
AMTD
6, 2413–2448, 2013

AKs approximation
for fast OSSEs

P. Sellitto et al.

Title Page

Abstract Introduction

Conclusions References

Tables Figures

J I

J I

Back Close

Full Screen / Esc

Printer-friendly Version

Interactive Discussion

D
iscussion

P
aper

|
D

iscussion
P

aper
|

D
iscussion

P
aper

|
D

iscussion
P

aper
|

Atmos. Meas. Tech. Discuss., 6, 2413–2448, 2013
www.atmos-meas-tech-discuss.net/6/2413/2013/
doi:10.5194/amtd-6-2413-2013
© Author(s) 2013. CC Attribution 3.0 License.

EGU Journal Logos (RGB)

Advances in 
Geosciences

O
pen A

ccess

Natural Hazards 
and Earth System 

Sciences

O
pen A

ccess

Annales  
Geophysicae

O
pen A

ccess

Nonlinear Processes 
in Geophysics

O
pen A

ccess

Atmospheric 
Chemistry

and Physics

O
pen A

ccess

Atmospheric 
Chemistry

and Physics

O
pen A

ccess

Discussions

Atmospheric 
Measurement

Techniques

O
pen A

ccess

Atmospheric 
Measurement

Techniques

O
pen A

ccess

Discussions

Biogeosciences

O
pen A

ccess

O
pen A

ccess

Biogeosciences
Discussions

Climate 
of the Past

O
pen A

ccess

O
pen A

ccess

Climate 
of the Past

Discussions

Earth System 
Dynamics

O
pen A

ccess

O
pen A

ccess

Earth System 
Dynamics

Discussions

Geoscientific
Instrumentation 

Methods and
Data Systems

O
pen A

ccess

Geoscientific
Instrumentation 

Methods and
Data Systems

O
pen A

ccess

Discussions

Geoscientific
Model Development

O
pen A

ccess

O
pen A

ccess

Geoscientific
Model Development

Discussions

Hydrology and 
Earth System

Sciences
O

pen A
ccess

Hydrology and 
Earth System

Sciences

O
pen A

ccess

Discussions

Ocean Science

O
pen A

ccess

O
pen A

ccess

Ocean Science
Discussions

Solid Earth

O
pen A

ccess

O
pen A

ccess

Solid Earth
Discussions

The Cryosphere

O
pen A

ccess

O
pen A

ccess

The Cryosphere
Discussions

Natural Hazards 
and Earth System 

Sciences

O
pen A

ccess

Discussions

This discussion paper is/has been under review for the journal Atmospheric Measurement
Techniques (AMT). Please refer to the corresponding final paper in AMT if available.

The effect of using limited
scene-dependent averaging kernels
approximations for the implementation of
fast Observing System Simulation
Experiments targeted on lower
tropospheric ozone
P. Sellitto1, G. Dufour1, M. Eremenko1, J. Cuesta1, V.-H. Peuch2, A. Eldering3,
D. P. Edwards4, and J.-M. Flaud1

1Laboratoire Inter-universitaire des Systèmes Atmosphériques, CNRS – UMR7583,
Universités Paris-Est et Paris Diderot, CNRS, 61 Avenue du Général de Gaulle,
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Abstract

Practical implementations of chemical OSSEs (Observing System Simulation Experi-
ments) usually rely on approximations of the pseudo-observations by means of a prior
parametrization of the averaging kernels, which describe the sensitivity of the observ-
ing systems to the target atmospheric species. This is intended to avoid the need for5

use of a computationally expensive pseudo-observations simulator that relies on full
radiative transfer calculations. Here we present an investigation on how no, or limited,
scene dependent averaging kernels parametrizations may misrepresent the sensitivity
of an observing system, and thus possibly lead to inaccurate results of OSSEs. We
carried out the full radiative transfer calculation for a three-days period over Europe, to10

produce reference pseudo-observations of lower tropospheric ozone, as they would be
observed by a concept geostationary observing system called MAGEAQ (Monitoring
the Atmosphere from Geostationary orbit for European Air Quality). The selected spa-
tiotemporal interval is characterized by a peculiar ozone pollution event. We then com-
pared our reference with approximated pseudo-observations, following existing simula-15

tion 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 radiative transfer calculations. Then, we compared
the full radiative transfer and the approximated pseudo-observations during a pollution
event. We found that the approximations substantially overestimate the capability of20

