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We present a method to derive the site atmospheric state best estimate (SASBE) of
the ozone profile combining brightness temperature spectra around the 142 GHz absorption line of ozone measured by the microwave radiometer SOMORA and ozone
profiles measured by the radiosonde (RS). The SASBE ozone profile is obtained using
the radiosonde ozone profile as a priori information in an optimal estimation retrieval of
the SOMORA radiometer. The resulting ozone profile ranges from ground up to 65 km
altitude and makes optimal use of the available information at each altitude. The high
vertical resolution of the radiosonde profile can be conserved and the uncertainty of
the SASBE is well defined at each altitude.
A SASBE ozone profile dataset has been generated for Payerne, Switzerland, with
a temporal resolution of 3 profiles a week for the time period ranging from 2011 to
2013. The relative difference of the SASBE ozone profiles to the AURA/MLS ozone
profiles lies between −3 to 6 % over the vertical range of 20–65 km. Above 20 km,
the agreement between the SASBE and AURA/MLS ozone profiles is better than the
agreement between the operational SOMORA ozone data set and AURA/MLS. Below
20 km the SASBE ozone data are identical to the radiosonde measurements.
The same method has been applied to ECWMF-ERA interim ozone profiles and
SOMORA data to generate a SASBE dataset with a time resolution of 4 profiles per
day. These SASBE ozone profiles agree between −4 and +8 % with AURA/MLS. The
improved agreement of the SASBE datasets with AURA/MLS above 20 km demonstrates the benefit of better a priori information in the retrieval of ozone from brightness
temperature data.
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Since the discovery of the ozone hole over Antarctica in 1983 (Chubachi, 1985; Farman, 1985), the understanding of the mechanisms driving the variability of the stratospheric ozone layer has been one of the major area of interest in atmospheric research.
Dynamical (Miyazaki, 2005) and chemical (Revell, 2012) processes are considered depending on time, location and altitude. The consideration of the entire vertical extent of
the atmosphere and of the interaction between the different layers is of primary importance in understanding the stratospheric ozone variability.
At many measurement sites, ozone measurements are performed by several instruments, each of them covering a particular altitude range with different spatial or
temporal resolutions. Radiosondes are measuring ozone profiles from ground up to
30–35 km (Hassler, 2013), LIDAR measurements are performed during the night up to
50 km (Pelon, 1986), and microwave radiometers (MWR) measure ozone profiles from
the lower stratosphere up to the lower mesosphere with a high temporal resolution.
Satellites regularly overpass the ground measurement sites and measure ozone profiles from 10 to 70 km (Hassler, 2013). Dobson and Brewer spectrometers measure the
ozone total column up to more than 100 times a day depending on the meteorological
situation (Scarnato, 2010). Hence, in order to obtain a continuous ozone profile ranging from the ground up to the mesosphere, the different observation methods need to
be combined. This is one of the recommendations for an optimal observation strategy
by GRUAN (GCOS Reference Upper Air Network) for atmospheric parameters (WMO,
2013).
Various methods for the combination of ozone profiles have been reported in the
literature in the perspective of a temporal (DeLand, 2012) or spatial (Bodeker, 2012)
merging of datasets. In particular, when complementary but overlapping vertical profiles shall be merged, the data have to be represented on the same vertical grid in
the overlap region. Generally, the coarser grid is chosen and the high resolution data
are downscaled to the lower resolution. This can be achieved by using the Curtis–
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Godson equation (Goody, 1989) which conserves the column density in the profile to
be downscaled. If an averaging kernel is provided along with the low resolution data,
the high resolution data can be convoluted with this averaging kernel (Tsou, 1995;
Calisesi, 2005). A third method to downscale the high resolution data consists of applying a Gaussian filter centered around the levels of the coarse grid on the high resolution data as it has been done for the “Binary Database of Profiles” of Hassler et al. to
combine ozone sonde and satellite vertical profiles (Hassler, 2008). Finally, Livesey
et al. (2011) suggest to compute the inverse of matrix A which describes the linear
−1
interpolation from the coarse to the high resolution grid and to apply A to the high
resolution data. For instruments with similar vertical resolution or once the vertical resolution has been adjusted using one of the methods explained above, a linear interpolation in the logarithm-pressure vertical coordinate can be used in the overlap region to
merge the profiles (Sofieva, 2014). These merging methods do not preserve the original vertical resolution of the profiles involved in the combination, the vertical resolution
of the combined profiles being either one of the original resolutions or a new common resolution. Alternatively, data can also be combined on the level of the raw data.
