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Abstract. Vertical distributions of ClO, HCI, N3O, and O3 have been retrieved
from airborne observations of pressure-broadened emission spectra in the frequency
range of 620 to 690 GHz. Observations were made in February 1994 inthe Arctic
stratosphere above northern Europe with the Airborne Submillimeter SIS Radiorme-
ter (ASUR) during the Second European Stratospheric Arctic and Mid-latitude
Experiment (SESAME) 1 campaign. ASUR is the first airborne submillimeter ex-
periment to employ the new superconductor-insulator-superconductor (SIS) receiver
technology for stratospheric ozone research. Owing to meteorological conditions,
all observations were made outside the polar vortex. The retrieved volume mixing
ratio (VMR) profiles show a good agreement with observations made by the sub-
millimeter limb sounder (SLS) operated by the Jet Propulsion Laboratory (JPL)
(Pasadena) and the Kern Forschungs Anlage (KFA) (Jiilich). A comparison between
retrieved VMR profiles and profiles obtained from the SLIMCAT three-dimensional
stratospheric chemistry model also shows a good agreement. Two ClO emission
lines, at 649 and 686 GHz, respectively, are shown to be equally adequate lines for
observation purposes. An anticorrelation has been found between the NyO and HCI
VMR values, and also between the NoO and ClO VMR values. The correlations
between NoO and HCI do not show the relatively low HCl VMR values correlated

to relatively low N3O values as shown by Webster et al. [1994].

Introduction

Reactive chlorine is known to deplete the strato-
spheric ozone concentration significantly at high-lati-
tudes during the spring period. [Solomon 1990; Ander-
son et al., 1991; Webster et al., 1993]. Earlier obser-
vations have shown an anticorrelation between the C10O
concentration (a reactive form of chlorine) and the O3
concentration [Anderson et al., 1989; de Zafra et al.,
1989]. Also, at midlatitudes the chlorine chemistry af-
fects the O3 concentration both at high altitudes and,
by heterogeneous chemistry, at low altitudes [Fahey et
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al., 1993]. However, details of O3 depletion by chlorine
species are still not fully quantitatively understood by
lack of data. For example, some observations show an
anomalous low chlorine budget at midlatitudes [ Web-
ster et al., 1994].

To acquire more knowledge about the relevant pro-
cesses of O3 depletion, the Submillimeter Atmospheric
Sounder (SUMAS) was employed during the European
Arctic Stratospheric Ozone Experiment (EASOE) win-
ter campaign 1991/1992 during which observations of
Cl10 and HC1 in the stratosphere were obtained [ Wehr
et al, 1995]. The SUMAS instrument is a passive
submillimeter heterodyne radiometer developed by the
University of Bremen. It senses remotely the thermal
emission of the rotational vibrations of molecules in the
620-650 GHz frequency band where detectable lines of
Cl0, Og, HC1, and N2O reside.

Subsequently, in 1994, the SUMAS instrument was
significantly improved for the SESAME 1 campaign.
For the first time the new superconductor-insulator-
superconductor (SIS) technology was employed in an
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aircraft for stratospheric ozone research. The SIS junc-
tion, produced by the Space Research Organisation
Netherlands (SRON), replaces the formerly used Schot-
tky diodes. The new sensor, named Airborne Submil-
limeter SIS Radiometer (ASUR), accommodates a lig-
uid helium-cooled Nb tunnel-junction detector.

The SIS junction was among the best in existence
with respect to sensitivity and low single sideband (ssb)
noise temperature, at the time of the campaign. The
low ssb noise temperatures allow a better temporal
and spatial resolution through shorter integration times
and, consequently, shorter flight distances. It enables
sequential detection of all molecular lines of HC1, ClO,
N»O, and Oz during one single flight with a horizontal
resolution better than 100 km.

In this paper we present data taken during the 1994
campaign as observed in the Arctic region and above
northern Europe. The data were taken outside the polar
vortex under conditions of undisturbed chemistry. This
study is part of a long-term measurement series which
was started by the EASOE campaign in 1992 [Crewell
et al., 1994].