the MAGEAQ to follow the spatiotemporal variations of the lower tropospheric ozone in
selected areas. We conclude that such approximations may lead to false conclusions
if used in an OSSE. Thus, we recommend to use comprehensive scene-dependent
approximations of the averaging kernels, in cases where the full radiative transfer is
computationally too costly for the OSSE being investigated.25
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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 construction of observing system involving new instruments can be very costly, es-
pecially when dealing with satellites. Then, an objective prior evaluation of the potential5

impact of a future satellite observing system, during the design phase, is desirable to
select and set-up these costly systems (Masutani et al., 2010b). Historically, OSSEs
were first used to evaluate the impact of new observations on numerical weather pre-
dictions (Arnold and Clifford, 1986; Lahoz et al., 2007; Masutani et al., 2010a). Re-
cently, OSSEs have been carried out to analyse the expected added value of future10

satellite missions on trace gases monitoring (Edwards et al., 2009; Claeyman et al.,
2011a; Zoogman et al., 2011). Edwards et al. (2009) called these sensitivity analyses
chemical OSSEs.

A chemical OSSE is composed of three sub-elements (Edwards et al., 2009): the
Nature Run (NR), the Pseudo-Observations (POs) simulator, the assimilation scheme15

leading to the Assimilation Run (AR) by means of the assimilation of the POs in a Con-
trol Run (CR). The NR is used to produce the truth of our simulation world, or the
pseudo-reality (Masutani et al., 2010b). The NR defines the reality that we wish to
characterize with our POs. The synthetic observations are produced by means of a PO
simulator. The PO simulator samples the NR, simulates the spectral measurements as20

they would be made by the instrument concept under consideration and then inverts
the spectra to give, as the final output, the PO of the chosen geophysical quantity and
its associated error characterization. A full description of the simulated instrument must
be given at this stage (Edwards et al., 2009). Then, the POs are assimilated into the
CR. The CR is a different description of the truth with respect to the NR, and it is in-25

tended to be a parallel in our simulation world of how a model or a-priori information
(e.g. a climatology) would represent the real world. The obtained AR mimics, in our
simulation world, the assimilation of real observations into a chemistry and transport
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model to obtain a model analysis and forecast. Finally, the NR can be compared with
the CR and the AR, to evaluate the impact of the POs in providing 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 de-
scribe the measurements of a future observing system. The most rigorous way to do5

this is to use a radiative transfer model and an inversion algorithm to perform 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 complex
instrumental/multi-instrumental configurations, which may involve large input vectors to
the inversion scheme or complex inversion algorithms, the computational cost can be10

prohibitive. In addition, studies of observing systems with a high revisit time, which is
the case with geostationary instruments, can further increase the data volumes to be
analysed. In practical implementations of chemical OSSEs, approximated PO simula-
tors 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 prior definition of typical averaging ker-15

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
convolution with the prior described AKs leads to the approximated POs.

However, the AKs variability can be large, and their shape and magnitude can de-
pend on several NR parameters. It is thus reasonable to expect that the AKs and the20

sensitivity of the PO can be strongly scene-dependent. This variability in the AKs is
likely underestimated by using the type of approximations mentioned above. A very
few examples exist of PO approximations with a limited partial consideration of scene
characterization. For example, Claeyman et al. (2011a) carried out a simplified OSSE
using of a look-up-table of pre-calculated AKs matrices parametrized as a function of25

NR thermal contrast between the surface temperature and near-surface air temper-
ature. This parameter has been considered the most important for the problem under
investigation, the observation of lower tropospheric (LT) ozone information with thermal

2417

http://www.atmos-meas-tech-discuss.net
http://www.atmos-meas-tech-discuss.net/6/2413/2013/amtd-6-2413-2013-print.pdf
http://www.atmos-meas-tech-discuss.net/6/2413/2013/amtd-6-2413-2013-discussion.html
http://creativecommons.org/licenses/by/3.0/


AMTD
6, 2413–2448, 2013

AKs approximation
for fast OSSEs

P. Sellitto et al.

Title Page

Abstract Introduction

Conclusions References

Tables Figures

J I

J I

Back Close

Full Screen / Esc

Printer-friendly Version

Interactive Discussion

D
iscussion

P
aper

|
D

iscussion
P

aper
|

D
iscussion

P
aper

|
D

iscussion
P

aper
|

infrared geostationary instruments. It is still to be verified if a limited scene-dependence
can lead to satisfactory approximations.

