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Abstract

The Ozone Profile Algorithm (OPERA), developed at KNMI, retrieves the vertical ozone
distribution from nadir spectral satellite measurements of back scattered sunlight in
the ultraviolet and visible wavelength range. To produce consistent global datasets
the algorithm needs to have good global performance, while short computation time5

facilitates the use of the algorithm in near real time applications.
To test the global performance of the algorithm we look at the convergence be-

haviour of the ozone retrievals, based on the data of the GOME instrument (on board
ERS-2) for February and October 1998. In this way, we uncover different classes
of retrieval problems, related to the South Atlantic Anomaly, low cloud fractions over10

deserts, desert dust outflow over the ocean, and the intertropical convergence zone.
The influence of external input data including the ozone cross-sections and the ozone
climatologies on the retrieval performance is also investigated. By using a priori ozone
profiles which are selected on the expected total ozone column, retrieval problems due
to anomalous ozone distributions (such as in the ozone hole) can be avoided.15

By applying the algorithm adaptations the convergence statistics improve consid-
erably, not only increasing the number of successful retrievals, but also reducing the
average computation time, due to less iteration steps per retrieval. For February 1998,
non-convergence was brought down from 11.4% to 4.3%, while the mean number of
iteration steps (which dominates the computational time) dropped 8% from 5.15 to20

4.76.

1 Introduction

There is a great need for information on the state and evolution of the global three-
dimensional distribution of ozone in the atmosphere. Time series of ozone spanning
years or even decades are important to detect changes in ozone which are coupled to25

climate change, and to monitor and understand the depletion and expected recovery
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of stratospheric ozone. Stratospheric ozone measurements are also used for oper-
ational numerical weather prediction models to constrain the energy balance in the
stratosphere allowing improved forecasts. Knowledge on the distribution of ozone in
the upper troposphere is important to quantify its contribution to radiative forcing and
thus improve the understanding of climate change. Ozone in the boundary layer has5

adverse health effects and is an important species in air quality. Although boundary
layer ozone is difficult to detect using the ultraviolet backscattered spectra measured
from space, the inferred information on the tropospheric abundance is relevant for air
quality modelling.

The key to retrieve the vertical distribution of ozone in the atmosphere from ultravi-10

olet (UV) backscattered sunlight is the sharp decrease in the ozone absorption cross-
section between 265 and 330 nm. Photons at the shortest wavelengths only penetrate
the upper part of the atmosphere; therefore back-scattered short-wave photons contain
information only of the upper layers of the atmosphere. Moving to longer wavelengths,
deeper layers start to contribute to the back-scattered radiance. Beyond 300–310 nm15

(depending on the solar zenith angle) a sizeable fraction of the solar light reaches the
surface. Combing the radiances over the whole wavelength range thus provides infor-
mation of the ozone profile.

The Global Ozone Monitoring Experiment (GOME) was launched on the European
Space Agency’s second Earth Remote Sensing (ERS-2) satellite in April 1995 to mea-20

sure backscattered ultraviolet (UV) and visible light at moderate spectral resolution
(0.2–0.4 nm). To retrieve ozone profiles from its measurements in channels 1 and
2 (240–404 nm) several algorithms have been developed based on different tech-
niques: optimal estimation (Barthia et al., 1996; Chance et al., 1997; Munro et al.,
1998; Hoogen et al., 1999; Van der A et al., 2002), Philips-Tikhonov regularization25

(Hasekamp and Landgraf, 2001), and a neural network approach (Del Frate et al.,
2002; Müller et al., 2003). An extensive intercomparison of these algorithms has been
done by Meijer et al. (2006). Similar algorithms have also been applied to measure-
ments from SBUV, SCIAMACHY, OMI and GOME-2.
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At the Royal Netherlands Meteorological Institute (KNMI) the Ozone Profile Retrieval
Algorithm (OPERA) (Van Oss and Spurr, 2002; Van der A et al., 2002) has been de-
veloped, based on the optimal estimation technique and able to ingest data from the
satellite instruments GOME, GOME-2, and OMI. The quality of the OPERA retrievals
from GOME data has been validated extensively by De Clerq et al. (2007) by compar-5

ing them with sonde, lidar, microwave and other satellite measurements. Since 2007,
OPERA is used operationally for ozone profile retrievals from GOME-2 data in near
real time.

In our study, we evaluate the global performance of the algorithm by its convergence
behaviour. Bad convergence statistics indicates where the algorithm has problems to10

retrieve an ozone profile. In this way we can isolate geographical problem areas such
as South America (Sect. 4) and deserts (Sect. 5). Studying the convergence statistics
also allows us to assess the influence of the input data (such as the ozone cross
section and the ozone climatology) on the retrieval result, as will be shown in Sects. 6
and 7. By implementing the algorithm adaptations and selecting better input data, the15

larger number of successful retrievals improves global coverage and increases average
retrieval speed, facilitating the use of retrievals in near real time applications and the
reprocessing of large datasets.

