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Abstract. In February and March 1992 stratospheric ClIO and HCI over north-
ern Scandinavia were observed with the submillimeter-wave atmospheric sounder
(SUMAS), as part of the European Arctic Stratospheric Ozone Experiment (EA-
SOE). SUMAS is operated on board the German research aircraft Falcon and
observes thermal emission lines in the frequency range 620-650 GHz. In this paper
the instrument design and techniques to retrieve volume mixing ratios (VMR)
from the measurement will be discussed. Results from the EASOE campaign will
be presented including a detailed error analysis. A comparison of the retrieved
profiles in the lower stratosphere indicates a strong decrease of ClO abundances
from February to March, whereas no corresponding increase in HCI is observed.

Introduction

It is an accepted fact that stratospheric ozone is being
destroyed effectively by chlorine of anthropogenic ori-
gin in a catalytic cycle [Salawitch et al., 1993; Solomon,
1990]. Correlations of ozone depletion and high con-
centrations of ClO in Antarctica have been reported
by De Zafra et al. [1989], Solomon et al. [1987], and
Anderson et al. [1989]. Simultaneous global measure-
ments of ClO and ozone have been presented by Waters
et al. [1993]. ClO is considered a key substance in the
catalytic cycle, and HCI is one of the major chlorine
reservoir species. A model study of activation or deac-
tivation of ClO, for the EASOE winter is published by
Lutman et al. [1994a, b]. The chlorine chemistry de-
pends essentially on the conditions of the polar vortex,
the dynamics of which are described for this winter by
Farman et al. [1994].

A powerful tool to investigate the stratospheric chem-
istry and composition is remote sensing using submil-
limeter radiometry. Previously, ClO, HCl, Os;, and
HO, were measured simultaneously by Stachnik et al.
[1992] using a balloon-borne submillimeter heterodyne
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receiver. The airborne submillimeter-wave atmospheric
sounder (SUMAS) measures thermal emission from ro-
tational lines.of HCl, ClO, and ozone. First results are
reported by Crewell et al. [1994]. For the retrieval of
vertical volume mixing ratio (VMR) profiles it is neces-
sary to measure the pressure broadened lines with suffi-
ciently high frequency resolution. The VMR profile re-
trieval is based on the theory of radiative transfer in the
atmosphere, the knowledge of the spectroscopic data of
the observed species, and other additional information,
e.g., the temperature profile of the atmosphere. The
error analysis takes into account all known errors and
uncertainties and provides an estimate of the VMR pro-
file errors.

Instrumental Design

- SUMAS observes thermal emission lines in the fre-
quency range of 620-650 GHz with an instantaneous
bandwidth of 1.2 GHz. The system is a heterodyne re-
ceiver based on all solid-state technology. It is installed
on board the research aircraft Falcon, which is oper-
ated by the German Air and Space Research Organiza-
tion (DLR). The operational altitude is 10 to 12 km in
order to avoid signal absorption through tropospheric
water vapor.

The atmospheric emission enters the receiver front
end at an elevation angle of 15°. It passes through the
aircraft pressure window made of high-density polyethy-
lene. The influence (emission and absorption) of the
pressure window on the measured atmospheric signal
must be known a priori because it is outside the calibra-
tion system. A calibration mirror switches the receiver
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input, alternating between the atmospheric signal and
two microwave absorbers, at liquid nitrogen tempera-
ture and room temperature, respectively.

Standing waves within the quasi-optics are sup-
pressed by the path length modulator. It is verified
in the laboratory that it reduces standing waves by a
factor of 50. The proper function of the system accom-
modated in the aircraft was also verified by simulating
strong feedback by inserting a reflective element into
the signal path. During data retrieval, it could be veri-
fied that no additional correction of standing waves was
necessary.

The unwanted sideband of the receiver is decoupled
from the signal path by a quasi-optical single sideband
filter. Single sideband filter and diplexer were realized
by Martin-Puplett type interferometers. The sideband
suppression is better than 20 dB [Crewell, 1993]. The
local oscillator consists of an InP-Gunn oscillator oper-
ating in the range 106-107 GHz, followed by cascaded
Schottky-diode multipliers (doubler plus tripler).

For the stronger HCI line an uncooled open structure
Schottky mixer is used. The weak ClO line is detected
with a waveguide Schottky mixer cooled to ~80 K.

