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Observing system simulation experiments (OSSEs) are performed to examine the
impact of ozonesonde observations on a data assimilation system during a simulated
satellite data gap during February 2003. Using the four-dimensional variational
chemical data assimilation system SACADA, the relative influence of launch rates and
station coverage is investigated. Starting with the VINTERSOL/MATCH campaign,
different network and sounding configurations are evaluated. To quantify the
performance of assimilation experiments in the lower stratosphere, analysis skill
and linear pattern correlation with respect to ERA-Interim reference data are assessed
for the 20 km altitude level. Using first-guess and analysis minus observation error
statistics, a priori error settings are tuned to optimise the assimilation of simulated
and real-world ozone soundings. In summary, it is found that, during satellite data
gaps, ozonesonde data can have a significant positive impact on the mean analysis
skill depending both on the number of observations and the network layout. A
better distributed network based on the GAW system, with 28 stations and three
soundings bi-weekly, proves clearly superior to VINTERSOL/MATCH, showing a
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1. Introduction
Concerning stratospheric ozone, the coming years will suffer
from a decrease of satellite instruments for vertically resolved
ozone observations. For example, the ENVISAT platform
has ceased operating recently. The current plans for new low
earth-orbiting instruments foresee launch dates not before
2014–2015. (For example, Kerridge et al., 2005, provide an
overview of planned satellite missions.) Therefore, it seems
quite important to investigate the prospect for groundbased data as back-up or complementary data sources. Even
with operational satellites, regular multi-week data gaps may
appear, affecting data assimilation results.
c 2013 Royal Meteorological Society
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Ozonesondes are an important independent source of
information on the ozone layer up to 30 km altitude. They
provide information at a high vertical resolution and are
frequently used for the validation of satellite instruments or
for monitoring chemical ozone depletion (e.g. Thompson
et al., 2011). The Global Atmospheric Watch (GAW)
program of the World Meteorological Organization (WMO)
oversees an extensive ground-based monitoring system
comprising (among other instruments) about 160 stations
capable of launching ozonesondes. Other important but
episodic sonde observations are provided by field campaigns.
For example, during the Validation of International Satellites
and study of Ozone Loss (VINTERSOL)/MATCH campaign
(Streibel et al., 2006), more than 800 radiosondes from 34
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stations were launched between November 2002 and March
2003 to investigate chemical ozone loss. The GAW strategic
plan for 2008–2015 (WMO, 2007) asks for the possibility
of directly assimilating ground-based observations to be
investigated.
In general, ozonesonde observations are reliable and result
in data of high quality (e.g. WCRP, 1998). However, spatial
coverage of stations is rather sparse with a strong focus on
North America and Western Europe. Currently, for example,
only about 15 stations provide data to the World Ozone and
UV Data Center (WOUDC; http://www.woudc.org) on a
regular basis, i.e. perform between two and three soundings
per week. Thus, the application of ozonesondes for routine
data assimilation is currently limited by the inhomogeneous
distribution of stations and/or poor sounding rates. Data
gathered by regular ozone soundings are therefore mainly
used for monitoring of lower-stratospheric ozone trends
and validation of co-located satellite observations (Deniel
et al., 1997; Meijer et al., 2004; Borchi and Pommereau,
2007; Nassar et al., 2008).
During recent years, assimilation of satellite-based ozone
data into global chemical-transport models (CTMs) has
become the state-of-the-art method to generate global
stratospheric concentration and total column fields (e.g.
Levelt et al., 1998; Errera and Fonteyn, 2001; Eskes et al.,
2003; Baier et al., 2005; Elbern et al., 2010; Schwinger
and Elbern, 2010). Besides compliance monitoring of the
ozone layer, stratospheric ozone analyses are used for
a wide range of applications, e.g. to improve long-term
weather forecasts (Peuch et al., 2000; Charlton et al., 2004)
or to help in the interpretation of climate model results
(Eyring et al., 2005). For an extensive review of stratospheric
constituent assimilation, we refer to Lahoz et al. (2007).
With respect to spatial resolution and sampling rate, recent
operational limb-sounding instruments like the Microwave
Limb Sounder (MLS) on board the AURA satellite (Waters
et al., 2004) and the Michelson Interferometer for Passive
Atmospheric Sounding (MIPAS) on board the ENVISAT
platform (Fischer and Oelhaf, 2005) can fulfill requirements
of state-of-the-art CTMs to generate daily global analyses
with short time lags (in general within 24 h of data
acquisition).
Here, we will investigate the potential of ozonesonde
observations to fill a (simulated) satellite data gap
during February 2003. Therefore, starting with the
VINTERSOL/MATCH campaign, several station network
configurations with different sounding rates are simulated
using the experimental set-up of an Observation System
Simulation Experiment (OSSE). We limit our study to the
Northern Hemisphere (NH) lower stratosphere of February
2003 as it is well covered by both ozonesondes and satellite
data. During this period, increased dynamic variability due
to a minor warming event as well as significant chemical
ozone depletion could be observed (e.g. Kuttippurath, 2011).
We choose the 55.4 hPa model level (≈ 20 km altitude)
as a proxy for model performance in the lower winter
stratosphere, well within the reach of both ozonesondes and
satellites.
Observation system simulation experiments (OSSEs)
allow the assessment of the impact of different observing
system designs or instrumentation on data assimilation
(e.g. Masutani et al., 2010). Full OSSEs use a free-running
independent model to generate observations and reference
fields for evaluation. In the following, we employ a

