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Balloon-Based Infrared Solar Occultation Measurements
of Stratospheric 03, H»0, HNO;3, and CF,Cl,

Michael P. Weinreb
National Oceanic and Atmospheric Administration
National Environmental Satellite, Data, and Information Service
Washington D. C.

I-Lok Chang
The American University
Washington, D. C.

ABSTRACT. In July 1985 we performed an infrared solar
occultation experiment with a balloon-borne,
non-scanning, multi-detector grating spectrometer.

From the data we retrieved simultaneous mixing ratio
profiles of ozone, water vapor, nitric acid, and

CFC-12 between 12 and 35 km. The retrieved ozone and
water vapor profiles were compared with concurrent
in-situ measurements with electrochemical

concentration cells (ECC's) and frost-point
hygrometers, respectively. The retrieved ozone profile
was in good agreement with the correlative data. The
retrieved values of water vapor mixing ratio, while
close in magnitude to the correlative measurements,
differed in their altitude dependence. Although we had
no concurrent in-situ data for nitric acid and CFC-12,
the retrieved profiles were consistent with
measurements in the literature.

1. INTRODUCTION

We have conducted a series of balloon-based experiments using
infrared solar occultation, implemented with a multi-detector,
non-scanning spectrometer, to infer the mixing ratios of trace gases
in the stratosphere. The purpose of these experiments was to assess
how feasible the technique is for long-term monitoring of the
stratosphere from satellites. Stationed at an altitude of
approximately 40 km, the spectrometer collected solar radiation
transmitted by the atmosphere's limb for several hours before and
during sunset. Observations were made simultaneously in the
absorption bands of ozone, water vapor, nitric acid, and CF5Cl,

(CFC-12). Mixing ratio profiles were retrieved mathematically from
the data.

Occultation measurements have been made with satellite-borne
infrared spectrometers in the Stratospheric Aerosol and Gas Experiment
(SAGE) and the Stratospheric Aerosol Measurement II (SAM II)
[McCormick et al., 1979)]. Observing the stratosphere at wavelengths
between 0.38 and 1 am, they have produced extensive measurements of
aerosols, ozone, and nitrogen dioxide [e.g., Kent and McCormick, 1984;



McCormick et al., 1984]. Our experiments were aimed at extending the
SAGE and SAM II technique to longer wavelengths (6-12 um) and to a
larger group of constituents.

A related infrared technique, limb emission, has been applied
with the Limb Radiance Inversion Radiometer (LRIR) [Gille et al.,
1980] on the Nimbus-6 satellite and by the Limb Infrared Monitor of
the Stratosphere (LIMS) [Gille and Russell, 1984] and the
Stratospheric and Mesospheric Sounder (SAMS) [Rodgers et al., 1984] on
the Nimbus-7 satellite to measure mixing ratios of stratospheric
constituents. We chose instead to study solar occultation, because it
has several advantages over limb emission, which derive from its use
of the sun as the radiation source. The high intensity of the
incoming radiation allows the use of unsophisticated detector
technology and minimal cooling of the instrument. Since the
instrument's spectral intervals can be relatively narrow, they can
usually be located to minimize interfering absorption by gases other
than than one being sensed. With occultation, atmospheric emission is
negligible in comparison to the solar signal. That simplifies the
mathematics of the retrieval and minimizes its sensitivity to the
vertical temperature profile. On the other hand, the principal
disadvantage of occultation is that, since it can be carried out only
at sunrise or sunset, it gives less geographical and temporal coverage
than does limb emission.

