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Abstract. Practical implementations of chemical OSSEs
(Observing System Simulation Experiments) usually rely on
approximations of the pseudo-observations by means of a
predefined parametrization of the averaging kernels, which
describe the sensitivity of the observing system to the tar-
get atmospheric species. This is intended to avoid the use
of a computationally expensive pseudo-observations simula-
tor, that relies on full radiative transfer calculations. Here we
present an investigation on how no, or limited, scene depen-
dent averaging kernels parametrizations may misrepresent
the sensitivity of an observing system. We carried out the
full radiative transfer calculation for a three-days period over
Europe, to produce reference pseudo-observations of lower
tropospheric ozone, as they would be observed by a concept
geostationary observing system called MAGEAQ (Monitor-
ing the Atmosphere from Geostationary orbit for European
Air Quality). The selected spatio-temporal interval is charac-
terised by an ozone pollution event. We then compared our
reference with approximated pseudo-observations, following
existing simulation exercises made for both the MAGEAQ
and GEOstationary Coastal and Air Pollution Events (GEO-
CAPE) missions. We found that approximated averaging
kernels may fail to replicate the variability of the full ra-
diative transfer calculations. In addition, we found that the
approximations substantially overestimate the capability of
MAGEAQ to follow the spatio-temporal variations of the

lower tropospheric ozone in selected areas, during the men-
tioned pollution event. We conclude that such approxima-
tions may lead to false conclusions if used in an OSSE. Thus,
we recommend to use comprehensive scene-dependent ap-
proximations of the averaging kernels, in cases where the full
radiative transfer is computationally too costly for the OSSE
being investigated.

1 Introduction

Observing System Simulation Experiments (OSSEs) are
a class of sensitivity analyses that can be used to evaluate the
expected added value of a future observing system. The con-
struction of an observing system involving new instruments
can be very costly, especially when dealing with satellites.
Then, an objective evaluation of the potential impact of a fu-
ture satellite observing system is desirable, during the design
phase, to select and set-up these costly systems (Masutani
et al., 2010b). Historically, OSSEs were first used to eval-
uate the impact of new observations on numerical weather
predictions (Arnold and Clifford, 1986; Lahoz et al., 2005;
Tan et al., 2007; Masutani et al., 2010a). Recently, OSSEs
have been carried out to analyse the expected added value of
future satellite missions on trace gases monitoring (Edwards
et al., 2009; Claeyman et al., 2011a; Zoogman et al., 2011).
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Edwards et al.(2009) called these sensitivity analyseschem-
ical OSSEs.

A chemical OSSE is composed of three elements
(Edwards et al., 2009): the Nature Run (NR), the Pseudo-
Observations (POs) simulator, and the assimilation scheme
leading to the Assimilation Run (AR) by means of the as-
similation of the POs in a Control Run (CR). The NR is used
to produce thetruth of our simulation world, or the pseudo-
reality (Masutani et al., 2010b). The NR defines the reality
that we wish to characterise with the POs. The synthetic ob-
servations are produced by means of a PO simulator. The PO
simulator samples the NR, simulates the spectral measure-
ments as they would be done by the evaluated instrument
concept and then inverts the spectra to give the PO of the
chosen geophysical quantity and its associated error charac-
terisation, as the final output. A full description of the simu-
lated instrument must be given at this stage (Edwards et al.,
2009). Then, the POs are assimilated into the CR. The CR is
an alternative representation of the true atmosphere, usually
given by a model different from the NR. It is intended to be
a parallel in oursimulation worldof how a model or a pri-
ori information (e.g. a climatology) would represent thereal
world. The obtained AR mimics, in oursimulation world, the
assimilation of real observations into a chemistry and trans-
port model (or another kind of model) to obtain a model anal-
ysis and forecast. Finally, the AR can be compared with the
NR and the CR, to evaluate the impact of the POs in provid-
ing useful information about the pseudo-reality defined by
the NR.

At the core of a chemical OSSE is the production of a set
of POs that fully describe the measurements of a future ob-
serving system. The most rigorous way to do this is to use
a radiative transfer model and an inversion algorithm to per-
form full and accurate forward and inverse radiative transfer
(RT) calculations. When dealing with OSSEs over extended
periods of time and/or large spatial regions, simulating com-
plex instrumental/multi-instrumental configurations, which
may involve large input vectors to the inversion scheme or
complex inversion algorithms, the computational cost can be
prohibitive. In addition, studies of observing systems with a
high revisit time, which is the case with geostationary instru-
ments, can further increase the data volumes to be analysed.
In practical implementations of chemical OSSEs, approxi-
mated PO simulators are often used, see e.g.Claeyman et al.
(2011a); Zoogman et al.(2011). The idea is to avoid the full
RT calculations by a predefinition of typical averaging ker-
nels (AKs) aimed at describing the vertical sensitivity of the
observing system. The NR fields are then sampled with the
observation geometry of the instrument and a simple convo-
lution with these typical AKs leads to the approximated POs.

