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ABSTRACT

Following its first flight on board the Space Shuttle "Challenger" as part of the Spacelab 3 payload, the
Atmospheric Trace Molecule Spectroscopy (ATMOS) instrument has been operated at the Jet Propulsion
Laboratory’s Table Mountain Observatory (TMO; 34.4°N, 117.7°W, 2.23 km altitude) in the San Gabriel
Mountains of Southern California. With the delay in the resumption of regular Shuttle flights, ATMOS has
acquired a large number of high-quality, high-resolution infrared solar absorption spectra, spanning a period
between late-1985 and mid-1990. These spectra are being analyzed to derive the column abundances of several
atmospheric species including O,, HC¢, HF, and HNQO,. Although limited in temporal coverage, the
preliminary results for these gases are discussed here in the context of the requirement and contribution to be
made by similar instruments in detecting long term changes in stratospheric composition.

1. INTRODUCTION

The Atmospheric Trace Molecule Spectroscopy (ATMOS) instrument is a Fourier transform infrared
spectrometer (FTIR) designed to obtain vertical profile information on the abundance and composition of the
middle atmosphere from a shuttle-based platform”?. It operates on-orbit in the solar occultation mode,
recording infrared solar absorption spectra at successive zenith angles through the Earth’s atmosphere, from
which vertical profile information can be inferred for many atmospheric constituents. Data obtained between
April, 30 and May 1, 1985 by ATMOS during the Spacelab 3 mission have been successfully analyzed for the
profiles of some thirty different tropospheric and stratospheric species (see refs. 2-6, and other references
therein).

In this report, however, preliminary results are given for the column abundances of O,, HC¢, HF, and
HNO, derived from data obtained at Table Mountain Observatory (34.4°N, 117.7°W), where the ATMOS
instrument has been operated since the Spacelab 3 mission. These gases are among the key species to be
monitored for evidence of secular changes in the chemical composition of the stratosphere. The accuracy with
which these gases can be measured by this technique and the utility of TMO as a possible site for such
measurements will be discussed with reference to the present results.

2. OBSERVATIONAL DATA SET

Following its return from the Spacelab 3 mission in late 1985, the ATMOS instrument was moved to
TMO to test its performance before an expected shuttle reflight. Although routine engineering tests could be
made at the Jet Propulsion Laboratory, it was desirable to obtain useful scientific data while verifying the
instrument’s integrity. Table Mountain Observatory provides an easily accessible site, with suitable facilities
to make routine measurements by several instruments. For infrared solar absorption measurements, the site
altitude of 2.23 km reduces the interference by tropospheric H,0, CH, and CO,, evident at the lower altitude
of the San Gabriel Valley, and has a climate favorable to observation for some 300 days in a year.
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The first observation day for ATMOS at TMO was in October 1985. When the Challenger accident led
to the suspension of shuttle flights, increased priority was given to measurements from TMO. Beginning
December 1986, data were obtained as frequently as circumstances permitted. A series of observations from
44 separate days, spanning October 1985 to September 1989 have been assembled with the goal of studying
seasonal and possibly secular variations.

The ATMOS instrument performance has been described elsewhere’? but some characteristics are worth
noting. The instrument produces a one million point double-sided interferogram every 2.2 seconds, which is
transformed into a spectrum with a maximum resolution of 0.01 cm”. One of eight optical filters, each with
a different bandpass in the 2 - 16 um wavelength range of the HgCdTe detector response, was selected for each
run. The signal-to-noise ratio (S/N) of a single spectrum obtained in this way ranged from 350 to 100:1,
depending on the optical filter, but generally increasing with wavelength. For these ground-based
observations, data were acquired with each optical filter for a period up to several minutes. This was sufficient
time to record tens of individual spectra which, when averaged together, produced a spectrum with a S/N ratio
of at least 1000 to one.

For most days, data were recorded at about 1, 5 and 10 airmasses, between sunrise and about 11:30 AM
local time, and corresponding to solar zenith angles ranging from 89° to 12°. Data were not taken in the
afternoon, when smog from the Los Angeles basin was often transported over TMO. This smog did not
significantly interfere with measurements during the early morning as was verified from local measurements
of tropospheric O,”. These showed an increased amount of tropospheric ozone beginning in the late morning,
due to Los Angeles basin area pollution spilling over the intervening San Gabriel Mountains and thence over
TMO. However, this corresponded to the period of measurement of minimum airmass spectra when the slant
paths through the lower regions of the troposphere were comparatively short. Thus tropospheric effects were
minimized for observations of stratospheric gases.