modified OSSE approach where ozonesonde observations
are replaced by simulated observations based on ERAInterim global reanalysis (Dee et al., 2011). Applying an
analysis contrary to a free-running model is justified by
the exceptional atmospheric evolution of February 2003.
Thus, an accurate depiction of the actual atmospheric
state was mandatory. By using daily analyses derived by
an independent model, it is hoped that the so-called
‘incest problem’ is minimized. Our approach is therefore
similar to that of (Lahoz et al., 2005) which described a
reduced OSSE based on daily global analyses. The validity of
using simulated ozonesonde data is checked by comparison
with assimilation results based on VINTERSOL/MATCH
ozonesonde data. Together with a free model run, ERAInterim thus serves as a reference experiment to assess
changes of the analysis skill due to different instruments used
and, with respect to ozonesondes, different station network
configurations.
Section 2 explains the choice and application of input
data and its main characteristics. An overview of the fourdimensional variational data assimilation (4D-Var) system
SACADA (Synoptic Analysis of Chemical constituents by
Advanced Data Assimilation) is given in section 3. Section 4
discusses the overall experimental set-up and the OSSE
approach. Experiments fall into two categories: (i) assimilation of ENVISAT Michelson Interferometer for Passive
Microwave Sounding (MIPAS) satellite observations and,
alternatively, VINTERSOL/MATCH ozonesonde soundings, and (ii) assimilation of different (virtual) ozonesonde
station networks with changes to station coverage and
sounding rates based on ERA-Interim reanalysis. Set-up
and tuning of the assimilation system to accommodate the
different types of observations used are described in section 5. Section 6 briefly discusses lower-stratospheric ozone
variability in the NH during February 2003. In section 7 the
main results of the assimilation experiments are presented.
The final section 8 provides conclusions and gives some
recommendations for further work.
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2.

Assimilation data

As sample data for the application of satellite data, we
use MIPAS satellite observations: the MIPAS instrument
gives nearly global coverage within several days and
has a reasonable vertical resolution. For comparison,
VINTERSOL ozonesonde observations are sparse but
provide high vertical resolution and data quality. We
assimilate VINTERSOL data to investigate the potential
to substitute satellite data during a one-month period.
As reference data for observing system experiments, we
use ozone fields from the ERA-Interim (ERA-I) global
atmospheric reanalysis. In the next section we describe
details of the ERA-I data used, followed by respective sections
on MIPAS and VINTERSOL observations.
The ERA-I reanalysis is produced by the European
Centre for Medium-Range Weather Forecasts (ECMWF) by
assimilation of observations from ground-based and satellite
instruments. ERA-I currently covers the period from 1989
onwards and is planned to supersede the ERA-40 forty-year
reanalysis (Dee et al., 2011). The analysis is based on the
60-level version of ECMWF’s Integrated Forecast System
(IFS) with 4D-Var assimilation of atmospheric observations
including ozone. The atmospheric data product provided
has a 6 h temporal resolution and a maximum spatial
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Table 1. Overview of station and ozonesonde data used for this study including station locations and total number of ozonesonde launches during
February 2003 made for the networks VINT (original VINTERSOL network), VINTx2 (simulated with doubled sounding frequencies) and GAW
(simulated to test for increased station coverage). Sections 2 and 4 provide details.
Latitude

Longitude

Station

Country
VINT

VINTx2

GAW

50.80
82.50
58.74
53.55
79.98

4.35◦ E
62.30◦ W
94.07◦ W
114.11◦ W
85.93◦ W

Uccle
Alert
Churchill
Edmonton
Eureka

Belgium
Canada
Canada
Canada
Canada

13
8
5
3
6

26
16
10
6
12

–6
6
6
–-

53.32
74.72
43.78
49.90
44.75

60.30◦ W
94.98◦ W
79.47◦ W
97.24◦ W
127.60◦ E

Goose Bay
Resolute
Toronto
Winnipeg
Longfenshan

Canada
Canada
Canada
Canada
China

4
5
–––-

8
10
–––-

–6
6
6
6

50.02
67.40
47.80
52.21
40.52

14.45◦ E
26.60◦ E
11.02◦ E
14.12◦ E
22.97◦ E

Prague
Sodankylä
Hohenpeissenberg
Lindenberg
Thessaloniki

Czech Republic
Finland
Germany
Germany
Greece

12
9
12
5
–-

24
18
24
10
–-

––––6

70.50
76.52
51.93
41.90
78.93

22.00◦ W
68.76◦ W
10.25◦ W
12.52◦ E
11.88◦ E

Scoresbysund
Thule
Valentia
Rome
Ny-Ålesund

Greenland
Greenland
Ireland
Italy
Norway

6
4
3
–17

12
8
6
–28

6
6
–6
6

63.42
59.91
52.40
64.58
73.50

9.24◦ E
10.72◦ E
20.97◦ E
40.50◦ E
80.23◦ E

Ørland
Oslo
Legionowo
Arkhangelsk
Dikson Island

Norway
Norway
Poland
Russia
Russia

4
–5
––-

8
–10
––-

–6
–6
6

52.26
55.75
65.12
52.97
66.70

104.35◦ E
37.57◦ E
57.10◦ E
158.75◦ E
66.70◦ E

Irkutsk
Moscow
Pechora
Petropavlovsk
Salekhar

Russia
Russia
Russia
Russia
Russia

––––8

––––16

6
6
6
6
–-

43.12
62.08
46.30
40.45
50.40

131.90◦ E
129.75◦ E
14.53◦ E
3.72◦ W
30.45◦ E

Vladivostok
Yakutsk
Mount Krvavec
Madrid
Kiev

Russia
Russia
Slovenia
Spain
Ukraine

–6
–––-

–12
–––-

6
6
6
6
6

60.13
57.73
71.32
46.87
64.82

1.18◦ W
4.78◦ W
156.60◦ W
68.03◦ W
147.87◦ W

Lerwick
Strath Vaich
Barrow
Caribou
Fairbanks

UK
UK
USA
USA
USA

4
––––-

8
––––-

–6
6
6
6

(◦ N)