2 Algorithm overview and retrieval configuration

OPERA solves the inverse problem of retrieving the vertical ozone distribution from the20

measured radiance spectrum. In the forward step, it uses a radiative transfer model
to calculate the spectrum from a model atmosphere including a first-guess ozone pro-
file and estimates of cloud fraction and cloud height. The single scattering part of
the radiation is computed with a fast single scattering model; the multiple scatter-
ing part is computed with the Linearized Discrete Ordinate Radiative Transfer model25

(LIDORTA) in four streams (Van Oss and Spurr, 2002), taking the sphericity of the
atmosphere into account in the pseudo-spherical approximation. To limit calculation
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time, LIDORTA calculates scalar radiation fields. Polarization effects, which cannot be
neglected (Hasekamp et al., 2002), are included afterwards by correcting with values
from a look-up table that is created with the doubling-adding radiative transfer model
which does include polarization (de Haan et al., 1987). In the inverse step, the dif-
ference between measured and simulated measurement is used to update the ozone5

profile and auxiliary parameters such as the effective surface albedo. The retrieval is
ill-posed in the sense that many profiles give similar simulated spectra within given
error bars. These profiles differ in their small-scale structures, which are not well con-
strained. By using the optimal estimation technique (Rodgers, 2000) an optimal so-
lution is selected that combines information from the measurement with an a priori,10

climatological, ozone profile. Because of the non-linearity of the problem, an iteration
scheme is needed, repeating the forward model and inverse step until certain conver-
gence criteria are met on the solution (see below). Throughout this article the ozone
climatology will be used to provide both the a priori for the optimal estimation and the
first guess for the iteration.15

In this paper we test the performance of our algorithm (OPERA version 1.0.9) with
GOME data, taking advantage of the extensive calibration effort put into the measure-
ments of this satellite instrument (Van der A et al., 2002; Krijger et al., 2005). Retrieval
of ozone profiles requires absolutely calibrated reflectivities which makes it very sensi-
tive to the accuracy and precision of the reflectivity calibration (van der A et al., 2002).20

Our results are based on the level 1b product extracted with the GOME Data Proces-
sor, version 4.01 (Slijkhuis, 2006), which contains corrections for the degradation of the
reflectance, the radiance offset, and the polarization sensitivity. We restrict ourselves
to data from 1998, i.e. before degradation of the sun-normalised radiance sets in.

Table 1 summarizes the most important retrieval settings and input data. The ozone25

profile is fitted for 40 atmospheric layers distributed homogeneously over altitude from
surface level to 0.1 hPa. Furthermore, OPERA fits either the surface albedo or the
cloud albedo, depending on the cloud fraction. Validation studies show that retrieval
quality is improved further when OPERA fits a radiometric offset between measurement
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and simulated reflectance in the Band 1a window. Cloud fraction and cloud pressure
are derived from the Oxygen-A band using the FRESCO algorithm (see Sect. 5).

3 Convergence criteria and global retrieval performance

Due to the non-linearity of the retrieval problem, the optimal estimation and its co-
variance are calculated numerically by using an iteration scheme which is based on5

the Gauss-Newton method (Rodgers, 2000). This requires a convenient criterion for
stopping the iteration. Here, we break off the iteration when the difference between the

error-weighted lengths of two consecutive state vectors S
−1/2
x (xi−xi+1) is below a fixed

threshold ε:

(xi −xi+1)TS−1
x (xi −xi+1)<εn10

in which Sx indicates the covariance matrix of state vector xi , and n is the dimension
of the “state space”, the vector space spanned by the fit parameters. Throughout this
study we will use ε=0.02. A stricter convergence criterion (e.g. taking ε=0.01) will
slightly increase the mean iteration steps needed to reach convergence, but does not
change the retrieval results significantly.15

To investigate the algorithm behaviour for the full range of atmospheric and observa-
tional conditions, we use the algorithm with the default settings of Table 1 on a reference
dataset of all retrievals in February 1998 (∼69 000 retrievals in orbit number 14557 to
14957, excluding narrow swaths). On average, 5.15 iteration steps were needed for
convergence; 11.4% of the retrievals did not converge within 10 steps. As can be seen20

from the convergence statistics in Fig. 1, it is reasonable to break off the iteration after
10 steps when convergence criteria are still not met, since these retrieval apparently
never converge.

We construct global monthly average fields of various parameters by projecting all
GOME footprints on a grid of 1◦×1◦. Figure 2a maps the mean number of iteration25

steps per grid cell, while Fig. 2b shows the mean fraction of not-converged retrievals;
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a fraction of 1 indicates that for this grid cell all retrievals did not converge. In this
way, different problem areas are uncovered. Apparently, the algorithm suffers from
retrieval problems in distinct areas such as South America, deserts (such as Sahara
and West Australia), Antarctic snow and ice. The band-like structure over the Pacific,
roughly from Ecuador to Papua New Guinea, appears to correspond with the position5

of the intertropical convergence zone (ITCZ) for this month. These non-convergence
issues will be addressed in the next sections. Furthermore, it will be shown that non-
convergence can also originate from desert dust and from ozone anomalies.