The system noise temperature is typically 8700 K for
the HCI receiver and 3900 K for the ClO receiver. For
the inner 100 MHz this value is approximately 10 %
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better. Between flights, optimization and adjustment
of the mixer, quasi-optics, and local oscillator as well as
temperature changes during the flight can increase the
system noise up to 15 %. For the VMR profile retrieval a
conservative estimate of the system noise temperatures
of 10,000 K (HCI) and 5000 K (ClO) is used.

The first intermediate frequency (IF) signal is located
at 10 GHz (Cl0) and 11.08 GHz (HCl). The IF signal
is amplified by a low-noise high electron mobility tran-
sistor (HEMT) preamplifier stage, operating at ~80 K,
followed by additional amplifiers, bandpass filters, and
a second mixing stage. The back end of SUMAS con-
tains three filter banks with resolutions 10 x 80 MHz,
8 x 40 MHz, and 10 x 8 MHz. The scientific data and
housekeeping information from the aircraft are stored
on 150 megabyte streamer tapes. Quick-look of the
measured spectra is available on the instrument com-
puter. Figure 1 shows a circuit didgram of SUMAS.
For additional technical information the reader is re-
ferred to Nett et al. [1990, 1991a, b], Crewell et al.
[1994] and, in particular, to Crewell [1993].

Retrieval Techniques

The quantity observed by the radiometer is the spec-
tral power dw with the dimension [WHz~!]. The spec-
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Figure 1. SUMAS circuit diagram. The atmospheric signal is calibrated by switching a mirror
(“switching calibration mirror”) successively between three positions: atmosphere, hot load (mi-

crowave absorber material at room temperature),

and cold load (microwave absorber material in

liquid nitrogen). For the HCI measurement the first mixer (“Schottky diode mixer”) consists of
an uncooled Schottky diode corner cube mixer, and for the ClO receiver a liquid nitrogen cooled
Schottky diode wave guide mixer is used. The first intermediate frequency (1 I.F.) is located at
11.08 GHz for HCl and at 10 GHz for the ClO receiver.
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tral power from a solid angle d? of the sky is a function
of the brightness I,,:

dw = I, cos 0d2dA (1)
where 6 is the angle between dQ and zenith and dA is
the infinitesimal area of surface. The spectra are pre-
sented in the more familiar unit of degrees Kelvin by di-
viding the spectral power by Boltzmann’s constant. In
the Rayleigh-Jeans limit this quantity is called bright-
ness temperature.

The received emission from the atmosphere at the
point of observation sg is given as the brightness I,
which is a function of the frequency v. The radiative
transfer equation can be written in the form

I(s0) = I,(sg)e""(s0:sp)

()

+ / a,(s)B,(T(s))e~"(50)ds

S0

This describes the received signal, where sp is the
maximum altitude of the atmosphere, i.e. the point
above which the contribution of the atmospheric emis-
sion to the received signal can be neglected. Both
the absorption coefficient a, and the source function
B,(T(s)) depend on the frequency v and the atmo-
spheric temperature T'(s). In the case of thermal emis-
sion the source function is equal to the Planck function
assuming local thermodynamic equilibrium. The opac-
ity is the total atmospheric absorption between sg and
81:

nloo,s) = [ au(s)as ®)

The absorption coefficient a,, is the sum of the absorp-
tion coefficients of all molecular lines and continuum
contributing to the attenuation near v. The background
term I,(sp) corresponds to the radiation due to the
2.7 K cosmic background temperature.

If the resonances are weak, the self-absorption can
be neglected (1, < 1). The absorption coefficient a,
of one single transition as a function of frequency is
given by Waters [1976]. The spectroscopic data of the
relevant transitions are available from the Jet Propul-
sion Laboratory database [Pickett et al., 1991]. The
absorption coefficient a,, is a linear function in VMR.
The line shape is dominated by pressure broadening
for stratospheric layers. Scattering is negligible in the
stratosphere at submillimeter wavelengths.