No. of ozonesonde launches

resolution of approximately 79 km. However, the ozone
analysis is driven by IFS, and there is currently no direct
feedback into the dynamical model (Dethof and Hólm,
2004). The prognostic ozone forecast uses a linearized ozone
chemistry scheme based on (Cariolle and Déqueé, 1986).
(Dragani, 2011) compared ERA-I ozone to independent
satellite instruments. For the NH lower stratosphere during
2003, they found generally a good correspondence with
observations, with monthly mean differences between 0 and
–10%. However, a comparison to in-situ data by (Dragani,
2010) showed a positive bias of 10% at the 50 hPa level. As
MIPAS observations have been actively assimilated during
this period, the latter result would be consistent with the
findings of (Cortesi et al., 2007) and (Stiller et al., 2012).
MIPAS is a limb-sounding instrument on board the
European ENVISAT platform, which was launched into a
polar low earth orbit in March 2002 (Fischer and Oelhaf,

2005). The instrument’s coverage is nearly global with
about 1000 profile observations per day. From MIPAS
observations, six trace gases are nominally processed for the
altitude range between 6 and 68 km with a vertical step size
between 3 and 6 km. Due to ENVISAT’s sun-synchronous
orbit, local observation times are fixed. For example, on
the day side, near-Equator measurements are performed
about 0600 UTC. While the instrument’s field of view is
about 3 × 30 km at the tangent point, the true horizontal
resolution is limited to approximately 400 km along the
line of sight (Stiller et al., 2002). In the lower stratosphere,
comparisons to independent ozone observations (Bracher
et al., 2004; Cortesi et al., 2007; Stiller et al., 2012) show
typical r.m.s. (root mean square) errors between 5 and
15% with increasing deviations below 20 km altitude. In
general, the bias is positive with maximum error levels of
10%. As was shown by several assimilation studies based on
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To demonstrate the potential of ground-based ozone soundings for data assimilation within the NH stratosphere, we

use the state-of-the-art global 4D-Var data assimilation
system SACADA version 2 (Elbern et al., 2010). SACADA
includes the German Weather Services global forecast model
GME (Majewski et al., 2001) as a meteorological driver
module which generates a 24 h forecast of the dynamical
fields that drive the SACADA chemistry-transport model.
As both modules utilise the same icosahedral grid with
hybrid sigma-pressure vertical coordinates, consistency of
dynamical fields is guaranteed. The CTM includes a comprehensive stratospheric chemistry mechanism, and utilises
a semi-Lagrange scheme for the horizontal advection and
an implicit upstream scheme for the vertical transport. The
chemical system treats the interaction of 48 stratospheric
constituents in 167 gas phase and 10 heterogeneous reactions. Heterogeneous processes on sulphate aerosol droplets
and polar-stratospheric clouds (PSCs) are accounted for
according to Damski et al.(2007), including sedimentation
of H2 O and HNO3 in condensed phase. For data assimilation purposes, an adjoint CTM has been implemented.
A detailed description of SACADA, as well as an evaluation of the system for assimilation of ENVISAT MIPAS
observations during selected periods in 2002 and 2003,
can be found in (Elbern et al., 2010) and (Schwinger and
Elbern, 2010). Currently, SACADA is run operationally at
the German Aerospace Center to assimilate ozone observations from the instruments GOME-2 (Observation Global
Ozone Monitoring Experiment-2) and SCIAMACHY (Scanning Imaging Absorption Spectrometer for Atmospheric
Chemistry) on the satellites MetOp and ENVISAT. For
this study we use a horizontal grid resolution of approximately 250 km and a vertical step size of 1.3 km for the
lowermost stratosphere. In its current configuration, the
CTM consists of 32 model levels between 7 and 66 km
altitude.
The variational assimilation system minimises a global
cost function taking into account background and
observational errors depending on the distance of model
background and observations to the analysis. Minimisation
is done by calculation of the cost function gradient
with respect to a control variable (Talagrand, 1997). In
chemical 4D-Var, the control vector covers the initial
concentrations of observed species. The relative influence
of background and observational errors is controlled via
background and observational covariances. In SACADA,
the spatial background covariances are calculated following
the diffusion approach of (Weaver and Courtier, 2001).
Though this approach allows for a flow-dependent and
anisotropic correlation matrix (Elbern et al., 2010), here
we assume a fixed correlation length-scale and use fixed
a priori relative background errors for all experiments
(section 4 and Appendix A give details on the a priori
error settings). The assimilation model set-up is similar
to the one used by (Schwinger and Elbern, 2010) who
evaluated the performance of the SACADA version 2 data
assimilation system using MIPAS ESA standard observations
and independent data during the Austral spring of 2003.
For the minimisation of the cost function, we use a 24 h
assimilation window and limit the number of iterations
to five. This is a reasonable value given the sequential
application of daily analyses, i.e. the model is initialized
by the results of the last forward iteration from the day
before.