However, the AKs variability can be large, and their shape
and magnitude can depend on several NR parameters. It is
thus reasonable to expect that the AKs and the sensitivity
of the PO can be strongly scene-dependent. This variabil-
ity in the AKs is likely underestimated by using the type of

approximations mentioned above. Very few examples exist
of PO approximations with a limited partial consideration of
scene characterisation. For example,Claeyman et al.(2011a)
carried out a simplified OSSE using a look-up-table of pre-
calculated AKs matrices parameterized as a function of NR
thermal contrast between the surface temperature and near-
surface air temperature. The thermal contrast has been con-
sidered the most important parameter for the problem un-
der investigation, i.e. the observation of lower tropospheric
(LT) ozone information with thermal infrared geostation-
ary instruments. It is still to be verified if a limited scene-
dependence, like the one described in the above lines, can
lead to satisfactory approximations.

In this paper, we address the problem of carrying out fast
OSSEs with parameterized AKs. We investigate the degree to
which the limited scene-dependence of PO approximations
can be representative of the expected spatial and temporal
variability of the observing system sensitivity, if compared
to a reference set of POs produced with full RT calculations.
Our simulation exercise is based on LT ozone column re-
trievals (from surface to 6 or 3 km) obtained from thermal
infrared spectral measurements for the concept geostation-
ary instrument MAGEAQ (Monitoring the Atmosphere from
Geostationary orbit for European Air Quality) (Peuch et al.,
2010; Claeyman et al., 2011b).

This paper is structured in the following way. In Sect.2,
we describe the dataset used, for both the full RT and the ap-
proximated POs. In Sect.3.1we test the capability of the ap-
proximations to replicate the variability of the AKs of the full
RT calculations and related quantities. In Sect.3.2 we dis-
cuss how the approximated POs can replicate the LT ozone
spatio-temporal distributions, in particular in the presence of
an ozone pollution event. Finally, conclusions are given in
Sect.4. A list of the abbreviations used in this paper is in
AppendixA.

2 Datasets description

Our exercise is targeted on ozone retrievals at the lowest alti-
tudes, i.e. at altitudes important for air quality (Amann et al.,
2005). With this aim, we have produced both full RT and
approximated POs of surface-6 km and surface-3 km ozone
partial columns. The effect of clouds is not considered in our
study. In the following, we describe the common baseline of
the full and approximated simulations, and then the different
datasets.

2.1 Common set-up of the simulations

The NR is produced by means of the MOCAGE (MOdèle
de Chimie Atmosph́eriqueà Grande Echelle) chemistry and
transport model (Dufour et al., 2005). MOCAGE simulates
the physics and chemistry of gases and aerosols in both
the troposphere and the stratosphere, by using 47 hybrid
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vertical levels, from surface to about 35 km (Dufour et al.,
2005). The vertical resolution of the simulated fields is about
200 m in the troposphere increasing up to about 1 km in the
stratosphere. The horizontal grid in our region of study is
0.2◦

× 0.2◦. The chemical scheme used by MOCAGE sim-
ulations is RACMOBUS, which is a combination of the
REPROBUS scheme (in stratosphere) (Lefèvre et al., 1994)
and the RACM scheme (in troposphere) (Stockwell et al.,
1997).

As a test observing system for our exercise, we have
chosen a concept geostationary observing system called
MAGEAQ (Peuch et al., 2010; Lahoz et al., 2012).
MAGEAQ is a multi-spectral instrument being designed to
provide information on air quality over Europe, with a rel-
evant spatio-temporal resolution. The principal science ob-
jective of MAGEAQ is to better characterise spatio-temporal
variations of lower tropospheric pollutants like the ozone
or the carbon monoxide over Europe. MAGEAQ is com-
posed of two instrumental elements, a hyperspectral ther-
mal infrared spectrometer and a visible broadband radiome-
ter. MAGEAQ was a candidate for the ESA’s Earth Explorer
8 call for proposals, but not selected. Owing to its high
spectral resolution (0.05 cm−1) and small radiometric noise
(6.04 nW (cm2 sr cm−1)−1) in the infrared ozone band, it is
meant to be dedicated to ozone retrieval in the lowermost tro-
posphere (Claeyman et al., 2011b). In the present study only
the thermal infrared part of the MAGEAQ observing sys-
tem will be considered. As for the geometry of observation,
a sub-satellite point at latitude = 0 and longitude = 0 and the
threshold configuration of MAGEAQ are considered (Peuch
et al., 2010), with a horizontal resolution of 15 km× 15 km
at sub-satellite point, and a field of regard of (15◦ W–35◦ E,
35◦ N–65◦ N).