3. DATA ANALYSIS

The analysis software used to retrieve the column abundances reported here has been described by
Norton and Rinsland® and by Farmer’, and used extensively for the analysis of ATMOS Spacelab 3 data and
JPL MKk. IV interferometer data obtained from the NOZE 1%, AAOE", and AASE” polar ozone campaigns.
Retrieval procedures involved calculating synthetic spectra for small spectral intervals containing the
absorption features of the target gas of interest, and scaling an assumed volume mixing ratio (VMR) -height
profile until a best fit, in a least squares manner, was achieved between observed and calculated spectra.
Constituent and physical parameter profiles were mapped on to a 150 km high model atmosphere separated into
homogeneous 1 km layers.

Daily pressure-temperature profiles were constructed from National Meteorological Center (NMC) data
sets”. Above the range of the NMC profiles (0.4 mb), the U.S. Standard atmosphere’’ was assumed, and the
profile as a whole was then adjusted to be in hydrostatic equilibrium. The spectral line parameters used in this
analysis were taken from the ATMOS molecular line parameter data base, described by Brown et al®,
Parameters updated since this description will be noted below.

4. RESULTS AND DISCUSSION
a. Ozone

There has been significant effort to understand how stratospheric ozone may be evolving. This has led
to a regular series of evaluations of the accuracy and reliability of current databases of O; measurements.
Several exercises have been carried out to compare observational results and to improve the accuracy of
retrieval schemes’®”’. The high confidence in O, measurements can in part be carried forward to FTIR
measurements of other gases. Validation of the FTIR measurements of O; by comparison to results from
established techniques provides support for the accuracy of the reported values of these other stratospheric
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gases. Most of the discussion that follows will focus on a comparison of the present results with Total Ozone
Mapping Spectrometer (TOMS) total ozone values, which have been extensively analyzed (see 16,18 and
references therein). While the TOMS values are gridded to a much lower spatial resolution, 1° latitude by 1.25°
longitude, they provide a complete temporal record and a broad basis for comparison with ATMOS/TMO
results.

The ATMOS/TMO O; column abundances were determined from fits to spectral intervals selected
primarily to contain O; absorption features which could be demonstrated to be relatively insensitive to
pressure-temperature profile errors. Generally, these intervals contain transitions from lower state energy
levels, E", in the range of 100 to 500 cm™”. Further criteria required that the absorption lines were not strongly
blended with those of other gases nor appeared completely opaque at their line center. Three windows (Figure
1) were selected on which to base the routine analysis. The spectral parameters for these lines are shown in
Table 1, and are part of the v, band, except for the feature at 1094.8 cm”, which is part of the v, band. The
line strength parameters are those of Flaud et al.”; the uncertainties in these parameters are the principal
limitation on the retrieval accuracy for O, column abundances, and are given an estimated accuracy of +10%.

For O;, the a prioi VMR profiles used in this analysis were calculated as month-by-month averages
of the O; profiles measured by the JPL lidar system from TMO between 1987 and 1990 (see 20). These lidar
results, which are determined as vertical concentration profiles, were converted to VMR profiles using NMC
pressure-temperature data averaged on a month-by-month basis, taken from 1979-1990. Below the lower
observational range of the lidar (about 15 km), an O, concentration of 1 x 10" molecules cm” was assumed, a
value slightly larger than that reported for tropospheric heights by a range of instruments during the
Stratospheric Ozone Intercomparison Campaign (STOIC) held at TMO? in July-August, 1989. Above the
lidar’s upper range (about 50 km), the Spacelab 3 profile was used’. VMR profiles are illustrated in Figure 2.
Comparisons between the various monthly models reveal only small differences, and after accounting for
seasonal differences, are in good agreement with the ATMOS/SL3 O, vertical profile reported for 30°N. As
might be expected, trial retrievals of total O; column abundance, using a variety of different a priori profiles,
showed little sensitivity in the quality of the fit as to the exact vertical distribution of O, assumed. Only
changes in the vertical profile that affected the relative distribution of O, on a scale height resolution appeared
important. This is a function of the spectral resolution achieved in the ATMOS data, which does not fully
resolve the exact pressure-broadened line shape under stratospheric conditions.