Measurement Technique

Implementation of the SIS junction has lowered the
mean system noise temperature (ssb) to values of less
than 2500 K in the ASUR system [Mees et al., 1994].
(Recently, during the 1995 campaign the ASUR ssb
noise temperature was further lowered to a value of
of approximately 800 K.) The SIS junction mixer is
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pumped by a solid state local oscillator source. The
local oscillator consists of an InP Gunn oscillator with
subsequent cascaded Schottky diode multipliers, increas-
ing the generated frequency by afactor of 6. Frequency
stability of Av/v <5 - 1078 is attained by means of a
phase-lock loop. A quasi-optical coupling scheme com-
bines the observed signal and the local oscillator (lo)
signal (see Figure 1).

Signals in both sidebands v, = vo + vif (upper
sideband) and v;s = v, — vis (lower sideband) can
be detected, where v, is the tunable local oscillator
frequency and v; ¢ is the fist intermediate frequency of
thereceiver. Asinglesideband filter allows tuning of the
receiver to either the upper, lower, or both sidebands.

The signals are spectrally analyzed by the back-end
spectrometer filterbank. The filterbank consists of 28
channels with varying bandwidths (ten 8-MHz channels
centered, and at each side of the line center are four
40-MHz channels at the inner wings and five 80-MHz
channels at the outer wings). This configuration is a
trade-off between high resolution in the center and a
large overall bandwidth (1.2 GHz).

The instrument operates on board a high-flying air-
craft (typical flight altitude approximately 10-12 km)
which reduces signal absorption by tropospheric wa-
ter vapor. The measurement geometry is defined by
a zenith angle of 76°-78° with an antenna beam width
of approximately 1.3° (full width at half maximum).
The instrument observes the atmosphere through a
polyethylene window in the fuselage in a direction per-
pendicular to the flight direction. To avoid Fabry-
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Figure 1. Quasioptics and IF-chain of the ASUR receiver.
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Table 1. List of Flights Performed During the SESAME 1 Campaign in February 1994

Flight Direction Date Time/UTC Molecules
1 Munich-Stockholm Feb. 9, 1994 0817/1044 C10,N2O,0 3
2 Stockholm-Kiruna Feb. 9, 1994 1137/1415 Cl0,HCl
3 Local flight Kiruna Feb. 13,1994 1210/1510 Cl0,HCl
4 Kiruna-Hamburg Feb. 16, 1994 1010/1315 ClIO,HCL,N20,03
5 local flight Hamburg Feb. 18,1994 0957/1330 Cl0,03(686/664 GHz)

Perét interference by the window, the window is wedge-
shaped, with an angle of 0.47°. This arrangement suc-
cessfully suppresses the baseline modulation observed
during the EASOE campaign [Wehr et al., 1995].

Calibration is accomplished by comparing the atmo-
spheric signal alternately with the signals of two black-
bodies at different temperatures (ambient ”hot” tem-
perature and liquid nitrogen ” cold” temperature) inside
the aircraft. A calibration cycle consists of four obser-
vations obtained in about 12 s. The hot and cold black-
bodies are alternately observed. After each blackbody
observation an atmospheric signal is obtained. This
method provides high accuracy by removing gain and
offset variations with timescales longer than 24 s dis-
abling these variations to contribute to the measure-
ment error. Additional technical information may be
obtained from Wehr et al. [1995] and Crewell et al.
[1994].

Measurement Campaign 1994

The campaign covered the period from February 7
to 18, 1994. The research aircraft FALCON operated
by the German Air and Space Research Establishment
(DLR) Oberpfaffenhofen performed several flights over
Germany and Scandinavia. A typical flight took 2.5
hours in which a distance of approximately 2000 km
was covered.

February, 1994

Latitude
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Figure 2. Flight tracks as flown during the 1994 cam-
paign. The dashed line denotes the flight track of the
Submillimeter Limb Sounder balloon.

Table 1 summarizes the flights. The actual flight
tracks are shown in Figure 2. Initially, the ASUR in-
strument made observations in the 625-650 GHz fre-
quency range. On February 18, a new local oscillator
at 675 GHz was integrated into the receiver which en-
abled measurements of O 3 and CIlO at 664 and 686 GHz,
respectively.

