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Ground-Based Infrared Measurements of Carbonyl Sulfide Total Column

Abundances: Long-Term Trends and Variability

C. P. RINSLAND,! R. ZANDER,2 E. MAHIEU,2 P. DEMOULIN,?2
A. GoLDMAN,3 D. H. EHHALT,4 AND J. RUDOLPH*

Total vertical column abundances of carbonyl sulfide (OCS) have been derived from time series of
high-resolution infrared solar absorption spectra recorded at the National Solar Observatory McMath
solar telescope facility on Kitt Peak (altitude 2.09 km, latitude 31.9°N, longitude 111.6°W), southwest
of Tucson, Arizona, and at the International Scientific Station of the Jungfraujoch (altitude 3.58 km,
latitude 46.5°N, longitude 8.0°E), in the Swiss Alps. The analysis of both data sets is based on
nonlinear least squares spectral fittings of narrow intervals centered on lines of the intense »3 band of
OCS, the P(37) transition at 2045.5788 cm ™! and the P(15) transition at 2055.8609 cm ™!, with a
consistent set of spectroscopic line parameters. The Kitt Peak measurements, recorded on 30 different
days between May 1977 and March 1991, show a 10% peak-to-peak seasonal cycle with a summer
maximum and a winter minimum and a trend in the total column abundance equal to (0.1 + 0.2)% yr'1 ,
20. Jungfraujoch solar spectra recorded on 67 different days between October 1984 and April 1991
have been analyzed. The fitted trend in the Jungfraujoch total columns, (0.1 * 0.5)% yr~!, 20, is
consistent with the Kitt Peak trend results within the errors. The Jungfraujoch total columns show a
more complex seasonal variation than noted in the Kitt Peak data. The mean of the daily averaged total
columns, 8.44 x 10'5 molecules cm 2 above Kitt Peak and 6.41 x 10'° molecules cm =2 above the
Jungfraujoch station, correspond respectively to mean tropospheric mixing ratios of 0.54 = 0.04 and
0.52 = 0.04 parts per billion by volume; these values are consistent with previously reported remote
and in situ measurements. Taken together, the results from the two sites indicate that there has been

no significant change in the OCS total column abundance at northern mid-latitudes over the last

decade.

1. INTRODUCTION

Carbonyl sulfide (OCS) is the predominant sulfur-bearing
gas in the remote troposphere with an average concentration
of about 500 parts per trillion by volume (pptv or 10~!? ppv)
[Sandalls and Penkett, 1977; Maroulis et al., 1977; Torres et
al., 1980; Rasmussen et al., 1982a, b; Carroll, 198S;
Johnson and Harrison, 1986; Bates and Johnson, 1990;
Johnson et al., 1990]. The lifetime of OCS in the troposphere
is sufficiently long, roughly 2 to 7 years [Johnson, 1981;
Khalil and Rasmussen, 1984], that substantial quantities of
the gas may be transported into the lower stratosphere
where it is the principal source of sulfur, except for SO,
injected by violent volcanic eruptions [e.g., World Meteoro-
logical Organization (WMO), 1986]. In the lower strato-
sphere, OCS is dissociated by solar ultraviolet radiation, and
its products provide a continuous source of sulfur to sustain
the stratospheric sulfate aerosol layer (located between
altitudes of about 18 and 22 km) which is important in the
radiation budget and climate of our planet [Crutzen, 1976].

Current evidence suggests that the main sources of OCS
are natural, with oceans, microbial processes in soils, and
the conversion of CS, (also predominately natural) contrib-
uting about 30, 20, and 30%, respectively [Khalil and Ras-
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mussen, 1984]. Khalil and Rasmussen {1984] inferred a
northern-to-southern interhemispheric ratio (IHR) of 1.05
from published OCS measurements [Torres et al., 1980], and
used this result to deduce that only about 25% of the OCS in
the atmosphere results from direct and indirect (CS, to OCS
conversion) anthropogenic activities. The largest anthropo-
genic source is emissions from biomass burning, about 10%
[Khalil and Rasmussen, 1984; Crutzen and Andreae, 1990],
followed by releases from coal-fired power plants (about
4%), and automobiles, chemical industry, and sulfur recov-
ery processes (about 3%) {Khalil and Rasmussen, 1984].

