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Abstract. The vertical profiles of C10, HCl, HO; and Os
were determined from thermal emission measurements by
aballoon-borne spectrometer operating near 640 GHz. Re-
gults are in broad agreement with previous measurements
and models, but differ significantly with model photochem-
istry for the ratio of ClO to HCL

Introduction

Chlorine-catalyzed odd-oxygen loss in the stratosphere
occurs by reaction of ClO and Cl with O and Oj;. The
available chlorine for this cycle is determined by the par-
titioning between the reactive odd chlorine species, ClO
+ Cl + (Cl0);, and the HCI/CIONO; reservoirs. The
chemistry controlling this ratio includes reactions involv-
ing OH, O, HO,, NO, NO;, CHy, and, in the lower strato-
sphere, particulate surfaces. The validation of photochem-
ical models, essential to predict the effect of the increasing
chlorine burden, requires concerted vertical profile mea-
surements of Clz, HOz, NO, species, chlorine reservoirs,
03, CH,; and water vapor.

We report here the first simultaneous measurements of
stratospheric Os, HC, ClO, and HO,. The measurements
were made with a new instrument which is the first use
of submillimeter heterodyne spectroscopy for upper atmo-
spheric measurements. The theory and advantages of ai-
mospheric remote sensing in this spectral region are dis-
cussed by Waters [1992)].

Experimental Method

The Submillimeterwave Limb Sounder (SLS) is a het-
erodyne radiometer measuring thermal molecular emission
spectra near 640 GHz. The instrumental field of view
(FOV) is 0.35° full width at half maximum (2-3 km ver-
tical resolution at the limb tangent point) as defined by
scannable optics. Signals are downconverted to an inter-
mediate frequency (IF) band 2.5 GHz wide centered at
11.6 GHz by an uncooled Schottky diode harmonic mixer
[Erickson, 1992]. The radiometer is operated double side-
band (DSB), i.e., spectral features occurring symmetri-
cally above and below the effective local oscillator fre-
quency of 637.050 GHz appear together in the IF output
spectrum. The relative sideband response is near unity
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and is measured as part of the instrument calibration. The
second harmonic mixer is pumped at 318.525 GHz from
a tripled 106.175 GHz phase-locked InP Gunn oscillator
waveguide coupled to the mixer block. The IF spectrum
is split into 7 overlapping 0.5 GHz wide bands centered
on spectral lines. Signals are further downconverted and
input to 5 spectrometers. (Measurements of H¥Cl and
one HO, line are time-shared with those of H®”Cl and one
O; line, respectively.} The spectrometers each contain 15
filters and square-law detector diodes, filter widths range
from 2 MHz at line center to 128 MHz at the band edge.

Spectra are recorded as the antenna FOV is scanned ver-
tically through the atmospheric limb. Limb scans consist
of observations at elevation angles from +1.0° to -6.0° in
0.2° steps, ‘cold’ sky reference views (+47°) and blackbody
calibration target measurements.

The data presented here are from midday portions of
balloon flights launched from National Scientific Balloon
Facility sites at Daggett CA (35°N 115°W) on 09 April
1991 and from Ft. Sumner NM (34°N 104°W) on 01 Octo-
ber 1991. Measurements on 09 April 1991 are from 20:20-
23:00 UT (30°-54° solar zenith angle); the balloon height
was 38.5 km and the mean 35 km tangent point was 36.9
N latitude, 114.8 W longitude. The October 1991 mea-
surements are from 17:30-21:26 UT (41°~59° solar zenith
angle); the balloon height was 38.3 km; the mean 35 km
tangent point location was 34.5 N latitude, 101.7 W lon-
gitude. On both flights, the gondola also carried the Far
Infrared Limb Observing Spectrometer (FILOS) [Peterson
and Pickett, 1991] and O, photometer instruments.

Mixing ratio vertical profiles were inferred using sequen-
tial estimation [Rodgers, 1976]. Simulated atmospheric ra-
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Fig. 1. Midday 35 km tangent height measured (crosses)
and calculated (smooth line) spectra. Abcissa axes give
the frequencies of upper and lower sideband spectral fea-
tures (denoted by IF, USB and LSB, respectively).
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diance used in the retrieval process was calculated using
line positions and intensities from the JPL Submillimeter,
millimeter, and microwave spectral line catalog [Poynter
and Pickett, 1985] and National Metrological Center tem-
perature profiles. The radiance calculation also evaluated
nearby lines from all significant atmospheric species in the
JPL catalog. Triangular basis functions (linear segments)
were used to model constituent vertical profiles. Retrieval
coefficients (partial derivatives) were calculated by finite
differences using climatological values as the initial lin-
earization point. Non-linearities were handled by itera-
tion. Retrieval error budget includes random and system-
atic components from radiometric calibration, instrument
pointing, spectroscopic parameters and residuals.