2.2 Full radiative transfer calculations

We produced a set of reference synthetic full RT observations
by means of our PO simulator. The PO simulator is more
thoroughly described bySellitto et al.(2013).

The NR is sampled by a simulator of geostationary obser-
vations geometry to simulate the MAGEAQ viewing angles
and the geometrical parameters used as inputs for the radia-
tive transfer model.

A radiative transfer model is then used to simulate the
spectra observations for each scene. As the forward radiative
transfer model we use the Karlsruhe Optimized and Precise
Radiative transfer Algorithm (KOPRA) (Stiller et al., 2002),
adapted to the nadir geometry (Eremenko et al., 2008). The
MAGEAQ observing system is simulated taking into ac-
count its spectral resolution, radiometric noise and observa-
tion geometry.

The simulated spectra are then inverted by means of
the KOPRAfit retrieval module (Hoepfner et al., 2001)
embedding an altitude-dependent Tikhonov–Phillips regu-
larisation method.Kulawik et al. (2006) first introduced

altitude-dependent constraint matrices in regularisation
schemes for the retrieval of trace gases vertical profiles. The
regularisation method used in our simulator has been opti-
mised for lower tropospheric ozone observations using IASI
(Infrared Atmospheric Sounding Interferometer) measure-
ments (Eremenko et al., 2008). This inversion algorithm uses
seven spectral micro-windows in the range 975–1100 cm−1

to avoid carbon dioxide and water vapour impact on the
ozone retrievals. This algorithm minimises a cost function
calculated with the degrees of freedom of the signal (DOF)
and the error in the lower troposphere, aimed at the max-
imisation of the sensitivity in the lower troposphere while
retaining a reasonable error (Eremenko et al., 2008; Dufour
et al., 2012). The KOPRAfit also provides the AKs, that can
be used to derive the information on the vertical sensitivity of
the observations to the “true” NR ozone profile. We used the
climatology ofMcPeters et al.(2007) for the ozone a priori
profiles.

Three days (19–21 August 2009) of POs on a 1 h re-
visit time basis over Europe (15◦ W–35◦ E, 35◦ N–65◦ N)
have been produced by means of this simulator. The total
number of pixels processed is nearly 2 million, thus a mas-
sive computing grid architecture has been necessary, i.e. the
EGI (European Grid Infrastructure)-France Grilles facility
(Eremenko et al., 2012).

2.3 Approximated averaging kernels

Following Rodgers(2000), it is possible to obtain approxi-
mated POs, i.e. without the full RT calculation, by using the
Eq. (1)

xPO = A′ xNR +
(
I − A′

)
xa + Ge. (1)

In this equationxPO andxNR are the pseudo-observation and
the NR ozone profiles,xa is the a priori information,A′ is
an approximated averaging kernel matrix,G is the gain ma-
trix, e is the radiometric noise.A′ andGe must reflect the
instrument response in terms of the vertical sensitivity and
noise. The main idea underlying fast approximated OSSEs
is thatA′ is a reasonable approximation of the full RT AKs,
i.e. thatA′ is sufficient to fully describe the vertical sensi-
tivity of the observing system with respect to the observed
quantity. In general, it is expected that the full RT AKs are
scene-dependent, i.e. they depend on several parameters of
the NR.

We compared our full RT pseudo-observations with two
approximations: one based on the use of a single average
scene-independentA′ over the whole region of study (here-
after referred to asapproximation 1), and the other based
on the use of a limited scene-dependent set ofA′(1T ), as
a function of the thermal contrast (1T ) between the surface
and the lowest air layer (hereafter referred to asapproxima-
tion 2). Approximation 1 and 2 are inspired from the ap-
proximations recently used to carry out fast OSSEs aimed at
studying the impact on LT ozone monitoring of GEO-CAPE
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(GEOstationary Coastal and Air Pollution Events) (Zoogman
et al., 2011) and MAGEAQ (Claeyman et al., 2011a), respec-
tively. The approximation 1A′ was obtained by running our
pseudo-observations simulator only once over a hypotheti-
cal scene with standard summer mid-latitudes climatologi-
cal vertical profiles of temperature, pressure and trace gases,
and a standard surface temperature. The approximation 2A′s
were obtained as a look-up-table of AK matrices, by run-
ning our pseudo-observations simulator 201 times, with a set
of hypothetical scenes with thermal contrast changing from
−20 to+20 K with steps of 0.2 K. For both approximations a
measurement noise componentGe (random Gaussian noise)
has been added to simulate the noise equivalent spectral radi-
ance of 6.04 nW (cm2 sr cm−1)−1, typical of MAGEAQ. For
approximation 2, different gain matrices are used, depending
on the thermal contrast.