Data Analysis

The signal emitted by the species under study needs
to be extracted from the measured signals. For this pur-
pose the measured spectrumis calibrated and corrected
for the window transmission [Crewell, 1993]. Individual
spectra are averaged in a straightforward manner to
obtain a sufficiently high signal-to-noise ratio. Spectra
containing spikes or large baseline offsets are omitted in
the averaging procedure.

Further correction of the measured signal is required
for the emission by other molecules, mainly ozone and
water vapor. In accordance with the procedure applied
by Wehr et al. [1995], the O3 correction for ClO spec-
tra is based on calculated emissions from Qs profiles
obtained from balloonborne observations. The Oz ab-
sorption of the ClO signal is assumed to be negligible.
For HC1 the O3 correction is derived from direct O3
measurements by ASUR.. The O3 absorption of the HC1
signal is calculated and corrected for. In the case of
N> O, the spectra had to be corrected for the emission
of the oxygen isotope (O¥06). The continuum emis-
sion in the frequency range of 620 to 690 GHz is mainly
due to water vapor. It yields a roughly constant offset
in the observed spectra with a variability of about 10
K. The water vapor amount is unknown since it is not
observed simultaneously with the spectra. Therefore
the offset is treated as a free parameter in the retrieval
model, neglecting absorption effects. In Figure 3, a typ-
ical example of a measured spectrum of ClO is shown.

In the frequency range considered, the observed spec-
tral line shape can be related to the vertical volume
mixing ratio (VMR) distribution of the molecule of in-
terest by calculating radiative transfer in a nonscat-
tering and nonrefracting atmosphere. The applied re-
trieval method to obtain VMR profiles from the pres-
sure broadened emission spectra is based on the optimal
estimation method by Rodgers [1976]. This method uses
a priori data. Tests showed that stable solutions were
found after two iterations. The a priori profiles for C10
and HC] were the same as used by Crewell et al. [1994].
The a priori profile for N, O at midlatitudes is obtained
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Figure 3. An emission spectrum of ClO (upper line)
observed at 649 GHz on February 16, 1994, flight track
4. Averaged position 57°N, 12°E. The width of the
steps in the upper curve indicates the width of the
filter bank channels. The lower curve is a theoretical
calculation of the expected atmospheric spectrum over
this frequency range. The lower curve is given an offset
to facilitate the intercomparison. The curvature in the
baseline is caused by strong emission lines of O3 at each
side of the ClO line.

from Gidel et al. [1983]. The a priori profile for O3 is
a combination of a balloonborne observation on Febru-
ary 9, 1994, extended with a standard profile given in
Figure 7b. The error on the spectrum as used in the op-
timal estimation method is determined by instrumental
noise and by the estimated error of the correction for
contaminating emissions.

The accuracy of a retrieved VMR profile is deter-
mined by line strength, signal-to-noise ratio, and spec-
tral resolution. A detailed error analysis of the applied
technique is given by Wehr et al. [1995]. Within the re-
trieval procedure, a vertical resolution of 8-10 km is pre-
ferred to a significantly smaller resolution (e.g., 1-2 km)
because it minimizes possible artifacts caused by error
amplification of the retrieval technique [Rodgers 1990;
Wehr et al. 1995]. A constant VMR is assumed inside
cach layer. A horizontal resolution better than 100 km
is achieved for the ASUR system. This horizontal res-
olution depends on aircraft speed and the integration
time required to obtain a spectrum with a sufficiently
high signal-to-noise ratio.

Results of VMR Retrieval

The retrieved VMR profiles of C10 and HCI all show
characteristics typical of undisturbed chemistry. ClO
and HCI profiles both show an increase with altitude
reaching maximum values of 0.5 ppb and 3.0 ppb, re-
spectively, in the upper layer; see Figure 4. Analysis of
the potential vorticity pattern during the campaign in
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the Arctic confirmed that no flight took place inside the
polar vortex. These results are in contrast with earlier
measurements with the SUM AS instrument inside the
Arctic vortex (February 1992 and February 1993) where
ClO VMR values upto 1.0 ppb at 20 km altitude were
observed over northern Scandinavia [Wehr et al., 1995,
Crewell et al., 1995].