The degrees of freedom for signal (DFS) is another useful measure to investigate
the overall performance of the algorithm. Qualitatively, the DFS indicates how much10

information has been inferred from the measurements. If n is the dimension of the state
space, we have DFS=n if the measurements completely determine the state vector,
and DFS=0 if there is no information at all in the measurement, and the retrieval is
completely determined by the a priori information. Typically, the DFS for the ozone
profile fit parameters retrieved by OPERA for GOME measurements varies between15

4 and 7, governed by the a priori errors, the measurements errors and the sensitivity
of the radiation to the profile. The latter varies mainly with the solar zenith angle, the
cloud fraction and the surface albedo.

4 South Atlantic anomaly

The area of non-convergence over South America in Fig. 2b corresponds with the loca-20

tion of the South Atlantic Anomaly (SAA). This is the region where the sun-synchronous
satellite orbit (typically at 800 km altitude) intersects the inner Van Allen radiation belt.
The high energetic particles (mainly protons and electrons) trapped inside this belt in-
teract with the instrument, causing additional noise and spikes in the measurements.
Due to the weak signal level at short wavelengths, especially radiance measurements25

in Band 1a are affected by the SAA (see Fig. 3). The distorted spectra can not be
simulated by the radiative transfer model (RTM), and causes convergence problems
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for the algorithm.
In order to avoid this type of non-convergence, an SAA filter was implemented. Ba-

sically, it disqualifies all measurements from the Band-1a fit which are affected by the
impact of high energetic particles. This is done by considering the reflectance Rref at
a certain wavelength λ0 as a reference which is used to evaluate the validity of the5

neighbouring reflectance at the shorter wavelength side R(λi−1). This measurement
is considered a statistical outlier and disqualified if its value is higher than Rref plus n
times the reflectance error σ:

R(λi−1)>Rref+nσ(λi−1)

If not, R(λi−1) is taken as a new reference value to evaluate the next measurement.10

Note that we only test an upper boundary condition; testing for a lower boundary con-
dition is not as straightforward due to the decreasing reflectance values towards shorter
wavelengths.

Figure 4a shows the retrieval results for February 1998, using the SAA-filter with
parameters λ0=290 nm and n=3. By comparing with Fig. 2a, one can see that the SAA15

filter works well. For the region containing the SAA (here taken between 5◦ S–40◦ S
latitude and 5◦ W–75◦ W longitude), the mean number of iteration steps is reduced
from 7.51 to 6.90, mainly caused by a drop in non-convergence from 52.6% to 40.9%.
Globally, non-convergence drops from 11.4% to 10.8% for this month.

The effectiveness and selectivity of the filter can be seen in Fig. 4b, which shows20

the mean number of spectral measurements used for the retrieval. Outside the SAA
all measurements are used for retrieval; deep in the SAA the measurements become
so noisy that almost all measurements in Band 1a are discarded: the total number of
used measurements drops from 587 to 370. This causes the DFS to decrease, as can
be seen in Fig. 4c.25
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5 Low cloud fractions at deserts

Since clouds in the field-of-view strongly affect the measured reflectance, they need to
be included in the radiative simulation of the atmosphere. The convergence problems
above deserts, as revealed by Fig. 2, can be related to the used cloud parameters.
OPERA retrieves its cloud parameters by its in-built FRESCO algorithm, version 45

(see Koelemeijer et al., 2001). The effective cloud pressure Pc and the effective cloud
fraction fc are derived from the reflectivities in the oxygen-A band (758–766 nm), based
on the principle that clouds screen the oxygen below the cloud. In the continuum the
reflectivity depends mainly on the cloud fraction, the cloud albedo (here assumed to be
0.8) and the surface albedo (taken from a monthly global minimum-reflectivity database10

(Fournier et al., 2006). The depth of the absorption band, however, depends also on
the cloud pressure.

The cloud parameters are used by the RTM, which performs two calculations: one
cloud-free (Rclear) and one fully clouded (Rcloud) with clouds at pressure level Pc. The
reflectance for the partially cloudy scene is computed from R = fc Rcloud+ (1− fc)Rclear15

for each wavelength.
Depending on the cloud fraction, either surface or cloud albedo is included in the

state vector. For fc ≥ 0.2, backscattered radiation is dominated by the bright clouds:
OPERA will fit the cloud albedo and takes the surface albedo from a database. For
fc < 0.2 backscattered radiation from the surface becomes dominant, and OPERA will20

fit the surface albedo and sets the cloud albedo at 0.8.
The majority of convergence problems over deserts is caused by a surface albedo

which is fitted to negative values. FRESCO overestimates small cloud fractions (see
Fournier et al., 2006), because its minimum-reflectivity surface albedo database is not
sufficiently decontaminated from the presence of absorbing desert dust aerosols and25

is therefore too low. The overestimated cloud fraction results in a simulated spectrum
in which radiances are too high. In order to match the measured spectrum, the inverse
step will lower the surface albedo. Because the initial surface albedo is small (typically
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0.05 in the UV spectrum) and negative values are not allowed, there is not enough
flexibility to compensate for the difference in radiance: the algorithm will not converge.