3 Testing the capability of limited scene-dependent
averaging kernels approximations to represent a
dedicated observing system for lowermost
tropospheric ozone monitoring

The question addressed by our study is: do the proposed ap-
proximated pseudo-observations represent the behaviour of
a simulated observing system, when dealing with LT ozone
pseudo-observations from a next generation geostationary
satellite instrument adapted to air quality monitoring? Here
we want to stress that those approximations have been used
for similar studies for GEO-CAPE and MAGEAQ. To an-
swer this question, we compare these approximations with
a set of corresponding full RT pseudo-observations and with
the NR. To test whether or not an approximation is good
enough, testcriteria must be chosen. The choice of these cri-
teria is problem-dependent and in our case we have chosen
two criteria. Criterion 1 tests the capability of the approxi-
mations to replicate the variability of AKs, DOF and altitude
of maximum sensitivity of the full RT calculations. The DOF
is defined as the trace of the AK matrix (Rodgers, 2000) and
indicates the number of independent pieces of retrieved pro-
file information. Criterion 1 is tested in Sect.3.1. Criterion 2
tests the capability to replicate LT ozone spatial patterns and
shapes relative to the full RT reference calculations. Crite-
rion 2 is tested in Sect.3.2.

3.1 Variability of the averaging kernels and the vertical
sensitivity

We start our study with an analysis of the AKs and sensitiv-
ity variability, studying criterion 1. In particular, we would
affirm that the approximated pseudo-observations are a good
approximation of the reference full RT pseudo-observations
if the variability of their AKs and the distribution of the
DOFs and altitude of maximum sensitivity are qualitatively
similar.

In Figs.1 and2, we show the full RT and approximated
integrated AKs for the surface-6 km and surface-3 km ozone
partial columns, respectively. These integrated AKs are ob-
tained by summing up the AKs in the considered height inter-
val, i.e. the integral surface-6 km AK is obtained by summing
up the AK matrix rows for nominal altitudes from surface to
6 km and, analogously, the surface-3 km integrated AK sums
up the AK matrix rows from surface to 3 km. For these exam-
ples, the integrated AKs for all pixels of a whole acquisition
(20 August 2009, 09:00 UTC) of MAGEAQ, over Europe,
are used. The full RT AKs (Figs.1a and2a) can be very
variable at the lowest altitudes, which are the most impor-
tant altitudes for air quality considerations. The proposed ap-
proximations cannot properly describe this variability. Even
the mean value of the integrated AKs from full RT and ap-
proximations can be very different in our case, even if, for
approximation 1, it depends on the choice of the single AK
used. The mean value of the integrated AKs from surface to
6 km, for the full RT and approximation 1 and 2, is+0.72,
+0.87 (about 21 % overestimation) and+0.90 (about 25 %
overestimation), at 1 km, and−0.20, +0.35 (about 250 %
overestimation) and+0.38 (about 290 % overestimation), at
surface. The overestimations are of a similar magnitude for
the surface-3 km column. The approximations substantially
overestimate, on average, the sensitivity to the lowest levels,
which are the most important to monitor air quality. Simu-
lations performed with those approximations (no or limited
scene-dependence of the AKs) will likely fail in describing
the sensitivity of the instrument, e.g. MAGEAQ, to the low-
est altitudes.

We next study the spatial distributions of scalar parame-
ters derived from the averaging kernel matrices, which can
be used to describe the vertical sensitivity of the POs. To this
end, we use the DOFs and the altitude of the maximum sensi-
tivity for the surface-6 km and surface-3 km ozone columns.
The DOF is a quantity that indicates the number of inde-
pendent pieces of information that can be determined from
a measurement. It is linked to the AK matrix by means of the
following relationship (Rodgers, 2000)

DOF = t r(A). (2)

DOFs for ozone partial columns are obtained from the AK
matrix for the ozone profile retrievals by calculating the par-
tial trace, up to the top height of the column. The total
DOF or the DOF for the partial columns can be seen as
one scalar quantity which describes the more complex AK
matrix quantity in terms of the vertical sensitivity of the re-
trieval. Figures3 and 4 show the distribution over Europe
of the DOF surface-6 km and surface-3 km for the full RT
and approximated pseudo-observations, for a test acquisition
of the MAGEAQ (20 August 2009, 09:00 UTC). In addi-
tion, Table1 reports the standard deviation, and the maxi-
mum and the minimum values for the DOF surface-6 km and
surface-3 km for the full RT and the approximated POs. The
full RT DOFs are much more variable than the DOFs of the
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Table 1.Standard deviation, and maximum and minimum values for the DOF surface-6 km and surface-3 km, for full RT and approximated
POs, for the 20 August 2009, 09:00 UTC.