Khalil and Rasmussen [1984] noted that the magnitude of
the OCS IHR is uncertain, and pointed to the possibility that
anthropogenic emissions may be more important in the
global OCS cycle than they estimated. Turco et al. [1980]
concluded that as much as 50% of OCS emissions may be
anthropogenic. Recently, Bingemer et al. [1990] measured a
pronounced northward increase in OCS concentrations 21 m
above the Atlantic Ocean between 37°S and 51°N. On the
basis of these results, Bingemer et al. [1990] derived a mean
IHR of 1.25. They speculated that their high THR measure-
ment and a strong correlation observed between the concen-
trations of OCS and both CO and CH, could be explained by
continental OCS sources larger than previously estimated
[Khalil and Rasmussen, 1984] and that these sources would
be mostly anthropogenic. It should be noted, however, that
the IHR measured by Bingemer et al. [1990] is significantly
higher than indicated by three recent tropospheric data sets
[Carroll, 1985; Johnson and Harrison, 1986; Johnson et al.,
1990], as well as the earlier data set of Torres et al. [1980],
and that the high measured latitudinal variation could be part
of a seasonal signal caused by uptake of OCS by vegetation
[Bingemer et al., 1990].

The possibility that anthropogenic sources may be impor-
tant in the OCS budget has led to speculation that the

5995



5996

atmospheric concentrations of OCS are increasing with time.
Khalil and Rasmussen [1984] concluded that if the anthro-
pogenic component of the global emissions is growing by
(2.5-3.5)% yr™', the global OCS concentration may rise by
(0.6-0.8)% yr_l . Turco et al. [1980] pointed out that increas-
ing OCS concentrations could increase the mass of the
stratospheric aerosol layer, resulting in radiative effects
which could produce measurable changes in the Earth’s
climate within the next century. Hofmann [1990] noted that
in addition to important climate implications, an increase in
the stratospheric sulfate aerosol mass could produce heter-
ogeneous chemical reactions which might alter the concen-
tration of stratospheric ozone. These effects could also lead
to changes in the concentrations of other key stratospheric
species, such as NO, and HNOj; (see the results of Hofmann
and Solomon [1989]). Although an increase in the back-
ground stratospheric sulfuric acid aerosol mass at northern
mid-latitudes has been reported [Hofmann and Rosen, 1980;
Hofmann, 1990], the observed increase rate is too rapid to be
due to OCS alone [Hofmann, 1991]. It has been hypothe-
sized that additional sources, particularly sulfur emitted by
jet aircraft flying in the 11-12 km region, must be responsible
for most of the increase [Hofmann, 1991].

In view of these studies it is clearly useful to have precise,
long-term sets of atmospheric OCS measurements for trend
evaluation. Such data might also reveal seasonal changes
that could be related to interannual variations in the
strengths of OCS sources and sinks. In the present investi-
gation we report results based on the analysis of two OCS
absorption lines in a time series of high-resolution infrared
solar spectra recorded from the ground at two remote,
high-altitude stations. The IR measurements from the one
station, the National Solar Observatory facility on Kitt Peak
(KP) in southern Arizona, cover the time period May 1977 to
March 1991. The other measurements were recorded be-
tween October 1984 and April 1991 at the International
Scientific Station of the Jungfraujoch (ISSJ), in the Swiss
Alps. The spectral data from the two sites have been fitted
with a nonlinear least squares procedure to retrieve OCS
total column amounts which have been further analyzed to
deduce information on long-term trends, seasonal changes,
and variability.

2. OBSERVATIONS AND ANALYSIS

The present work is a continuation of a program under-
taken to measure the long-term trends and seasonal cycles of
key atmospheric constituents from high-resolution infrared
solar spectra recorded with Fourier transform spectrometer
(FTS) instruments at the KP and 1SSJ stations. Details of the
methods of analysis have been described previously [cf.
Ehhalt et al., 1991; Rinsland et al., 1989, 1991a, b; Zander
etal., 1989a, b, 1991], and therefore we report here only a
brief overview and the essential information relevant to the
present investigation.