To prevent this problem, the following workaround has been implemented: if
FRESCO retrieves fc < 0.2 and in one of the consecutive iterations the surface albedo
is fitted below zero, then fc is set to 0 and the retrieval process is restarted. By doing so,5

the presence of clouds will be compensated by adjustments in the surface reflectance.
Although restarting to clear sky conditions takes at least one RTM-inversion cycle

more, overall computation time is gained by avoiding non-convergence. Compared
with Fig. 4a, Fig. 5a shows the improvement of retrieval results above deserts; global
non-convergence statistics drop from 10.8% to 6.5%. The selectivity of this workaround10

is shown in Fig. 5b by mapping for each location the fraction of retrievals to which it
has been applied. As can be easily seen, it applies mainly to desert areas, especially
Sahara and Australia, but also the Namibian and Atacama desert and dry, sparsely
clouded areas in Mexico and India.

The workaround also solves the convergence problem due to a dust outbreak event15

in February 1998 flowing out from West Africa towards South America; as a compar-
ison Fig. 5c shows the mean aerosol optical depth at 500 nm for the same month.
FRESCO attributes the increased reflectance (around 750 nm) due to the presence of
the dust cloud over a dark ocean to an increased effective cloud fraction. The same
dust cloud absorbs radiation in UV, lowering the reflectance measured in this regime.20

These two effects will force OPERA to retrieve the surface albedo below zero, which
can be avoided by assuming a cloud-free model atmosphere.

To investigate the impact of the error which is introduced by neglecting a small cloud
fraction, we select a representative not-converging desert pixel, the centre of its foot-
print 900 km west from Lake Chad, with cloud parameters fc=0.105 and Pc=824 hPa25

according to FRESCO. We perform a set of retrievals for this pixel with Pc fixed at
824 hPa and fc ranging from 0 to 0.2. Figure 6a shows the dependence of the retrieved
ozone column and the surface albedo on the cloud fraction: overestimation of the real
cloud fraction is compensated by a darker surface and more absorbing ozone. For
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fc > 0.07, the retrieved surface albedo becomes negative. Assuming a realistic sur-
face albedo of 0.05 for our pixel we estimate the true cloud fraction to be fc=0.025.
In Fig. 6b all retrievals are plotted; absolute deviations from the reference retrieval at
fc=0.025 are shown in Fig. 5c. By switching to a cloud fraction of 0, the retrieved sur-
face albedo increases to unrealistic high values (0.08 in our example). The retrieved5

total ozone column, however, decreases with less than 0.2%. This decrease is caused
by a decrease in partial ozone column of the lower model layers up to 17 km; above
the ozone bulk the profile doesn’t change significantly.

6 Ozone cross-sections

Another important quantity that determines the accuracy of the radiative transfer cal-10

culation is the ozone absorption cross-section at vacuum. In OPERA, cross-section
values are calculated from a lookup table, which is parameterized by wavelength and
temperature. Errors in the used cross-sections can change the total retrieved ozone
and the vertical distribution of this ozone significantly, as shown by Liu et al. (2007).
Wrong cross-sections introduce an additional forward model error which influences the15

convergence statistics of the algorithm.
Here, we compare cross-sections from Bass-Pauer (abbreviated BP) (Bass and

Pauer; Pauer and Bass, 1985) and Brion (abbreviated BR) (Brion et al., 1993; Dau-
mont et al., 1992; Malicet et al., 1995). For both cross-sections the wavelengths have
been converted to vacuum wavelengths (see e.g. Orphal and Chance, 2003); tempera-20

ture dependence is described by a second order polynomial fit. BP compares with BR
to within ∼1% for wavelengths between 289–307 nm and temperatures between 209–
278 K. For 326–337 nm however, the mean BP cross-sections are higher by 1–2% than
BR (Liu et al., 2007).

Switching from BP to BR ozone cross-sections improves the convergence statistics25

of the retrieval algorithm considerably: for February 1998 the non-convergence drops
from 6.5% to 5.0% (compare Fig. 5a with 8a), while the mean number of iteration steps

1173

http://www.atmos-meas-tech-discuss.net
http://www.atmos-meas-tech-discuss.net/3/1163/2010/amtd-3-1163-2010-print.pdf
http://www.atmos-meas-tech-discuss.net/3/1163/2010/amtd-3-1163-2010-discussion.html
http://creativecommons.org/licenses/by/3.0/


AMTD
3, 1163–1196, 2010

Improved ozone
profile retrieval

B. Mijling et al.

Title Page

Abstract Introduction

Conclusions References

Tables Figures

J I

J I

Back Close

Full Screen / Esc

Printer-friendly Version

Interactive Discussion

reduces from 5.01 to 4.99.
To investigate whether this improved convergence affects the retrieval quality we val-

idate the retrievals with ground measurements. A comprehensive validation study of
OPERA retrievals (though based on an older algorithm version) has been done by De
Clerq et al. (2007). Here, we restrict ourselves to 95 collocated microwave measure-5

ments (within 2 h and 400 km) done in Bern in 1998 with the GROMOS instrument (Du-
mitru, 2006). We prefer microwave above balloon sonde measurements for its ample
altitude range (15–75 km compared to 0–30 km, respectively) and above lidar measure-
ments for its short time interval between satellite overpass and ground measurement
(0–2 h compared to 8–12 h).10