Timofeyev et al. (2013) have proposed to combine Fourier transform infrared radiometer (FTIR) and MWR spectral data by retrieving a single ozone profile simultaneously
from both spectral measurements or by sequential retrievals using the profile and the
covariance matrix of the first retrieval step (FTIR) as an a priori information for the second retrieval step (MWR). This method allows to choose the vertical grid freely or to
optimize it given the degrees of freedom of the retrieval.
At the measurement site of MeteoSwiss in Payerne, ozone measurements are performed by radiosondes (Stübi, 2008) since 1968 and by microwave radiometry since
2000 (Calisesi, 2000). Here, we propose to combine the simultaneous radiosonde and
microwave radiometer measurements to obtain the SASBE of the vertical ozone distribution above the site. The two measurements are combined by using the radiosonde
ozone profile as a priori information in the optimal estimation retrieval of the microwave
radiometer. This merging method is new in the sense that the original vertical reso-
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lutions of the radiosonde ozone profiles and of the microwave ozone profiles are preserved in the SASBE ozone profiles and that the uncertainty is well characterized at
each altitude level.
The paper is organized as follows: Sect. 2 deals with the description of the instruments, and of the measured and simulated datasets used in the study. A detailed description of the merging method and a characterization of the retrieved profiles are
given in Sects. 3 and 4. In Sect. 5, the SASBE ozone profiles are compared to simultaneous satellite ozone profiles measured by AURA/MLS. The agreement of SASBE
ozone profiles, using either RS or ECMWF ozone profiles, and of SOMORA ozone
profiles with MLS ozone profile are finally discussed.

Stratospheric Ozone Monitoring Radiometer SOMORA
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Developed in 2000 by the University of Bern (Calisesi, 2000), the SOMORA is a total power microwave radiometer measuring the thermal emission line of ozone at
142.175 GHz. The electromagnetic radiation is measured under an antenna elevation
angle of 39◦ and the brightness temperatures range from 80 to 260 K. The SOMORA is
calibrated using a hot load heated and stabilized at 300 K and a cold load at 77 K cooled
with liquid nitrogen. A rotating planar mirror is used as a switch between the radiation
sources. A Martin–Puplett interferometer (sideband filter) picks out the frequency band
around 142 GHz. Outgoing from the front-end part (quasi optics), the signal is amplified and down-converted in frequency to 7.1 GHz by means of a constant-frequency
signal (mixer). The signal is further down-converted in two steps (intermediate step
at 1.5 GHz/1 GHz) to the baseband (0–1 GHz). The spectral distribution, i.e. voltage
as function of channel or frequency is measured since 10/2010 by an Acquiris Fast–
Fourier–Transform spectrometer (FFTS) with 16 384 channels distributed over 1 GHz
bandwidth. Before, two acousto-optical spectrometers (AOS) have been used for spec-
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where y is the measured spectrum, F (x, b) the calculated spectrum corresponding to
the ozone profile x and model parameters b, x the true ozone profile, Sy the error
covariance matrix of the measured spectrum, xa the a priori ozone profile and Sa the
error covariance matrix of the a priori ozone profile.