In this paper, we address the problem of carrying out fast OSSEs with parametrized
AKs. We investigate the degree to which the limited scene-dependence of PO approx-
imations can be representative of the expected spatial and temporal variability of the5

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 retrievals (from
surface to 6 or 3 km) obtained from thermal infrared spectral measurements for the
concept geostationary instrument MAGEAQ (Monitoring the Atmosphere from Geosta-
tionary orbit for European Air Quality) (Peuch et al., 2010; Claeyman et al., 2011b).10

To test whether or not an approximation is good enough, test criteria must be chosen.
The choice of these criteria is problem-dependent and in our case we have chosen two
criteria. Criterion 1 tests the capability of the approximations to replicate the variability
of AKs, the degrees of freedom of the signal (DOF) and altitude of maximum sensitivity
of the full RT calculations. The DOF is defined as the trace of the AK matrix (Rodgers,15

2000) and indicates the number of independent pieces of retrieved profile information.
Criterion 2 tests the capability to replicate LT ozone spatial patterns and shapes relative
to the full RT reference calculations.

This paper is structured in the following way. In Sect. 2, we describe the dataset
used, for both the full RT and the approximated POs. A study in terms of criterion 1 is20

done in Sect. 3, and a discussion regarding criterion 2 is in Sect. 4. Finally, conclusions
are given in Sect. 5.

2 Datasets description

Our exercise is targeted on ozone retrievals at the lowest altitudes, i.e. at altitudes
important for air quality applications (IPCC, 2001; Amann et al., 2005). With this aim,25

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
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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 Atmosphérique
à Grande Echelle) chemistry and transport model (Dufour et al., 2005). MOCAGE sim-5

ulates the physics and chemistry of gases and aerosols in both the troposphere and
the stratosphere, by using 47 hybrid vertical levels, from surface to about 35 km (Du-
four 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 simulations10

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 over15

Europe, with a relevant spatiotemporal resolution. Indeed, the principal science ob-
jective of MAGEAQ is to better characterize spatiotemporal variations of lower tropo-
spheric pollutants like the ozone or the carbon monoxide over Europe. MAGEAQ is
composed of two instrumental elements, an hyperspectral thermal infrared spectrome-
ter and a visible broadband radiometer. MAGEAQ has been a candidate for the ESA’s20

Earth Explorer 8 call for proposals. Owing to its high spectral resolution and small ra-
diometric noise in the infrared ozone band, 0.05 cm−1 and 6.04 nW(cm2 srcm−1)−1 for
the spectral sampling interval and noise equivalent spectral radiance, respectively, it is
meant to be dedicated to ozone retrieval in the lowermost troposphere (Claeyman et al.,
2011b). It should be noted that the MAGEAQ mission plans to carry also a broad-band25

visible radiometer to provide another important piece of information on the lowermost
tropospheric ozone. However, in the present study only the thermal infrared part of the
MAGEAQ observing system will be considered. As for the geometry of observation,
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the threshold configuration of MAGEAQ is considered (Peuch et al., 2010), with a sub-
satellite point at latitude=0 and longitude=0, a horizontal resolution of 15km×15km
at sub-satellite point, 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 PO5

simulator. The PO simulator is more thoroughly described by Sellitto et al. (2012).
Three days (19–21 August 2009) of POs on a 1 h revisit 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 massive computing grid architecture
has been necessary, i.e. the EGI (European Grid Infrastructure)-France Grilles facility10

(Eremenko et al., 2012).
The NR is sampled by a simulator of geostationary observations geometry to simu-

late the MAGEAQ viewing angles and the geometrical parameters used as inputs for
the radiative transfer model.

A radiative transfer model is then used to simulate the spectra observations for each15

scene. As the forward radiative transfer model we used 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 account its spectral resolution, radiometric noise and observation geometry.

The simulated spectra are then inverted by means of the KOPRAfit retrieval mod-20

ule (Hoepfner et al., 2001) embedding a dedicated algorithm based on an altitude-
dependent Tikhonov-Phillips regularization method. This regularization method has
been optimized for lower tropospheric ozone observations using IASI (Infrared Atmo-
spheric Sounding Interferometer) measurements (Eremenko et al., 2008), starting from
the general formulation of Kulawik et al. (2006). This inversion algorithm uses seven25

spectral micro-windows in the range 975–1100 cm−1 to avoid carbon dioxide and water
vapour impact on the ozone retrievals. The DOFs are maximized and the errors are
minimized in the lower troposphere by this algorithm (Eremenko et al., 2008; Dufour
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et al., 2012). The KOPRAfit also provides the AKs, that can be used to derive the infor-
mation on the vertical sensitivity of the observations to the “true” NR ozone profile. We
used the McPeters climatology (McPeters et al., 2007) for the ozone a priori profiles.