Numerous measurements of stratospheric constituents have been
made previously from balloons and aircraft with the infrared solar
occultation technique (e.g., Murcray et al. [1967], Murcray et al.
[1979], Girard et al. [1977], Farmer et al. [1980], and Fischer et al.
[1985]. The experiment reported in this paper is different because
its purpose is different. First, our instrument--the non-scanning,
multi-detector spectrometer--was chosen because it has capabilities
required in long-term satellite monitoring, such as simplicity,
reliability, long life, and low data rates. These requirements
eliminated from consideration more sophisticated instrumentation such
as interferometers or pressure mcodulated radiometers. Also, the
spectrometer offers a spectral purity difficult to obtain with filter
radiometers. Second, the experiment was designed to simulate a
satellite measurement as much as possible. For example, observations
were made only when the balloon was at float, not during ascent or
descent. Third, since we want to estimate the accuracy of the
occultation measurements, we arranged to have in sjitu soundings of
ozone and water vapor made at approximately the same time and place as
the occultation experiment. Although accuracies cannot be determined
precisely, comparisons with in situ data are a valuable indicator.

We have already described the technique and the results from our
first flight, which took place at Palestine, Texas, on June 21, 1982
[Weinreb et al., 1984]. That flight yielded measurements of mixing
ratio profiles of ozone, water vapor, and nitric acid between 25 and
39 km. A flaw in the sun-tracking system prevented acquisition of
data for altitudes below 25 km. Also, the correlative in-situ
measurements were only partially successful, yielding ozone data with
considerable scatter and no data on water vapor. A second
balloon-flight experiment was carried out in April 1983. An



unexpected feature, possibly absorption by atmospheric aerosols,
appeared in the occultation measurements, overlapping the absorption
by the gases of interest. Without additional spectral information,
perhaps obtainable from spectral scanning or from measurements in
window channels located in the spectrum where there is no gaseous
absorption, we could not identify the cause of the feature or
unambiguocusly remove its effects from the measurements. Furthermore,
we could not entirely rule out the instrument as the cause.
Therefore, the results from the second flight are not being reported.

This paper documents the results from the third flight, which
took place at Palestine on July 5, 1985. In that experiment we did
not detect any unexpected absorption. A redesigned sun-tracking
system enabled us to acquire clean data down to 12 km, increasing the
extent of the retrieved profiles and permitting us to detect CFC-12
for the first time in our experiments. In addition, the correlative
data, collected for both water vapor and ozone, were of higher guality
than they had been in the previous experiments.

2. DESCRIPTION OF THE EXPERIMENT

The geometry of the experiment is illustrated in Figure 1. Held
at float altitude by the balloon, the instrument measures the solar
intensity as a function of solar zenith angle between 90° and roughly
959, As is described in Section 3, the data, converted to the form of
limb transmittances vs tangent height, are processed to yield profiles
of volume mixing ratios vs height.

The instrument has been described previously [Weinreb et al.,
19847. In brief, it is a multi-detector grating spectrometer that
detects radiation continuously in eight discrete infrared spectral
intervals (channels). 8ix of the channels, located in the absorption
bands of HNO5, CF,;Cl,, O3, and H,0, are described in Table 1. (Data
in the other two channels were not used, for reasons discussed in
Weinreb et al. [1984]). The detectors are uncooled thermistors. More
sensitive detectors are unnecessary because the sun is such an intense
source of radiation.

TABLE 1. Spectral Intervals (Channels) for Balloon Spectrometer

Central Half-Power
Wavenumber Bandwidth
Channel (cm~1) (cm~1) Species

1 886 5 Nitrie acid
2 930 4 CFC-12
3 980 6 Ozone, low altitude
4 998 3 Ozone, high altitude
5 1507.0 3 Water vapor, high altitude
[ 1528.5 4.5 Water vapor, low altitude




Radiation is focussed onto the spectrometer by an f£/4.5
Cassegrain telescope with a focal length of 600 mm. The angular field
of view is a rectangle 4.5 arc min in azimuth and 8.3 arc min in
elevation. (For comparison, note that the sun's diameter is
approximately 32 arc min.) It subtends a linear field of view of
approximately 1.8 km at a tangent height of 12 km and 0.6 km at a
tangent height of 35 km. However, along any ray below the horizontal,
absorption by the atmosphere occurs in a layer whose vertical extent
is larger than the instrument's field of view. The vertical extent of
the absorbing layer, also referred to as the width of the weighting
function, is approximately 3 km for most tangent heights. It is
determined by both the field of view and the absorption properties of
the atmosphere. In this experiment the latter is the more important,
since even with an infinitesimal field of view, the weighting function
is close to 3 km wide for most tangent heights.