DOF surface-6 km DOF surface-3 km

Full RT Appr. 1 Appr. 2 Full RT Appr. 1 Appr. 2

Standard deviation 0.31 0.04 0.06 0.32 0.05 0.07
Minimum value 0.65 0.74 0.73 0.22 0.41 0.39
Maximum value 1.46 1.09 1.21 0.83 0.57 0.68

Fig. 1. Full RT (a, in orange), approximation 1 (b, in blue) and approximation 2 (c, in light green) integral averaging kernels for the ozone
partial column from surface to 6 km, for 20 August 2009 09:00 UTC, over Europe. The mean averaging kernel and standard deviation (points
and bars) for full RT is also shown (red line), as well as for approximation 2 (green line).

approximated POs. Apart from trivial considerations on the
DOF of approximation 1, a single constant value, only mod-
ulated by the topography, now we concentrate on the com-
parison of the full RT and approximation 2 DOFs. The hy-
pothesis of approximation 2 is that the sensitivity of a ther-
mal infrared observation of ozone is mainly dependent on the
thermal contrast between surface and the first air layer. The
DOFs surface-6 km and surface-3 km for approximation 2,
in Figs.3 and4, reasonably follow the thermal contrast spa-
tial distribution, with, for example, higher values over land
than over oceans. This behaviour is only partially verified
by the reference full RT pseudo-observations. In fact, while
there are regions where the land-sea differences are domi-
nant, e.g. in the Mediterranean region, some areas with other

spatial distributions can be identified. The most relevant dif-
ference is found in the North-West quadrant. There, we see
a strong gradient of the DOFs in the East-West direction,
with a maximum over the Atlantic Ocean (about 1.3 and 0.7,
for the surface-6 km and surface-3 km columns) and a mini-
mum over the North Sea, between the UK and Scandinavia
(about 1.0 and 0.3, for the surface-6 km and surface-3 km
columns). This behaviour is not related to thermal contrast
distributions, thus is not properly described by approxima-
tion 2 (more details are provided in the next paragraph). To
quantify the differences between full RT and the approxima-
tions, we consider the values in the low sensitivity region
over the North Sea. There, the full RT DOFs surface-6 km are
about 0.86 on average, while for the two approximations they

www.atmos-meas-tech.net/6/1869/2013/ Atmos. Meas. Tech., 6, 1869–1881, 2013
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Fig. 2.Same as Fig.1 but for the the ozone partial column from surface to 3 km.

are about 1.12 (+30.2 %) and 1.02 (+18.6 %) and, for the
DOFs surface-3 km, we have 0.30, 0.61 (+103.3 %) and 0.52
(+73.3 %), so leading to a strong overestimation of the sen-
sitivity for the approximated POs.

We further investigate some of the NR variables that affect
the spatial distribution of the DOFs shown in Figs.3 and4.
By means of a multiple correlation analysis, we have found
that the variability of the DOF surface-3 km and surface-6 km
can be more strongly correlated with the tropopause height,
the vertical temperature profile and the LT ozone columns
than the thermal contrast, in some areas and at some time of
observation. As an example, in Fig.5 we show the patterns of
the DOF surface-6 km for the 20 August, 09:00 UTC (already
shown in Fig.3), and we compare them with the coincident
spatial distributions of the tropopause height and the thermal
contrast. There are large regions where the DOF structures
follow the tropopause height patterns, e.g. in the North-West
quadrant. In that area, low tropopauses are generally related
to high values of the DOFs. The correlation coefficient in
that area (15◦ W–20◦ E, 50◦ N–65◦ N) reaches a value as high
as−0.81, for the comparison DOF surface-6 km/tropopause
height, while it is 0.20 for the comparison DOF surface-
6 km/thermal contrast. Figure5 also shows the AK for the
ozone column from surface to 6 km, for two pixels on the
mentioned line of strong DOF gradient in the East-West di-
rection, between the Atlantic Ocean and the North Sea (see

discussion in the previous paragraph), location 1: (55.44◦ N,
12.53◦ W) and location 2: (55.72◦ N, 5.33◦ E). The two loca-
tions have roughly the same thermal contrast, 0.2 and 0.3 K,
respectively. On the contrary, the tropopause height (and the
temperature profile) is very different, 9 and 13 km, respec-
tively. The AKs and the DOFs for the two locations are very
different. The DOFs are 1.25 and 0.89, for the two pixels. The
differences in the shape of the AK and the DOF values are
then not related to differences in the thermal contrast. The in-
fluence of the thermal contrast, however, is dominant for the
determination of the differences oceans/land in the southern
section, with simultaneous higher values of the thermal con-
trast and DOF on the land, see, e.g. over Italy, France and the
general behaviour over the Mediterranean basin. This further
indicates that different parameters, the tropopause height in
our example, can affect the AK shape of such geostationary
thermal infrared measurements, and then the sensitivity to
the target LT ozone concentrations.