c 2013 Royal Meteorological Society
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ENVISAT MIPAS data, the coverage of MIPAS observations
between July 2002 and March 2004 is suited for chemical data
assimilation. Assimilation results (analyses) for stratospheric
ozone compare well to independent data showing small bias
and standard deviation between 10 and 20% with a higher
uncertainty in the lower stratosphere (e.g. Geer et al., 2006;
Erbertseder et al., 2007; Errera et al., 2008). For the purpose
of this study, we process daily MIPAS observations from
9 January onwards. They cover February 2003 with only 21
and 22 February missing. We use MIPAS off-line level 2
data product version 4.61 (Cortesi et al., 2007) from the
European Space Agency covering the standard species: O3 ,
H2 O, HNO3 , CH4 , N2 O and NO2 .
Contrary to the permanent station networks like GAW,
dedicated to long-term monitoring, sounding activities
during observation campaigns focus on short-term and
seasonal ozone changes. VINTERSOL was a major panEuropean observing campaign, which took place between
2002 and 2004 (Harris and Amanatidis, 2003). Part of
VINTERSOL was the MATCH balloon campaign addressing
stratospheric ozone depletion during the Arctic winter
2002/2003 (Streibel et al., 2006). To assess the chemical
ozone loss along the vortex edge, a great number of MATCH
soundings were performed on request to capture identical
air parcels. Thus active stations were concentrated at high
latitudes and Northern Europe (Figure 1(a)). For this study
we use VINTERSOL/MATCH covering February 2003. It
consists of 20 active stations north of 40◦ N providing a total
of 139 soundings. This gives an average sounding rate of one
flight within 4 days per station. For convenience we will refer
in the following to these data as ‘VINTERSOL’ soundings.
Figure 1(a) shows the coverage of the VINTERSOL
ozonesonde launches during February 2003, while Table 1
gives the station locations and respective sounding rates.
The size of circles in Figure 1(a) indicates the total
number of ozone profiles observed at a particular site.
The number of observations varies significantly between the
sites. For example, while station Ny-Ålesund accomplished
a total of 17 soundings, Edmonton reported only three
sonde launches for the same time period. Contrary to
satellite-based observations, in situ measurements made
by ozonesondes depend on the individual performance of
the instrument at hand, the skill of operators and operating
procedures (WMO, 2011). The major types of ozonesonde
currently flown are based on the reaction of ozone with
potassium iodide within an electro-chemical cell. Although
in general the individual instruments show a high level of
precision, systematic differences between instruments can
be significant (WCRP, 1998). A recent intercomparison
of electrochemical concentration cell (ECC) sondes under
controlled conditions revealed significant biases between 5
and 10% for the lower stratosphere (Smit et al., 2007). The
general precision of ozonesonde measurements was found
to be in general at the 3 to 5% level. The largest errors
occur near the maximum altitude of operation at 30–35 km.
A typical measurement takes between 1 and 2 h to reach
the maximum altitude with a vertical resolution better than
100 m. Depending on the weather situation, the horizontal
instrument drift can add up to several hundred km.
3.

Description of the assimilation system SACADA
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(a)

(b)

Figure 1. Distribution of active ozonesonde stations during February 2003 used for (a) the VINTERSOL/MATCH campaign and (b) the virtual GAW
network, as defined for this study (Table 1). The individual circle size indicates the total number of soundings during February 2003. For (a), the
maximum number of 17 soundings was reached at Ny-Ålesund (Norway). For Edmonton (Canada), only three soundings were available. For (b), the
sounding rate was fixed to six soundings per month and station.
Table 2. Overview of all data assimilation experiments performed for this study, covering the period from 1 to 28 February 2003. Experiments are
grouped as follows: free running model (FR), reference experiments, i.e. non-OSSEs (A1, A2) and OSSEs (O1, O2, O3). References refer mainly to the
instrument validation with respect to ozone. Section 2 provides details on the assimilated data products. Table 1 shows the ozonesonde station coverage
and sounding rates of the three network configurations VINT, VINTx2 and GAW. n.a. = not applicable.
Experiment

Assimilated data

FR

none

A1

MIPAS: O3 , H2 O, HNO3 ,
CH4 , N2 O, NO2

A2

VINTERSOL ozone profiles

O1

No. of
profiles

Data reference

Comment

n.a.,
see section 4

Free model run,
initialization as A1

Carli et al. (2004)

ENVISAT/MIPAS
limb profiles v4.61

139

Streibel et al. (2006)

Ozonesonde data from
the MATCH campaign

ERA-Interim ozone, with VINT

139

Dee et al. (2011)

As A2 but with ozone
profiles from ERA-I

O2

ERA-Interim ozone, with VINTx2

272

Dee et al. (2011)

As O1 but with
increased sounding rates

O3

ERA-Interim ozone, with GAW

168

Dee et al. (2011)

As O1 but based on
GAW station network

n.a.
21055

4. Experimental set-up
In the following, we describe the general set-up of
experiments including OSSEs. Table 1 lists the active stations
during February 2003 and their locations for the three
different network configurations used and the number of
soundings per station. In the following we use the term
‘network’ to depict a certain station list and observation
schedule. Table 2 gives an overview of all experiments, while
Table 3 shows respective scoring results and gives additional
coverage information.
Experiments cover 1 to 28 February 2003. All
experiments start with results from a model spinup covering January 2003. For the spin-up, the
CTM was initialised with 2D SOCRATES chemical
fields for January conditions extracted from a 10-year
run (http://acd.ucar.edu/models/SOCRATES). Because we

would like to investigate the prospect for ozonesondes
to fill satellite data gaps, the spin-up was constrained
by assimilation of MIPAS observations from 9 January
onwards. Since the meteorological module of SACADA
generates its own 24 h forecast, operational meteorological
analyses of the ECMWF were applied for model initialization once per day. As is shown by Table 2, experiments
fall basically into two categories: first, assimilation of all
available MIPAS data (A1) and, alternatively, VINTERSOL ozonesonde soundings (A2), and second, assimilation
of ‘virtual’ ozonesonde data based on ERA-I with different daily sounding rates (O2) and station coverage
(O3). A free model run without any assimilation at all
(FR) is used as reference for the skill analysis (Table 4).
Note that the free run uses the same initialization as the
other experiments. For the purpose of this study, we will
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Table 3. Overview of assimilation experiments, input data, data coverage and performance results for 20 km altitude ozone mixing ratios covering all
days of February 2003. The Area affected was calculated by integrating the area within a station influence radius of 100 km. For the MIPAS experiment
(A1) this was done on the basis of limb profile observations north of 30◦ N, for 1 February with a total of 913 profiles. The Mean Pearson Correlation
(MPC) was calculated by summing over correlations of individual grid points north of 30◦ N. Correlation and error scores are given with respect to ERA-I
reanalysis. For the skill score, the free run (FR) is used as the reference. Appendix B gives the definition of χ 2 and scoring parameters. Abbreviations are
as in Table 2.
Experiment

Network

Input data

FR
A1
A2

n.a.
n.a.
VINT

none
MIPAS
VINTERSOL

O1
O2
O3

VINT
VINTx2
GAW

ERA-I
ERA-I
ERA-I

No. of
stations

Area
affected
(103 km2 )

No. of
soundings

NMB
(%)

