Atmos. Chem. Phys., 10, 4689698 2010 iy —* -

www.atmos-chem-phys.net/10/4689/2010/ Atmospherlc
doi:10.5194/acp-10-4689-2010 Chemls_try
© Author(s) 2010. CC Attribution 3.0 License. and Phys|cs

IASI-METOP and MIPAS-ENVISAT data fusion

S. Ceccherini, U. Cortesi, S. Del Bianco, P. Raspollini, and B. Carli

Istituto di Fisica Applicata “Nello Carrara” del Consiglio Nazionale delle Ricerche, Via Madonna del Piano 10,
50019 Sesto Fiorentino, Italy

Received: 26 November 2009 — Published in Atmos. Chem. Phys. Discuss.: 7 January 2010
Revised: 15 April 2010 — Accepted: 13 May 2010 — Published: 21 May 2010

Abstract. The combination of data obtained with different 2002. Data fusion techniques represent one of the basic
sensors (data fusion) is a powerful technique that can protools to be developed and optimized in the frame of most
vide target products of the best quality in terms of precisionsynergetic observation strategies. A definition of data fu-
and accuracy, as well as spatial and temporal coverage anglon is given inWald (1999 2000: data fusion is a formal
resolution. In this paper the results are presented of the datiamework in which are expressed the means and tools for the
fusion of measurements of ozone vertical profile performedbringing together of data originating from different sources.
by two space-borne interferometers (IASI on METOP andIt aims at obtaining information of greater quality; the exact
MIPAS on ENVISAT) using the new measurement-space-definition of “greater quality” will depend upon the appli-
solution method. With this method both the loss of infor- cation In the case of atmospheric remote sensing measure-
mation due to interpolation and the propagation of possiblements the problem of how to bring together data obtained
biases (caused by a priori information) are avoided. The datdrom different measurements has been addressed by a vari-
fusion products are characterized by means of retrieval erety of techniques which combine information from multiple
rors, information gain, averaging kernels and number of de-sources in order to attain products of the best quality in terms
grees of freedom. The analysis is performed both on simu-of precision and accuracy, spatial and temporal coverage and
lated and real measurements and the results demonstrate arekolution and overall consistency. A comprehensive review
quantify the improvement of data fusion products with re- of the mathematical methods developed for merging atmo-
spect to measurements of a single instrument. spheric measurements from different sensors can be found
in the papers by Nirala about data fusion of aerosol optical
thickness Kirala, 20083 and of total column ozone\jrala,
2008h.

Data fusion of atmospheric measurements is a complex

Many concurrent observation systems are presently operaproblem; indeed the_ guantities retrieved from thg different
ing aboard space-borne and airborne platforms, as well aléasurements are in general represented on different spa-
from ground-based stations, providing complementary and@! 9rids (chosen for the best exploitation of the different
redundant measurements of a variety of atmospheric paranf2PServations) and their combination implies some interpola-
eters. The use of potential synergies among these observin%f’n that produces a loss of informatio@drli et al, 2003.
systems is a key element for the full exploitation of current ON the other hand, the quantities retrieved from the different
and future missions, particularly in the case of coordinatedM&asurements may contain a priori information that intro-
measurements such as those carried out relying on a mulgduces a b|gs in the fused data. Interpolatlons a_nd biases are
sensor approach (e.g. the future ESA GMES Sentinel 4 and’® two main problems encountered in data fusion of atmo-
5 missionsBazalgette et 212008 and those performed by spheric measurements and the action taken to reduce one of
satellites flying in formation (e.g. the so-called “A-train” con- the two problems (i.e. use of a fine grid to reduce interpola-

stellation of the NASA Earth Observing SysteSghoeberl tion and use of a coarse grid to avoid the need for a priori
information) makes the other one worse.