GROMOS, operated since 1994 as part of the Network for the Detection of Strato-
spheric Change (NDSC), retrieves the ozone profiles using the optimal estimation
method. Between 20–70 km the contribution of a priori profiles is less than 10% (Du-
mitru, 2006). The altitude resolution varies between 10–12 km at 30 km altitude level
and 20–25 km at altitude levels above 60 km.15

Figure 7 shows the validation results for retrievals performed with BP and with BR,
compared with their corresponding microwave profiles which are smoothed with the
averaging kernels from the retrieval method. For all retrievals the relative difference
for each atmospheric layer is shown, together with the mean and the standard devia-
tion. Errors in the forward model or model parameters show up as biases of the mean20

values. From Fig. 7 it can be seen that the GOME profiles correspond well with the
microwave profiles in the mesosphere and around the ozone bulk at 10 hPa. In be-
tween the OPERA retrievals show an underestimation of ∼5% for both cross sections,
in correspondence with the validation study by De Clerq et al. (2007). Below the bulk,
between 40–100 hPa, retrievals with BR underestimates the amount of ozone, while25

BP overestimates ozone in this range.
Due to the lower values of the BR cross-sections, the algorithm puts more ozone

in its model atmosphere to compensate for the loss of absorbed radiance. The mean
retrieved total ozone column in February 1998 therefore increases from 343 DU to
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346 DU (considering only retrievals which converge for both cross-sections), which is
in accordance with the findings of Liu (2007). Compared with BP, BR cross sections
cause the average profile to increase 14 DU in the 1000–100 hPa range and to de-
crease 12 DU in the 100–20 hPa range.

7 Ozone climatologies5

In OPERA, the ozone climatology is used to select an ozone profile at the latitude and
time of retrieval which serves both as a priori information and the initial state for the
state vector. Ozone retrieval algorithms based on optimal estimation benefit from an
accurate a priori in altitude regions where the measurement is less sensitive to the
presence of ozone since the retrieval tends to the a priori in that case. Furthermore,10

it offers a convenient starting point for the iteration, taking the initial state vector close
to the assumed true state. To study the effect of the ozone climatology on the retrieval
behaviour, we performed retrievals for GOME measurements of February and October
1998, using three different ozone climatologies. To get optimal performance, the algo-
rithm was set to use the SAA filter, the low cloud fractions work-around, and the BR15

cross sections.

7.1 Fortuin and Kelder

The Fortuin and Kelder (FK) climatology (see Fortuin and Kelder, 1998) is based on
measurements of 30 ozone sonde stations between 1980–1991, covering the appear-
ance of the ozone hole period but excluding the Pinatubo eruption. It describes the20

monthly mean ozone volume mixing ration for 17 zonal bands, ranging from 80◦ S to
80◦ N, at 19 pressure levels. The sonde measurements (from surface up to 10 hPa)
are extended with the SBUV-SBUV/2 climatology (described in Randel and Wu, 1995)
from 30–0.3 hPa. The standard deviation used here is the natural variability of ozone at
each zonal band and at each pressure level for a certain month (Fortuin, 1996). For FK25
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this is given up to 10 hPa; for higher atmospheric layers, OPERA extrapolates the error
towards 0 at the top level. These standard deviations σi determine the diagonal ele-
ments of the a priori covariance matrix Sa. To allow for cross-correlations, off-diagonal
elements are calculated using

[
Sa
]
i j =exp

(
−
∣∣logPi − logPj

∣∣
d

)
σiσj5

in which d is the ozone profile correlation length per pressure decade, here taken 0.5.

7.2 McPeters, Labow, and Logan

The climatology by McPeters, Labow, and Logan (MLL) (see McPeters et al., 2007) is
also based on sonde measurements (1998–2002) for the troposphere, but is merged
with SAGE II measurements (1999–2002) for the higher atmosphere. MLS data (1991–10

1999) is used at high latitudes where SAGE data is not available. MLL describes the
monthly mean ozone mixing ratio and its standard deviation for 18 latitude intervals of
10 degrees on 61 altitude levels (0–60 km). As for FK, OPERA constructs the covari-
ance matrix with a correlation length of 0.5.

7.3 TOMS version 815

The TOMS version 8 ozone climatology (TOMS) (Frith et al., 2004) describes the
monthly partial columns for 11 atmospheric layers for 18 zonal bands. In addition,
it includes the total ozone column as an extra parameter to select the most appropriate
profile when the total column is known. This prevents problems at ozone anomalies
such as in the ozone hole where the real profile differs too much from the monthly av-20

eraged profile. The dependence on total ozone is exploited in OPERA by using a fast
algorithm for a total ozone column estimate, which is used to select the appropriate
profile from the TOMS climatology.
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To make a fast estimation of the total ozone column, we implemented the Temper-
ature Independent Differential Absorption Spectroscopy (TIDAS) algorithm by Zehner
(2002). The principle of TIDAS is to use the difference of reflectance ∆R at two wave-
lengths λ1 and λ2. By selecting λ1=325.944 nm and λ2=326.746 nm for the GOME
instrument, a compromise is made in which broadband spectral features can be ne-5

glected and ∆R is relatively insensitive to the temperature dependence of the ozone
cross section, the influence of the Ring effect, and interfering trace gas species such
as NO2, ClO2, SO2 and BrO. ∆R becomes proportional to the ozone slant column and
with help of a geometric air mass factor the total column can be estimated.