Table 1 summarizes the measurement parameters for the
solar spectra analyzed in the present study. Both FTS
instruments are custom built. The 1SSJ FTS was developed
at the University of Liége in the mid-1970s [Malbrouck,
1977]; since then, it has been significantly improved in terms
of spectral resolution, spectral coverage, and scanning
speed. All of the ISSJ spectra analyzed here were recorded
and processed by P. Demoulin. The design and performance
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TABLE 1. Parameters for the Spectral Data Sets Analyzed
in This Investigation
Value Corresponding to
the Station
Parameter Kitt Peak ISSJ
Latitude, °N 31.9 46.5
Longitude, °W 111.6 352.0
Altitude, km 2.09 3.58
Spectral Resolution,* 1073 ¢cm ™! 5-16 3-5.5
Continuum signal-to-rms noise 100-2500 10004000
Integration time, min 5-15 5-33
Interval of observations May 1977 to Oct. 1984 to
March 1991 April 1991
Detectors/Number of Detectors InSb/2 InSb/1
Maximum solar zenith angle, deg 80 70
Number of measurement days 30 67
Minimum/maximum number of 1/6 1/2
spectra on a day
Total number of spectra analyzed 70 73

*The resolution is defined as 0.5/L ,,4, where L., is the maxi-
mum one-sided path difference.

of the KP instrument has been described by Brault [1978].
The Kitt Peak solar spectra were obtained by several inves-
tigators. The 1977 to 1979 observations were acquired by
Delbouille et al. [1981]. Solar spectra recorded between 1980
to 1985 were obtained as a byproduct of the Battelle/Kitt
Peak telluric spectrum program [Stokes et al., 1980] and
were followed by observations by C. P. Rinsland from 1988
to 1991.

For most of the Kitt Peak observations, pressure-
temperature profiles calculated by the National Meteorolog-
ical Center (NMC) for that location and the measurement
dates (K. W. Johnson and M. Gelman, private communica-
tion, 1987-1991) were assumed. In a few cases we adopted
pressure-temperature soundings acquired by radiosondes
released from the Tucson airport, some 60 km northeast of
Kitt Peak. A mid-latitude reference atmosphere selected
from among several standard physical models (U.S. Stan-
dard Atmosphere, 1966, 1976) was assumed for the analysis
of the remaining Kitt Peak and all of the Jungfraujoch
observations.

The OCS total columns were retrieved with a nonlinear
least squares spectral fitting algorithm that computed syn-
thetic spectra by line-by-line techniques and a multilayer
model atmosphere extending from the altitude of the observ-
ing site to 100 km. For the present work we used a total of 29
layers with vertical thicknesses of 2 km or less below 32-km
altitude. The total vertical column amount of each target
molecule was retrieved from a spectrum by scaling an
assumed relative volume mixing ratio (VMR) profile by a
single multiplicative factor, which was iteratively adjusted
along with the values of a number of instrumental parame-
ters (e.g., a wave number shift between the measured and
calculated spectra). The adjustments continued until the sum
of the squares of the residuals (measured minus calculated
signals) was minimized. The total column amount was ob-
tained by summing the scaled vertical absorber column
amount from all layers.

The assumed OCS relative VMR profile was based mostly
on published measurements with some input from model
calculations. An examination of the few reported strato-
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TABLE 2. OCS Profile Distributions Assumed in the Analysis