The sun-tracking system was redesigned for this flight. In the
first two flights the entire instrument had been pivoted in azimuth
and elevation on two sets of gimbels. For this flight the University
of Denver supplied a new system like the one described in Murcray et
al. [1967]. Our instrument, now fixed to the gondola, could no longer
rotate. Instead, the solar radiation was directed into the instrument
by a mirror that rotated in azimuth and elevation, driven by the
signals from two pairs of detectors, one pair for azimuth, the other
for elevation. The position of the field of view on the face of the
sun was monitored by two additional pairs of detectors, located inside
the telescope. For the data to be valid, the field of view must
remain on the non-limb-darkened portion of the sun. During most of
the observing period, the field of view oscillated about a point
slightly below the center of the sun with an amplitude of
approximately 1.5 arc min and a period of 25 sec. Near the end of the
experiment, as the sun approached the horizon, the field of view began
to drift and the amplitude of the oscillations to increase. However,
good data were acquired down to a tangent height of 12 km. This is a
considerable improvement over the earlier experiments, in which no
data were acquired below 23 km.

For this flight the instrument was modified in one other way: the
baffling in the telescope was increased to reduce scattered radiation
in the instrument. Although scattered radiation had been negligible
in tests in the laboratory before the flight, the appearance of an
unexplained feature in the data of the second flight motivated us to
take whatever steps we could to eliminate instrument effects.

The third flight experiment took place at Palestine, TX, on July
5, 1985. The balloon reached a float altitude of 39 km in the late
afternoon and remained within 1 km of that altitude until the
experiment was terminated after sunset. Generally, the instrument
operated reliably and provided data with low noise. However, there
were two problems: First, the electronic gain for channel 3 was
unstable. As a result, only the data in channel 4 were usable for
sounding ozone. Second, transmission of data from the gondola to the
ground was temporarily interrupted during the observations between the
tangent heights of 38 and 36 km. This degraded the expected accuracy
of the retrievals above 30 km, as we describe later in this paper.



As we mentioned previously, a series of in-situ soundings of
ozone and water-vapor mixing ratio profiles were also made at
Palestine within a few hours of the occultation experiment. They were
carried out by a group from the NOAA/Environmental Research
Laboratories under the direction of S. J. Oltmans. Ozone was sounded
with balloon-borne model-4A electrochemical concentration cells
(ECC's) [Komyhr, 1969]. Each measurement was normalized to the total
ozone amount measured at Palestine on the same day with a Dobson
spectrophotometer. Water vapor was sounded with frost-point
hygrometers [Mastenbrook and Oltmans, 1983]. An approximate timetable
of all the soundings, both occultation and in situ, is shown in Table
2. The two types of measurements ranged from nearly coincident to
nearly 12 hours apart. There were also spatial differences, because
at sunset an occultation experiment sounds the atmosphere several
hundred kilometers west of the observing instrument. Consequently, if
there is variability in the atmosphere over these times and distances,
the occultation and in-situ measurements will differ. Along with
possible errors in the in-situ data themselves, the lack of temporal
and spatial coincidence makes it difficult to infer accuracy
unambiguously from a single measurement. Nevertheless, comparisons
with in-situ data are valuable indicators of accuracy.

TABLE 2. Measurement Timetable

Date Time (GMT) Event
7/5/85 2100 Launch of hygrometer #1
7/6/85 0000 Launch of hygrometer #2
7/6/85 0200 IR occultation observations
7/6/85 0400 Launch of ECC #1
7/6/85 1200 Launch of EcCC #2

3. DATA REDUCTION
3.1 Conversion of Raw Data to Transmittances

The flight data were received as a stream of detector output, in
volts, versus time. However, the retrieval algorithms require the
data to be in the form of transmittance versus tangent height. The
data were converted to this form by techniques described in detail in
Chang and Weinreb [1987] and summarized here.