Comparisons of the TIDAS estimates with the vertically integrated column values10

retrieved by OPERA show an agreement within 8% for the latitude range of −60◦ to
+60◦. For higher latitudes, the difference can increase to 11%, but the TIDAS estimate
is still appropriate for our purpose: selecting an a priori and initial profile from the
climatology based on the estimated total column.

The TOMS climatology does not contain error estimation, and has to be postulated.15

Small errors express confidence in the a priori, resulting in good convergence but a
low degree of freedom. Large errors put more weight to the measurements, resulting
in a high DFS, but poor convergence. The FK and MLL climatologies typically have
a relative error of ∼15% for altitudes within and above the ozone bulk, and ∼25% in
the troposphere. Between 80 and 300 hPa the relative error increase to 30–50% to20

describe the variability in the altitude of the base of the ozone bulk. Because the base
of the ozone bulk is better constrained when an ozone profile is selected based on
its total column, there is less need for increased error estimates in this range. We
find a good compromise by taking a fixed relative error between 15–25% for all layers,
months and latitudes, and constructing the covariance matrix as in FK and MLL.25

7.4 Intercomparison

To study the impact of different ozone climatologies on the retrieval, we focus on
convergence behaviour and the degrees of freedom of the retrieval. Convergence
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problems may arise when the a priori is not representative (either in shape, total ozone
column value, or error) for the actual ozone distribution, or when the initial state vector
is taken too far away from the true state.

Figure 8 shows the mean number of iteration steps for February and October 1998
(∼78 000 retrievals in orbit number 18021 to 18464; excluding narrow swath) for the FK,5

MLL and TOMS climatology. As can be seen, the FK and MLL climatology give rise
to important retrieval problems above Northern Europe in February and in the ozone
hole in October. In both situations the climatology deviates too much from the truth,
overestimating the total ozone column up to 70 DU for Northern Europe in February,
and even more for the ozone hole. As a consequence, the retrieval needs more iteration10

steps, or does not converge at all. Because the TOMS climatology uses an a priori
profile with a corresponding total ozone column, it offers a more accurate profile in
these anomalous situations, which facilitates convergence here.

The left panels in Fig. 8 also reveal convergence problems around the equator re-
lated to the ITCZ in February 1998, especially for FK and MLL. The powerful convection15

in the ITCZ gives rise to a strong gradient in ozone concentrations between the bulk of
the ozone and the very small concentrations in the troposphere. Here, the retrieval typ-
ically tends towards negative values for tropospheric atmospheric layers. Apparently,
the real ozone distribution is better described by the TOMS climatology, resulting in
better convergence. In October 1998 the retrieval problems due to the ITCZ are less20

pronounced for all three climatologies.
The convergence statistics and the mean DFS for February and October 1998 are

summarized in Table 2. To give a representative value, the mean DFS is calculated for
latitudes between 60◦ S and 60◦ N only, excluding the SAA. The convergence statistics
for October 1998 with FK and MLL are dominated by the ozone hole region. Because25

in the ozone hole the algorithm performs better with TOMS (taking an a priori profile
close to the real situation), global non-convergence drops from ∼9% to ∼4%. For
February, convergence with TOMS at 15% error is comparable to MLL, and TOMS at
25% error is comparable to FK. All TOMS climatologies result in retrievals with a mean
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DFS significantly better than retrievals done with MLL.
Figure 9 shows the zonal behaviour of the DFS for the different climatologies. For

both February and October, retrievals with MLL have the lowest DFS, due to its small
error estimate. Retrievals with TOMS at 25% error have the highest DFS. The drop in
DFS below 60◦ S in October 1998 is due to the ozone hole. The few retrievals done5

with FK and MLL which do converge here are based on an a priori with a large error,
showing therefore a sharp increase in DFS.

The choice of an ozone climatology depends on the application of the algorithm.
TOMS at 15% is a good option when calculation speed is crucial, for instance in near
real time applications. It has about the same fraction of successful retrievals as MLL,10

but at a higher DFS. Furthermore, it suffers less from retrieval problems at ozone
anomalies. TOMS at 25% has the highest DFS, and can therefore be used in less
time-critical applications were a maximum of information from the measurements is
appreciated, such as in the processing of data assimilated time series.

8 Discussion and conclusion15

Studying its convergence behaviour is an appropriate way to test the global perfor-
mance of an ozone profile retrieval algorithm. Here we applied the OPERA algorithm
on GOME measurements, taking advantage of the calibration effort done for the spec-
tral measurements of this instrument. By taking data from 1998 we avoid degradation
issues which affects GOME data of more recent years.20

The convergence statistics for February and October uncover different classes of
retrieval problems related e.g. to the South Atlantic Anomaly, low cloud fractions over
deserts, desert dust outflow over the ocean, the intertropical convergence zone and
ozone anomalies such as the ozone hole.

An algorithm adaptation has been implemented to filter out spiky measurements25

in the South Atlantic Anomaly region. The filter is selective, affecting predominantly
measurements within the SAA. The convergence statistics improve for the SAA area,
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at the cost of loss of DFS. More elaborate SAA filter schemes can be implemented, but
should always consider the balance between gain of speed and loss of information.