2.3 Approximated averaging kernels

Using the theory of Rodgers (2000), it is possible to obtain approximated POs, i.e.5

without the full RT calculation, by using the Eq. (1).

xPO = A′mxNR + (I−A′)xapriori +Ge (1)

In this equation xPO and xNR are the pseudo-observation and the NR pseudo-reality,
xapriori is the a priori information on the observed quantity, A′ is one or a set of ap-10

proximated averaging kernel matrices, G is the gain matrix, e is the radiometric noise.
A′ and Ge must reflect the instrument response in terms of the vertical sensitivity and
noise. The main idea underlying fast approximated OSSEs is that A′ is a reasonable
approximation of the full RT AKs, i.e. that A′ is sufficient to fully describe the vertical
sensitivity of the observing system with respect to the observed quantity. In general15

it is expected that the full RT AKs are scene-dependent, i.e. they depend on several
parameters of the NR pseudo-reality.

We compared our full RT pseudo-observations with two approximations: one based
on the use of a single average scene-independent A′ over the whole region of study
(hereafter referred to as approximation 1), and the other based on the use of a lim-20

ited scene-dependent set of A′(∆T ), as a function of the thermal contrast (∆T ) be-
tween the surface and the lowest air layer (hereafter referred to as approximation 2).
Approximation 1 and 2 have a similar philosophy as those recently used to carry
out fast OSSEs aimed at studying the impact of GEO-CAPE (GEOstationary Coastal
and Air Pollution Events) (Zoogman et al., 2011; Natraj et al., 2011) and MAGEAQ25

(Claeyman et al., 2011a), respectively, on LT ozone monitoring. The approximation 1
A′ has been obtained by running our pseudo-observations simulator only once over
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a hypothetical scene with standard summer mid-latitudes climatological vertical pro-
files of temperature, pressure and trace gases, and a standard surface temperature.
The approximation 2 A′s have been 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 approx-5

imations a measurement noise component Ge (random Gaussian noise) has been
added to simulate the noise equivalent spectral radiance of 6.04 nW(cm2 srcm−1)−1,
typical of MAGEAQ. For approximation 2, different gain matrices are used, depending
on the thermal contrast.

3 Variability of the averaging kernels and the vertical sensitivity10

The underlying question of our study is: do the proposed approximated pseudo-
observations represent the behaviour of a simulated observing system, when deal-
ing with LT ozone pseudo-observations from a next generation geostationary satellite
instrument adapted to air quality monitoring? Here we want to stress that those approx-
imations have been used for similar studies for GEO-CAPE and MAGEAQ. To answer15

this question, we compare these approximations with a set of corresponding full RT
pseudo-observations and with the NR pseudo-reality. We start our study with an anal-
ysis of the AKs and sensitivity variability, studying criterion 1. In particular, we would
affirm that the approximated pseudo-observations are a good approximation of the ref-
erence full RT pseudo-observations if the variability of their AKs and the distribution of20

the DOFs and altitude of maximum sensitivity are qualitatively similar.
In the Figs. 1 and 2, we show the full RT and approximated integral AKs for the

surface-6 km and surface-3 km ozone partial columns, respectively. These integral AKs
are obtained by summing up the AKs in the considered height interval, i.e. the integral
surface-6 km AK is obtained by summing up the AK matrix rows for nominal altitudes25

from surface to 6 km and, analogously, the surface-3 km integral AK sums up the AK
matrix rows from surface to 3 km. For these examples, the integral AKs for all pixels
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of the a whole acquisition (20 August 2009, 09:00 UTC) of MAGEAQ, over Europe, is
used. The full RT AKs (Figs. 1a and 2a) can be very variable at the lowest altitudes,
which are the most important altitudes for air quality considerations. The proposed
approximations cannot properly describe this variability. Even the mean value of the in-
tegral AKs from full RT and approximations can be very different in our case, even if, for5

approximation 1, it depends on the choice of the single AK used. The mean value of the
integral 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 % overestima-
tion), at surface. The overestimations are of a similar magnitude for the surface-3 km10

column. The approximations substantially overestimate, on average, the sensitivity to
the lowest levels, which are the most important to monitor air quality. Simulations per-
formed 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 lowest
altitudes.15