Given that the long-term trend in stratospheric O; at low to mid-latitudes is rather small, the
ATMOS/TMO results are first plotted by day of the year to establish a seasonal climatology for column O,
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Figure 2. A priori volume mixing ratio (VMR) profiles used for analyses. The left panel illustrates the VMR

profiles for HCI, HF, and HNO; The profiles shown on the left have not been vertically shifted to account for changes
in the tropopause altitude (see text for discussion). The right panel illustrates sample O, profiles, here, those for January,
May and September. The ATMOS Spacelab 3 O; zonal average for 30°N is shown for comparison. The VMR profiles
up to 50 km only are illustrated.

measurements (Figure 3). The seasonal variation appears to be almost sinusoidal, with a peak-to-peak
difference of 2.5 x 10" molec.cm? and a mean summer column of 8 x 10" molec.cm™. Significant variability
and much larger column values are apparent in the first half of the year than in the second half. This is not
inconsistent in appearance or on the average with TOMS values (version 6 processing results, interpolated from
the gridded values to TMO location). When the day-by-day differences are plotted (Figure 3), significant
departures can be seen, again in the first part of each year. The larger differences, increased variability, and
higher column abundances can be partially attributed to advection of stratospheric air parcels from higher
latitudes in the winter season through planetary wave activity. These air parcels, which may have higher levels
of O,, can be expected to have a small spatial extent, and to have a short residence time over TMO before being
dispersed elsewhere. This phenomenon has been reported by McGee et al. from lidar O, profile observations
over TMO? in October-November, but in this instance they noted a decrease in O, in the advected sub-polar
air mass.

The good agreement, +5% RMS, between ATMOS/TMO and TOMS total ozone in the later part of the
year (day of year > 181) provides some measure of confidence in the chosen analysis procedure, and is
commensurate with the estimated precision (based on random error sources) of the ATMOS/TMO
measurements. The accuracy of the results, based on the systematic errors, appears to be better than the
estimated 10%. Table 2 summarizes the estimated error contributions from sources for all the gases discussed
in this paper. The error sources are divided into random and systematic (the latter being just the spectroscopic
parameter errors), with a root-sum-of-squares calculated from the two groups.

b. Hydrogen Chloride and Hydrogen Fluoride

Infrared solar absorption techniques offer one of the few means to measure these atmospheric
constituents. As the primary sinks of Cl and F in the stratosphere, measurements of HC¢ together with HF
are important indicators of the rate at which organic halocarbons are being destroyed and removed. The recent
rapid increase in use and production of halocarbons has produced a reported increase in HCZ and HF column
abundances over the past decade®*,
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Figure 3. The upper panel shows the O; column abundances derived from the ATMOS/TMO data for the period

of observation. The results are plotted as a function of day number of year to highlight seasonal variations. The lower
panel indicates the relative difference between these values and the gridded TOMS total O, column abundance (version
6 processing) for the same days.

This present analysis for HCZ was based on the P5 and R1 lines of the (1-0) band of H*C#, centered
at 2775.7610 cm™ and 2925.8970 cm™ respectively. To gain a better fit for the P5 line, a weak, neighboring
O; line at 2775.84 cm™ was fitted before the retrieval for HCZ was attempted. Other lines were either too weak
or blended with stronger absorption features of other gases. The spectral line parameters (Table 1) are the same
as those used by Zander et al.” in analyzing ATMOS/SL3 data, Rinsland et al.” for ground-based measurements
from Kitt Peak National Observatory, Arizona (31.9°N), and Zander et al.”? for measurements from the
International Science Station of the Jungfraujoch (ISSJ) in Switzerland at a latitude of 46.5°N. The vertical
profile of HCZ reported by Zander et al.’, and based on the analysis of ATMOS/SL-3 observations made
around 30°N, was chosen as the a priori profile to be scaled in the fitting to ATMOS/TMO observations.