The optimal estimation method takes into account the uncertainties of the measured
spectrum specified in Sy and uses a priori information specified by xa and Sa to constrain the solution x̂ to statistically probable profiles. In the operational data processing
of SOMORA two different a priori ozone profiles are used, one for summer and one
for winter. These a priori profiles are derived from the two standard model ozone profiles described in (Keating, 1990) combining 5 satellite ozone data sets (among them
SAGE and SBUV). The diagonal elements of the a priori covariance matrix are given
by the variance of a climatology of Payerne radiosondes below 25 km and of a climatology of MWR ozone profiles above 25 km (climatology of the microwave radiometer
GROMOS, another NDACC instrument based in Bern, Switzerland, Calisesi, 2000).
The off-diagonal elements are parameterized with an exponentially decaying correlation function using a correlation length of 3 km. The retrieval x̂ is characterized by the
3404
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tral detection (Calisesi, 2000). This study has been performed using spectra measured
after the FFTS upgrade of the instrument.
After 30 min integration time, an ozone volume mixing ratio (VMR) profile is retrieved
by optimal estimation using ARTS/Qpack, which is a general environment for the radiative transfer simulation (forward model) (Buehler, 2005) and the optimal estimation
method (OEM) profile retrieval of Rodgers (Eriksson, 2005). The vertical resolution of
the ozone profiles is 8–10 km from 20 to 40 km, increasing to 15–20 km at 60 km.
The measured spectrum y is a function F (x, b) of the vertical distribution of ozone x
and forward model parameters b (atmospheric temperature, spectroscopic data, measurement geometry, . . .). The OEM solution x̂ to the inverse problem minimizes the
cost function χ 2 derived from the Bayesian theory:
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Ozone sondes are launched from Payerne since 1968 (Stübi, 2008). The ozone sonde
consists of an electrochemical cell where the reaction of ozone with potassium iodide in
aqueous solution is used to measure continuously the ozone concentration. An electrical current is generated which is proportional to the rate at which ozone enters the cell.
3405
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The AVK shows the sensitivity of the retrieved profile to the changes of the true profile.
For an ideal observing system, the AVK is equal to the unity matrix. For a real instrument, the width of the AVKs is a measure of the resolution of the system (Rodgers,
1990). The area of the AVKs is indicating the measurement contribution to the retrieved
profile. The total uncertainty of the retrieved profile consists of the observation and the
smoothing error. The smoothing error is the error contribution due to the smoothing
of the true state by the AVK. The observation error is to the greatest extent due to
the thermal noise in the spectral data, and to minor extent due to errors in the Temperature profile and the antenna elevation angle error, which are part of the forward
model parameters b. The observation error is less than 3 % between 20 and 40 km,
but increases to 7 % in the upper stratosphere.
The total error (sum of observation error and smoothing error) is less than 10 %
between 20 and 40 km, 15 % at 50 km, and greater than 25 % below 15 and above
60 km.
SOMORA has been extensively used in comparisons with AURA/MLS and SAGE
(Hocke, 2007), ENVISAT (Hocke, 2006), LIDAR (Calisesi, 2003a), and radiosonde
(Calisesi, 2003b). SOMORA belongs to the Network for the Detection of Atmospheric
Composition Change (NDACC).
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averaging kernel (AVK) matrix describing the changes in the retrieved profile, ∂x̂, as
a function of changes in the true profile, ∂x:
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Six hourly ozone profiles from ERA-Interim are used in this study. The ERA-Interim
reanalysis is produced with a sequential data assimilation scheme described in Dee
et al. (2011). Ozone is analysed simultaneously with the other model state variables
in the 4D-Var analysis. At a given point of the atmosphere, the continuity equation
for ozone is given as a linear relaxation towards a photochemical equilibrium for the
ozone mixing ratio, the temperature, and the ozone column. The photochemical loss
term is a function of the equivalent chlorine content for the actual year. A large variety of satellite observations are assimilated: MIPAS, SCIAMACHY, TOMS, GOME,
MLS, OMI (Dragani, 2010). The ozone sonde data are not assimilated in ERA-Interim
but comparisons are described by Dragani et al. (2010). At midlatitudes in the Northern Hemisphere, the agreement between sondes and ERA-Interim is within 5 % in the
troposphere. The seasonal variability is well captured for total ozone and temporal occurrence with an agreement of 10 % in the stratosphere. However, the ozone peak is
underestimated by ERA-Interim in summer periods, with relative biases of about 20 %
(Dragani, 2010). ERA-Interim ozone profiles are given on 60 pressure levels with the
top of the atmosphere at 0.1 hPa.