o Recently a new method, called the measurement-space-
Correspondence tdS. Ceccherini solution (MSS) method, has been proposed for the optimal
BY (s.ceccherini@ifac.cnr.it) use of the information provided by indirect measurements of
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atmospheric vertical profile<Cgccherini et a).2009. This and number of degrees of freedom. Finally the procedure
method provides the retrieved profile as the sum of a comis applied to two real co-located IASI and MIPAS measure-
ponent belonging to the measurement space (the space gements, demonstrating the practicality of the procedure on real
erated by the rows of the Jacobian matrix of the forwardmeasurements.
model), referred to as the MSS, and a component belong- In Sect. 2 the basic principles of the data fusion with the
ing to the null space (the orthogonal complement space ttMSS method are recalled, in Sects. 3 and 4 the results of
the measurement space). The observations only provide irthe data fusion, applied to simulated and real measurements,
formation on the MSS and leave completely undeterminedrespectively, are reported and in Sect. 5 the conclusions are
the component belonging to the null space. The MSS methodirawn. In appendipA the mathematical formalism of the
has the advantage that the retrieved profile can be represent®diSS and data fusion is recalled.
on a vertical grid as fine as desirable without relying on any
a priori information and thus removing the need for any inter-
polation for subsequent steps of data processing. The peci2z Data fusion with the MSS method
liarities and the selectiveness of the observations are reflected
in the functions of the measurement space and do not need fbhe mathematics of data fusion with the MSS method has
be taken in to account when selecting the vertical grid of thealready been described i€éccherini et a).2009. In this
retrieved profile. Furthermore, the unmeasured componengection we recall the principles of the procedure without the
that requires the use of some a priori information is kept sep€quations, but, for the convenience of the interested reader,
arate and does not need to be used in subsequent operatiotise basic equations are also given in AppendlixAccord-
When two or more independent atmospheric measurementgg to the MSS method the unknown volume mixing ratio
are available, we can calculate the corresponding MSSs ofVMR) profile is represented as a vectormoélements corre-
a common vertical grid. In this way each measurement hasponding to a predefined vertical grid, that is not constrained
its own measurement space, but they all belong to a commohy the characteristics of the instrument and of the measure-
complete space. The fusion of these MSSs is given by thénent conditions and, therefore, can be optimized according
MSS that can be calculated in the union space of the meato the specific requirements of the applications. This vector
surement spaces. This new MSS includes all the informatioris split as the sum of a component belonging to the measure-
contained in the observations without any bias due to a prioriment space (the space generated by the rows of the Jacobian
information. matrix of the forward model) and a component belonging to
The MSS method can also be applied to the case of théhe null space (the orthogonal complement space to the mea-
column retrieval of an atmospheric constitue@e¢cherini  surement space). The MSS is the component of the profile in
et al, 2010 and the data fusion of partial ozone columns the measurement space and is represented using an orthonor-
has been obtained in the case of simulated measurements 6fal basis of the measurement space, so that the components
IASI (Infrared Atmospheric Sounding Interferometetiér- of the profile in this basis are uncorrelated with each other.
baux et al. 2009 and MIPAS (Michelson Interferometer for The MSS includes all the information coming from the ob-
Passive Atmospheric Soundindigcher et a].2008 instru-  servations without any a priori information. On the other
ments that fly aboard Metop-A (Metereological Operational) hand, the observations do not contain any information on the
and Envisat (ENVIronmental SATellite) satellites, respec-component of the profile belonging to the null space, which
tively. can be estimated only by the use of some a priori information
Here we apply the MSS method to the data fusion of ozoneor other external constraints.
vertical profiles obtained with the same two instruments. MI-  The possibility to split the profile into a component re-
PAS performs limb observations and mainly provides infor- trieved from the observations and a component obtained from
mation on the stratospheric ozone, while IASI performs nadira priori information is particularly suitable to perform data
observations and consequently its measurements contain ifitlsion among independent measurements. Indeed the usual
formation also on the tropospheric ozortrdmenko et al.  approach to data fusion implies the merging of products re-
2008 Keim et al, 2009. IASI and MIPAS measurements trieved from the individual measurements, thus leading to
have, therefore, complementary altitude coverage and proa direct transfer into the fused data of any a priori informa-
vide a conspicuous example of the data fusion advantagegion contained in a product. However, when a component of
We evaluate the products of this data fusion in the case ofhe profile is determined by a measurement there is no need
both simulated and real measurements. For simulated meder constraining this component in the other measurement by
surements the true state of the atmosphere is available and)eans of a priori information. This consideration suggests
therefore, it is possible to estimate the ability of the proce-that the MSS is the optimal quantity to be used as input for
dure to retrieve it by comparing the true profile with the re- data fusion.
trieved profile. The relative quality of the individual profiles  Following the approach to data fusion proposedCiec-
and of their fusion is assessed by the variance-covariance maherini et al.(2009 2010, when different independent mea-
trices (VCMs), information gain, averaging kernels (AKs) surements of the same profile are available we can calculate
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the MSSs of these measurements on the same vertical grid gdces which, respectively, allow the quality of the product to
that all the measurement spaces are sub-spaces of the saine estimated in terms of information gain with respect to the
complete space. The fusion of these measurements is ola priori knowledge given by the climatological profile and of
tained calculating the MSS in the union space of the individ-number of degrees of freedom.
ual measurement spaces (that is the space obtained by merg-
ing the measurement spaces). This new MSS (the MSS of the
data fusion) includes all the information contained in the ob-3 Data fusion between IASI and MIPAS simulated
servations of the measurements to be fused without any bias measurements
due to a priori information.