Times of observation were converted to solar zenith angles by
calculations based on the ephemeris of the sun. Then the solar zenith
angles were transformed to tangent heights with an atmospheric ray
trace, which included effects of refraction. The calculations also
accounted for the small oscillation of the instrument's field of view
on the face of the sun and for small changes in the altitude of the
balloon, monitored by on-board pressure gauges.



We transformed the voltages measured during the occultation
period to transmittances by dividing them by the 100% signals, i.e.,
the signals that would be measured in the absence of any atmosphere.
In channels 1, 2, and 6 the atmospheric absorption is so weak that the
signals measured before sunset, when the solar zenith angle is
relatively small, are essentially the 100% signals. However, in the
other channels atmospheric absorption is stronger, and direct
measurement of the 100% signal is impossible. In those channels we
inferred the 100% signals by extrapolating to zero airmass the signals
measured before the solar zenith angle reached 90°.

Previously we had mentioned that the data for the tangent heights
between 38 and 36 km were missing. We inferred transmittance values
for these tangent heights by interpolating with cubic Hermite
polynomials between the measured values on either side of the gap.
The errors in this procedure may be a significant fraction of the
signal (i.e., the measured absorption), since atmospheric absorption
is small at these levels. Therefore, we did not have much confidence
in the retrieved profiles between 38 and 36 km. However, the
interpolated transmittances can be used in the retrievals at lower
levels, where atmospheric absorption is stronger. The influence of
these errors on the retrieved profiles decreases with decreasing
altitude, and below 30 km their influence becomes negligible.

The transmittance profiles (i.e., transmittance vs tangent
height) are displayed in Figures 2-3. Henceforth we will refer to
these transmittances as "measured" transmittances. They are the data
from which the mixing ratio profiles are retrieved. The
transmittances are specified for each integral value of the tangent
height. FEach point represents data averaged over 8.5 seconds. 1In 8.5
seconds the sun descends approximately 2.2 arc minutes. That is one
quarter of the vertical extent of the instrument's field of view, so
the averaging causes practically no degradation of the vertical
resolution. Transmittance data acquired before the solar zenith angle
reached 90°, which were also used in the retrievals, are not shown.

3.2 Retrieval Procedure

To solve for mixing ratio profiles, we invert a system of
equations that state the equality between the measured transmittances
and a set of transmittances calculated from the atmospheric
conditions, including the mixing ratios; i.e,

ti(dy,+..qj....dy) + ey = Ty i=1,2,...,M

where t is the calculated transmittance, T the measured transmittance,
d the mixing ratio, and e an error term, primarily errors of
measurement and quadrature. The subscript i refers to the ith tangent
height or atmospheric level. The constants M and N are the number of
tangent heights for which measurements are used and the number of
levels at which mixing ratios are retrieved, respectively. Normally
this system of equations corresponded only to measurements at solar




zenith angles greater than 90°. However, for the ozone and water
vapor retrievals, we also used a few measurements made at solar zenith
angles less than 90°. These were added to prevent the profile above
the balloon from being grossly in error; otherwise large errors there
could propagate down into the retrieved profile below the balloon.

We solve the system by iterative application of the
Levenberg-Marquardt algorithm, a matrix inverse method, that is
described in Weinreb et al. [1984] and Chang and Weinreb [1987].

Ozone profiles were retrieved from the measurements in channel 4, and
the water vapor profiles from the data in channels 5 and 6. Because .
the data between 36 and 38 km were missing, the retrieved profiles are
only shown at levels below 36 km. The nitric acid and CFC~12 profiles
were retrieved simultaneously from data in channels 1 and 2, since
absorption by both species is present in both channels.

The iterations begin with a first-guess profile. For ozone the
first gquess is the mid-latitude model of Krueger and Minzner {1976].
For water vapor it is 5 ppmv at all altitudes. The nitric acid and
CFC-12 first guesses were provided by the LIMS Experiment Team [W.
Planet, unpublished data, 1977] and are plotted in Fig. 4.
Sensitivity of the retrievals to the first guess was discussed for
ozone in Weinreb et al. [1984]. 1In essence, the sensitivity varies
inversely with the strength of the atmospheric signal.