Inverting equation (2) allows us to estimate the atmo-
spheric VMR profile from a measured spectrum. Equa-
tion (2) is Fredholm’s integral equation with no unique
solution for its inverse. If (2) has to be solved for
one species (e.g., ClO), the influence of all other at-
mospheric gases on the opacity must be known. In the
discrete form the spectrum y is a vector calculated with
the forward model F' from the discrete VMR profile x
and the vector of additional model parameters b, e.g.,
temperature and pressure profile of the atmosphere and
the pressure broadening coefficient of the observed emis-
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sion line. The model parameter b enters the calculation
of the weighting function matrix K, which is in general,
also dependent on x. Equation (2) can be written in a
matrix form (substituting the integral by a sum)

Y= F(X,b) =Kx Yo = IV(SO) (4)

The inverse model I(y) provides the best estimate for
the atmospheric parameter, i.e., the VMR profile of the
interesting species. There are many retrieval techniques
available to calculate x from the measurement y using
(2) or (4). One straightforward method is the calcula-
tion of the generalized inverse of K using the singular
value decomposition [Ben-Israel, 1974]. This technique
is only useful if K is well conditioned, i.e., the condition
number of K is small. The condition number indicates
the maximum effect of perturbations in the spectrum
to the solution x. One way to increase the condition of
K is to reduce the number of unknown parameters, i.e.,
the number of atmospheric layers. Another stabiliza-
tion method is to use the addition of a priori data. If
an average state of the atmosphere and its uncertainty
are known, this virtual measurement or a priori data
can be combined with the real measurement, weighted
by the error covariances. This leads to the optimal es-
timation method (OEM), described by Rodgers [1976].
If y is the measured spectrum and S, its covariance
matrix, the weighted average x with the a priori VMR
profile xo and its covariance matrix S; is given as

x=(S;' +K'S;'K) (87 o + KTS)ly)  (5)
with the covariance matrix
S =(s;' +KTs;'K) ™! (6)

where the exponents —1 and T denote the inverse and
transpose, respectively, of a square nonsingular matrix,
the circumflex symbol indicates that this value is esti-
mated and not exactly known due to errors in y and
the effect of the a priori information. For ClO retrieval,
K is approximately independent of x because the C1O
line is very weak. VMR profiles of ClO can be retrieved
using (5) in a one-step algorithm. For HCIl and O3
retrieval, (5) is used iteratively. For every iteration,
K is recalculated using the previous retrieved X, i.e.,
K' = K(F(x*"1,b)). For HCI, two iterations have to
be performed to achieve negligible changes in the VMR
retrievals with further iterations.

In general, we describe the retrieval as the inverse
function I of the forward model F' or as the transfer
function T of the real VMR profile:

% =I(F(x,b),b,c) = T(x,b,c) (7
The additional vector ¢ describes parameters which are
only present in the retrieval model, e.g., the a priori
VMR profile.

Error Analysis

A detailed general error characterization of retrieval
techniques is given by Rodgers [1990] and has been
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adapted in this paper. The total error of the retrieval I
is given as an error covariance matrix St and is the sum
of both statistical and model parameter errors. Every
measurement F(x, b) +¢, is the sum of the atmospheric
signal depending on the real VMR x, the real model
parameters b, and the statistical error €,. A forward
calculation with a known x is F(x, b) that uses not the
exact model parameters b but their best estimate b. So
the retrieval of a measurement is given as

% = I(F(x,b) + €,b,c) (8)

To linearize this equation, Rodgers [1990] defines the
matrices D¢ = 81 /9¢ (derivatives of the retrieval model
with respect to all parameters £) and K, = 0F/0p
(derivatives of the forward model with respect to all
parameters p). We linearize about the a priori xo and
obtain the total error of the retrieval

x—x=(D,K; — I)(x — x0) + DyKses + Dyey,  (9)
< o LT ARt

N S M

where I is the unity matrix. With these matrices the
retrieval model (with a priori xp) can be written as

x=Ax+ (I- A)xo + DyKse, + Dyey (10)

The matrix A = DK, is called the averaging kernel
matrix and is in general not equal to the unity matrix.
The retrieved profile is a combination of the smoothed
real profile and the a priori data. The averaging kernel
matrix therefore contains information about the verti-
cal resolution of the observing system and the influence
of a priori data. The null space error N depends on
D, K. and gives the variability in the real profile that
cannot be seen by the observing system because of the
smoothing effect. Uncertainties in the model parame-
ters €, will lead to retrieval errors S. For the SUMAS
retrievals the model parameters considered in the error
analysis are the temperature and the pressure profiles
and pressure broadening coefficients. The contribution
of the measurement error €, to the retrieval error is M.
All errors are given as covariance matrices, and their
contribution to the retrieval error is calculated as de-
scribed by Rodgers [1990].

