

The improvements to the system are mainly as follows. The spectral 
resolution has been increased by a factor of eight by making a corre- 
sponding increase in the length of travel of the moving mirror, now 62.5 
cm from the white-light point, giving a single-sided interferogram with 
a path difference of 125 cm, and an (unapodized) spectral resolution of 
0 . 0 0 4  cm-l. The diameter of the internal optics was also increased by a 
factor of eight, so that the etendue (product of area and solid angle) 
of FIRS-2 is the same as that of FIRS-1, meaning also that the total 
radiation from the atmosphere falling on the detector will be the same. 
The moving mirror is now a hollow corner-cube, instead of a parabola- 
flat cats-eye combination, to simplify alignment and to save space. The 
detectors have been increased from two to four, by using a metal mesh 
diplexer (cold mirror) in one beam and a mirror with a central hole in 
the other beam; this allows us to use filters to isolate OH and ClNO, 
features, and thereby achieve increased signal-to-noise. The stabilized 
platform has been modified so that it can use a readily available, 
moderate-drift gyro (instead of the very low drift Skylab surplus gyro 
used with FIRS-l), and it has at the same time been improved so that its 
internal offset error will be smaller than before. The telescope is now 
an off-axis spherical primary with flat folding mirrors, which elimi- 
nates the large thermal radiation from the central hole and secondary 
support spider in the original instrument. The on-board electronics now 
has the capability to store and recall complex command sequences, in- 
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cluding entire limb-scan procedures, thus saving us from having to 
manually type in each command in real time during the flight, and also 
allowing us the ability to pre-program the entire instrument so that it 
will be able to continue gathering data long after we lose direct 
telemetry contact with the payload. 

These improvements to the system will undoubtedly result in higher 
signal-to-noise spectra in a given amount of observing time, and will 
also result in more efficient use of our time at float, altogether giv- 
ing us markedly improved data. In the current context, it is perhaps 
worth commenting that the rebuilding effort has taken more time and 
effort than we originally expected. The improvements to the spectrometer 
were in several cases explorations into unknown engineering territory. 
As a result, our schedule has stretched out, and we have not been able 
to do all the data analysis that we had hoped to do by this time. 
However a great amount has indeed been accomplished in the time avail- 
able, and we believe that the improvements to the instrumentation are so 
significant that we view the extra time required as being a good invest- 
ment. 

2.5 Scientific Results. 

In order to generate a rough measure of scientific output, we 
simply counted the number of publications and presentations associated 
with this program since its inception. We have a total of 27 published 
papers from FIRS-1, including papers appearing in refereed journals, 
papers appearing in published conference proceedings, a Ph.D. thesis, 
and papers which have either been accepted for publication or are com- 
pletely written and only need to be submitted (i.e. BIC results). The 
titles and abstracts of these papers are given in an appendix. At the 
same time, there have been a total of 16 oral presentations at profes- 
sional meetings, including several invited talks, but excluding of 
course numerous other talks at, for example, local seminars, BIC meet- 
ings, and ozone assessment meetings. Most of these papers and presenta- 
tions (63 percent) have appeared since 1983, in part reflecting the fact 
that the BIC campaign was very successful for us. 

The collection of FIRS-1 papers resulting from our participation in 
the BIC-2 campaign is of interest. We measured H20, HC1, HF, and O3 as 
prime intercomparison species. Details of these measurements will not be 
discussed here, as they can be found in the individual papers. The key 
general result is that our abundance determinations agree quite well 
with the average or "best" profiles from the BIC group as a whole, and 
the agreement extends over the full altitude range of roughly 20 to 
45 km Much of the uncertainty that we estimated for FIRS-1 is expected 
to be reduced in FIRS-2, due to increased spectral resolution, decreased 
detector loading, background radiation reduction, better intensity cali- 
bration, and improved knowledge of line broadening parameters. In some 
cases, our measurements appear to be yield systematically slightly 
higher abundances than the average, possibly due to errors in the adopt- 
ed line parameters. Generally, however, our abundance profiles for BIC-2 
were in very good agreement with the average, and we expect to do better 

. ,  
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in the future. 

We have measured H2O2 in both winter and summer in 1983, finding in 
the first case an upper limit and in the second case a probable detec- 
tion. The upper limit is the lowest such limit to date, and is essen- 
tially in agreement with the model calculations for that time of year. 
The summer measurements are another situation however, since they do not 
agree with model results in two ways. First, we see a larger amount of 
H202 above the balloon (about 35 km) than expected. Second, we see very 
little H202 below the balloon, certainly less than expected from models. 
If our results are correct, there is a strong discrepancy with theory 
that must be explained. One of the key priorities in our next flight 
will be to remeasure H202, including the RQ5 branch as well as other Q 
branches which should be measurable with the higher resolution and im- 
proved sensitivity of FIRS-2. 

We have used the atomic oxygen O(3P) emission line in our spectra 
to estimate the overhead column of 0 atoms. Since essentially all of 
this line arises from the region around and above the boundary between 
the mesosphere and the thermosphere, we used the leverage from observa- 
tions at two elevation angles to help pin down the vertical column. The 
problem is further complicated by the extremely large optical depths 
found in this line, leading to a complex interplay of absorption and 
emission as a function of altitude (hence temperature and pressure). The 
result is that it is certainly within reason to use the data to put 
constraints on the profile, although it is not possible to make a unique 
and independent determination of a vertical profile. Thus, our approach 
was to assume a profile shape from existing measurements and calcula- 
tions, and to determine an overall scaling factor for the profile from 
our measurements. 

A number of other results are currently in progress, including work 
on OH, the far-infrared continuum spectrum, the measurements of contami- 
nation from balloon-borne water, our measurements of isotopic fractiona- 
tion of stratospheric water molecules, and work to date on the search 
for H 0 2  in our spectra. 
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