We next study the spatial distributions of scalar parameters derived from the av-
eraging 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 sensitivity for the
surface-6 km and surface-3 km ozone columns. The DOF is a quantity that indicates
the number of independent pieces of information that can be determined from a mea-20

surement. It is linked to the AK matrix by means of the following relationship (Rodgers,
2000):

DOF = tr(A). (2)

DOFs for ozone partial columns are obtained from the AK matrix for the ozone profile25

retrievals by calculating the partial trace, up to the top height of the column. It is straight-
forward how 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 retrieval. Figures 3 and 4 show the distribution over Europe of the DOF
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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 addition, Ta-
ble 1 reports the standard deviation, and the maximum 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 approximated POs. Apart5

from trivial considerations on the DOF of approximation 1 (a single constant value, only
modulated by the topography), now we concentrate on the comparison of the full RT
and approximation 2 DOFs. The hypothesis at the base of approximation 2 is that the
sensitivity of a thermal infrared observation of ozone is mainly dependent on the ther-
mal contrast between surface and the first air layer. Indeed, the DOFs surface-6 km and10

surface-3 km for approximation 2, in Figs. 3 and 4, reasonably follow the thermal con-
trast spatial 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 dominant, e.g. in
the Mediterranean region, some areas with other spatial distributions can be identi-15

fied. The most relevant difference 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 minimum 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 with ther-20

mal contrast distributions and, thus, not properly described by approximation 2 (more
details in the next paragraph). To quantify the differences between full RT and approxi-
mations, 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 approxima-
tions it is about 1.12 (+30.2 %) and 1.02 (+18.6 %) and, for the DOFs surface-3 km, we25

have 0.30, 0.61 (+103.3 %) and 0.52 (+73.3 %), so leading to a strong overestimation
of the sensitivity for the approximated POs.

We further investigate the NR variables that affect the spatial distribution of the DOFs
shown in Figs. 3 and 4. By means of a multiple correlation analysis, we have found that
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the variability of the DOF surface-3 km and surface-6 km is sometimes more strongly
correlated with the tropopause height, the vertical temperature profile and the LT ozone
columns than the thermal contrast. 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 and5

the thermal contrast. From visual inspection it is possible to see how 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 val-
ues of the DOFs. The correlation coefficient in that area (15◦ W–20◦ E, 50◦ N–65◦ N)
reaches values as high as −0.81, for the comparison DOF surface-6 km/tropopause10

height, while it is 0.20 for the comparison DOF surface-6 km/thermal contrast. Fig-
ure 5 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 direction, between the
Atlantic Ocean and the North Sea (see discussion in the previous paragraph), loca-
tion 1: (55.44◦ N, 12.53◦ W) and location 2: (55.72◦ N, 5.33◦ E). The two locations have15

roughly the same thermal contrast, 0.2 K and 0.3 K, respectively. On the contrary, the
tropopause height (and the temperature profile) is very different, 9 km and 13 km, re-
spectively. The AKs and the DOFs for the two locations are dramatically 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. The20

influence of the thermal contrast, however, is dominant for the determination of the dif-
ferences oceans/land in the Southern section, with simultaneous higher values of the
thermal contrast and DOF on the land, see, e.g. over Italy, France and the general be-
haviour over the Mediterranean basin. This discussion provides further indications that
different parameters, the tropopause height in our example, can affect the AK shape25

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 integral AK for a fixed ozone column. This quantity
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indicates which altitude the maximum of the information on the ozone column retrieval
comes from. Figures 6 and 7 show the distribution over Europe of the altitude of max-
imum sensitivity of the ozone partial columns from surface to 6 km and from surface
to 3 km for the full RT and approximated pseudo-observations, for the same test ac-
quisition of Figs. 3 and 4. The considerations done for the DOFs are confirmed for the5

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 av-
erage for the full RT and at altitudes lower of 1 to 2 km for the approximations. This
is just an example and other areas, such as the Iberian peninsula or Turkey, might10

be shown where the approximations are not good enough to replicate the complexity
of the sensitivity to lower tropospheric ozone of MAGEAQ. The marked differences of
full RT and approximation 2 altitudes of maximum sensitivity are a further indication
that a limited scene-dependent characterization of the sensitivity of an instrument may
produce unrepresentative POs.15