Computations of atmospheric transmittances are also required.
For nitric acid we used a band model formulated by Goldman et al.
[1981]. For CFC-12 we used a similar band model from Goldman et al.
[19276] modified to include the temperature dependence of Harward
[1e78] and the band strength of Kagann et al. [1983]. For water vapor
and ozone we used an efficient approximation [Weinreb et al., 1984]
fitted to line~-by-line calculations made with FASCODE [Smith et al.,
1978] and based on molecular line data from the 1982 AFGL tape
[Rothman et al., 1983]. The effects of interfering spectra of other
gases are small but not completely negligible in the spectral
intervals of this instrument. 1In channel 1 (nitric acid) the
calculations below 22 km included a small component from CFC-12, and
in channel 2 (CFC-12) they included small components from nitric acid
and carbon dioxide. (Transmittances of carbon dioxide were calculated
once and for all with the line-by-line code.) In channels 5 and 6
(water vapor) the transmittance calculations included the effect of
collision-induced absorption by oxygen [Shapiro and Gush, 1966], which
is very important for tangent heights below 25 km. The oxygen
calculations were based on coefficients from Shapiro and Gush [1966],
which we verified by using them to reproduce measurements of
atmospheric oxydgen absorption presented in Rinsland et al. [1982].

Knowledge of the atmospheric profiles of temperature and height
vs pressure is also needed in the data reduction, both for determining
the altitude of the balloon from the on-board measurements of
atmospheric pressure and for the transmittance calculations. Those
profiles were acquired from the upper-air analyses of the National
Meteorological Center's Climate Analysis Center.



3.3 Error Analysis

Errors in the retrieved profiles can be caused by errors both in
the measurements and in the retrieval procedures. To quantify the
relative importance of the various error sources, we used simulations
to compute profiles of transmittance errors that would result from
errors one might reasonably expect to occur in the experiment. We
found that the measured transmittances are most sensitive to errors in
specifying the altitude of the balloon and the zenith angle of the
line of sight, and in the calibration equation that converts the raw
data to transmittances. Similar errors will also affect satellite
occultation measurements. In this experiment, we estimated the maximum
uncertainty to be 0.4 Xm in the balloon altitude and 2 arc min in the
zenith angle. In the calibration equation, which relates output volts
to measured transmittance, the systematic errors were estimated to be
between 0.005 and 0.01 in offset and between 0.5% and 1% in gain,
depending upon the channel. Errors in the transmittances caused by
the interpolation between 38 and 36 km were added to the calibration
error. Other systematic errors (see, e.g., Shaffer et al. [1984] )
and the random errors of measurement (noise) were found to be less
important at most altitudes than the systematic errors from the
sources just discussed.

The major source of error in the retrieval algorithm is the
calculation of transmittances. This will also be an important source
of error in a satellite measurement. These errors arise from
uncertainties in the spectral response functions and the spectroscopic
line parameters, from limitations of our models for approximating the
line-by~line calculations, and, to a lesser extent, from uncertainties
in the atmospheric temperature profile. In addition, the
transmittances calculated for CFC-12, nitric acid, and the
pressure-induced absorption by molecular oxygen could be significantly
in error by several percent (in transmittance), since they are based
on empirical models instead of line-by-line calculations.

Figure 5 presents an example of transmittance error profiles for
the most important sources. These data are for channel 5. 1In the
figure, "pointing error" refers to errors in the zenith angle of the
line of sight, and "calculation errors"™ to errors in the transmittance
calculations.

To estimate the uncertainties in the retrieved mixing ratios, we
performed the retrievals both before and after perturbing the measured
transmittance profile by an error profile whose elements are rss's
(roots of the sums of squares) of the transmittance errors from each
source mentioned above. (Note that this procedure lumps the errors in
the transmittance calculations with those of the measured
transmittances.) The difference between the two retrieved mixing
ratio profiles was interpreted as the profile of uncertainties.