In the framework of the MSS method the MSS of the data3.1 General information
fusion represents the final product of the data fusion and can
be used for further post-processing such as data assimilatiotn this section we apply the MSS method to perform the data
data comparison and further data fusion with other availablefusion of simulated measurements of the ozone vertical pro-
measurements. On the other hand, when the product of thiile acquired by IASI and MIPAS instruments. The simu-
data fusion has to be visualized it is necessary to represeration is made in the case of a mid-latitude climatological
the vertical profile in a complete space (not in a subspace aatmosphere of JulyRemedios et al.2007) with an ozone
the one in which the MSS is represented) and an estimatioWMR profile modified below 38 km. The measurement noise
of the components lying in the null space is needed. Thesés simulated with a Gaussian random noise added to the ra-
components can be either set equal to zero or estimated ustiances calculated with the forward models. The calcula-
ing some external information in various ways, for instancetion of the MSSs of the two individual measurements as de-
in Ceccherini et al(2009 a regularization is used, iB@ec-  scribed inCeccherini et al(2009 requires the definition of
cherini et al.(2010 a climatological profile is used. These a vertical grid (common for the two measurements) on which
two approaches have the advantage of keeping separate tie represent the ozone VMR profile and of the linearization
measured components from the assumed components, but rpeints (the ozone profiles relative to which the Jacobian ma-
quire the choice of the number of components to representrices that give the measurement spaces are calculated) close
the MSS and, in so doing, introduce some arbitrariness in thenough to the true profile in such a way that the linear ap-
representation. proximation of the forward models is appropriate. The pre-

In the following sections the data fusion with the MSS defined grid can be chosen as fine as wished and, thanks to
method is applied to derive the ozone VMR vertical pro- this freedom, it can be determined on the basis of the ap-
file from simulated and real measurements of IASI and MI- plication rather than according to the vertical resolution of
PAS. The MSSs of the individual measurements of IASI andthe measurements. In this work we have chosen a vertical
MIPAS are calculated using a number of components in thegrid of 1 km steps between 0 and 80 km. The linearization
measurement space that is large enough to ensure that all thwints (in general different for the two measurements) have
information contained in the individual measurements is re-been obtained by interpolating at the predefined grid points
tained. Subsequently the MSS of the data fusion is obtainedhe ozone VMR profiles obtained by the retrieval codes of
in the union space. In order to estimate the improvementhe two instruments. For the retrieval of both instruments
of the quality of the product of the data fusion with respect the initial guess was taken coincident with the mid-latitude
to that obtained when only one of the two measurements iglimatological ozone profile of Jul\Remedios et al2007).
used we use for the representation of the profiles a metho¢h our procedure the error calculation of the MSSs is made
that does not require an arbitrary choice of the number ofconsidering the VCM of the Gaussian random measurement
components. For the representation we are no longer intemoise. The errors obtained with this procedure do take into
ested in maintaining separate the measured and the assumadcount the random errors on the observations but not the
component of the profile, therefore the plotted profiles are theuncertainties due to either errors or approximations in the
weighted mean between the profiles obtained from the MSS$orward model. In order to take in account all the error com-
and a climatological profile, the weights being the inverses ofponents, one could replace the VCM of the random measure-
the VCMs. In this way in the represented profile the compo-ment errors with the VCM of the residuals (differences be-
nents well measured are practically equal to those of the MS3ween the observations and the forward model simulations)
while the components not measured or poorly measured arehich includes both the random errors of the observations
practically equal to those of the climatological profile. This and the forward model errors. When the VCM of the residu-
choice removes the need to choose the number of compaals is used the fusion results include all the error components,
nents to represent the MSS (the weighted mean can be dongithout any further change in the procedure. Since we do not
using all the components and associating infinity error to thehave available reliable estimates of the forward model com-
components that are not measured) eliminating an arbitrariponent of the VCM of the residuals for IASI and MIPAS, we
ness that could weaken the results of the comparisons. Thkmit our error analysis to the random errors on the observa-
represented profile is characterized by its VCM and AK ma-tions. With these choices we have calculated the MSSs of