For this example, the results of Figs. 1 and 2 are confirmed 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 are linked to the AKs and
describe in a more compact fashion the vertical sensitivity of the pseudo-observations
and of the observing system. By computing these quantities with a complete RT calcu-20

lation, a very complex spatial variability arises. This variability cannot be described by
approximation 1. In addition, the patterns of DOF and altitude of maximum sensitivity
are not simply and exclusively linked to variations in thermal contrast, even in the ther-
mal infrared spectral region, and so also approximation 2 is inadequate. In general, we
found that these two approximations are not sufficiently complex, in terms of the depen-25

dency on NR’s parameters, to solve our problem, i.e. to describe the vertical sensitivity
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 a good approximations of
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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 tro-
pospheric ozone plumes evolutions. This effect, which involves criterion 2 is studied in
the next section.5

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

We now consider the distributions of the ozone partial column from surface to 6 km
over Europe and the time series over selected locations, for the test case of the ozone
plume evolution for the period 19–21 August 2009. This pollution event is used as10

a case-study also by Sellitto et al. (2012). 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 August,
touching the area with limited measurement sensitivity, described in Sect. 3. We try15

to understand if the spatial and temporal description of this ozone plume evolution is
reasonably approximated by approximation 1 and 2.

Figure 8 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 expected sensitivity20

from full RT and approximated AKs (see Figs. 3–7). The first evidence is that the full RT
MAGEAQ POs do not observe a contiguous plume and they see significantly 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-dependent25

variability, this suggests that MAGEAQ, in the framework of a complete RT characteri-
sation, may be not sufficiently sensitive, in that situation, to completely discriminate this
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ozone plume and its shape. The situation is very different for the two approximated POs
datasets. For both approximated POs, a contiguous lower tropospheric ozone plume
is observed, with average 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 background values in the surrounding area, and very5

different from the full RT characterization. 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, with10

respect to NR. On the contrary, the approximated POs overestimate the resolving ca-
pability of MAGEAQ over the same region (−0.3 and −4.5 % differences, on average,
with respect 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 parameter D to quantitatively characterize the concurrent distance15

between PO and NR. D measures the ratio of the Euclidean distances of the approxi-
mated lower tropospheric ozone partial column (TOC, in the equation) PO and the NR,
and approximated and full RT POs, see Eq. (3).

D = lg
|TOCAppr −TOCNR|

|TOCAppr −TOCFullRT|
(3)

20

Values of D > 0 (< 0) are linked with approximated POs closer to full RT POs than
to NR pseudo-reality (and viceversa). The more pixels with D > 0, the better the ap-
proximations. Figure 9 shows a histogram of the values of D for all the pixels of the
20 August 2009 at 09:00 UTC (the maps of Fig. 8), for the two approximations (ap-
proximation 1: solid line; approximation 2: dotted line), for the surface-6 km column.25

The blue and red regions are characterized by D > 0 and D < 0, respectively. We found
that the greatest part 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,
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respectively). In practice, the approximated POs description of the observing system
is closer to the NR than to the target POs. We have found a similar 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. Indeed, while we observe that the per-
formances of approximation 1 are generally similar over different NR’s configurations,5

we have found better performances of the approximation 2 in cases where the NR is
not characterized by ozone plume evolutions. For example, the number of pixels with
D < 0, for the 1 August 2009, 09:00 UTC, is about 51 % for approximation 1 and about
22 % for approximation 2.

We then performed more regional analyses, by studying particular regions of interest10

(ROIs). Figure 10 shows the histograms of the differences of full RT (in red), approx-
imation 1 (in blue) and approximation 2 (in green) POs with respect to NR, for three
ROIs, for the period 19–21 August 2009, with the full revisit time of 1 h. The first ROI
(54◦/63◦ N–5◦ W/10◦ E, “sea” pixels only) is the marine region over the North Sea, which
includes the area crossed by the ozone plume on the 20 August, as discussed previ-15

ously. Then, we also considered two different regions to take into account possible
effects of the approximations over areas less evident than ROI1. ROI2 (35◦/45◦ N–
5◦ W/35◦ E,“sea” pixels only) comprises the whole Mediterranean basin; the section of
the Black Sea in this area has been segmented out. ROI3 (44◦/46◦ N–8◦/14◦ E,“land”
pixels only) is roughly the Po Valley. By analyzing separately these different subregions,20