Within the spectral range of the ATMOS instrument, only the R1 line of the 1-0 band of HF could be
examined, all other lines being too weak or obscured by other gases. This line is made more difficult to analyze
as it lies on the shoulder of a strong water line centered at 4039.235 cm™. This feature had to be carefully
prefitted before the HF retrieval could be attempted. As with HC¢, the assumed profile was taken from
Zander et al’. and the same line parameters have been employed.
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Table 1: Spectral Intervals Used for Analyses

Interval Interval Line .
Center Width Center Line Strength GroEl:md State Refs
Molecule nergy
(em™1) (cm™1) (em™1) (molecule™! cm™1) (em™1)
1095.0146 8.63 x 10721 505.5065
1095.12 0.30 1095.1008 5.19 x 10722 310.2947
1116.9673 9.74 x 10‘22 205.6354
1117.0308 1.21 x 10~ 158.1653
03 1117.02 0.30 1117.0834 1.65 x 10721 127.2639 19
1125.2086 9.12 x 10722 183.4037
1125.36 0.50 1125.5243 2.08 x 10723 286.5665
2775.78 0.15 2775.7610 2.88 x 10719 312.7310
HCl -19 29,30
2925.90 0.10 2925.8970 4.20 x 10 20.8780 ,
HF 4038.95 0.50 4038.9625 2.37 x 10718 41.1110 29,30
6.85 x 10719
5 P-branch approx.
HNOj 868.10 2.10 : (Integrated Band 15
Manifolds Strength) 85 - 650

Note: Interval width was sometimes varied to achieve an improved fit by better determination of the baseline.

Table 2: Error sources and resulting percentage uncertainties in retrieved column abundances

Random Error Source 05 HCI HF HNO4
Finite signal-to-noise 0.5 0.5 0.5 0.5
Error in 100% transmission level 2 2 2 2
Error in pressure-temperature profile 3 5 5 3
Error in fitting interfering lines 1 1 3 0.5
Error in assumed height registration 5 5 5 5
RSS total of random error 5.5 7.5 8 6.5
Systematic error from uncertainty in line parameters 10 5 5 10

In an effort to better model the seasonal variation of the height registration of HC¢, HF, and HNO,
in the stratosphere, the a priori profiles were vertically "shifted" up or down according to the difference in
altitude of the concentration maxima of the monthly O4 profiles and the ATMOS/SL3 30°N profile. For
example, the maximum concentration of O4 in the March profile was at ~22.5 km, while the SL3 maximum
was at ~24.5 km. Therefore, in retrievals for the month of March, the profiles of the SL3 HC¢, HF, and HNO,
were shifted down 2 km.

The derived HCZ and HF column abundances are plotted in Figure 4, together with the HF/HC/ ratio
as a function of time. The mean HCZ column abundance for the period of measurement 2.6 x 1015 molec.cm™2
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Figure 4. The retrieved HCI (upper) and HF (middle) column abundances from the ATMOS/TMO data set,

plotted by year. The lower panel shows the HE/HCI ratio as determined from these values.
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is in good agreement with measured columns from Kitt Peak and ISSJ; however, the HF column amounts of
6 x 10" molec.cm” for ATMOS/TMO are lower by 2 x 10" molec.cm” than the typical values from the ISSJ
for the same period, but comparable to the values inferred for HF at Kitt Peak.

The resulting HF/HCZ ratio calculated from the present ATMOS/TMO observations, around 0.23, is
thus lower than that derived from the ISSJ measurements. The larger percent increase per year in HF,
discernable in ISSJ and Kitt Peak observations, is not reproduced in the ATMOS/TMO data, almost certainly
a result of the limited temporal coverage of the ATMOS/TMO observations. However, as a whole these
measurements are consistent; there is very good agreement in measured columns from Kitt Peak and TMO,
representing 32-34°N, but the HF column abundances are quite different from those obtained at the more
northerly ISSJ. This significant latitudinal gradient in the HF column abundances is supported by the
measurements made, for example, from aircraft flights over a range of latitudes during the Antarctic Airborne
Ozone Experiment’® and the Airborne Arctic Stratospheric Experiment?.

c. Nitric Acid

Much of the current understanding of the distribution and behavior of HNO,; is based on the
measurements made by the Limb Infrared Monitor of the Stratosphere (LIMS) from the NIMBUS 7 satellite.
These data showed that the sink of NO, has its largest stratospheric level at higher latitudes, and builds up
during the winter period”. Recently, ground-based FTIR measurements from both the ISSJ and K itt Peak have
been analyzed for the seasonal variations in HNO, and for any long term trends®. The limited number of
measurements available showed no statistically significant long term trend between 1977 and 1990, and no
seasonal variation at the latitude of Kitt Peak Observatory.