OCS Volume Mixing Ratio, pptv
Altitude,

km Profile | Profile 11
=12.5 590 590
15.0 550 510
17.5 500 300
20.0 380 250
22.5 230 150
25.0 90 70

spheric profile measurements suggests that the OCS volume
mixing ratio above 20 km decreases more rapidly with
altitude at high latitudes than at low latitudes (compare, for
example, the measurements obtained by Inn er al. [1981]
near 20 km in California and Alaska; also, contrast the 28°N
and 48°S measurements derived from the ATMOS/Spacelab
3 spectra [Zander et al., 1988] and the 43°N IR balloon flight
data of Louisnard et al. [1983]). However, more data are
needed to verify this conjecture. To investigate the sensitiv-
ity of our retrievals to the assumed stratospheric OCS
distribution, we performed retrievals with two profiles hav-
ing different rates of VMR decrease above the tropopause.
The two assumed vertical profiles are listed in Table 2. For
profile 1 the ATMOS/Spacelab 3 measurements at 28°N
[Zander et al., 1988, Table 3] were adopted and extended
below 12.5 km, the lowest measured altitude, by assuming a
constant VMR equal to the retrieved value at 12.5 km.
Profile II assumes the 48°S ATMOS/Spacelab 3 measure-
ments [Zander et al., 1988, Table 3]; it has been extrapolated
below the lowest measured altitude of 17.5 km using the
model profile of N. D. Sze reported by Zander et al. [1988,
Figure 6] as a guide and assuming a constant mixing ratio of
590 pptv in the troposphere. The assumption of a constant
tropospheric VMR is consistent with previous measure-
ments [e.g., Rasmussen et al., 1982b, Figure 2] and the
relatively long tropospheric lifetime of OCS. The vertical
profiles of all other gases were taken from Smith [1982].
The total columns were derived by fitting two spectral
regions, each one centered on a line in the OCS »; funda-
mental band, which is about 2 orders of magnitude stronger
than any other OCS IR band [cf. Kagann, 1982]. Note that
this band is sometimes labeled », rather than »; [e.g., Wells
et al., 1990]. The target transitions were selected by com-
paring the measured solar spectra with line-by-line simula-
tions generated with the spectroscopic parameters discussed
below. These calculations show that the lines of the OCS v
band are overlapped by absorption features due to several
other telluric gases, mainly H,0, CO,, O3, and CO, and by
lines of the Av = 1 vibration-rotation sequence of solar CO.
No OCS lines are completely free of interferences. The two
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Fig. 1. Simulations of the atmospheric absorption by the gases
H,0, CO,, O3, CO, and OCS using realistic VMR profiles (upper
five spectra), a simulation of the absorption by solar CO (second
spectrum from the bottom), and a Kitt Peak solar spectrum (bottom
spectrum) in the region of the OCS v; band P(37) line at 2045.5788
cm !, The simulated and measured spectra are offset vertically for
clarity. An arrow beneath the bottom spectrum marks the location
of the OCS line.

selected microwindows (2045.20-2045.80 cm ' and 2055.64—
2055.97 cm ™ ') contain the P(37) OCS transition at 2045.5788
em™' and the P(15) OCS transition at 2055.8609 cm ™',
respectively. These lines were judged as the best ones for
ground-based retrievals because they are least affected by
the interferences. Also, calculations indicate that the varia-
tion of the line intensities with temperature, about +0.3%
and —0.3% per degree Kelvin at 250 K for P(37) and P(15),
respectively, is minimized by averaging the results from the
two microwindows.

Table 3 lists the OCS spectroscopic parameters assumed
in the present work. The air-broadening coefficients at 296 K
were obtained by fitting the values reported by Bouanich et
al. [1987] to a polynomial in |m|, where m is J + | in the R
branch and —J in the P branch. The line parameters for
ozone were taken from Rinsland et al. [1988] and Camy-
Peyret et al. [1990]. All other spectroscopic data for both
OCS and the interfering species were taken from the 1986
HITRAN line parameters compilation [Rothman et al.,
1987]. Recently, improved line positions have been derived
for the OCS v; band by Wells et al. [1990]. These revised
positions for P(37) and P(15) are, respectively, 0.00034 and
0.00040 cm ~' lower than the values listed in Table 3. Sample
fittings have shown that the revised positions change the
retrieved OCS total columns by less than 1%.