4. RESULTS AND DISCUSSION
4.1 Ozone

Figure 6 shows the retrieved ozone profile, accompanied by two
profiles measured with concurrent ECC's. The uncertainties in the
retrieved profiles are indicated by the error bars. (Half the length
of the bar is the computed uncertainty.) Above 25 km the
uncertainties are approximately 10% of the retrieved values. Between
16 and 25 km they range between 5 and 20%. Below 16 km, where the
signal is relatively insensitive to the mixing ratio, they exceed 100%
(not shown). The ECC data exhibit little scatter below 33 km, which
is evidence for the precision of the ECC's and constancy of ozone over
eight hours. The ECCs' precision is estimated by Hilsenrath et al.
[1986] to be about 3% between 20 and 33 km and 7% elsewhere. Above 30
km the ECC may exhibit a bias towards low values that worsens with
altitude.

At almost all levels the retrieved profile and the ECC soundings
agree when the uncertainties of each are taken into account. The
agreement above 25 km is very good--comparable to the precision of the
ECC's. Between 30 and 34 km the ECC data show no bias relative to the
retrieved profile. This is consistent with the results of
mid-latitude comparisons between LIMS and ECC profiles, which give a
mean LIMS-minus-ECC bias of less than 4% above 31 km (10 mb) [Remsberg
et al., 1984]. At most levels below 25 km the differences between the
retrieved profile and the ECC's are less than 10% and are smaller than
the combined uncertainties in the two techniques. The larger
discrepancies at 22 km, 19 km, and near 15 km are unexplained.

4.2 Water Vapor

Figure 7 shows the retrieved water vapor profile, along with the
upper segments of the profiles measured concurrently with the two
frost-point hygrometers. The large uncertainties in the retrieved
profile at 18 km and below are associated with the rapid increase in
the measured transmittances with tangent height in channels 5 and 6
(see Figure 3). In consequence, pointing errors and uncertainties in
the balloon altitude translate into large uncertainties in the
measured transmittances. Above 18 km the uncertainties in the
retrieved profile range from 10 to 30%. The uncertainties associated
with the hygrometer data are estimated to be no larger than 17%

[Mastenbrook and Oltmans, 1983], which is roughly equivalent to 1 ppmv
in the profiles in the figure.

Above 17 km the hygrometer data exhibit remarkably little
scatter. However, near the tropopause (15 km) they show
high-frequency variations in the vertical on a scale of one kilometer
or less, and the measurements by the two hygrometers differ
considerably. These are probably real temporal and spatial variations
in the atmosphere. The occultation measurements cannot resolve such
fine vertical structure. As we mentioned previously, the signal
(absorption) for a ray with a 15 km tangent height originates in a
layer with a vertical extent of approximately 3 km.



The retrieved profile and the hygrometer soundings generally
agree when their uncertainties are taken into account, although at 28
km and above the error bars from the two systems barely overlap.
However, the profiles from the two systems behave differently with
increasing altitude. Only one hygrometer operated above 20 km. It
reported a constant 4 ppmv, while the retrieved mixing ratios grow
monotonically with altitude above the 16 km level. The reason for
this discrepancy is unknown. It is unlikely to be caused by the long
response time of the hygrometer. According to estimates in
Mastenbrook and Oltmans [1985], that effect would smooth the:
measurements over less than 0.5 km in the vertical. It could be due
to the several hundred kilometer separation between the occultation
and the hygrometer soundings., Large discrepancies seem to be the rule
among stratospheric water vapor profiles measured simultaneously with
different techniques. For example, Figures C-6 through C-8 of WMO
[{1985] illustrate the results of three intercomparison studies in
which differences, both in magnitude and altitude dependence, among
soundings by different techniques far exceed those presented here.