Five P-branch manifolds centered about 868.10 cm”’ were used for analysis, consistent with the
approach by Rinsland et al.” for measurements of HNO, from Kitt Peak and the ISSJ. The ATMOS/SL3 30°N
profile reported by Russell et al’. has been used as the a priori vertical distribution of HNO,. The retrieved
HNO, column abundances are shown in Figure 5 as a function of the day number of the year. The larger
number of measurements obtained from TMO, compared to those analyzed by Rinsland et al. from Kitt Peak,
do show a seasonal cycle similar to that derived by those authors from the ISSJ observations. Typical HNO,
column abundances of 9 x 10 molec.cm™ have been derived for the summer, rising by as much as 50% in the
winter period. As with the other gases, the values found during this period were highly variable.

5. CONCLUSIONS

Total column measurements of O,, HCZ, HF, and HNO;, have been made between December, 1985 and
September 1989 from the Table Mountain Observatory. These results, when compared to similar measurements
from the ISSJ and Kitt Peak for the acid species, and to gridded TOMS total ozone columns, are in good
agreement. Significant seasonal variations can be seen for all of these gases, with large variability and indeed
higher column abundances observed in the first half of each year. These larger columns are probably
indications of the transport of high latitude stratospheric air with enhanced levels of these gases down to the
latitude of observations at TMO. The comparison of TOMS total O, column with the individual results from
ATMOS/TMO show very good agreement to +5% for the latter part of the year, but the larger differences
noted in the winter (with most showing the ATMOS/TMO values being larger than TOMS), suggests that the
spatial extent of these air parcels is small in comparison to the spatial resolution of the gridded TOMS data.
For TOMS observations, these small air parcels enriched with O, would appear to be diluted against the larger
background of the normal mid-latitude O; levels.

A comparison of the measurements between the two years 1987 and 1988 indicate marked differences
in variability or scatter of measured columns (Figure 6). The column abundances measured throughout 1987
were more variable, with generally higher than expected columns abundances. For HF, where a large secular
trend of around 10% per year has been previously observed, these higher column abundances through 1987
damp out any interannual trend from 1987 to 1988. This is also corroborated by the HNO,; column abundances
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Figure 5. The retrieved HNO; column abundances from the ATMOS/TMO observations, plotted as function of
day of the year to highlight seasonal variations.

for the same period; with no long term trend expected, the difference between these years shows a drop in the
mean HNO; level of more than 10%. The statistical significance of this and further corroborative data is being
investigated. In isolation, the ATMOS/TMO observations are difficult to interpret for any useful trend data
in these gases, but they can be used to support similar measurements made at other sites, particularly where
there is a suitable overlap in latitude as found in measurements from Kitt Peak.

Infrared solar absorption measurements, and the ATMOS instrumental approach in particular, provide
a powerful means of measuring HCZ, HF and HNO, simultaneously. However, high resolution is required
(better than 0.01 cm™), particularly for analyzing HF. A regular and consistent program of measurements by
FTIRs, made at a frequency of observation of once per week, can provide reliable information on secular
trends when suitable account can be made statistically for the short term variations observed. The cloud cover
and climatic conditions encountered at the Table Mountain Observatory provides observation opportunities on
some 300 days each year, sufficient for almost year-round observation. However, because of TMO’s proximity
to Los Angeles, solar absorption measurements like those described here should only be attempted in the
morning to avoid the effects of the afternoon smog. As the ATMOS experiment is now preparing for flight
on future Space Shuttle missions, there are no immediate plans to extend this current data base, but it could
still provide an important basis, in conjunction with any future ground-based measurements from TMO, for
the determination of secular trends.

The analysis of the current data set will be continued to derive column abundances of other trace
species. The uncertainty in the tropospheric contribution to the measured column abundance of stratospheric
gases will also be investigated to gain improved accuracy and a better understanding of the changing
composition of the stratosphere.
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Figure 6. A composite of the retrieved column abundances of O;, HCl, HF, and HNO; in chronological order

of the date of measurement.

344 / SPIE Vol. 1491 Remote Sensing of Atmospheric Chemistry (1991)

Downloaded From: https://www.spiedigitallibrary.org/conference-proceedings-of-spie on 3/4/2019
Terms of Use: https://www.spiedigitallibrary.org/terms-of-use



7. REFERENCES

1. C. B. Farmer, O. F. Raper and F. G. O’Callaghan, Final Report on the First Flight of the ATMOS
Instrument During the Spacelab 3 Mission, April 29 Through May 6, 1985, JPL Publication 87-32, Jet
Propulsion Laboratory, California Institute of Technology, Pasadena, CA, 1987.