(%)

n.a.
305
20

0
7140
456

0
7850
139

−4.64
−1.83
−6.47

20
20
28

456
456
669

139
272
168

−4.29
−3.18
−1.94

assume that ERA-I sufficiently mimics the true state of the
atmosphere (Dragani, 2011, has an error discussion).
Figures 1(a) and 1(b) show the different coverage of
stations on the NH chosen for the OSSE experiments.
While the original VINTERSOL station network (VINT)
was kept for experiments A2 and O1, changes were made for
experiments O2 and O3 to investigate the impact of sounding
rates and station coverage. For experiment O3, stations were
randomly chosen from the NH part of the original GAW
network to reach a more homogeneous station coverage with
respect to longitude and latitude. Additionally, the number
of active stations was reduced in areas with exceptional dense
coverage, e.g. continental Europe. In this way, 28 stations
were finally chosen for the simulated GAW network. From
inspection of Table 1, it can be found that most changes to
the station coverage are due to additional stations in Russia
and fewer stations in Europe and Canada. Table 3 shows the
‘area affected’ by both VINTERSOL and the simulated GAW
network. Compared to the VINT network, the total coverage
has been increased for the GAW experiment by nearly 50%
and the respective mean sounding rate per station decreased
from 7 to 6 launches per month. For the network VINTx2,
while keeping the original VINTERSOL station layout, the
number of soundings has been nearly doubled allowing a
maximum of one sounding per day. Regarding the timing of
simulated soundings, the initial sounding date is calculated
using a random function for each station. Afterwards, a
fixed time interval is used depending on the station’s mean
sounding rate.

FGE

MPC

Skill
score

11.08
6.91
10.53

0.65
0.83
0.74

0.0
0.43
0.11

9.74
8.84
8.53

0.72
0.75
0.75

0.18
0.26
0.26

For the interpolation from observation to model space
(observation operators), different approaches were chosen
depending on the data characteristics. For the assimilation of
MIPAS level 2 observations (experiment A1), corresponding
data were linearly interpolated from the neighboring model
levels to the location of the observation depending on
the log-pressure distance within the height range of the
CTM, i.e. between 440 and 0.1 hPa. Ozone soundings,
in general, cover an altitude range between surface and
5 hPa with coverage decreasing rapidly above 10 hPa. For
quality control, ozonesonde observations which differ from
the model first-guess by more than 10 times the a priori
observational error, are excluded from assimilation. In the
case of February 2003 assimilation experiments, this results

in most of sonde data below 250 hPa (≈10 km altitude) being
rejected. Therefore, assimilation of simulated soundings
(experiments O1, O2 and O3) was principally limited to
the altitude region between 250 and 10 hPa. Because the
vertical resolution of ozonesonde observations is much
better than the model’s grid resolution, all ozonesonde
measurements were interpolated onto the model grid before
assimilation. This was done by using a moving average
giving maximum weight to the observation nearest to a
model level and zero weight for observations at one vertical
step-size distance. With respect to the horizontal location
of stations, ozonesonde observations were attributed to the
nearest model grid point. This simple approach is justified by
the expected but unknown drift of radiosondes (section 1).
For the simulation of VINTERSOL ozone soundings,
ozone profiles were extracted from the ERA-I 1200 UTC
ozone fields. To approximately match the SACADA
icosahedral grid, ERA-I data were derived from the archive
on a 1.5◦ latitude–longitude grid. For soundings at a given
station location, the nearest ERA-I grid point was chosen.
No additional correction was applied regarding spatial or
temporal mismatch between a VINTERSOL sounding and
the respective ERA-I profile, i.e. soundings were assumed to
be instantaneous. Note that the experiments O1 and A2 were
meant to check these simplifications. Results are discussed
in section 7.
Given that observation errors are unbiased and uncorrelated, the consistency of a priori errors can be tested
according to linear estimation theory by the χ 2 diagnostic
(Appendix A gives the definition). It has been successfully
used in several assimilation studies (e.g. Ménard and Chang,
2000; Chipperfield et al., 2002). We calculate mean results
by accumulating over all observations for February 2003. In
the case of A1, the observation errors are taken from the
MIPAS level 2 data product. The minimum relative error
of 5%, used by (Schwinger and Elbern, 2010) for ozone
only, is imposed for all retrieved species. Initial experiments
showed that a prescribed background error of 16% results
in χ 2 mean values very close to the optimum value of 1.0 for
ozone. Significantly higher χ 2 values are found for HNO3
and H2 O. Further analysis showed that respective firstguess errors increase towards the model’s lower boundary,
resulting in higher χ 2 values. Within the stratosphere, all
assimilated species fulfil the χ 2 criterion within a 30% range.
Because the observation characteristics differ between
satellite and ground-based data, we follow the Desroziers
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(a)

(b)

(c)

Figure 2. Ozone mixing ratios (ppmv) at 20 km altitude for three days in February 2003 from ERA-I reanalysis valid for 1200 UTC: (a) 1 February, (b)
15 February and (c) 28 February.

approach (Desrozier et al., 2005) to derive improved
a priori errors for the assimilation of ozonesonde data.
This approach allows for the a posteriori calculation of
‘diagnosed’ background and observation errors based on
linear estimation theory using simple error diagnostics in
observation space. If the a priori covariances are specified
correctly, they equal their diagnosed counterparts, which
allows for the identification of an optimal or near-optimal
covariance setting as described in Appendix A. Since the
Desroziers approach alone may provide ambiguous results
(Schwinger and Elbern, 2010), the method was applied
in combination with the χ 2 diagnostic. Therefore, a set
of tuning experiments with varying a priori errors was
performed for all OSSEs. Table 5 shows the final tuning
results (Appendix B gives details). Note that a priori errors
derived for the assimilation of simulated ozone soundings
(experiments O1, O2 and O3) are smaller than respective
results for the VINTERSOL experiment A2. This is expected
due to comparable spatial resolution of the SACADA and
IFS-I ozone fields, i.e. the underlying grids show comparable
truncation errors. The horizontal and vertical length-scales
for the background-error correlation matrix were fixed for
this study at values of 600 km and 3 km, respectively, as
recommended by (Schwinger and Elbern, 2010).