Vertical Resolution

The assumption for the vertical resolution is that a
VMR profile is vertically divided into different layers
(“layer profile”), each of several kilometers thickness.
Inside each layer, we assume a constant volume mixing
ratio. The signal I, received from a VMR layer profile
is required to be the same as the signal from a profile
with high vertical resolution. The signal from one layer
with the thickness Az is given after (4) as

I = / Ki(2)VMR(2)dz = VMR / Ki(2)dz (11)

Az Az

That means that the signal from one layer is required to
be proportional to the integrated weighting functions.
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To find an appropriate low resolution (layer profile)
of the retrieved VMR profile, the averaging kernel ma-
trix of a representative ideal spectrum with a vertical
resolution of 1 km is calculated to get an estimate of
the smoothing effect of the measurement. Now the ver-
tical resolution is reduced to get sufficiently small off-
diagonal elements of the averaging kernel matrix, i.e.,
noncorrelated atmospheric layers and disappearing null
space error. For comparability, we use the same reso-
lution for all retrievals of one species and look at every
averaging kernel matrix to see how significant the in-
fluence of the atmosphere is and how strong remaining
correlations between the layers are.

Unfortunately, ClO and HCI cannot be evaluated
with the same vertical resolution because the system
noise temperature of the HCI receiver is higher than
for the CIO receiver and the integration time for HCI
measurements was much shorter. Therefore the strato-
sphere above 26 km contains only one value for HCI.
The information content of lower stratospheric HCI is
better than for ClO because both lines are contami-
nated by ozone line wings. This contamination could
be eliminated much more accurately for HCI because
O3 is temporarily measured by the HCI receiver (see
the following section on Spectra Preparation).

The use of a'layer profile creates a representation er-
ror [Rodgers, 1990], i.e., the real atmosphere does not
consist of the assumed layers, and the layer represen-
tation contains many fewer basic vectors of the VMR
profile than the “continuous” VMR of the real atmo-
sphere. Variations of the VMR within one layer cannot
be seen in the layer profile because of the averaging
procedure (11). The representation error is of about
the same magnitude as the null space error of a VMR
retrieval with high (1 km) vertical resolution.

Spectra Preparation

Before the retrieval technique (5) can be applied, the
measured and calibrated spectra have to be corrected
for the influence of the aircraft window. The window
consists of a dielectric material with two parallel sur-
faces and therefore acts as a Fabry-Pérot interferome-
ter, i.e., the measured atmospheric spectrum is offset by
a modulated baseline, which has to be eliminated. The
correction can be performed with the knowledge of the
window parameters, i.e., its optical characteristics. The
transmission can be estimated with a remaining uncer-
tainty, leading to a residual error in the corrected spec-
trum, therefore contributing to the spectrum covariance
matrix and eventually to the overall retrieval error. The
window correction procedure for SUMAS has been very
successfully modeled and described by Crewell [1993].
The remaining uncertainty of the window correction is
small and fully correlated within the spectrum band-
width; therefore the impact on the retrieval is almost
negligible.

An additional contribution to the spectrum covari-
ance is produced by the elimination of the ozone emis-
sion contaminating the ClO and HCl spectra. We
use equation (5) for the retrieval of only one species,
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i.e., we use it as for an atmosphere that contains no
ozone. With the knowledge of the ozone VMR pro-
file, we perform forward calculations of the appropriate
ozone lines and subtract them from the ClO and HCI
spectra. Therefore the ozone VMR profiles at the pre-
cise time and location of the observation are required.
When observing HCl, the SUMAS can temporarily be
switched into the other sideband to observe the 647.84-
GHz ozone line. This allows an accurate estimate of the
ozone VMR profile. For the ClO corrections, we used
corresponding balloon-borne O3 observations from the
EASOE campaign. The uncertainties in our O3 profiles
contribute to the spectrum error covariance matrix.

The ClO signal absorption through Oj is negligi-
ble, and the calculated ozone lines can be linearly sub-
tracted. For HCI the absorption by Ojz is also weak,
but not negligible. The amount of this effect can be cal-
culated and corrected using a model HCI profile. The
spectrum error due to this “nonlinear ozone correction”
is a result of the model HCI profile error. Although
we assume a large error in the model HCI profile, the
amount of the error of the nonlinear ozone correction is
small compared to the spectrum error covariance matrix
- due to measurement noise.