The flight from Stockholm to Kiruna on February
9 was coordinated with the balloonborne submillime-
ter limb sounder (SLS) experiment [Stachnik et al.,
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Figure 4. Retrieved VMR profiles of C10 and HCI
observed by the ASUR instrument (boxes, solid line)
in comparison with the Submillimeter Limb Sounder
observations (solid line with asterisks) on February 9,
1994, flight track 2 in Figure 2. The 1o uncertainty
limits for ASUR on February 9, 1994, are designated
by a dashed line and those for SLS by a dotted line.
The ASUR 10 uncertainty limits are determined by the
sum of the diagonal elements of the covariance matrix
as described by Wehr et al., [1995]. ASUR ClO: aver-
aged position 63°N, 20°E. ASUR HCl: averaged posi-
tion 67°N, 21°E. SLS: averaged position 67.5°N, 22°E.
The three-dimensional chemical transport model results
are denoted by the solid dot.
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Figure 5. Contour plots of VMR values as a function
of latitude and altitude (a) for ClO on February 9, 1994,
during the flight Stockholm-Kiruna (flight track 2) and
(b) for HCI on February 13, 1994, during the round
flight to Bear Island (flight track 3).

1992]. The SLS operated by Jet Propulsion Labora-
tory (JPL), Pasadena, California, on a balloon of the
Kern Forschungs Anlage (KFA), Jiilich, Germany, was
launched from Esrange near Kiruna. The SLS observed
HCI and ClO using the same spectral region as ASUR.
On February 9, SLS data were also obtained outside
the polar vortex. In Figure 4, the profiles obtained
with the ASUR instrument are compared to the SLS
profiles. There is good agreement between the ASUR
profiles and the SLS profiles.

The high sensitivity of the ASUR instrument allows
short integration periods which enables the measure-
ment of a large number of profiles during one flight.
In Figure 5, contour plots of C10 and HCI versus alti-
tude and latitude are shown. These contour plots were
produced using an optimal estimation method with a
vertical resolution of 1 km. As described above such
a representation can cause artifacts. Therefore the
reader should keep in mind that these results should be
smoothed vertically over layers of about 8 km. There is
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Figure 6. Retrieved VMR profiles of N,O as observed
by ASUR on February 9, 1994, (solid line with trian-
gle) and on February 16, 1994, (solid line with crosses).
Flight tracks 1 and 4 in Figure 2. For comparison, an
SLS measurement taken near Kiruna on February 9,
1994, is shown by solid line with asterisks. The data
are also compared to the observations made at Thule
outside the polar vortex during the EASOE campaign
by Emmons et al., [1994] (solid line). The lo uncer-
tainty limits for ASUR on February 9, 1994, are desig-
nated by dashed line and those for SLS by dotted line.
The 1o uncertainty limits for ASUR on February 16,
1994, are similar to the limits of February 9, 1994. To
improve the clarity of the graph the uncertainty limits
of February 16, 1994, are not shown. N;0 on February
9, 1994: averaged position 56 °IN, 13°E, No O on Febru-
ary 16, 1994: averaged position 56 °N, 11°E, SLS on
February 9, 1994: averaged position 67.5°N, 22°E. The
three-dimensional chemical transport model results are
denoted by the open diamond (February 9, 1994) and
the solid dot (February 16, 1994).

no significant indication of perturbed chemistry due to
heterogeneous chemistry on aerosol particles.

N>0 has been measured at two different dates dur-
ing the 1994 campaign of February 9 and 16. These
two measurements were performed at nearly the same
latitude. Figure 6 shows that the NoO VMR remains
approximately the same over this period of time. The
N, O results were also compared to the SLS data. There
is again good agreement between the SLS data and the
ASUR data despite the fact that there are substantial
differences in place and time of the observations. The
N»O VMR profiles in Figure 6 are also in agreement
with N, O profiles observed outside the polar vortex by
Emmons et al. [1994].