Figure 1 illustrates the complex atmospheric and solar
absorptions in the microwindow containing the P(37) OCS

TABLE 3. OCS Line Parameters Assumed in the Present Analysis
Lorentz Lower State
Rotational Position, Intensity Coefficient Energy,
Assignment cm™! at 296 K at 296 K ecm™!
P (37) 2045.5788 7.13 x 10719 0.0876 285.131
P (15) 2055.8609 9.17 x 107" 0.0964 48.683

. . .. . - — -2 . v . -
Line intensities are in units of cm ™ '/molecule cm 2. The broadening coefficients are in units of

em™! atm ™! with an assumed 77" temperature dependence computed with n = 0.50.
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line. The simulated transmission spectra for the four most
important interfering telluric molecules, the target OCS gas,
and solar CO lines, all offset vertically for clarity, are plotted
from top to bottom. At the bottom a Kitt Peak spectrum
recorded on December 20, 1989, at a mean astronomical
zenith angle of 55.50° is plotted; the simulations have been
generated to correspond to these conditions. There is good
correspondence between the positions and strengths of the
features in the measured spectrum and those in the simulated
spectra. Note that the solar CO lines are quite prominent.
The procedure used to simulate and least squares fit the solar
CO features has been described by Rinsland et al. [1982].

A sample fit of the P(37) microwindow in an ISSJ spec-
trum recorded on October 24, 1987, is displayed in Figure 2.
The amplitudes of the residuals of the fit are about a factor of
5 higher than the noise level of the data (the continuum
signal-to-rms noise is ~1400). The fitting errors can be noted
by comparing the measured and best fit synthetic spectra, for
example near 2045.37 cm ™', which corresponds to the wing
of a strong solar CO line. These discrepancies are probably
the result of errors in the assumed line parameters, weak
lines missing from the spectroscopic data base, and inade-
quacies in the modeling of the solar CO features. Residuals
resulting from fittings in the P(15) OCS microwindow are
similar to those shown in Figure 2 for P(37).

Table 4 lists the most important random and systematic
sources of error and their magnitudes for a typical spectrum.
The values have been estimated as described previously
[e.g., Rinsland et al., 1984, 1985; Zander et al., 1989a, b,
Ehhalt et al., 1991]. The uncertainties due to the random
error sources can be reduced by averaging the various
measurements on each day and assigning a corresponding
uncertainty equal to the random error for a single observa-
tion divided by the square root of the number of measure-
ments being averaged. As can be noted from Table 4, the
most important source of random error is the fitting of the
interfering lines, both telluric and solar, in the two microw-
indows. Because the fittings show systematic errors in the

[N

-1

RESIDUAL (%)
!
1
]
t
i
T

1.0

4 06+ 0Cs
% P(37)
o —1
& o4l 2045.5788 cm
JUNGFRAUJOCH
0.2+ Oct. 24, 1987
— Meaqsured Astron. Zenith Angle=61.24°
0.0 * Calculated . Resolution=0.005 em—1
2045.2 2045.4 2045.6 2045.8
Wavenumber (cm—1)
Fig. 2. Sample fitting results for the OCS P(37) line at

2045.5788 cm~'. In the lower panel are presented a measured
spectrum recorded from the Jungfraujoch station (solid line) and a
least squares best fit to the data (open diamonds). An arrow beneath
the spectra marks the location of the OCS line. The upper panel
shows the residuals (measured minus simulated signals) on a ex-
panded vertical scale.

RINSLAND ET AL.: OCS LONG-TERM TREND AND VARIABILITY

TABLE 4. Error Sources and the Resulting Uncertainties in the
Retrieved OCS Total Column Abundance for a Typical Spectrum

Percent Error in Total

Columnt
Error 1977-1991 1984-1991
Error Source Type* Kitt Peak ISSJ
Finite signal-to-noise R 1.0 1.0
Error in 100% transmission level R 2.0 2.0
Zenith angle uncertainty R 2.0 1.5
Zero transmission offsets R 2.0 2.0
Error in modeling instrument line S 1.0 1.0
shape
Pressure-temperature profile R 0.5 1.0
Uncertainty in the assumed OCS S 4.0 4.0
vertical profile distribution
Variability in the assumed OCS R 2.0 2.0
vertical profile distribution
Spectroscopic parameters S 5.0 5.0
uncertainties
Fitting of interfering lines R 4.0 4.0
Modeling of interfering lines S 2.0 2.0
Root-sum-square total R 5.8 5.7
S 6.8 6.8