An increase in mixing ratio with altitude has also been noted
recently in remote infrared experiments from balloons {e.g., Fischer
et al., 1985] and in mid-latitude data [Russell et al., 1984] from the
LIMS on the Nimbus-7 satellite. The altitude dependences exhibited by
a large number of earlier observations, remote and in situ, are mixed
[Ellsaesser, 1983], but there is a tendency towards an increase in
mixing ratio with height.

4,3 Nitric acid

Figure 8 presents the retrieved nitric-acid profile. Since we
made no concurrent in-situ measurements of nitric acid, we show the
"reasonableness" of the profile by superimposing it on a compilation
[World Meteorological Organization, 1982] of profiles measured in
previous years by other investigators. The data of Arnold et al.
[1980] and Lazrus and Gandrud [1974] were cbtained in situ, whereas
all the other data were taken by remote infrared methdds.

In common with the remote infrared data, our retrieved mixing
ratio values are higher than those obtained in situ. However, in
comparison with other infrared measurements they tend towards the low
side. For example, Figure 9 shows a comparison between the retrieved
profile and two independent measurements made on May 5, 1979, near
Palestine, Texas. The first, obtained by the llmb—em1881on technlque,
is from the Nimbus~7 LIMS {Gllle et al., 1984]. The second
measurement, intended as a correlative measurement for the LIMS
observation, is from a balloon-based occultation experiment
implemented with a filter radiometer [Fischer et al., 1985]. The
peaks of all three profiles are located at nearly the same altitude,
and the shapes of the profiles are similar. The maximum mixing ratio
from our experiment is Jlower than those obtained from the others, but
it should be noted that the differences are barely significant when
the uncertainties of each experiment are taken into account. Near 31
km our profile lacks the secondary peak observed by Fischer et al.;
otherwise those two profiles agree closely at levels above 25 km. The
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profiles obtained by both occultation experiments fall off more
rapidly above 25 km than does the LIMS profile. Furthermore, the LIMS
profile falls off more rapidly than photochemical model predictions
[Gille et al., 1984].

Figure 9 also shows the uncertainties in our retrieved nitric
acid profile. They are approximately 10% at most levels, except at 14
and 32 km, where they are approximately 25%.

4.4 CFC-12

Following Goldan et al. [1980], we plot the CFC-12 profiles
against height above the tropopause. This minimizes apparent
latitudinal and seasonal variations and facilitates comparisons among
measurements. The retrieved CFC-12 profile, referenced to a
tropopause height of 15 km, is shown in Figure 10. The profile
extends only up to 22 km (which in the figure corresponds to 7 km
above the tropopause). Absorption by CFC-12 is so weak that we get
virtually no signal in observations at tangent heights above 22 kmn.
The estimated uncertainties in the retrieved profile, indicated by the
error bars, increase with altitude from under 10% at 12 km to 40% at
22 km. Along with the weakness of the atmospheric signal, the main
causes of these large error bars are, first, the large uncertainty,
estimated to be as high as 0.018, in the transmittances calculated for
CFC-12 and, second, the effect of the overlapping absorption by nitric
acid.

In a literature search for standards of comparison, we could not
find any CFC-12 measurements, remote or in-situ, ocbtained since 1980
near 31°N latitude. Instead we show in Figure 10 an envelope of
CFC-12 profiles based on the data in Figure 1-21 of the report by the
World Meteorological Organization (WMO) [1982]. The WMO data, from
the 40-45°N latitude band, are in-situ measurements originally made in
the 1970's [Volz et al., 1981; Goldan et al., 1980] that were
projected to 1981 to account for the expected increase in the CFC-12
abundance with time, roughly 5%/yr. Between 1981 and 1983 the same
rate of increase was observed by Cunnold et al. [1986] in surface
measurements at many locations. Assuming that the 5%/yr increase
applied to the stratosphere as well as the surface, and that it
continued beyond 1983, we used it to project the WMO data to 1985. The
envelope of the twice-projected data is plotted in Figure 10,
referenced to a tropopause height of 13 km [Goldan et al., 1980].