Continuum emission in the atmosphere, mainly due
to water vapor, produces a roughly constant offset in
the measured spectra with a variability of about 10 K.
The amount of water vapor is still unknown because it
is not measured simultaneously. Therefore, neglecting
absorption effects, the absolute offset can be left as a
free parameter to be retrieved. Due to the limited re-
ceiver bandwidth, the uncertainty in the spectral offset
results in acquisition errors mainly for the far line wing

Measurement and Reproduced Spectra
T T T
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contributions. This affects retrieval accuracy for lower
stratospheric emission.

Data Evaluation

Example for C10 Measurement

For the illustration of the retrieval procedure in de-
tail, the spectrum of the local flight of March 8, 1992,
from Kiruna (north Sweden) to Finland is presented. A
total of 433 single spectra along the flight route are
averaged. FEach single spectrum is an average over
4 s, thus yielding a total integration time of approxi-
mately 30 min. The frequency resolution at line cen-
ter is 8 MHz, and the total bandwidth is 300 MHz.
Figure 2 shows the measured spectrum and both the
reproduced forward spectrum from the high-resolution
retrieval (solid line) and the VMR layer profile (dotted
line). The measured spectrum is offset, corrected with
the retrieved offset parameter of the OEM layer profile
retrieval. The retrieved spectrum offset parameter is
anticorrelated to the ClO amount in the lower strato-
sphere. The reproduced spectrum of the high-resolution
retrieval is stronger than the reproduced spectrum of
the layer profile retrieval because the amount of Cl1O in
the lower stratosphere is higher for the high-resolution
retrieval. To plot the error bars of the measured spec-
trum in this figure would not be very meaningful be-
cause of the very strong off-diagonal elements of the
covariance matrix, i.e., the diagonal elements are quite
large but strongly correlated to the other channels. The
covariance matrix mainly shows the structure of the un-
certainty in the correction of the aircraft window emis-

T T

Spectral Power / kg [K]

reproduction, OEM high resolution

reproduction, OEM layer profile

PR SRR SN DU S T '

-50

50 100 150

Offset Frequency [MHz]

Figure 2. The measured spectrum of flight Kiruna-Finland, March 8, 1992, with reproduction
of high-resolution OEM retrieval (solid line) and OEM layer profile (dotted line). The horizontal
bars of the measured spectrum indicates the widths of the filter channels. The measured spectrum
is offset-corrected with the retrieved offset parameter from the OEM layer profile retrieval. The
reproduced spectra are not convoluted with the filter banks and therefore with high-frequency

resolution.
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sion, which leads to a remaining baseline uncertainty.
Additional baseline uncertainties arise from the ozone
signal elimination procedure, which is performed using
balloon ozone sensor data with an optimal fit of time
and location to the aircraft flight route but leaving un-
certainties due to temporal and spatial differences. Spa-
tial and temporary fluctuations in the ozone profiles
obtained from different sensor data sets have been used
to estimate uncertainties of the ozone profile along the
flight route. Each element k;; of the correlation coef-
ficient matrix of the resulting error covariance matrix
is calculated from the error covariance matrix elements
Cmn With ki; = ¢;5/,/Ciicj;. While large uncorrelated
errors at the filter channels would lead to large uncer-
tainties in the retrievals, the strong correlations (or anti-
correlations) between the channels restrict the solution.
The correlation coefficient matrix of the measured spec-
trum is presented in Figure 3.

This matrix indicates that the spectral power val-
ues at low frequencies are anticorrelated to the values
at high frequencies. This results from baseline correc-
tions, mainly from the correction of the influence of the
aircraft pressure window. The remaining uncertainty of
the window correction is of the same type as the mod-
ulated baseline from the Fabry-Pérot interferometer.