www.atmos-chem-phys.net/10/4689/2010/ Atmos. Chem. Phys., 10, 46832010



4692 S. Ceccherini et al.: IASI| and MIPAS data fusion

both the IASI and MIPAS measurements following the pro- (for a total of 27 tangent altitudes). The simulated obser-

cedure described i@eccherini et al(2009. vations are obtained adding a Gaussian random noise to the
radiances calculated with the forward model. The standard
3.2 Simulation of the IASI measurement deviation of the noise is taken equal to the noise equivalent

spectral radiance of the real MIPAS measured spectra. The
The IASI instrument Clerbaux et al.2009, launched on-  microwindow approach, described Budhia et al.(2002,
board the sun-synchronous polar orbiting satellite METOP-is adopted and of the 27 spectra only a subset of 4557 spec-
A on 19 October 2006, is a nadir-viewing Fourier transform tral points containing the maximum information on the ozone
spectrometer for passive atmospheric sounding in the therprofile is used.
mal infrared region from 645 to 2760 crhwith unapodized
spectral resolution of 0.25 cm (corresponding to a maxi- 3.4 Results of the simulation
mum optical path difference equal to 2 cm). IASI observa-
tions are mainly devoted to the retrieval of accurate infor-In order to evaluate the quality improvement obtained per-
mation on meteorological parameters of interest for numer{forming the data fusion of IASI and MIPAS measurements
ical weather prediction applications. Operational productswith respect to when only one of the two measurements is
include, along with vertical profiles of temperature and wa- used we have derived the ozone vertical profile with its VCM
ter vapor and surface temperature and emissivity, total ané@nd AK matrix in the following three cases: using only the
partial columns of ozone and column values of £I€O, IASI measurement, using only the MIPAS measurement and
CO, and NvO. Calculations of IASI radiances and retrieval performing the data fusion of IASI and MIPAS measure-
of ozone VMR profiles used in this work are based on a ver-ments.
sion of the MARC (Millimetre-wave Atmospheric-Retrieval =~ The MSSs for the ozone VMR profile have been calcu-
Code) retrieval codearli et al, 2007 recently upgraded lated as described irCeccherini et a).2009 for the 1ASI
for the analysis of the REFIR (Radiation Explorer in the Far measurement, for the MIPAS measurement and for the union
InfraRed) measurement®dlchetti et al. 2008 Bianchini space of the two measurement spaces by considering the 20
et al, 2009 and subsequently optimized, in the frame of largest singular values for the MSS of IAS| and the 50 largest
a project of the European Spatial Agency (ESA), for IASI singular values for the MSS of MIPAS. In each case the
measurements. 1ASI observations, corresponding to a singlezone VMR profile has been estimated from the weighted
IFOV measured at nadir (3212 km ground pixel from an mean between the profile obtained from the MSS (assum-
altitude of approximately 817 km), are simulated using theing infinite error for the null space components) and a com-
forward model and adding a Gaussian random noise baseghon climatological profile, the weights being the inverses of
on the nominal values of IASI noise equivalent spectral radi-the VCMs. The climatological profile has been taken from
ance. The full spectral coverage of IASI measurements (8461he ozone climatology reported cPeters et al(2007).

channels) is used for the simulation. Since these climatological ozone profiles are given in the al-
titude range between 0 and 60 km, they have been extended
3.3 Simulation of the MIPAS measurement between 60 and 80 km using the climatology reported in