we found that approximations fail in describing the deviations of full RT POs with re-
spect to NR in the North Sea area previously described (ROI1) but also in different
marine (ROI2) and land subregions (ROI3). For these three ROIs, the distributions of
the differences of POs with respect to NR, are substantially different between full RT
and approximations. The fraction of the pixels with underestimations greater than 10 %25

in magnitude is also reported for the three sets of pseudo-observations: the substantial
fraction found for the full RT (17 %, 12 % and 25 %, for the three ROIs) is not found for
the approximated POs (5, 2 and 14 %, for approximation 2, and < 1 % for approxima-
tion 1).
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Finally, we investigate the temporal evolution of the POs over selected locations.
Figure 11 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 location 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. Figure 115

also shows the time series of the differences of approximated and full RT POs with
respect to NR. The analysis of the time series of the POs over these two locations
shows that, the approximations may sometimes work well, e.g. Amsterdam (differences
with respect to NR pseudo-reality < 10 % for both approximated and full RT POs).
However, they can also be completely misrepresentative of the full RT, see, for example,10

the location over the North Sea, where the full RT underestimation 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.15

The study described in this section was aimed to the demonstration that these two
approximations are not sufficiently complex to solve our problem, i.e. 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 criterion 2, we can affirm that the test
approximations, with no or limited scene-dependence, are not a good approximations20

of the observing system response.

5 Conclusions

In this paper we have presented a comparison of lower tropospheric 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 August25

2009) of synthetic observations, over Europe, from the concept geostationary instru-
ment MAGEAQ. The approximated POs have been obtained with assumption of no, or
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limited, dependency of the AKs from the scene defined 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 two test criteria: we test the capability of the approx-
imated POs to replicate the variability of the AKs and the distribution of the DOFs and5

altitude of maximum sensitivity (criterion 1), and to emulate the LT ozone spatial pat-
terns (criterion 2) of the full RT retrievals. As for test criterion 1, we have found that
both approximations are not 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 ap-10

proximated 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 sensitiv-
ity. The most relevant case is a strong gradient of these two quantities, following 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 is15

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, on
different days, the region between the Southern France and the Scandinavian penin-
sula. The most important feature is the overoptimistic description of this ozone pollution
phenomenon done by the two approximated POs datasets. The plume is not detected20

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 three sets of POs in
that area. In addition, the overoptimistic description of the approximated POs is further25

shown by the cross-comparison of approximated POs with full RT POs and the NR. We
have shown that, in cases like the 20 August, 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 af-
firm that the proposed approximations of AKs (with no, or limited, scene-dependence)
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are not sufficiently complex to emulate/substitute a full RT PO simulator, when dealing
with our problem: to evaluate the expected capability of the MAGEAQ (or similar ob-
serving systems) to monitor the short term/small scale evolution of lower tropospheric
ozone during a typical pollution event. More complex scene-dependent parametriza-
tions of the AKs, e.g. by considering a larger number of scene parameters correspond-5

ing to real satellite observations (including height-dependent parameters, e.g. temper-
ature or active trace gases profiles) is planned (Worden et al., 2013). In fact, doing
fast OSSEs remains important due to the very important computation requirements
when dealing with longer periods of time and/or larger dimensionality of the problem
(e.g. multi-spectral observing systems or multi-instruments studies). Making detailed10