The retrieval of the measured spectrum with its co-
variance matrix is performed with the OEM using an
a priori VMR profile with a diagonal covariance ma-
trix and an uncertainty of =1 ppb for every 1-km al-
titude step. The retrieved VMR has been calculated
both in 1-km steps and as a layer profile. The subdi-
vision of the atmosphere into layers of constant VMR
has been determined using typical measurement con-
ditions to achieve an averaging kernel matrix approxi-
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mately equal to the unity matrix. Figure 4 shows the
results of the retrievals. Both the retrievals with high
vertical resolution (1-km steps) and the low vertical re-
solution (layer profile) are presented. The £1o errors
of the layer profile are given as error bars. The *lo
error ranges of the high-resolution profile are plotted
as dashed or dotted lines. The high-resolution retrieval
yields a higher ClO amount in the lower stratosphere
and a smaller spectrum offset in the measurement than
the layer profile retrievals. The error analysis separates
statistical and model parameter errors. For the inver-
sion with 1-km resolution the statistical error is sep-
arated into the measurement error and the null space
error. The diagonal elements of the null space error are
of about the same magnitude as the a priori covariance
diagonal elements, i.e., rapid vertical changes cannot be
seen by the system because they are smoothed by the
averaging kernels. The measurement error shows the
uncertainties of the 1-km profile due to measurement
errors. This error is relatively small, although the spec-
trum covariance matrix contains large values, but the
mentioned strong correlations of the filter channels re-
strict the retrieval and reduce the measurement error
in the retrieved VMR, profile. The statistical error (=
measurement error + null space error) of the layer pro-
file is of about the same magnitude as the measurement
error of the high vertical resolution profile in the upper
layers, but is larger at lower altitudes. This behavior
can be expected, since a constant offset had to be left
as a free parameter for the retrieval procedure, i.e., the
information of the lower layer remains only in the line
shape but not in the absolute value of the measured line
wings. This means, in terms of the averaging kernel ma-
trix, that the kernel of the lowest layer disappears. This
becomes clear when inspecting Figure 5 of the averag-
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Figure 3. The correlation coefficient matrix of the spectrum covariance (March 8, 1992, flight
VIII) shows strong correlations or anticorrelations of the filter channels.
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Figure 4. The retrieved profile (March 8, 1992, flight VIII) with high vertical resolution of 1 km
and as a layer profile. The different error bars are the square roots of the corresponding covariance
matrix diagonal elements, i.e., 1 o error bars without taking the correlation into account. (Upper
left) Statistical errors (measurement error and null space error). (Upper right and lower left)
Errors due to uncertainties in the pressure broadening coefficient and in the temperature and
pressure profile, respectively, i.e., errors due to model parameter errors (MPE). (Lower right)

The total error bars.

ing kernel matrix. The lower layer data are dominated
by the a priori information, while at higher altitudes
the measurement data prevail. For all other EASOE
retrievals, only the layers with a dominant influence of
the measurement are presented.

nel Matri*

Avercging Ker

Figure 5. The averaging kernel matrix (March 8, 1992,
flight VIIT) shows that the measured spectrum has no
influence on the lowest layer, a dominant influence of
the 17-25 km layer, and full influence of the upper lay-
ers. The diagonal values are 0.06, 0.86, 0.95, 0.95. The
off-diagonal elements are small, i.e., the correlations of
the layers are weak.

The uncertainties of the model parameter b are di-
vided into the errors due to errors in the pressure broad-
ening coefficient and in the temperature and pressure
profiles used for the retrievals. For the temperature
profile a 10 K uncertainty at each height level and a
10% uncertainty for the surface pressure are assumed.
This results in the retrieval errors presented in Figure
4 (lower left). For our retrievals these errors are small,
but their covariance matrices contain large values for
the off-diagonal elements. Even the impact of the un-
certainty in the pressure broadening coefficient on the
retrieval, presented in Figure 4 (upper left), is small.
We use the measured pressure broadening coefficient of
ClO at 649 GHz, published by Oh and Cohen [1994],
with an error estimate of 3%. The uncertainty in the
pressure broadening coefficient of HCI is larger. We use
a theoretical calculation for the 625-GHz HCI line with
an error estimate of 10% (Buffa, private communica-
tion, 1992). This calculation takes only self-broadening
and Ny collisions into account, but no broadening by
Og2. Therefore we perform the error analysis with a co-
efficient uncertainty of 20%.

The sum of all single error covariance matrices (sta-
tistical errors and model parameter errors) is the total
error covariance matrix, with the corresponding coire-
lation coefficient matrix, shown in Figure 6. The square
roots of the diagonal elements of the total error covari-
ance matrix are plotted as the total 1o errors of the
retrievals (Figure 4, lower right). The correlation coef-
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Figure 6. The correlation coefficients matrix (March
8, 1992, flight VIII) of the total error shows strong cor-
relations and anticorrelations between the errors of the
boxes.

ficient matrix (Figure 6) shows the strong correlations
(or anticorrelations) of the layers, i.e., a variation of the
VMR in one layer leads to an opposite VMR shift in the
neighboring layers.

The calculation of a synthetic spectrum from each
of these retrievals (“reproduction”) shows a good fit
to the measured data (Figure 2). The calculated off-
set values differ by 0.1 K. This difference is clearly in-
side the error range of the retrieved offset parameters,
which is 0=0.47 K for the high-resolution retrieval and
0=0.42 K for the layer profile retrieval. This uncer-
tainty corresponds to the large statistical errors in the
lower stratospheric layers (Figure 4, upper left).