Problems with small clouds fractions above deserts can be avoided by neglecting
clouds and switching to clear sky retrieval. The hereby introduced errors are accept-
able (a decrease of ozone in tropospheric layers cause the total ozone column to re-5

duce ∼1%). The workaround is selective and mainly affects desert areas like Sahara
and Australia, and fixes retrieval problems at desert dust clouds above oceans. Switch-
ing to the new FRESCO+ cloud algorithm (Wang, 2006) in the OPERA software could
also improve retrieval results above deserts. By taking Rayleigh scattering in the atmo-
sphere into account, the global average of the retrieved cloud fraction becomes 0.0110

lower. Clouds levels also drop, depending on cloud fractions (e.g. 100 hPa at fc=0.2).
Both effects will decrease the shielding of ozone by clouds in the atmosphere model.
The simulated radiance at the top of atmosphere will decrease, reducing the mismatch
between simulation and measurement.

Using Brion ozone cross-sections instead of Bass-Pauer cross-sections strongly re-15

duces the non-convergence of the algorithm. Validation with the microwave measure-
ments in Bern shows that retrievals done with BR are comparable with retrievals done
with BP. For both cross-sections the retrieved profiles show an underestimation of ∼5%
in the upper stratosphere. BR cross-sections, however, tend to reduce ozone in the
lower part of the ozone bulk by shifting it to the troposphere and lower stratosphere.20

The selection of ozone climatology in the optimal estimation method (here used as
a priori and as initial state vector) importantly influences the retrieval results, such as
convergence statistics, total column, profile shape, retrieval error, and DFS. We inves-
tigated this influence by comparing retrievals done with Fortuin and Kelder, McPeters
and Labow, and the TOMS version 8 climatologies.25

Both FK and MLL cause convergence problems at ozone anomalies (such as low
ozone concentrations above Northern Europe in February 1998 and the ozone hole
event of October 1998) which are not accurately enough described by the climatology.
These problems are avoided with the TOMS climatology, which has the total ozone
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column as an extra parameter to select a suitable a priori ozone profile. Implementation
of the TIDAS algorithm gives a quick estimate of the total column, accurate within 8%
for the −60◦ to 60◦ latitude range. The TOMS climatology does not include an error
estimate, but by postulating a relative error of 20% its retrievals have higher DFS and
comparable or better convergence characteristics than both FK and MLL. The TOMS5

climatology also prevents convergence problems related to the ITCZ, which profiles
apparently describe better the sharp gradient between tropospheric and ozone bulk in
the ITCZ. The results with TOMS can be further improved by using an improved TOMS
climatology, such as by Lamsal (2004), which solves some discontinuity issues over
latitude, and includes a more realistic standard deviation, allowing for larger variability10

in the troposphere.
By implementing these algorithm improvements, more valid profile retrievals can

be achieved in less computational time. For February 1998, non-convergence was
brought down from 11.4% to 5.0% using FK climatology, or even further to 4.3% when
using TOMS version 8 climatology with a fixed relative error of 20%. The computa-15

tional time is dominated by the number of iteration steps, which in February on average
dropped from 5.15 to 4.99 for FK, and down to 4.76 for TOMS.

Acknowledgements. The authors wish to thank the Institute of Applied Physics, University of
Bern, Switzerland, for the use of their microwave ozone profile data and ESA for supplying the
GOME level 1 data.20
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Uppala, S. M., Kållberg, P. W., Simmons, A. J., Andrae, U., da Costa Bechtold, V., Fiorino, M.,
Gibson, J. K., Haseler, J., Hernandez, A., Kelly, G. A., Li, X., Onogi, K., Saarinen, S., Sokka,
N., Allan, R. P., Andersson, E., Arpe, K., Balmaseda, M. A., Beljaars, A. C. M., van de Berg,
L., Bidlot, J., Bormann, N., Caires, S., Chevallier, F., Dethof, A., Dragosavac, M., Fisher,
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Table 1. Overview of the retrieval settings and input data.

Retrieval algorithm OPERA, version 1.0.9

Satellite data

– GOME data 1998; level 1b product extracted with GDP 3.0.2

– Pixel size 960 km (across track)×100 km (along)

– Overpass time at 10:30 local solar time

Atmospheric model

– 40 layers between 41 fixed pressure levels from 1000 to 0.1 hPa, equidistant in height

– ECMWF temperature profiles (ERA-40, see Uppala et al., 2005), interpolated to time
and location of retrieval

– No aerosols

Cloud parameters cloud fraction and cloud pressure retrieved from oxygen-A band by FRESCO version 4.
Cloud albedo fixed at 0.8

Forward model settings

– 40 layers between 41 fixed pressure levels from 1000 to 0.1 hPa

– Multiple scattering by LIDORTA (4 streams)

– Correction for inelastic rotational Raman scattering included

Fit parameters, state vector

– partial ozone columns for 40 atmospheric layers

– surface albedo (for cloud fraction <20%) or cloud albedo (for cloud fraction ≥20%)

– additional radiance offset in Band 1a

Fitting windows

– Band 1a (265–307 nm before 8 June 1998; 265–283 nm afterwards)