RT calculations, in these cases, is not always feasible and an effective and sufficiently
complex scene-dependent AK parametrization is highly desirable.
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von Clarmann, T., Höpfner, M., Orphal, J., Flaud, J.-M., Edwards, D. P., Chance, K., Liu, X.,
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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
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Fig. 1. (a, in orange) Full RT, (b, in blue) approximation 1 and (c, in light green) approxima-
tion 2 (c) integral averaging kernels for the ozone partial column from surface to 6 km, for the
20 August 2009 09:00 UTC, over Europe. The mean averaging kernel for full RT is also shown
(red line), as well as for approximation 2 (green line).
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Fig. 2. Same as Fig. 1 but for the the ozone partial column from surface to 3 km.
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Fig. 3. Distribution over Europe of the DOFs surface-6 km for full RT, approximation 1 and 2,
for the 20 August 2009, 09:00 UTC.
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Fig. 4. Same as Fig. 3 but for the DOFs surface-3 km.
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Fig. 5. Distribution over Europe of the full RT DOFs surface-6 km for full RT, and tropopause
height and thermal contrast from MOCAGE NR, for the 20 August 2009, 09:00 UTC. The
surface-6 km ozone column integrated AKs, for two selected locations (low tropopause and
higher DOF at 55.44◦ N, 12.53◦ W in dark blue; high tropopause and lower DOF at 55.72◦ N,
5.33◦ W in light blue), are also shown.
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Fig. 6. Distribution over Europe of the altitude of maximum sensitivity of surface-6 km ozone
columns for full RT, approximation 1 and 2, for the 20 August 2009, 09:00 UTC.
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Fig. 7. Same as Fig. 6 but for the surface-3 km ozone columns.
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Fig. 8. Surface-6 km ozone partial column over Europe, 20 August 2009 at 09:00 UTC, from
MOCAGE NR, full RT pseudo-observation and approximated pseudo-observations (top); per-
cent differences of full RT and approximated pseudo-observations with respect to MOCAGE
NR (bottom).
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Fig. 9. Histogram of the parameter D (see Equation 3) for all pixels over Europe for the day 20/08/2009, 09:00,

for the surface-6 km ozone partial column.

region over the North Sea, which includes the area crossed by the ozone plume on the 20/08, as

discussed previously. Then, we also considered two different regions to take into account possible

effects of the approximations over areas less evident than ROI1. ROI2 (35◦/45◦N-5◦W/35◦E,“sea”350

pixels only) comprises the whole Mediterranean basin; the section of the Black Sea in this area has

been segmented out. ROI3 (44◦/46◦N-8◦/14◦E,“land” pixels only) is roughly the Po Valley. By

analyzing separately these different subregions, we found that approximations fail in describing the

deviations of full RT POs with respect to NR in the North Sea area previously described (ROI1)

but also in different marine (ROI2) and land subregions (ROI3). For these three ROIs, the distribu-355

tions of the differences of POs with respect to NR, are substantially different between full RT and

approximations. The fraction of the pixels with underestimations greater than 10% in magnitude is

also reported for the three sets of pseudo-observations: the substantial fraction found for the full RT

15

Fig. 9. Histogram of the parameter D (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.
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Fig. 10. Histogram, over the period 19-21/08/2009, of the differences of surface-6 km ozone partial columns

from full RT (red) and approximated MAGEAQ POs (approximation 1: blue, approximation 2: green) with

respect to MOCAGE NR, for 3 test regions of interest: one marine region over the North Sea where an ozone

plume is transported (ROI1), the whole Mediterranean basin (ROI2) and the Po Valley (ROI3). Statistical

parameters, as well as the number of point with marked deviations from NR are also reported in the plots.

(17%, 12% and 25%, for the three ROIs) is not found for the approximated POs (5%, 2% and 14%,

for approximation 2, and < 1% for approximation 1).360

Finally, we investigate the temporal evolution of the POs over selected locations. Figure 11 shows

the time series, for the period 19-21/08/2009, of the ozone partial columns POs and NR at two close

locations. The first is a marine location 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

20/08/2009. Figure 11 also shows the time series of the differences of approximated and full RT POs365

with respect to NR. The analysis of the time series of the POs over these two locations shows that, the

approximations may sometimes work well, e.g. Amsterdam (differences with respect to NR pseudo-

16

Fig. 10. Histogram, over the period 19–21 August 2009, of the differences of surface-6 km
ozone partial columns from full RT (red) and approximated MAGEAQ POs (approximation 1:
blue, approximation 2: green) with respect to MOCAGE NR, for 3 test regions of interest: one
marine region over the North Sea where an ozone plume is transported (ROI1), the whole
Mediterranean basin (ROI2) and the Po Valley (ROI3). Statistical parameters, as well as the
number of point with marked deviations from NR are also reported in the plots.
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Fig. 11. Time series (19-21/08/2009, 3 hours 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.

reality < 10% for both approximated and full RT POs). However, they can also be completely

misrepresentative of the full RT, see, for example, the location over the North Sea, where the full RT

underestimation of up to 30% of the partial column are not well described by approximated PO. The370

maximum differences are on the 20/08 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 sufficiently complex to solve our problem, i.e., to describe how the MAGEAQ would be able375

to observe the evolution of the LT ozone plume of the 19-21/08/2009. So, also from the point of

view of criterion 2, we can affirm that the test approximations, with no or limited scene-dependence,

17

Fig. 11. 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.
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