*R: random: S: systematic.
tPercent error with 1-o uncertainty.

residuals (e.g., Figure 2), we also included a systematic error
of 2% to account for the possibility that the results may be
biased by errors in the modeling of the interfering lines.
Systematic retrieval errors are dominated by the uncertain-
ties in the assumed vertical profile distribution and the
assumed spectroscopic parameters, particularly the intensi-
ties. The relative difference between the total columns
retrieved with profiles I and II is taken as an estimate of the
uncertainty due to errors in the vertical OCS distribution. In
most cases the KP fitting residuals were slightly smaller with
profile I, whereas the ISSJ fitting residuals were slightly
reduced with profile I1. These results support our conjecture
of a more rapid vertical decline in the OCS stratospheric
VMR at high latitudes than at low latitudes.

3. RESULTS AND DiscussION

In Figure 3 the total column measurements from (upper
panel) Kitt Peak and (lower panel) ISST are plotted versus
time. The values are daily averages with the error bars
representing the 1-o precisions computed from the root-sum-
square of the random error sources (Table 4). The Kitt Peak
data cover 30 days between May 1977 and March 1991,
whereas the ISSJ data analyzed here comprise 67 measure-
ment days from October 1984 to April 1991 out of a total of
over 150 days covered during that period. The ISSI data
span a shorter time interval, but the measurements are more
uniformly distributed in time.

Regarding both data sets, the retrieved total column
amounts from a given day show no obvious dependence on
the airmass of the observations or systematic differences in
the results from the two microwindows. Consistent with the
relatively long atmospheric lifetime of OCS, we found no
evidence for diurnal changes in the total columns. Also, for
a given day the differences among the retrieved total col-
umns were less than the estimated precisions, indicating that
short-term variability in the OCS total column did not
exceed ~5%.
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Fig. 3. Daily averaged measurements of the total vertical col-
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panel) 1SSJ plotted versus measurement date (e.g.. 1986.0 = Janu-
ary 1, 1986). Error bars indicate the estimated 1-o precision. See
text for a description of cases A and B.

The investigation of the measured total columns to derive
seasonal cycles and trends follows the procedure described
in recent papers [Rinsland et al., 1991a, b]. In case A we
assume that the OCS total column amount is changing at an
exponential rate, that is,

C,=Cyexp[B(r—ty)]. (n

where C 4 is the total column at time 7, C, is the total column
at the reference time ¢, and B is the rate of change, which is
assumed not to vary with time. In case B the exponential
total column change is assumed to be superimposed on a
sinusoidal seasonal cycle

C,; = ay cos {27t —1y) — 1,1} (2)

where C, is the relative amplitude at time 7, « is the peak
relative amplitude, and ¢, is the fraction of the calendar year
corresponding to the time of the seasonal maximum. The
case B total columns Cp are then calculated by combining
(1) and (2) assuming

Cp=Cs(1+C)). (3)
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The sum of the squares of the residuals (the measured minus
calculated total columns) was minimized in the least squares
fits to the measurements. The case A and B results are
reported in Table 5 and displayed in Figure 3 with dashed
and solid curves, respectively.

The upper panel of Figure 4 shows the residuals from the
Kitt Peak case A fit plotted versus the time of the calendar
year (e.g., 0.0 = January 1). The plot shows a distinct
seasonal variation with a summer maximum and a winter
minimum. The sinusoidal (solid) curve in the upper panel
illustrates the seasonal cycle computed with the coefficients
derived from the case B analysis; the curve reproduces the
seasonal variation in the KP residuals very well. The stan-
dard deviation of the case B fit is almost a factor of 2 less
than the standard deviation of the case A fit. The peak-to-
peak amplitude of the seasonal variation is about 10%.