Another important parameter to describe the sensitivity of
the observations is the altitude of the maximum of the in-
tegrated AK for a fixed ozone column. This quantity indi-
cates from which altitude the maximum of the information
on the ozone column retrieval comes. Figures6 and7 show
the distribution over Europe of the altitude of maximum sen-
sitivity of the ozone partial columns from surface to 6 km
and from surface to 3 km for the full RT and approximated

Atmos. Meas. Tech., 6, 1869–1881, 2013 www.atmos-meas-tech.net/6/1869/2013/
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Fig. 3. Distribution over Europe of the DOFs surface-6 km for full RT (left panel), approximation 1 (central panel) and 2 (right panel), for
the 20 August 2009, 09:00 UTC.

Fig. 4.Same as Fig.3 but for the DOFs surface-3 km.

pseudo-observations, for the same test acquisition of Figs.3
and 4. The issues identified above for the DOFs are con-
firmed for the altitude of maximum sensitivity. For example,
the sensitivity of the surface-6 km and surface-3 km columns
over the North Sea, between the UK and Norway (the area
of marked differences between full RT and approximated
DOFs) peaks at 4 km on average for the full RT and at al-
titudes lower of 1 to 2 km for the approximations. The ap-
proximations are not good enough to replicate the complexity
of the sensitivity to lower tropospheric ozone of MAGEAQ,
also over other areas (e.g. the Iberian peninsula or Turkey).
The marked differences of full RT and approximation 2 alti-
tudes of maximum sensitivity are a further indication that a
limited scene-dependent characterisation of the sensitivity of
an instrument may produce unrepresentative POs.

For this example, the results of Figs.1 and 2 are con-
firmed by the analysis of the spatial distribution of the DOFs
and altitudes of maximum sensitivity of the surface-6 km
and surface-3 km ozone columns. These quantities, com-
puted with a complete RT calculation, show a very com-
plex spatial variability. This variability cannot be described
by approximation 1. In addition, the patterns of DOF and al-
titude of maximum sensitivity are not simply and exclusively
linked to variations in thermal contrast, and so also approx-
imation 2 is inadequate. In general, we found that these two
approximations are not sufficiently complex, in terms of the
dependency on NR’s parameters to describe the vertical sen-
sitivity of pseudo-MAGEAQ measurements over Europe for
this test acquisition (20 August 2009, 09:00 UTC). From the
point of view of criterion 1, we can affirm that the test ap-
proximations, with no, or limited, scene-dependence, are not
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Fig. 5. Distribution over Europe of the full RT DOFs surface-6 km for full RT (left panel), and tropopause height (centre-left panel) and
thermal contrast (centre-right panel) from MOCAGE NR, for the 20 August 2009, 09:00 UTC. The surface-6 km ozone column integrated
AKs, for two selected locations, are also shown (right panel).

Fig. 6. Distribution over Europe of the altitude of maximum sensitivity of surface-6 km ozone columns for full RT (left panel), approxima-
tion 1 (central panel) and 2 (right panel), for the 20 August 2009, 09:00 UTC.

good approximations of the observing system response. This
lack of representativeness of the approximations 1 and 2 is
expected to affect the capability of the approximated pseudo-
observations to properly describe the target observing system
and its capability to follow lower tropospheric ozone plumes
evolutions. This effect, which involves criterion 2 is studied
in the next section.

3.2 Lower tropospheric ozone distributions during the
pollution event of 19–21 August 2009

We now consider the distributions of the ozone partial col-
umn from surface to 6 km over Europe and the time se-
ries over selected locations, for the test case of the ozone
plume evolution for the period 19–21 August 2009. This

pollution event was used as a case-study also bySellitto et al.
(2013). During these three days, significantly higher values
of the lower tropospheric ozone column, that formed over
France (19 August), moved northwards and eastwards during
the subsequent days, reaching Germany, Poland and Sweden
(20–21 August). The plume crosses the North Sea on 20 Au-
gust, touching the area with limited measurement sensitivity,
described in Sect.3.1. We try to understand if the spatial and
temporal description of this ozone plume evolution is reason-
ably approximated by approximations 1 and 2.

Figure8 shows maps of the NR, full RT and approximated
MAGEAQ POs of surface-6 km ozone partial columns, for
the day 20 August 2009 at 09:00 UTC, when the ozone plume
reached the North Sea area with a major difference on the ex-
pected sensitivity from full RT and approximated AKs (see
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Fig. 7.Same as Fig.6 but for the surface-3 km ozone columns.

Fig. 8. Surface-6 km ozone partial column over Europe, 20 August 2009 at 09:00 UTC, from MOCAGE NR (left panels), full RT pseudo-
observation (centre-left panels) and approximated pseudo-observations (centre-right and right panel panels) (top panels); percent differences
of full RT and approximated pseudo-observations with respect to MOCAGE NR (bottom panels).