Results of EASOE Data Analysis

A preliminary analysis of some data are already pub-
lished by Crewell et al. [1994]. This analysis did not
perform a VMR profile retrieval but compared the in-
tegrated measured spectral power to the correspond-
ing value of a synthetically calculated spectrum from
a VMR model. The integrated spectral power was as-
sumed to be proportional to the column density of the
corresponding trace gas. With the VMR profile re-
trieval and analysis of systematic and statistical errors
presented in this publication, the conclusions of Crewell
et al. [1994] concerning ClO are basically consolidated.
By analysis of some HCIl data in the previous paper,
it was stated that a significant increase in HCI from
February to March was observed. With an analysis of
the complete HCI data set and the VMR retrieval pro-
cedure including analysis of statistical and systematical
errors, this statement has to be modified. The reason is
the basically improved correction of the spectrum off-
set (continuum emission) with simultaneous VMR pro-
file retrieval (see section above on spectra preparation).
Additionally, in the preliminary analysis the VMR pro-
file shape [World Meteorological Organization, 1985],
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used for the compared synthetic spectrum, contains no
HCI below 30 km. Even the impact of the ozone emis-
sion line at 625.37 GHz on the HCI line has now been
very accurately considered by retrieving the SUMAS
ozone measurements of the 647.84-GHz ozone line.

The layer profile is preferred for EASOE data analysis
in this paper rather than a high-resolution profile of 1-
km steps because it yields approximately independent
layers and avoids short-scale profile structures which are
not necessarily real but rather artefacts due to error
amplification by the retrieval technique, as shown by
Wehr [1993].

The local flights from Kiruna and the transfer flights
from Stockholm to Kiruna are presented here. The
routes of the local flights are shown in Figure 7 and
Table 1. Estimated VMR layer values are presented
only if their corresponding averaging kernel matrix ele-
ment is >0.6, i.e., the influence of the measurement is
at least 60%. The error bars are the square roots of
the corresponding diagonal elements of the total error
covariance matrices. These matrices contain nonzero
off-diagonal elements, i.e., the errors are correlated or
anticorrelated.

The results of VMR retrievals are presented in Fig-
ures 8 and 9. Figure 8 shows the structure of the layer
profiles. The error bars are the square roots of the di-
agonal elements of the total error covariance matrix of
the retrieval, taking all known errors into account (see
previous section, example for ClO measurement). The
retrieved profiles of February and March are separately
plotted for each observed region. The four upper plots
show the CIO profiles, and the two lower plots the HC1
data. Solid and dashed lines are February data, dotted
lines are March data. The same data are presented in
Figure 9 as a time series together with potential vor-
ticity (PV at the 550 K level) values along the corre-
sponding flight routes.

Analysis of European Centre for Medium-Range
Weather Forecasts (ECMWF) data [Braathen et al.,
1992] shows that most flights were performed inside the
polar vortex, here defined by the value 10~* Km? /kgs

EASOE, Feb. and March 1992
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Figure 7. Local flight routes of SUMAS.
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Table 1. Flight Routes of SUMAS, Measured Molecules, and Position in Terms

of Potential Vorticity at 550 K Level

Flight Date Day Route Molecule PV (550 K),
10~%Km? /kgs
I Feb. 5 36  Stockholm - Kiruna CIO 120-132
II Feb. 6 37  Kiruna - South Clo 120-132
111 Feb. 7 38 Kiruna — North Cl0 120-132
v Feb. 9 40 Kiruna — South HC], O3 102-114
A% Feb. 10 41  Kiruna - Finland HCI, O4 108-120
V1 Feb. 12 43 Kiruna — Finland ClOo 114-126
Vii® March 7 67  Stockholm — Kiruna CIO 66-126
VIII®* March8 68 Kiruna - Finland Clo 90-126
Ix®b March 9 69 Kiruna - South ClO 90-126
X March 10 70 Kiruna - Finland HC], O3 102-114
X1t March 10 70 Kiruna — South HCI, O3 90-102
XII March 12 72  Kiruna — North ClOo 114-126
¢ Flight across the vortex border.
b Flight close to the vortex border.
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of the PV (see also Table 1). In February, all PV
values along the flight routes are larger than 100 x
10~% Km?/kgs. The flight of March 7 (day 67,
Stockholm-Kiruna) was across the vortex border, and
the flights of March 8 and 9 (days 68 and 69) were
performed close to the vortex border; therefore the PV
value range is larger for these days. The two HCl mea-
surement flights of March 10 (day 70) were from differ-
ent locations with different PV values; see Figure 7 and
Table 1.