The stratospheric winter of 2002/2003 started out exceptionally cold with a strong minor warming in February. (Günther
et al., 2008) give a detailed discussion of the stratospheric
meteorological evolution. After a period with very low
temperatures during December 2002 and early January 2003
inside the polar vortex, the vortex was increasingly distorted,
broke up and re-merged several times, first in mid-January
and again mid-February. A strong vortex is in general characterized by high values of Ertel’s potential vorticity (EPV),
low CH4 concentrations and low temperatures within the
vortex interior. The vortex distortion and split-up was also
visible in the lower-stratospheric geopotential field, which
showed a strong increase of the planetary zonal wavenumber
two. The break-up led to strong heat and mass fluxes into
high latitudes. Material mixing occurred not only over the
vortex edges but also by engulfment due to re-merging of the

vortex remnants (Günther et al., 2008). Thus higher CH4
concentrations can be expected within the reformed vortex
at the end of February 2003 (next section). Just before the
vortex split, minimum temperatures in early February fell
again below 195 K near 20 km altitude, while two strong
warming pulses accompanied the vortex break-up.
To discuss the ozone variability during February, we
here refer to the ERA-I reanalysis. Figure 2 shows the
ERA-I ozone distribution at 20 km altitude for three days in
February 2003, i.e. before, during and after the vortex split. In
general they correspond well to ozone column observations
by satellites, as is evident, for example, in maps based
on the ERS2/GOME (e.g. http://www.temis.nl/protocols).
The vortex split led to two areas with low ozone clearly
visible on 15 February. While slowly moving southward,
the corresponding dipole structure was observable until late
February bringing low-ozone air over Canada and Siberia.
Irreversible mixing of low-ozone air into middle latitudes
was limited. The two vortices reunified until the end of
February with the centre of low ozone again located over
Svalbard.
Stratospheric polar ozone loss in 2002/2003 has been
analysed in detail by a number of authors using different
methods. For example, (Feng et al., 2005) used 3D model
calculations to derive vertically resolved loss rates. They
compared model results to M55 Geophysica aircraft and
sonde ozone observations. With respect to 1 December
2002, they found maximum losses of 30% over the station
Ny-Ålesund at 20 km altitude. Depletion started mainly in
January and stopped only temporarily, when stratospheric
temperatures rapidly increased due to the minor warming
event. Christensen et al. (2005) derived the vortex-averaged
chemical ozone loss based on ozone soundings and with
respect to transport effects and diabatic descent. Apart from
the vortex split in mid-February, they found no significant
transport of ozone into the vortex collar at the 475 K level
(≈19 km altitude). Their results compare well with the
MATCH approach used by (Streibel et al., 2006). The latter
authors calculated maximum daily depletion rates within
the lower stratosphere vortex of 30 ppbv day−1 until the
middle of February. (Tilmes et al., 2003) report maximum
depletion inside the vortex core for the end of February using
tracer–tracer correlation. With respect to chlorine activation
via PSCs, model studies also reveal that for February 2003
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(a)

(c)

(b)

Figure 3. As Figure 2, but for 28 February 2003 for (a) the free-run experiment FR, (b) experiment A2 assimilating VINTERSOL ozonesoundings and
(c) experiment A1 based on MIPAS data.

Figure 4. The Pearson’s pattern correlation difference for February 2003
showing the overall improvement by experiment A2 compared to FR of
ozone mixing ratios at 20 km altitude due to ozonesonde assimilation.
Contour lines show significant correlation changes only.

(e.g. Feng et al., 2005; Goutail et al., 2005) excessive chemical
ozone depletion was limited to a few days in early and late
February.
7.
7.1.

Discussion of results
Synoptic situation

Before discussing OSSE results, we start with a comparison
of results from assimilation experiments A1 (MIPAS
assimilation) and A2 (VINTERSOL assimilation) with
respect to the ERA-I ozone distribution. Experiments A1
and A2 will be used as the reference for the OSSEs O1, O2
and O3. Figures 2(a, b, c) show the ERA-I ozone distribution
at 20 km altitude on 1, 15 and 28 February, respectively.
Figures 3(a, b, c) show the ozone distributions for the FR,
the VINTERSOL experiment (A2) and the MIPAS-SACADA
analysis (A1) for 28 February. On this date, the vortex
had already recovered from the vortex split event in midFebruary (Figure 2(b)). As is evident by comparison of
Figures 2(c) and 3(a), within the inner vortex area, ozone is
strongly overestimated by the free run.
c 2013 Royal Meteorological Society
Copyright 

By comparison of ozone to EPV and CH4 , the different
influence of transport and chemistry can be assessed (e.g.
Müller et al., 2002). We find that the model tends to
overestimate ozone in areas with high EPV and low CH4 ,
typical of conditions inside the vortex. In fact, correlation
of FR with ERA-I is especially poor in these areas. As both
CH4 and ozone strongly increase north of 70◦ N during
February 2003 in FR, the overestimation of ozone indicates
that the inner vortex air is less isolated when compared to
diagnostic results based on observations (Christensen et al.,
2005). Contrary to the FR, the MIPAS-SACADA analysis
(A1) shows significant ozone depletion in regions defined
by PVU values > 45 PVU (1 PVU ≡ 10−6 K m2 kg−1 s−1 ).
As in experiment A1, the overestimation of ozone by the
free model run, evident within the vortex on 28 February,
is significantly reduced when data from ozonesondes are
assimilated (experiment A2, Figures 3(b, c)). However, due
to the assimilation of ozone only, the ozone–CH4 correlation
is different for A2 showing higher CH4 values within the
vortex. Comparison of Figures 2(b) and 4 shows that pattern
correlation mostly improves over the Labrador Sea (+80%),
close to the position of the westerly vortex remnant on 15
February (see discussion in subsection 7.2). These findings
hold also for experiments with simulated data, i.e. O1, O2
and O3 (not shown). After the vortex split, all OSSEs show
higher minimum ozone values than A1.
During the vortex break-up, OSSEs show higher ozone
concentrations over the westerly vortex remnant to the west
of Greenland, while ozone over the polar region north
of East Siberia, Alaska and Canada is slightly reduced
(Figure 5). Although the ozone maxima seems to be partly
better represented by O3, it is difficult to judge which
experiment gives superior results by direct comparison of
ozone distributions only. We therefore discuss changes to
pattern correlation in the following subsection.
7.2.