The lower panel of Figure 4 shows a sample of NMC
tropopause heights for a latitude and longitude range cen-
tered on the geographical coordinates of Kitt Peak along
with a sinusoidal function (solid curve) fitted to the data. A
similarity in the seasonal variations of the quantities plotted
in the two panels of Figure 4 is apparent. Zander et al.
[19894] proposed a connection between the total column
seasonal variations of the long-lived gases and the seasonal
changes in the altitude of the tropopause. The Kitt Peak OCS
seasonal variations are consistent with this idea.

An estimate of the effects of the tropopause height varia-
tions on the Kitt Peak total column has been derived by
raising and lowering the assumed OCS VMR profile in
altitude by an amount equal to the changes given by the
curve in the lower panel of Figure 4. The OCS VMR up to
the altitude of the tropopause is assumed not to vary with
time. The calculated amplitude of the seasonal variation in
the total column is about 2% as compared to the observed
amplitude of (5.1 = 1.4)%. Hence the tropopause height
changes may be responsible for about one-half of observed
KP seasonal variation. The remaining (~3% amplitude) KP
seasonal variation is likely to be caused by changes in the
average tropospheric OCS VMR,

The ISSJ residuals in Figure 3 show a more complex
seasonal variation than the changes in the Kitt Peak data. A
pronounced seasonal component can be noted during the

TABLE 5. Case A and Case B Coefficients Obtained From Fits
to the Measured Kitt Peak and ISSJ Carbonyl Sulfide Total
Vertical Column Amounts

ISSJ
Kitt Peak,
Coefficient 1977-1991 1984—-1987 19841991

Case A
B 0.0 =04 -1.0=x25 —-0.1 £ 0.6
Cy 8.44 + 0.13 6.39 = 0.16 6.42 = 0.12

Case B
B 0.1 0.2 1516 -0.1 £ 0.5
Cy 8.48 + 0.08 6.41 = 0.10 6.45 = 0.10
dg 0.051 = 0.014 0.072 = 0.024 0.033 = 0.016
fH 0.557 = 0.038 0.579 = 0.048 0.592 = 0.074

Two-sigma error limits are listed. The standard deviations of the
fits to the Kitt Peak measurements are 0.350 (case A) and 0.208 (case
B) in units of 10'* molecules cm ~2. Standard deviations of the fits to
the ISSJ 1984—-1991 measurements are 0.305 (case A) and 0.270 (case
B) in units of 10" molecules cm ~2. Units are % yr ! for Band 103
molecules cm ™ for Cy. The reference date r is 1986.0.
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Fig. 4. (Upper panel) Kitt Peak case A total column residuals

and (lower panel) a sampling of NMC tropopause height measure-
ments for the same geographic region plotted versus season. The
dashed horizontal line and the sinusoidal curve in the upper panel
correspond respectively to zero residuals and the seasonal variation
predicted with the case B coefficients in Table 5. The NMC
tropopause heights in the lower panel are values calculated for
SAGE II occultation events near Kitt Peak over the same time
period (R. E. Veiga, private communication, 1991). The curve in the
lower panel shows a least squares fit to the data assuming a
sinusoidal variation of the tropopause height with season.

first years of observations (i.e., until about 1988.0), followed
by a damping of the amplitude particularly during 1988 and
1989. Separate fittings presented in Table 5 and Figure 3 for
1984-1987 and 1984-1991 illustrate this effect (a values and
2-o uncertainties of 0.072 * 0.024 and 0.033 = 0.016,
respectively). A similar behavior is also observed in the
column abundances of other long-lived telluric gases such as
CH, and N,0O measured above ISSJ (results obtained by R.
Z.). Furthermore, the relative amplitudes of the total column
seasonal variations of these long-lived gases are nearly
equal, as are the phases of the variations. For example, the
relative magnitude of the ISSJ seasonal component (ay
value) deduced from measurements in 1984 to 1987 is (7.2
2.4)% for OCS (Table §, this paper) as compared to =7% for
CH, [Zander et al., 1989a]; the total columns of both gases
were largest in the summer and smallest in the winter.