2. C. B. Farmer, "High Resolution Infrared Spectroscopy of the Sun and the Earth’s Atmosphere from
Space," Mikrochim. Acta [Wien], 3, 189-214, 1987.
3. M. R. Gunson, C. B. Farmer, R. H. Norton, R. Zander, C. P. Rinsland, J.H. Shaw and B.-C. Gao,

"Measurements of CH,, N,0, CO, H,0, and O; in the Middle Atmosphere by the Atmospheric Trace Molecule
Spectroscopy Experiment on Spacelab 3," J. Geophys. Res., 95, 13,867-13,882, 1990.

4, R. Zander, C. P. Rinsland, C.B. Farmer and R. H. Norton, "Infrared Spectroscopic measurements of
halogenated source gases in the stratosphere with the ATMOS instrument," J. Geophys. Res., 92, 9,836-9,850,
1987.

5. R. Zander, M. R. Gunson, J. C. Foster, C. P. Rinsland and J. Namkung, "Stratospheric CIONO,, HC¢,

and HF Concentration Profiles Derived From Atmospheric Trace Molecule Spectroscopy Experiment Spacelab
3 Observations: An Update," J. Geophys. Res., 95, 20,519-20,525, 1990.

6. J. M. Russell III, C. B. Farmer, C. P. Rinsland, R. Zander, L. Froidevaux, G. C. Toon, B. Gao, J. Shaw,
and M. Gunson, "Measurements of Odd Nitrogen Compounds in the Stratosphere by the ATMOS Experiment
on Spacelab 3," J. Geophys. Res, 93, 1988.

7. 1. S. McDermid, personal communication of unpublished data, 1991.

8. R. H. Norton, and C. P. Rinsland, "ATMOS Data Processing and Science Analysis Methods," Appl. Opt.,
30, 389-400, 1991.

9. C. B. Farmer, G. C. Toon, P. W. Schaper, J.-F. Blavier, and L. L. Lowes, "Stratospheric trace gases in

the spring 1986 Antarctic atmosphere," Nature, 329, 126-130, 1987.

10. G. C. Toon, C. B. Farmer, P. W. Schaper, J.-F. Blavier, and L.L. Lowes, "Ground-Based Infrarared
Measurements of Tropospheric Source Gases Over Antarctica During the 1986 Austral Spring," J. Geophys.
Res., 94, 11,613-11,624, 1989.

11. G. C. Toon, C. B. Farmer, L.L. Lowes, P. W. Schaper, J.-F. Blavier, and R. H. Norton, "Infrared
Aircraft Measurements of Stratospheric Composition Over Antarctica During September 1987," J. Geophys.
Res., 94, 11,613-11,624, 1989,

12. G. C. Toon, C. B. Farmer, P. W. Schaper, L. L. Lowes, and R. H. Norton, "Composition Measurements
of the 1989 Arctic Winter Stratosphere by Airborne Infrared Solar Absorption Spectroscopy,” submitted to J.
Geophys. Res., 1991.

13. E. Nash, private communication, 1990. See K. E. Trenberth and J.G. Olson, Evaluation of NMC Global
Analyses: 1979 - 1987, NCAR Technical Note NCAR/TN-299+STR, National Center for Atmospheric
Research, Boulder, CO, 1988.

14. U.S. Standard Atmosphere, 1976, National Oceanic and Atmospheric Administration, National
Aeronautics and Space Administration, and United States Air Force, Washington, D.C., 1976.

15. L. R. Brown, C. B. Farmer, C. P. Rinsland, and R. A. Toth, "Molecular line parameters for the
atmospheric trace molecule spectroscopy experiment," Appl. Opt., 26, 5154-5182, 1987.

16. World Meteorological Association, Report of the International Ozone Trends Panel 1988, WMO Global
Ozone Research and Monitoring Project Report No. 18, Geneva, Switzerland, 1990.

17. J. J. Margitan, "Stratospheric Ozone Intercomparison Campaign (STOIC): Overview," in Digest of
Topical Meeting on Optical Remote Sensing of the Atmosphere, Vol. 4, Optical Society of America, Washington,
D. C., 1990, p. 429.