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The ozone concentration is determined from the electric current measurement considering the airflow rate, the air pressure, and the pump temperature. Since September 2002, the electrochemical concentration cell (ECC) with 0.5 % KI concentration is
the operational ozone sensor for Payerne.
Ozone is measured in the altitude range of 0 to 30–35 km every Monday, Wednesday
and Friday. The vertical resolution is 150 m and the uncertainty of the ozone measurement is of the order of 5–10 % depending on the altitude (Stübi, 2008; Dabberdt, 2003).
Payerne ozone sonde profiles are submitted to WOUDC and NDACC on an operational basis, and are extensively used in satellite validation programs (Meijer, 2004)
and ozone assessments (Douglass, 2011).
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The SASBE of ozone is computed using the radiosonde measurement as a priori information in the optimal estimation retrieval of SOMORA, which is described in Sect. 2.1.
The retrieval grid, i.e. the grid of the resulting SASBE ozone profile, is equal to the
standard grid of the radiosonde profile up to 25 km with a grid spacing of 500 m. Above
25 km, the standard SOMORA retrieval grid is used with a grid spacing of 2500 m. The
a priori profile is identical to the radiosonde ozone measurement below 23 km. Above
35 km the standard SOMORA a priori profile is chosen as explained in Sect. 2.1. In
order to avoid discontinuities in the a priori profile xa , a weighting function f increasing
linearly from 0 to 1 between 23 and 35 km is applied to the standard a priori xSOM ,
which has been interpolated to the high resolution grid, and the radiosonde profile xRS
(see Fig. 1):
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Since the a priori profile below 23 km comes from the radiosonde measurement, the
diagonal elements of the a priori covariance matrix Sa are populated with the square of
measurement uncertainties of the radiosonde measurement as specified in Sect. 2.2.
Above 23 km the diagonal elements are identical to the a priori covariance matrix of the
standard SOMORA retrieval as described in Sect. 2.1.
The off-diagonal elements are parameterized with an exponentially decaying correlation function using a correlation length of 150 m below 25 km which corresponds to
the vertical resolution of the RS ozone profile.
The SASBE retrieval provides an ozone profile from the surface up to 65 km that is
based on measurements. Whether the information comes from the radiosonde or the
microwave measurement is determined by the confidence in the measurement and the
a priori profile, i.e. by Sy and Sa . Visual inspection of Fig. 2b shows that the information
in the SASBE comes to the greatest extent from the a priori profile below 25 km and
from the microwave measurement above, as expected. Section 4 will deal with the
detailed explanation of the characterization of the SASBE profile based on Fig. 2.
3407
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A SASBE is also generated using ECMWF-ERA interim. In that case the ECMWFERA interim ozone profiles are processed in the same way as the radiosonde but we
refer to “SASBE using ECMWF”. The diagonal elements of the a priori covariance
matrix below 23 km are the square of the model uncertainties estimated through the
comparison of ECMWF-ERA interim data with ECC radiosonde profiles (see Sect. 2.3).
The off-diagonal elements are kept the same as in the standard SOMORA retrieval.
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The SASBE ozone profile is characterized by the AVK functions and by the uncertainties shown in Figs. 2 and 3, respectively.
The AVKs are plotted in Fig. 2a for the SOMORA retrieval and in Fig. 2b and c
for the SASBE retrieval. In the case of SOMORA retrieval, the AVKs vanish below
approximately 15 km indicating that the measurement does not contain any information
about ozone below this altitude. In the case of the SASBE retrieval, it can be seen that
the AVKs tend to zero already at 25 km which is due to the fact that a much higher
confidence in the a priori profile has been specified (Fig. 2b). Similar smoothing of the
true state above 30 km are shown for both retrievals by the width of the AVK functions.