Results
Observed Spectra

Figure 1 is a portion of the spectral data (limb view
tangent height 35~37 km) from the 01 October 1991 flight
showing the full 2.5 GHz instrument bandpass. Measure-
ments are points with vertical and horizontal extents equal
to the estimated 1o noise and the filter width, respectively.
Spectral features for *ClO ,0; and HO, (12,700 MHz) oc-
cur in the radiometer upper sideband; HCI (both isotopes),
HO, (11,400 MHz IF), O3 (11,679 MHz IF) features are
in the lower sideband. The smooth curve is a calculated
spectrum using retrieved abundances for O3, ClO, HCl
and HO;. The ClO line, measured and calculated, (35 km
tangent height) from the 09 April 1991 flight is shown in
Figure 2a. Figure 2b shows the partially resolved H3*Cl
hyperfine triplet. Figure 2¢ shows the observed HO, emis-
sion at 625,661 MHz averaged from +1° elevation angle
views during the 01 October 1991 flight.

ClO results below 35 km show only small variations,
within uncertainty bounds, between the April and Oc-
tober flights. At the profile peak near 40 km, however,
we find ~25% greater ClO abundance in April. Between
these flights in June 1991, the volcano Pinatubo (15°N,
121°E) erupted and injected large amounts of SO, into
the lower stratosphere producing aerosols which may sup-
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Fig. 2. 3Cl0, H%Cl and HO, spectra.

press NO, through heterogeneous reactions and increase
ClO [Prather, 1992]. Comparison of the April and October
Cl0 profiles shows no significant ClO increases following
Pinatubo and may imply that the volcanic aerosol cloyd
had not yet reached 34°N by October 1991 or that the
effect was confined to a layer below ~18 km.

Our ClO results are compared with in situ reel-down
profiles [Brune and Anderson, 1986; Brune et al., 1985], in
situ aircraft (flight 881015 41°N 490K ©) [Toohey et al,
1991] and our balloon 204 GHz microwave (BMLS) mea.
surements [Waters et al., 1988 and unpublished results] in
Figure 3a. The variations among these profiles are withip
the range of seasonal and local variability [Solomon and
Garcia, 1984] and, although together spanning 7 years,
these measurements exhibit no clear trend in stratospheric
ClO abundance.

HCI profiles are shown in Figure 3b with ATMOS re-
sults (29° N) [Zander et al., 1990] from May 1985 and the
May 1988 in situ measurement by May and Webster [1989].
ATMOS and SLS vertical gradients are similar, however,
our results and those of May and Webster [1989] indicate
an overall increase in stratospheric HCl since the 1985
ATMOS measurements. Integrated column HCl abun-
dances above 20 km from our data for April and October
1991 are 1.7440.22 and 1.71+£0.25 x10'®cm™2. These val-
ues, relative to the corresponding 1985 ATMOS HCI col
umn of 1.34x10**cm™? [Zander et al., 1990], give a linear
increase rate of 4.740.8% year~!. This value is in good
agreement with values in the recent review by Rinsland
et al. [1991] of the HCl column trend from the period
1977 10 1990.

Our HO; profiles from 01 October, shown in Figure 3,
generally agree well with previous mid-day mid-latitude in
situ [Stimpfle et al., 1990] and FTIR emission [Park and
Carli, 1991; Traub et al., 1990) measurements. Our results
tend to confirm the observation of Traub et al. {1990] that
model photochemistry is consistent with measurements be-
low 40 km, but underestimates HO, in the upper strato-
sphere. We expect improved sensitivity (x 2) for HO,
on future balloon flights and will be better able to inves-
tigate the apparent ~30% discrepancy between measure-
ments and model results in this region.

Figure 4 compares retrieved O3 results with the in situ
O3 photometer profiles recorded during each balloon as-
cent [J.J. Margitan, private communication]. These mea-
surements are in good agreement and confirm the tendency
of photochemical models to underestimate Q; abundance
in the upper stratosphere [WMO, 1985]. This discrepancy,
~35% at 40 km, is illustrated in Figure 4 by the shaded
region showing the range of model results from WMO Re-
port 16 [1985].

ClO, HCl Partitioning

Figure 5 shows ratio of ClO to HC] from these measure-
ments compared to the California Institute of Technology
one-dimensional model for May 30°N, 50° solar zenith an-
gle, [M.Allen, private communication] and to the range
of 2-D model calculations (30° N summer mid-day cor-
ditions) given in WMO Report 16 [1985] . We find sig-
nificantly less ClO relative to HC] than predicted by the
majority of these models throughout the middle strato-
sphere (25-40 km). The Caltech model shows slightly bet-
ter agreement, but still implies ~60% more ClO (or less
HCI) at 37 km than we observe.