O3 and ClO were also measured during one flight over
Germany using a different local oscillator frequency at
675 GHz, allowing to measure a ClO resonance line at
686 GHz. Derived ClIO and O3 profiles are shown in
Figure 7. We have again compared ASUR profiles with
the SLS data described above, and find good agreement
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Figure 7. Retrieved VMR profile of ClO and Oj as
observed on February 18, 1994, with a local oscillator
working at 675 GHz. Flight track 5 in Figure 2. (a) C10
of the first part of the flight at an averaged latitude of
48° shown by solid line with crosses, and ClO of the last
part of the flight at an averaged latitude of 52° shown
by solid line with triangles. The averaged longitude of
both parts is 10°E. Only the 1o uncertainty limits for
the last part of the flight are shown to improve the clar-
ity of the plot. The lo uncertainty limits for the first
part were similar to the values of the last part. The
SLS data are represented in a similar way as in Figure
4. The three-dimensional chemical transport model re-
sults are denoted by the open diamond (48°) and the
solid dot (52°). (b) Os as retrieved at an averaged po-
sition of 50°N, 10°E compared to SLS on February 9,
1994: averaged position 67.5°N, 22°E. The lo uncer-
tainty limits for ASUR are designated by the dashed
line. The SLS data are represented in a similar way as
in Figure 4. The three-dimensional chemical transport
model results are denoted by the solid dot. The a priori
line (solid line) is based on ozone sonde observations on
February 9, 1994, obtained at the Lindenberg station
(52.13°N, 14.07°E). The observations are extrapolated
with an standard profile to 50 km altitude.
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despite differences in time annd location. This is prob-
ably due to the fact that both ASUR and SLS mea-
surements were taken outside the polar vortex. There
is an apparent difference between the C1O values ob-
served by ASUR at the latitudes of 48° and 52° (see
Figure 7), however this difference is within the 1 ¢ un-
certainty limits. Any intrusion of air processed by polar
stratospheric clouds at the higher latitude of 52° could
not be detected. The obtained 03 VMR values served
a technical purpose in the correction of the spectra of
HCl as described in the data analysis.

The Three-Dimensional Model

We have compared our measurements with results
from the SLIMCAT three-dirnensional offline chemical
transport model (M. P. Chipperfield et al., Analysis of
UARS data in the southern polar vortex in Septem-
ber 1992 using a chemical transport model, submitted
to the Journal of Geophysical Research, 1996). The
model uses meteorological analyses to specify the wind
and temperature fields and is coupled to the TOM-
CAT stratospheric chemistry model which integrates
the standard O,, NO,, ClO,, BrO,, and HO, species
along with certain long-lived tracers (e.g., N2O). The
model has 31 chemical tracers and around 100 chemi-
cal reactions. The model also has a treatment of het-
erogeneous reactions on polar stratospheric clouds and
sulfate aerosols [e.g., see Chipperfield et al., 1995].

For the results presented here the model was inte-
grated from November 26, 1993, until February 24,
1994, using United Kingdom Meteorological Office anal-
yses [Swinbank and O’Neill, 1994]. The model has 11
isentropic levels between 350 K and 2100 K with a hori-
zontal resolution of 2.5 degrees inlatitude (in the north-
ern hemisphere) and 5.6 degrees in longitude. Chemi-
cal initialization of a three-dimensional model is criti-
cal and we used a mixture of satellite observations and
results from a two-dimensional latitude-height model.
The initial O3 field was taken from Microwave Limb
Sounder Observations [Froidevauz et al., 1995], and
N, O data for November 1992 from the Cryogenic Limb
Array Etalon Spectrometer [Roche et al., 1995] was used
to constrain the initial long-lived tracer distributions.

The three-dimensional model results are included-in
Figure 4, 6, and 7 for the same location and time as the
respective ASUR observations. This preliminary com-
parison shows generally good agreement between ASUR
observations and the model calculations. The model
ClO profile in Figure 4 confirms the absence of elevated
Cl0 in the lower stratosphere. While the 40 km CIO
maximum from the model agrees well with the data on
February 9, on February 18 at lower latitudes (Figure
7) the model overestimates the observations. This dis-
crepancy will be the subject of future research and will
require a quantitative analysis of other model species
(e.g., CH4) which control the ClO:HCI partitioning in
the upper stratosphere. The N,0 and O3 profiles from
the model agree well with the ASUR observations, al-
though the model O3 profile also tends to overestimate
the observations around 40 km.
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Figure 8. Correlation between NoO VMR values and
HC1 VMR values obtained at the same altitude. Data
from flight on February 9 shown by open diamond.
N, O: averaged location 56 °N, 13°E, HCl: averaged
location 59°N, 18°E. Data from flight on February 16
shown by crosses. N2O: 56 °N, 11°E, HCl: 60°N, 16°E.
The pluses denote data obtained with the SLS on Febru-
ary 9. The averaged 1o uncertainties are denoted by
the large plus sign in the upper-right corner of the fig-
ure. The dashed line corresponds to the fit proposed by
Webster et al. [1994] which approximates his observa-
tions.