However, to give a complete characterization of the SASBE retrieval with the AVKs,
the a priori profile below 25 km must be considered as a measurement. Therefore
any variation in the true atmosphere is captured in the a priori profile and seen in
the SASBE profile. The complete AVK as shown in Fig. 2c has been calculated with
a perturbation approach: a true ozone profile has been assumed from which both the
radiosonde and the microwave radiometer measurements have been calculated. The
calculated measurements have been processed by the SASBE algorithm providing the
retrieval for the unperturbed profile. Then the true profile has been perturbed with 1 ppm
additional ozone at layer i . The measurements have been simulated from the perturbed
state and processed by the SASBE algorithm providing the retrieval for the perturbed
state. Note that for levels below 23 km the a priori profile is also perturbed, since it
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is taken from the radiosonde measurement in the SASBE algorithm. The difference
between the retrieval of the perturbed state and the unperturbed state divided by the
norm of the perturbation yields the averaging kernel function for level i . The procedure
is repeated for all levels to form the averaging kernel matrix.
The complete AVK show clearly the very high sensitivity and vertical resolution in
the altitude range where the in situ radiosonde measurement is available, similar to an
ideal measurement system.
The uncertainties of the SOMORA and the SASBE retrievals are shown in Fig. 3.
It is in the nature of the optimal estimation method that the error become equal to
the a priori errors in the altitude ranges where the measurement contribution is small.
Therefore, the errors increase below 20 and above 60 km to the a priori uncertainties.
In the case of the SOMORA retrieval, the error below 20 km increases to 35 % due to
the large a priori uncertainty while the error of the SASBE retrieval remains small at
6 % below 20 km reflecting the low a priori error. The error is in both cases around 10 %
at 40 km.
An example of a SOMORA and SASBE retrieval is shown in Fig. 4. The SASBE
shows a very good correspondence to the RS ozone profile in dashed red. A very
good correspondence is also shown between the ECMWF profile in dashed blue and
the SASBE using ECMWF ozone profile in solid blue.
The sampling rate of the SASBE ozone profile dataset is 3 times a week for the combination of RS and MWR data and 4 times a day for the combination of ECMWF model
and MWR ozone profiles. The ozone profile time series over Payerne are available in
a special dataset (shown in nbar for 2 monthes in Fig. 5) composed by MWR ozone
profiles in the range of 20 to 65 km each 30 min (in black), SASBE ozone profiles 3
times a week (in red) in the range of ground up to 65 km and SASBE using ECMWF 4
times a day (in dashed blue) in the range of ground up to 65 km.
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Xapriori, SOMORA resp. SASBE is the a priori profile of the standard SOMORA and the
SASBE retrieval, respectively, and ASOMORA resp. SASBE is the averaging kernel matrix
of the corresponding retrieval. Xsat, low resp. XRS, low is the downscaled profile of the
satellite and RS measurement, respectively, adjusted to the vertical resolution of the
SASBE.
The arithmetic averages of the relative differences of SOMORA resp. SASBE to MLS
and RS are shown in Fig. 6a and b. The relative difference between the RS ozone
profiles and the SASBE (using RS) profiles is smaller than 6 % below 20 km with no
systematic bias as expected. The SASBE using ECMWF profiles show a difference
with RS profiles as high as 35 % at 15 km. This is in accordance with the relative difference between ECWMF ERA Interim and RS ozone profiles as reported in Dragani
et al. (2010).
SOMORA ozone profiles show a good correspondence to MLS with a difference between +6 and +10 % over the whole common measurement range. SASBE ozone pro3410
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Payerne SASBE and SASBE using ECMWF ozone profiles from 2011 to 2013 have
been compared to simultaneous MLS and radiosonde measurements. The following
time and spatial coincidence conditions have been chosen in order to ensure reasonable overpass statistics while avoiding sampling issues. The time coincidence condition
◦
◦
is ±4 h and the spatial coincidence condition is ±2.5 in latitude and ±5 in longitude.