At all levels the retrieved mixing ratios agree with the
projected values when the uncertainties in the retrieval are taken
into account. However, above the tropopause the two barely overlap,
and there is a distinct tendency for the retrieved values tend to be
higher. It is known [e.g., Goldan et al., 1980] that CFC-12 lapse
rates tend to decrease with decreasing latitude. Hence some of the
difference may be caused by the difference in latitude between our
measurement (31°N) and the WMO data (40-45°N). The minimum in the
retrieved profile near the tropopause is of interest. It has a width
in the vertical that is equal to or slightly larger than the
approximately 3-km vertical resolution of the measurements and,
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therefore, appears to be real. It is not very dependent on our
correction for the overlapping absorption by nitric acid, since the
structure survives when we remove or increase the correction. 1In
addition, it is probably statistically significant, since the
uncertainties in the profile are primarily systematic and are,

structure may be related to the "folding" observed in some of the
profiles of Goldan et al. [1980]. These authors suggest that folding
is caused by an exchange of air between regions of different CFC-12
abundances.

5. CONCLUSION

From the third in our series of balloon-based infrared solar
occultation experiments, performed with a non-scanning, multi-detector
grating spectrometer, we retrieved mixing ratio profiles of ozone,
water vapor, nitric acid, and CFC~12 between 12 and 35 km. The
retrieved ozone and water vapor profiles were compared to concurrent
data measured in-situ with ECC's and frost-point hygrometers. The
nitric acid and CFC-12 profiles were compared with measurements in the
literature. The objective has been to assess the feasibility of the
technigue for monitoring abundances of stratospheric constituents from
operatiocnal satellites.

This experiment was more successful than our first one [Weinreb
et al., 1984] for several reasons: The lower bounds of the measured
profiles were extended down to 12 km, and this permitted detection of
CFC-12. Also, the correlative in-situ measurements were of a higher
quality. From the standpoint of obtaining succesful retrievals, this
experiment was also more successful than our second one. We have not
reported the results from our second flight, because the measurements
were affected by an unexpected feature, which we believe, but cannot
prove, was an atmospheric absorption, possibly by aerosols from El
Chichon. That feature prevented us from obtaining reasonable
‘retrievals. If such a feature occurred commonly, it would diminish
the utility of infrared limb measurements as a technique for ’
monitoring the stratosphere, unless ways were found to remove its
effect from the data.

In the experiment reported in this paper, the ozone results were
clearly.of a guality that would justify using the technique on
operational satellites. The retrieved profile agreed well with
concurrent ECC soundings at almost all altitudes. The largest
disagreements, at altitudes below 25 km, averaged approximately 10%,
which is also close to our estimate of the uncertainty in the
retrieved ozone profile. The situation with water vapor was less
clear. Typical of other infrared remote measurements of water vapor,
the retrieved profile had relatively large uncertainties, which ranged
between 10 and 30% in the stratosphere. The differences between the
retrieved mixing ratios and the concurrent hygrometer data were
smaller than the combined uncertainties of the measurements, but the
altitude dependences of the profiles as measured by the two systems
were different. Such disparities among simultaneously measured water
profiles are, unfortunately, typical of other intercomparisons in the
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literature.

The retrieved nixing-ratio profiles of nitric acid and CFC-12
were compared with previous measurements in the literature. {No
concurrent in-situ measurements were made.) Nitric acid mixing ratios
were consistent with the earlier data, particularly with those
obtained by infrared limb techniques. The CFC-12 measurement is
difficult to make, because with the moderate spectral resolution of
this experiment the signal to noise ratio is low. Our measurement was
compared with in-situ data obtained in the 1970's and projected to
1985 with a growth rate of 5%/yr. The retrieved mixing ratios were
barely consistent with the projected data: below and at the tropopause
the agreement was good, but the retrieved mixing ratios were higher
than the projected data at the top of the profile. Although this
experiment yvielded profiles of nitric acid and CFC-12 that are
reasonable, more experiments, preferably with coincident in-situ
measurements, must be done before we can assess how successful the
technique is for those gases.
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