Discussion

In the stratosphere an anticorrelation has been found
by ASUR between the NoO and the HC1 VMR. This
anticorrelation is expected from photolysis of NoO and
CFCs in the middle stratosphere, where the Cl released
from the CFCs enables the formation of HCI. Figure 8
shows NoO VMR values at various altitudes correlated
with HCl VMR values obtained at the same altitudes.
The SLS data are also shown in Figure 8. The slope
of the SLS HC1/N,O ratio is different compared with
the ASUR data. This is consistent with Figure 4 and
6 where the SLS data show higher values of HCI and
N5O compared with the ASUR data.

Previous in situ observations at 20 km altitude with
the ER 2 have shown an anticorrelation between the
N>O and the HCl VMR outside the polar vortex, [ Web-
ster et al., 1994]. Compared to the results of Webster
et al. [1994] the ASUR results display a steeper slope,
which implies a higher HCI VMR. The problem raised
by Webster et al. [1994] of too low HCl VMR related to
low values of the NoO VMR, does not show up in our
measurements. The ASUR results are in good agree-
ment with the observations made by various other in-
struments on other platforms such as the space shuttle,
balloons, and satellites also shown by Webster et al.
[1994].

The photolysis process described, also yields an anti-
correlation between N3O and ClO up to 40 km altitude
in air which is not affected by heterogeneous chemistry.
In Figure 9 the N;O VMR values are correlated to the
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Figure 9. Correlation between NyO VMR values and
ClO VMR values obtained at the same altitude (caption
as Figure 8). February 9, 1994, ClO: averaged location
54°N, 11°E. February 16, 1994, Cl0O: averaged location
57°N, 12°E.

corresponding ClIO VMR, values. The CIO VMR values
obtained on February 16 are higher compared to the
values obtained on February 9. Observations by the
MLS on UARS showed that the polar vortex was mov-
ing toward Scandinavia in the period February 10 to 26
[Waters et al. 1995]. This may explain the higher CIO
values on February 16.

Conclusions

From February 9 to 16, 1994, observations of chlorine
monoxide, hydrochloric acid, nitrous oxide, and ozone
were made with the ASUR system in the lower and
middle stratosphere in Arctic and Subarctic regions out-
side the polar vortex. The ASUR measurements are in
good agreement with the measurements of a balloon-
borne limb sounder (SLS) and with three-dimensional
chemical transport model calculations. Both ASUR and
SLS show a steady increase with altitude of the VMR
of HCl and C10 outside the polar vortex below 40 km.

Results obtained outside the polar vortex show an an-
ticorrelation between the VMR of NoO and HCl. The
ratio N2 O / HCl observed here differs from the one ob-
served by Webster et al. [1994]. The ratio is in agree-
ment, however, with other observations also given by
Webster et al. [1994]. Furthermore, the anticorrelation
between N,O and ClO is presented.

On February 18 a local oscillator working at a higher
frequency was implemented in the ASUR instrument.
During a local flight over Germany, comparative obser-
vations of ClO and O3 were made at frequencies of 664
GHz and 686 GHz, respectively. The VMR profiles ob-
tained for ClO at 686 GHz are comparable to results at
649 GHz, demonstrating the suitability of the Cl1O line
at 686 GHz for atmospheric sounding.

Future analysis of the SESAME 1 data involves a
more detailed comparison with model results. The cor-
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relation between chlorine species and the N5 O enables
comparison between measurements in different time pe-
riods. The differences found in these chlorine rela-
tions inside and outside the vortex as studied in the
SESAME 3 campaign in 1995, and the detailed study
of the SESAME 1 results will be the subject of a sepa-
rate paper.
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