Pattern correlation

Figure 4 shows the impact of VINTERSOL ozone soundings
(experiment A2) in terms of mean Pearson’s pattern
correlation change with respect to the FR. Figure 6 compares
pattern correlation results for the OSSEs O1, O2 and O3.
We use mean Pearson’s correlation (Appendix B gives the
definition) for the 20 km model level derived for February
Q. J. R. Meteorol. Soc. (2013)
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(a)

(b)

(c)

Figure 5. Ozone mixing ratios (ppmv) on the 20 km altitude model level for 15 February 2003: results for (a) the OSSE experiment O1 using simulated
VINTERSOL soundings, (b) experiment O2 with doubled sounding rates and (c) experiment O3 using the GAW station network.
(a)

(b)

(c)

Figure 6. Pearson’s pattern correlation of ozone mixing ratios at 20 km altitude for OSSEs covering February 2003 compared with ERA-I reanalysis.
Station locations are shown as stars. (a) O1 with simulated VINTERSOL soundings, (b) O2 results using doubled sounding rates, and (c) O3 results for
the GAW station network. Contour lines are drawn only above the significance level 0.32.

2003 with respect to ERA-I to quantify the spatio-temporal
performance of ozonesonde experiments. Note that here we
use correlation as a relative measure between experiments
based on the same reference data (ERA-I) but using different
station network configurations. Results are only valid for
February 2003. The absolute numbers may differ if other
reference data were used. The 5% correlation significance
level has been estimated to be 0.32. Direct inspection of
pattern correlation for A2 and O1 experiments shows that
the spatial distributions are almost identical apart from
small differences for a few regions (not shown). For example,
correlation over southern Greenland is higher in the original
VINTERSOL data experiment A2, while performance over
the Siberian coast (east of Novaya Zemlya) is slightly better
in O1.
Because differences in pattern correlation between A2
(VINTERSOL assimilation) and O1 (simulated ozone
soundings) are generally small, we will discuss results only
for O1. In general, areas with reduced pattern correlation
coincide with poor station coverage, e.g. central Asia
and the Bering Sea. Detailed inspection of Figure 6(a)
shows that VINTERSOL station coverage is especially poor
over most of Southern Europe, and is very limited north