Payerne RS time coincidence condition is ±1 h.
Above 25 km, MLS ozone profile have been downscaled to the vertical resolution of
SOMORA resp. SASBE using AVK smoothing (Tsou, 1995) as follows:
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Ozone profiles measured simultaneously by microwave radiometry and radio sounding
over Payerne have been combined in one single ozone profile conserving maximum
vertical resolution of both measurements. In the presented approach, the radiosonde
ozone profile has been used as the a priori information in the optimal estimation retrieval of the SOMORA radiometer. The a priori covariance matrix has been adjusted
representing the measurement uncertainty of the radiosonde in the corresponding altitude range, i.e. below 25 km. The resulting profile, called SASBE, makes an optimal
use of the available information at each altitude of the range and is fully characterized
in terms of uncertainty and vertical resolution. An extended AVK has been calculated
representing the total measurement process including the radiosonde. It reveals that
the SASBE is sensitive to atmospheric variations at altitudes from the ground up to
approximately 65 km. The uncertainty of the SASBE is 5 % up to 30 km and increases
nearly linearly above to 25 % at 65 km.
A new 3 year dataset of SASBE and SASBE using ECMWF ozone profiles has been
generated with a temporal sampling of 3/week and 4/day, respectively. The vertical
range of the profiles composing the dataset goes from the ground to 65 km for the
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files agree within 6 % with MLS/AURA satellite ozone profiles which is a slight improvement compared to standard SOMORA ozone profiles. This improvement is related to
the fact that smaller a priori errors below 25 km are lowering the cost corresponding to
the state vector and therefore influencing the retrieval stability well over the RS altitude
range. The SASBE using ECMWF agrees within 8 % with MLS which is also slightly
better than the standard SOMORA retrieval. The SD of the relative differences is between 15 and 20 % for standard SOMORA and SASBE. Comparisons below 25 km
show that the SASBE is unbiased compared to the radiosonde and that the proposed
method does not have any degrading effect on the lower part of the profile.
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SASBE ozone profiles compared to a range from 20 to 65 km in the case of the standard SOMORA retrieval.
The SASBE and SASBE using ECMWF data sets have been validated against
Aura/MLS ozone profiles. The comparison revealed an improved agreement with
Aura/MLS in the altitude range from 25 to 65 km for both data sets compared to the
standard SOMORA retrieval. This improvement is clearly attributed to the better a priori information below 25 km and is remarkable since the improvement is seen at higher
altitudes.
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Figure 1. A priori of SASBE ozone profile retrieval in ppm in function of altitude. Combination
of the summer standard a priori ozone profile in blue and of one RS ozone profile (red circles).
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12:00 UTC (a) and the corresponding SASBE ozone profile (b). (c) SASBE averaging kernels
by simulation of perturbations considering the a priori profile below 25 km as part of the measurement.
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Figure 3. Profiles of the error of the SOMORA (black) and the SASBE using RS resp ECMWF
ozone profiles (red resp.blue), Payerne, 24 January 2011, 12:00 UTC.
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Figure 4. SOMORA ozone profile (in black), corresponding SASBE using RS ozone profile (in
red), and SASBE using ECMWF model (in blue), RS ozone profile (in dashed red) and ECMWF
simulated ozone profile (in dashed blue), Payerne, 24 January 2011, 12:00 UTC.
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Figure 5. Time serie of ozone profile in nbar over Payerne for 2 months composed by MWR
ozone profiles in the range of 20 to 65 km each 30 min (one per day plotted in black), SASBE
ozone profiles 3 times a week (in red) in the range of ground up to 65 km and SASBE using
ECMWF 4 times a day (one per day plotted in blue) in the range of ground up to 65 km.
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Figure 6. Ozone profile comparison of SOMORA in black, Payerne SASBE using RS in red
and Payerne SASBE using ECMWF in blue with AURA/MLS (a) and Payerne radiosonde (b).
The ±1 SD of difference for SOMORA and for SASBE is plotted dashed.
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