Figs.3–7). The first evidence is that the full RT MAGEAQ
POs do not observe a contiguous plume and they see sig-
nificantly smaller values over the North Sea. The values in
the ozone plume region crossing the North Sea are very
similar (25.6 DU in the rectangle 54◦/60◦ N–0/10◦ E) to the
background values of the surrounding area (about 24 DU).
Taking account of AK scene-dependent variability, this sug-
gests that MAGEAQ, in the framework of a complete RT

characterisation, may be not sufficiently sensitive, in that sit-
uation, to completely discriminate this ozone plume and its
shape. The situation is very different for the two approxi-
mated POs datasets. For both approximated POs, a contigu-
ous lower tropospheric ozone plume is observed, with aver-
age values, over the ozone plume region crossing the North
Sea (approximation 1: 29.2 DU, approximation 2: 28.5 DU,
in the rectangle 54◦/60◦ N–0/10◦ E), very different from the
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background values in the surrounding area, and very differ-
ent from the full RT characterisation. The approximated POs
are very similar to NR lower tropospheric ozone patterns (see
map on the left of Fig.8). In Fig.8 we also show the percent
differences of full RT and approximated POs with respect
to the NR (bottom line). The marked underestimation of the
full RT MAGEAQ POs is here more clearly shown. Over the
North Sea, we found an average−14.8 % differences, with
respect to NR. On the contrary, the approximated POs over-
estimate the resolving capability of MAGEAQ over the same
region (−0.3 and−4.5 % differences, on average, with re-
spect to NR). The estimated mean total retrieval error in that
region is 7.4 %, so the underestimation for full RT POs is
significant.

We introduce the parameterD to quantitatively charac-
terise the concurrent distance between POs and NR.D mea-
sures the ratio of the Euclidean distances of the approximated
lower tropospheric ozone partial column (TOC, in the equa-
tion) PO and the NR, and approximated and full RT POs, see
Eq. (3)

D = lg

∣∣TOCAppr − TOCNR
∣∣∣∣TOCAppr − TOCFullRT
∣∣ . (3)

Values ofD > 0 (< 0) are linked with approximated POs
closer to full RT POs than to NR (and viceversa). The more
pixels with D > 0, the better the approximations are. Fig-
ure 9 shows the histogram of the values ofD for all the
pixels of the 20 August 2009 at 09:00 UTC, for the two ap-
proximations (approximation 1: solid line; approximation 2:
dotted line), for the surface-6 km column. We found that the
most of the approximated lower tropospheric ozone POs are
closer to the NR than the full RT POs (about 59 and 54 %, for
the approximation 1 and 2, respectively). In practice, the ap-
proximated POs description of the observing system is closer
to the NR than to the target POs. We have found a simi-
lar behaviour of the approximated POs for the whole three
days period of the present study. However, we wish to stress
that this is not a general result. While we observe that the
performances of approximation 1 are generally similar over
different NR’s configurations, we have found better perfor-
mances of the approximation 2 in cases where the NR is
not characterised by ozone plume evolutions. For example,
the number of pixels withD < 0, for the 1 August 2009,
09:00 UTC, is about 51 % for approximation 1 and about
22 % for approximation 2.

Finally, we investigate the temporal evolution of the POs
over selected locations. Figure10 shows the time series, for
the period 19–21 August 2009, of the ozone partial columns
POs and NR at two close locations. The first is a marine lo-
cation on the North Sea (58.1◦ N–4.2◦ W) and the second is
the city of Amsterdam. The two locations are affected by the
ozone plume at roughly the same time, on 20 August 2009.
Figure10also shows the time series of the differences of ap-
proximated and full RT POs with respect to NR. The analysis

Fig. 9. Histogram of the parameterD (see Eq.3) for all pixels over
Europe for the day 20 August 2009, 09:00 UTC, for the surface-
6 km ozone partial column.

of the time series of the POs over these two locations shows
that, the approximations may sometimes work well, e.g. Am-
sterdam (differences with respect to NR< 10 % for both ap-
proximated and full RT POs). However, they can also be
completely misrepresentative of the full RT, see, for exam-
ple, the location over the North Sea, where the full RT under-
estimation of up to 30 % of the partial column are not well
described by approximated PO. The maximum differences
are on the 20 August morning, at the passage of the ozone
plume. This discussion also demonstrates that the accuracy
of the approximations considered here strongly depends on
the region analysed.

The study described in this section was aimed to the
demonstration that these two approximations are not suffi-
ciently complex to describe how the MAGEAQ would be
able to observe the evolution of the LT ozone plume of the
19–21 August 2009. So, also from the point of view of crite-
rion 2, we can affirm that the test approximations, with no or
limited scene-dependence, are not a good approximations of
the observing system response.