H

Stachnik et al.: Submillimeterwave Heterodyne Measurements

1933

0
5 a =
40 1t .
< A
ut
o
2
=
5 30 1t .
<
20 . - . .
0.0 0.4 0.80 1 2 3 0.00 0.25 0.50
PPBV PPBV PPBV

Fig. 3. ClO, HCl and HO; profiles from 09 April 1991 (bold dashed line) and 01 October 1991 (bold solid line). Error
bounds for 01 October 1991 data are thin dashed lines. (a), C1O from BMLS May 1985 (<), Oct 1986 (A), and May
1989 (O)[Waters et al., 1988 and unpublished data] and in situ C10 by Brune et al.[1985] (»), Brune and Anderson [1986]
(thin line) and Toohey et al. [1991] (o) are shown. (b), ATMOS HCI profile (0) [Zander et al., 1990] and (A) May and
Webster [1989]. (c), HO; profiles of Traub et al. [1990] (A), Stimpfle et al. [1990] (o), Park and Carli [1991] () and

(dash-dot) Caltech model [M.Allen, private communication].

The partitioning of total inorganic chlorine (Cl,) be-
tween HCl and the sum of Cl+ClO+HOCI4+CIONO, is
principally controlled [Solomon and Garcia, 1984], in the
absence of heterogeneous chemistry, by the relative rates
of odd chlorine, Cl;, production

HCl+ OH — H,0 + Cl 4}
and loss by

Cl+ CH; — HCl + CH;3 (2)

Cl+HO; — HCl+ O, 3)

Models and measurements of CIONQ, [Zander et al.,
1990] and HOCI [Chance et al., 1989] show that CI, is
largely ClO above ~35 km. ClO dimer is not expected
to be significant above ~30 km due to thermal instability
and photolysis [DeMore et al., 1990]. Equating ClO with
Cl; gives, at steady-state,

co | k:[OH) X clo (4)
HCI ~ k,[CH,] +ks[HO;] = CI

Examining quantities on the right of Equation(4), values
for [OH] from FILOS measurements during these flights
(HM. Pickett, private communication] and [HO,) from our
results are comparable to Caltech model values in the 35
to 40 km region. CH, abundances required to fully ac-
count for the discrepancy are ~1.3 ppmv, outside the 0.5-
0.9 ppmv range measured by rocket and balloon in the
upper stratosphere [WMO, 1985). The ClIO to Cl ratio
is dominated by “fast chemistry” reactions with Os, O,
and NO. Since uncertainties associated with the rate con-
stants for these reactions are small (<20%) [DeMore et al.,
1990], significant changes in the model value for [C10]/[C]]
must occur by altering model abundances of O and NO
‘Yhich would also affect the predicted HO; to OH parti-
toning. Park and Carli [1991] and Wennberg et al. [1990]
show convergence of measurements and model prediction
for [HO,}/[OH] above 35 km. We conclude that the ClO
to Cl ratio is unlikely to be the source of the [C10}/[HCI]
discrepancy. The uncertainty in the rate constant for Cl -+
CH,, ~10%, is inadequate to significantly affect the model
tesult and Cl4+HOQ, is a minor Cl, loss channel below 45
km. The lower uncertainty bound for the OH+HCI reac-
tions is ~30% below the mean value [DeMore et al., 1990]

at upper stratospheric temperatures. This lower value
for k, together with moderately increased CH, levels ap-
pear sufficient to shift model results into agreement with
our observations. Other modifications to photochemical
models that would reduce the C10/HC] discrepancy have
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Fig. 4. (a) O3 volume mixing ratios from 09 April 1991
and (b) 01 October 1991. Error bounds are shown as thin
dashed lines. Os; photometer profiles [J.J.Margitan, pri-
vate communication] are shown as thin lines. The shaded
region (same in both panels) is the model range [WMO,
1985).
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Fig. 5. CIO/HCI ratio from 09 April 1991 (thick dashed
line) and 01 October 1991 (solid line). Error estimates
for the 01 October data are thin dashed lines. Caltech
model [M. Allen, private communication] is the dash-dot

line. The shaded region shows the range of various 2-D
models for CI0/HCI [WMO, 1985).
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been mentioned: Allen and Delitsky [1991] found improved
agreement between calculations and C10 measurements by
increasing the model rate of HCI formation by Cl4+HOs;
McElroy and Salawitch [1989] have suggested that the re-
action of ClO with OH forming HCl as a minor product
may be a significant sink for odd chlorine. These suggested
changes in current model chemistry to reduce the calcu-
lated CIO/HCI ratio may help alleviate the discrepancy
between the measured and model Os trend in the upper
stratosphere. Current chemistry substantially (~2x) over-
estimates the O; changes around 40-45 km as compared
to SAGE-II minus SAGE-I observations [WMO, 1988].
Full understanding of the partitioning of stratospheric
chlorine (~3 ppbv from these results) requires additional
measurements, especially profiles of CHy and CIONO,.
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