The ClO profiles show high ClO concentration in the
17-25 km layer in February and a significant decrease
in March. The 25-36 km layer data are approximately
constant. In the upper layer (36-50 km) some variabil-
ity is observed in the March data but a constant value
was found for February. Differences between February
and March are not significant in this layer.

HCI has been inverted with only two layers. Even
though the HCI line is much stronger than the ClO
line, the signal-to-noise ratio is worse because the noise
of the HCI receiver is higher (see section on instrumen-
tal design) and the total integration time of the spectra
is much smaller than in the case of C1O measurements
because the instrument has been switched during one
flight to O3 observations at times. Above 26 km, a small
increase of HCl is observed in March. Below 26 km no
significant increase is observed within the error range.
The flight Kiruna-Finland of February 10 (flight V) is
subdivided into two parts, V(1) and V(2), separated by
an ozone measurement phase. The two HCl measure-
ments corresponding to V(1) and V(2) (Figure 8) show
variations in the lower layer of the same magnitude as

the deviations to the March data. The correlations of
the layer errors of the HCI profiles are small, except for
flight V(1) with a correlation coefficient of -0.45.

The comparison of HCl and ClO profiles shows a
strong decrease of ClO in the lower stratosphere from
February to March but no corresponding increase of
HCl. A conversion from ClO to HCl within the ob-
servation period over northern Scandinavia can not be
confirmed by our measurements.

The major reservoir species of stratospheric chlorine
are HC1 and CIONOs. They are produced primarily by
reactions with methane and NOg, respectively:

Cl+CH; — HCl+CH, (12)
ClO +NO, — CIONO, (13)

NO. is produced by photochemical decomposition of
HNOj; [Salawitch et al., 1993]. The dominant process
between the observed periods of February and March of
converting active chlorine into an inactive form seems
to be reaction (13), as no increase in the observed HCl is
found. This is also found in the description of chlorine
chemistry by Miiller et al. [1994], who states that the
preferred production of CIONO; after the disappearing
of the last polar stratospheric clouds is caused by the
relative effectiveness a of reaction (12) and (13) for the
removal of active chlorine, which is

d[HCI)/dt
d[CIONO,]/dt

This is consistent with Michelson interferometer for
passive atmospheric sounding, balloon-borne version

= ~ 1072 (14)
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(MIPAS-B) observations performed at Kiruna in the
same period. Balloon measurements show that in early
March most ClO, (HCI+CIONO2+HOCI+CIO,) is in
the form of CIONO; [Oelhaf et al., 1994]. January data
are compared with March data, and an “unexpectedly
high CIONO; amount” is found in March. A simi-
lar effect has been observed by in situ measurements
on board the NASA ER-2 high-altitude aircraft during
the American AASEII campaign in winter 1991/1992
[Toohey et al., 1993]. Webster et al. [1993] character-
izes February and March 1992 by loss of ClO, increasing
CIONOg, and low HCl amounts, indicating slow HCIl
recovery by reaction (12). Adrian et al. [1994] found
with ground-based Fourier transform infrared (FTIR)
measurements over Kiruna in mid-March that the HCI
column amount had not recovered up to that time. He
states that nearly all active chlorine was converted to
CIONO:;, instead of HCl. These results are also repro-
duced by model calculations with gas phase chemistry
or background aerosol by Lutman et al. [1994b]. In-
frared measurements of vertical columns made near Are
(north Sweden), reported by Bell et al. [1994], show a
slight increase in the HCI column amount from the end
of January to the middle of March.

Summary

The SUMAS has proven to be a very powerful tool
in the investigation of middle atmospheric chemistry, in
particular, for the observation of chlorine compounds.
Error analysis shows the criticality of different error
sources. In particular, large errors due to uncertain-
ties in the pressure broadening coefficients need to be
mentioned.

During the EASOE campaign, SUMAS observed a
significant decrease of ClO in the lower stratosphere
from February to March. The increase of HCl over the
same period is not significant; therefore the assumption
is supported that in this atmospheric situation the con-
version to chlorine nitrate is the preferred reaction to
convert active chlorine back into reservoir species.
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