In Figure S the case A ISS] residuals are plotted versus the
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Fig. 5. 1SSJ case A total column residuals plotted versus season
for 1984.7 to 1988.0 and 1988.0 to 1990.0. The solid curve shows a fit
to the 1984.7-1988.0 data, assuming a sinusoidal variation.

time of the calendar year. A solid circle is used for data from
1988 and 1989, while the other data are represented with
open circles. A reduction in the amplitude of the OCS
seasonal variations in the winters of 1988 and 1989 is readily
apparent. The cause of this effect is under investigation.

No previous information has been published on seasonal
variations in OCS, but it is reasonable to assume that the
maximum change in the troposphere is no more than a few
percent if the lifetime of OCS is several years or more.
Bingemer et al. [1990] suggested that there may be a sea-
sonal signal caused by the uptake of OCS by vegetation.
However, this would lead to a summer minimum and a
winter maximum, whereas we observe the opposite seasonal
variation. Loss due to reaction with OH would also lead to a
summer minimum. Mankin et al. [1979] reported IR solar
absorption measurements of OCS obtained with a FTS on an
aircraft; within their measurement errors, they found no
significant seasonal variation in the OCS total columns
above 12 km (see their Figure 4).

Within the errors the measured KP and ISSJ trends
reported in Table 5 are consistent; both show a long-term
OCS total column growth rate that is not statistically differ-
ent from zero. On the basis of the KP case B result which has
the smallest uncertainty we conclude that the OCS total
column amount has not changed by more than 0.2% yr~',
20, since 1977. This result places a very stringent constraint
on the long-term growth rate of OCS and any possible
increase in OCS anthropogenic emissions. The inferred
upper limit should be reliable because it was derived from
high-quality spectra analyzed with the same techniques,
using identical spectroscopic line parameters, and applied to
two spectral features which have been shown in this work to
yield retrieved total columns that are internally consistent.
The solar absorption datasets span a long period of time
(May 1977 to March 1991 for KP and October 1984 to April
1991 for ISSJ) so that a slow increase in the OCS total
column would have accumulated to an amount readily
detectable by our observations. Furthermore, because of the
relatively long atmospheric lifetime of OCS, it is reasonable
to assume that there has been no significant change in the
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OCS total column at northern mid-latitudes over the last
decade.

Our measurements place a stronger constraint on the
long-term OCS growth rate than the recently reported upper
limit of 1% yr~' deduced from a comparison of OCS
measurements obtained by numerous investigators since
1975 [Johnson et al., 1990]. Hofmann [1991] has also re-
ported that the concentration of OCS does not appear to be
increasing; this conclusion was based on unpublished OCS
measurements obtained by R. A. Rasmussen. A trend upper
limit was not cited.

As a check on our trend results, total column amounts
have also been retrieved from the same 1SSJ spectra using an
independent set of software developed at the Jet Propulsion
Laboratory (JPL) for the analysis of the ATMOS spectra
[Norton and Rinsland, 1991]. The case A, long-term expo-
nential increase rate B derived by least squares fitting the
total columns retrieved with the JPL program is (+0.3 =
0.6)% yr~', 20, very close to the value reported in Table 5.

Mean values of the daily averaged total columns are 8.44
x 10" molecules cm 2 for KP and 6.41 x 10 molecules
cm ~2 for ISSJ, respectively. Assuming these values and the
profile I vertical distribution for KP and the profile 11 vertical
distribution for ISSJ, average tropospheric mixing ratios of
0.54 ppbv (parts per billion by volume) above KP and 0.52
ppbv above ISSJ are derived. Considering the systematic
errors in Table 4, these values are estimated to have an
absolute accuracy of £7%, 1. Within this uncertainty, our
derived mean tropospheric VMRs are in good agreement
with previous measurements at northern mid-latitudes [San-
dalls and Penkett, 1977; Maroulis et al., 1977; Torres et al.,
1980; Rasmussen et al., 1982a, b; Carroll, 1985; Johnson
and Harrison, 1986; Bates and Johnson, 1990; Johnson et
al., 1990].
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