of 70◦ N. Experiment O2 (Figure 6(b)), using increased
sounding rates, gives the highest correlation values of
all OSSEs and shows the most significant improvements
over northern Canada/Greenland, southeast Europe and
parts of central Asia. Results for the O3 experiment
(Figure 6(c)), which uses a more dispersed station coverage,
are mixed. While showing no improvements over northern
Canada, Greenland and the Arctic Ocean, O3 performs
slightly better than O1 over southeast Europe and central
Asia.
In all OSSEs, the region with the weakest correlation
can be found to the east of the island of Novaya Zemlya
(Figure 6). As inspection of Figures 3(b) and 5 shows,
on 15 February 2003, Novaya Zemlya lies in the region
with strong ozone gradients of the westerly vortex. After
the vortex split in February 2003, the easterly vortex part
is firstly located over the Urals/central Siberia, moving
then towards the east of Novaya Zemlya. Directly to the
north of Urals/Novaya Zemlya, observational coverage
is poor in all experiments. Under the conditions of
the February 2003 vortex split, even the nearby station
Dikson Island in experiment O3 is not able to sufficiently
constrain the analyses. On the contrary, results indicate that,
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depending on the large-scale flow pattern, local correlations positive impact on the model’s analysis skill and that, by
can be influenced by remote soundings at upstream simulating profile soundings based on the ERA-Interim
stations.
reanalysis, the influence of different station networks can
be assessed. In February 2003, ozone variability at high
latitudes was strongly influenced by the mid-February
7.3. Mean scoring results
vortex split. Analysis of the O3 /CH4 ratio indicates that,
Table 3 gives an overview of mean February scoring results without assimilation, the modelled chemical ozone loss is
for 20 km altitude ozone for all experiments of this study by masked by positive mass flux into the vortex remnants.
When VINTERSOL ozonesonde data are assimilated, the
comparison to the ERA-I reanalysis.
In general the accuracy of MIPAS-SACADA results (A1) mean relative skill score at 20 km altitude reaches 0.11
compares well with other assimilation studies based on for all latitudes north of 30◦ N compared to a FR. The
MIPAS observations (Baier et al., 2005; Errera et al., 2008; most significant improvement (+80%), in terms of linear
Schwinger and Elbern, 2010). Mean bias and statistical pattern correlation, is found over the Labrador Sea, where
errors with respect to Halogen Occultation Experiment the westerly vortex part was located after the split event.
(HALOE) observations (Brühl et al., 1996) are found OSSE results with simulated ozonesonde networks show
to be at the 3% and 9% level, respectively. These that increased sounding rates or improved station coverage
errors are well within the known error range of MIPAS increases the skill score by nearly 45%, compared to the
and HALOE for the lower stratosphere (Brühl et al., VINTERSOL configuration. Thus, a smaller sounding rate
1996; Bracher et al., 2004). While the FR shows higher can be completely compensated by a more dispersed station
statistical deviations, the bias is significantly smaller than coverage. In our case, a GAW-based network with 28 stations
A1, indicating systematic differences between MIPAS and and approximately three soundings fortnightly per site is
clearly superior, taking into account the gain in skill and
HALOE.
All experiments show a significant increase of the improvement of error scores. It is beyond the scope of
mean Pearson correlation and the mean relative skill this article to derive the optimum station network layout,
score with respect to the FR. As expected, the MIPAS- as this will strongly depend on the prevailing dynamic
SACADA experiment A1 results in the highest mean situation. Although our results indicate that the analyzed
score. Experiments based on the original VINTERSOL ozone field could be further improved by soundings in
network, i.e. A2 and O1, show relative skill scores of regions with increased ozone variability, this has to be further
0.11 and 0.18, respectively. By increasing sounding rates investigated by experiments with other more extended time
or using a better distributed station network, both O2 periods. In a forthcoming article, we will therefore extend
and O3 experiments show a strong increase of the relative the database and analyze the impact of stations in areas with
skill score to 0.26 compared to the FR. With respect transient atmospheric variability. With respect to chemical
to bias and statistical errors, O3 is superior to O2, ozone depletion, our results are masked by the vortex
showing a reduction of 50% and 10% of the normalized split event. Future studies should address less-distorted
mean bias (NMB) and fractional gross error (FGE), conditions with strong chemical depletion, e.g. due to local
PSC activity.
respectively.
In summary, our results demonstrate that, at least for
Our initial assumption that the ERA-I reanalysis can
be used for OSSEs to simulate ozonesonde observations is the time period of one month, ozone soundings could
vindicated in general by further inspection of scoring data be beneficial for chemical data assimilation systems in
for experiments A2 and O1. Fractional gross error and mean the event of satellite instrument failure and subsequent
Pearson correlation differences are small (Table 3). On the data gaps. Though we only investigated results for a
other hand, the normalized mean bias for experiment A2 limited time period and a single altitude layer, it can be
is considerably higher than O1 results. Detailed analysis expected that profile data has a significant positive impact
of model observation minus first-guess residuals at 20 km on analyses for other time periods throughout the lower
shows that assimilation of VINTERSOL ozonesonde data stratosphere. By probing the prospects for ozonesonde
tends to increase the negative ozone bias of the FR model, observations, this study strongly supports the idea of an
while the assimilation of ERA-I ozone decreases this bias, integrated Global Observing System (GCOS, 2009) by
thus leading to overall smaller NMB values. The generally optimally taking into account ground-based and satellite
smaller mean errors and higher skill scores for experiments data.
with simulated VINTERSOL soundings may be explained
by better representativeness of ERA-I reanalysis data and Appendices
smaller bias.
A. Tuning of a priori errors
8. Summary and recommendations
A set of tuning experiments was performed for all OSSE
We have presented an observing system simulation ozonesonde experiments O1, O2 and O3 with varying
study using the 4D-Var assimilation system SACADA to a priori errors. Due to the sparseness of observations,
investigate the impact of ozonesonde observations during we calculated monthly mean results by summing over
a simulated satellite data gap in February 2003. Results all days in February 2003. Starting with the settings
were compared to a MIPAS-SACADA reference experiment for A1, χ 2 numbers were generally found too low, and
and independent ERA-Interim reanalysis data. We used the consequently, background and observational a priori errors
20 km altitude level as a proxy for model performance in the were alternately reduced by successive runs to better match
lower winter stratosphere. We showed that the assimilation the diagnostic quantities. A two-parameter mapping of
of VINTERSOL ozonesonde observations has a significant diagnosed σo and χ 2 tuning-results for experiment O1
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Table A.1. χ 2 diagnostic results and a priori errors used for a given
ozonesonde experiment (Appendix A gives details). The last two columns
show respective diagnostic a priori errors derived following Desrozier et al.
(2005).

calculated using the sum of value pairs in the denominator
to reduce the influence of outliers. Formula 6 defines the
relative skill score using the ratio of experiments EI = A1,
A2, O1, O2 and O3 to the FR. Pearson’s correlation is
2
Exp.
χ
σb (%)
σo (%)

σb (%)

σo (%) defined by formula 7 with σEI and σR representing the
variance sigma values derived for all experiments EI and
A2
1.00
13.0
5.0
11.5
4.8
ERA-I as reference dataset R at each grid point by sumO1
0.98
11.0
3.0
8.9
2.8
ming over all days. The 5% correlation significance level of
O2
0.97
10.0
3.0
7.7
2.7
O3
1.02
10.0
2.5
7.6
2.3
0.32 was calculated using the Student t distribution based
on 28 value pairs. The mean Pearson’s correlation (used
in Table 3) is calculated by summing over all individual
2
indicates that a priori error settings exist where both the model grid points. Formula 8 shows the derivation of χ
ratio of diagnosed to a priori observation error and the χ 2 diagnostic numbers based on the first-guess minus observalue approximately equal one. However, it is found that vation residuals and a priori errors for model background
the diagnosed background error stays persistently smaller and observations. Diagnostic a priori errors 
σo are
σb and 
than the applied a priori background error for all a priori calculated by summing over all error residuals in obsererror settings tested. This result is consistent with the vation space (formulae 9 and 10, respectively) following
findings of (Schwinger and Elbern, 2010) who showed (Desrozier et al., 2005).
that the Desroziers diagnostic tends to underestimate
the background error in a 4D-Var context. Further, a Acknowledgement
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Table B.1. Formulae for observation space error diagnostics, model-based scoring metrics and diagnostic a priori error calculation used in this study.
Appendix B gives details.
Error metric

Abbreviation

Formula

No.

FMO

fi − oi

1

Analysis minus first-guess

AMF

ai − fi

2

Observation minus analysis

OMA

3

Fractional gross error

FGE

Normalized mean bias

NMB

oi − ai
2 
|ei − ri |/|ei + ri |
N
2 
(ei − ri )/(ei + ri )
N

5

First-guess minus observation

4

Relative skill score

RSS

1 − FGE/FGEFR

6

cov(EI , R)/(σEI · σR )
1 
FMO2i /(σbi2 + σoi2 )
M
1 
AMFi · FMOi
M
1 
OMAi · FMOi
M

7

Pearson’s correlation

PC

Chi-squared diagnostic

χ2

Diagnosed background error


σb

Diagnosed observational error


σo
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