– Band 1b (308–313.5 nm before 8 June 1998; 282–313.5 nm afterwards). 8 pixels are
co-added to match one Band 1a pixel

– Band 2 (315–330 nm). 8 pixels are co-added to match one Band 1a pixel

Ozone climatology (a priori
and initial profile)

Fortuin and Kelder (1995, 1998) (reference setting) or
McPeters et al. (2007) or
TOMS version 8 (Frith et al., 2004)

Ozone cross sections Bass Pauer et al. (1985) (reference setting) or
Brion et al. (1993)

Surface albedo TOMS UV database for λ=360 nm (Herman, 1997)

Maximum nr of iterations 10
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Table 2. Convergence statistics and mean DFS for different climatologies.

climatology
February 1998 October 1998

Not converged Nr of iter. steps Mean DFS Not converged Nr of iter. steps Mean DFS

FK 5.0% 4.99 5.56 9.5% 4.92 5.18
MLL 2.5% 4.75 5.25 8.2% 4.80 4.76
TOMS 15% 3.2% 4.62 5.40 3.8% 4.55 5.11
TOMS 20% 4.3% 4.76 5.75 4.1% 4.62 5.45
TOMS 25% 5.4% 4.90 6.03 4.4% 4.67 5.70
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Fig. 1. Retrieval statistics for February 1998 with the settings of Table 1. 11.4% of the retrievals
do not converge after 10 iteration steps.
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Fig. 2. (a) Mean number of iteration steps for all retrievals of February 1998. Non-converging
retrievals are broken off after 10 iteration steps. (b) Fraction of not converged retrievals. Note
the distinct areas of non-convergence.
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Fig. 3. Reflectance measurements in Band 1a for a typical measurement outside the SAA
(left), on the edge of the SAA (middle), and in the center (right). Measurements which pass the
filter are indicated by the red dots. Spikes and noisy parts of the measurements are blocked by
the filter.
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Fig. 4. Retrieval results for February 1998 with the SAA-filter applied. (a) Mean iteration steps.
(b) Mean number of spectral measurements: only measurements in the SAA are affected by
the filter. (c) The reduced number of measurements, however, results in a decrease of degrees
of freedom for signal.
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Fig. 5. Retrieval results for February 1998 with the desert workaround. (a) shows the improve-
ment of retrieval results above deserts when compared with Fig. 4a; (b) shows the selectivity
of the workaround by mapping for each grid cell the fraction of retrievals to which it has been
applied. The convergence problem due to the dust outbreak flowing out from West Africa to-
wards South America is also solved; as a comparison (c) shows the mean aerosol optical depth
(AOD) at 500 nm for the same month (taken from http://www.temis.nl).
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Fig. 6. (a) Dependence of retrieved surface albedo and total ozone column on the cloud frac-
tion. In red, the retrieval corresponding to a surface albedo of 0.05, which is taken as a ref-
erence. (b) All retrieved ozone profiles. Small differences occur mainly in the lower part of
the ozone bulk and in the troposphere. (c) shows the absolute deviation of number densi-
ties in 1018 molecules m−3 for each atmospheric layer with respect to the reference profile at
fc=0.025.
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Figure 6  (a) Dependence of retrieved surface albedo and total ozone column on 636 
the cloud fraction. In red, the retrieval corresponding to a surface albedo of 0.05, 637 
which is taken as a reference. (b) All retrieved ozone profiles. Small differences 638 
occur mainly in the lower part of the ozone bulk and in the troposphere. (c) 639 
shows the absolute deviation of number densities in 1018 molecules/m3 for each 640 
atmospheric layer with respect to the reference profile at fc=0.025 . 641 
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Figure 7  Validation of 95 collocations (within 2 hours and 400 km) of GOME 645 
retrievals with microwave measurements in Bern, 1998. The left panel shows the 646 
retrieval results done with Bass-Pauer ozone cross-sections, the right panel the 647 
results for Brion cross-sections. For each atmospheric layer the relative 648 
difference of the retrievals with the ground-based measurements is given, 649 
smoothed with the averaging kernel. The thick line connects the layer averages; 650 
the thin lines indicate the ± 1σ standard deviation. 651 

Fig. 7. Validation of 95 collocations (within 2 h and 400 km) of GOME retrievals with microwave
measurements in Bern, 1998. The left panel shows the retrieval results done with Bass-Pauer
ozone cross-sections, the right panel the results for Brion cross-sections. For each atmospheric
layer the relative difference of the retrievals with the ground-based measurements is given,
smoothed with the averaging kernel. The thick line connects the layer averages; the thin lines
indicate the ±1σ standard deviation.
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Fig. 8. Mean number of iterations for February 1998 (left panels) and October 1998 (right
panels). In the rows the used ozone climatologies: FK, MLL and TOMS at a fixed relative error
of 20%.
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Fig. 9. Zonal mean degrees of freedom for signal for retrievals in February and October 1998,
comparing different ozone climatologies: FK, MLL, and TOMS with relative errors at 15%,
17.5% and 20%. Only retrievals which converge in all climatologies are considered; the South
Atlantic Anomaly was excluded from the calculation.
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