4 Conclusions

In this paper, we have presented a comparison of lower tro-
pospheric ozone synthetic observations obtained with full RT
calculations and with approximated schemes based on prior
assumptions about the AKs. We have simulated three days
(19–21 August 2009) of synthetic observations, over Europe,
from the concept geostationary instrument MAGEAQ. The
approximated POs have been obtained with assumption of
no, or limited, dependency of the AKs from the scene de-
fined by the NR. These assumptions have been recently used
for OSSEs aimed to assess the capability of future geosta-
tionary instruments (GEO-CAPE and MAGEAQ) to monitor
LT ozone. To verify the two approximations, we have chosen
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Fig. 10. Time series (19–21 August 2009, 3 h sampling) of surface-6 km ozone partial column from MOCAGE NR (black), and full RT
(red) and approximated MAGEAQ POs (approximation 1: blue, approximation 2: green), over Amsterdam, the Netherlands, and one marine
location west of Southern Norway coast (58.1◦ N–4.2◦ W). Time series of the differences of POs with respect to NR are also provided.

two test criteria: we test the capability of the approximated
POs to replicate the variability of the AKs and the distribu-
tion of the DOFs and altitude of maximum sensitivity (crite-
rion 1), and to emulate the LT ozone spatial patterns (crite-
rion 2) of the full RT retrievals.

As for test criterion 1, we have found that none of the
approximations are able to describe the AK variability for
the surface-6 km and surface-3 km columns, especially at the
lowest altitudes. We observe a general overestimation of the
AK values at the lowest levels. We have also found that the
approximated POs are not able to properly describe the small
scale variability in the sensitivity of the full RT POs, in terms
of the DOFs and altitude of maximum sensitivity. The most
relevant case is a strong gradient of these two quantities, fol-
lowing the East-West direction in the North-West quadrant
(approximately between the Atlantic Ocean, west of Ireland,

and the North Sea, between UK and Scandinavia), which is
not replicated by the approximations. As for test criterion 2,
we studied the evolution of a LT ozone plume, developing
between 19 and 21 August 2009, and affecting the region be-
tween Southern France and the Scandinavian peninsula, on
different days. The most important feature is the overopti-
mistic description of this ozone pollution phenomenon done
by the two approximated POs datasets. The plume is not de-
tected by the full RT POs, while the approximations see a
contiguous and resolved plume. This effect is strongly related
to the overestimated sensitivity, found by test criterion 1, over
the North Sea area affected by the ozone plume crossing on
the 20 August. This behaviour is confirmed by the analysis
of the time series of the full RT and approximated POs in that
area. We have also shown that, in cases like the 20 August,

www.atmos-meas-tech.net/6/1869/2013/ Atmos. Meas. Tech., 6, 1869–1881, 2013



1880 P. Sellitto et al.: AKs approximation for fast OSSEs

the description of the approximated POs is closer to the NR
than to the full RT POs.

Based on the two test criteria, we finally affirm that
the proposed approximations of AKs (with no, or lim-
ited, scene-dependence) are not sufficiently complex to em-
ulate/substitute a full RT PO simulator to evaluate the
expected capability of the MAGEAQ (or similar observ-
ing systems) to monitor the short term/small scale evolu-
tion of lower tropospheric ozone during a typical pollution
event. More complex scene-dependent parametrizations of
the AKs, e.g. by considering a larger number of scene pa-
rameters corresponding to real satellite observations (includ-
ing height-dependent parameters, e.g. temperature or active
trace gases profiles) is planned (Worden et al., 2013). In fact,
doing fast OSSEs remains important due to the very impor-
tant computation requirements when dealing with longer pe-
riods of time and/or larger dimensionality of the problem
(e.g. multi-spectral observing systems or multi-instruments
studies). Making detailed RT calculations, in these cases, is
not always feasible and an effective and sufficiently complex
scene-dependent AK parametrization is highly desirable.

Appendix A

List of abbreviations

AK Averaging Kernels

AR Assimilation Run

CR Control Run

DOF Degrees Of Freedom

EGI European Grid Infrastructure

GEO-CAPE GEOstationary Coastal and
Air Pollution Events

IASI Infrared Atmospheric Sounding
Interferometer

KOPRA Karlsruhe Optimized and Precise
Radiative transfer Algorithm

LT Lower Troposphere

MAGEAQ Monitoring the Atmosphere from
Geostationary orbit for European
Air Quality

MOCAGE MOd̀ele de Chimie Atmosph́erique
à Grande Echelle

NR Nature Run

OSSE Observing System Simulation
Experiment

PO Pseudo-Observation

RT Radiative Transfer

TOC Tropospheric Ozone Column

ROI Region Of Interest
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