SPIE Vol. 1491 Remote Sensing of Atmospheric Chemistry (1991) / 345

Downloaded From: https://www.spiedigitallibrary.org/conference-proceedings-of-spie on 3/4/2019
Terms of Use: https://www.spiedigitallibrary.org/terms-of-use



18. C. G. Wellmeyer, R. R. Singh, R. D. McPeters and R. D. Hudson, "Comparison of Re-calibrated TOMS
Ozone Data with Dobson Network," in Digest of Topical Meeting on Optical Remote Sensing of the
Atmosphere, Vol. 4, Optical Society of America, Washington, D. C., 1990, pp. 417-420.

19. J.-M. Flaud, C. Camy-Peyret, C. P. Rinsland, M. A. H. Smith, and V. M. Devi, Atlas of Ozone Spectral
Parameters from Microwave to Infrared, Academic Press, San Diego, 1990.

20. I. S. McDermid, S. M. Godin, P. Wang and M. P. McCormick, "Comparison of Stratospheric Ozone
Profiles and Their Seasonal Variations as Measured by Lidar and Stratospheric Aerosol and Gas Experiment
During 1988," J. Geophys. Res., 95, 5605-5612, 1990.

21. W. D. Komhyr, J. A. Lathrop, and D. P. Opperman, "ECC Ozonesonde and Dobson Umkehr
Observations During STOIC 1989," in Digest of Topical Meeting on Optical Remote Sensing of the Atmosphere,
Vol. 4, Optical Society of America, Washington, D. C., 1990, pp. 441-444,

22. T. J. McGee, P. Newman, R. Ferrare, D. Whiteman, J. Butler, J. Burris, S. Godin, and I. S. McDermid,
"Lidar Observations of Ozone Changes Induced by Subpolar Air Mass Motion Over Table Mountain, California
(34.4°N)," J. Geophys. Res., 95, 20,527-20,530, 1990.

23, R. Zander, G. Roland, L. Delbouille, A. Sauval, C. B. Farmer and R. H. Norton, "Monitoring of the
Integrated Column of Hydrogen Fluoride above the Jungfraujoch Station Since 1977 -the HF/HCZ Column
Ratio," J. Atmos. Chem., 5, 385-394, 1987.

24, R. Zander, G. Roland, L. Delbouille, A. Sauval, C. B. Farmer and R. H. Norton, "Column Abundance
and the Long-Term Trend of Hydrogen Chloride (HCI) above the Jungfraujoch Station," J. Atmos. Chem., 5,
395-404, 1987.

25. C. P. Rinsland, J. S. Levine, R. Zander, A. Goldman, N. D. Sze, M. W. K. Ko and D. W. Johnson,
"Infrared Measurements of HF and HCZ Total Column Abundances above Kitt Peak, 1977-1990: Seasonal
Cycles, Increases in Total HF, Total HC¢, and the HF/HCZ Total Columns Ratio, and Comparisons with Two-
Dimensional Model Calculations," submitted to J. Geophys. Res., 1990.

26. M. T. Coffey, W. G. Mankin and A. Goldman, "Airborne Measurements of Stratospheric Constituents
Over Antarctica in the Austral Spring, 1987: 2. Halogen and Nitrogen Trace Gases," J. Geophys. Res., 94,
15,597-16,613, 1989.

27. J. C. Gille, J. M. Russell 111, P. L. Bailey, E. E. Remsberg, L. L. Gordley, W. F. J. Evans, H. Fischer,
B. W. Gandrud, A. Girard, J. E. Harries, and S. A. Beck, "Accuracy and precision of nitric acid concentrations
determined by the Limb Infrared Monitor of the Stratosphere (LIMS) experiment on Nimbus 7," J. Geophys.
Res., 89, 5125-5140, 1984.

28. C. P. Rinsland, R. Zander and Ph. Demoulin, "Ground Based Infrared Measurements of HNO, Total
Column Abundances: Long-Term Trend and Variability," J. Geophys. Res., in press, 1991.

29. A. S. Pine and J. P. Looney, "N,- and air-broadening in the fundamental bands of HF and HC¢," J.
Mol. Spectrosc., 109, 30 - 41, 1985.

30. A.S. Pine, A. Fried, and J. W. Elkins, "Spectral intensities in the fundamental bands of HF and HC¢,"
J. Mol. Spectrosc., 122, 41-55, 1987.

346 / SPIE Vol. 1491 Remote Sensing of Atmospheric Chemistry (1991)

Downloaded From: https://www.spiedigitallibrary.org/conference-proceedings-of-spie on 3/4/2019
Terms of Use: https://www.spiedigitallibrary.org/terms-of-use