Remedios et al(2007). The ozone climatology provided in
MIPAS (Fischer et al.2008 is a Fourier-transform spec- McPeters et al(2007) is given for latitudinal bands of £0
trometer operating in the middle infrared that observes theand for each month, while that provided Remedios et al.
atmospheric emission at the limb for the retrieval of the ver-(2007) is given for wider latitudinal bands (the mid latitude
tical profiles of several minor atmospheric constituents. Theband extends between 20 and®’5&nd for each season. As
code adopted by ESA for the operational retrie\Ridolfi a consequence the ozone climatological profiles provided in
et al, 200Q Raspollini et al. 2006 Ceccherini 2005 Cec- McPeters et ali2007) have standard deviations smaller than
cherini et al, 2007, and used in this work for the calculation those of the profiles reported Remedios et a2007) and,
of the linearization point, uses a non-linear least-squares fitherefore, their use gives a smaller error in the retrieved pro-
of the observed spectra with forward model simulations tofile. The VCM of the climatological profile has been cal-
retrieve the vertical profiles of pressure, temperature, wateculated using the climatological variances for the diagonal
vapor, ozone, nitric acid, methane, nitrous oxide and nitrogerelements and a correlation that decreases exponentially with
dioxide between 7 and 72 km altitude. The simulated spectra correlation length of 5 km for the off-diagonal elements.
correspond to the MIPAS measurement mode adopted after In Fig. 1 the ozone VMR profiles determined using only
January 2005, for which the unapodized spectral resolutiorthe IASI measurement, only the MIPAS measurement and
is 0.0625 cm! (corresponding to a maximum optical path the IASI-MIPAS data fusion are reported along with the true
difference equal to 8 cm) and the tangent altitudes are withprofile. In the scale of the figure the three latter profiles over-
1.5km steps between 7 and 22km, 2km steps between 2p across the entire altitude range. Therefore, in order to
and 32 km, 3km steps between 32 and 47 km, 4 km steps beappreciate the ability of the retrieved profiles to recover the
tween 47 and 63 km and 4.5 km steps between 63 and 72 kmmalues of the true profile, in Fig the differences between
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Fig. 2. Percentage differences in the simulated case between the
profiles retrieved using only the IASI measurement (green line in
Fig. 1. Results of the simulation showing the true ozone VMR pro- (@), only the MIPAS measurement (blue line b)), the IASI-

file (magenta line) and the profiles retrieved using only the IASI piPAS data fusion (black line ifc)) and the true profile. The gray
measurement (green line), only the MIPAS measurement (blue line}reas represent the percentage retrieval errors of the three retrieved
and the IASI-MIPAS data fusion (black line). The magenta, blue profiles. For comparison in all panels the percentage difference be-

and black lines overlap across the entire altitude range. tween the climatological profile and the true profile is shown (red
lines).
the retrieved profiles and the true profile are compared with 8o ——————————— 10.0

the retrieval errors and with the difference between the clima- . (@)
tological profile and true profile. The climatological profile

and the true profile coincide above 38 km and differ below
this altitude. As expected, we can see that the IASI measure¢ 5| —— Climatologic | |
ment alone below 20 km reduces the difference between the> ::\’;ISP'AS
retrieved profile and the true profile with respect to the dif- Fusion |
ference between the climatological profile and the true pro-

file, while the MIPAS measurement reduces this difference
between 7 and 38km. The profile retrieved with the 1ASI-

MIPAS data fusion improves the difference with the true or
profile in the altitude range between 0 and 38 km. Above

38km, because of the coincidence between the climatolog-
ical profile and the true profile, the improvement of the re-

t”eved_ profiles with re_SpeCt to the_ a priori knowledge Canr'OtFig. 3. Percentage retrieval errors in the simulated case for the pro-
be estimated comparing the profiles. In Figthe percent- files retrieved using only the IASI measurement (green line), only
age retrieval errors for the three retrieved profiles and thenhe MIPAS measurement (blue line) and the IASI-MIPAS data fu-
percentage climatological standard deviation are comparedsion (black line). The standard deviation of the climatological pro-
From this comparison we see that the IASI retrieval error isfile (red line) is also reportedb) shows a blow up ofa) in the low
smaller than the MIPAS retrieval error below 5km while it altitude region.

is larger above 5km. The error of the IASI-MIPAS data fu-

sion is equal to the MIPAS retrieval error above 7 km and is

smaller than both the IASI and MIPAS retrieval errors below of the improvements that a correct data fusion can bring to
7km. It is interesting to notice that the IASI-MIPAS data the knowledge of the atmospheric state.

fusion obtains an error significantly smaller than the one ob- In Figs.4 and5 the AKs for the profiles retrieved using
tained with IASI alone also if MIPAS does not bring infor- only the IASI measurement, only the MIPAS measurement
mation at low altitudes. This is due to the fact that the errorand the IASI-MIPAS data fusion are reported. The AKs
at low altitude obtained when only the IASI measurement isabove 5 km for the profile obtained from the data fusion are
used is mainly due to the uncertainty that the IASI measure-quite similar to those obtained from the MIPAS measurement
ments have in stratosphere. The use of MIPAS reduces thalone. On the other hand, while the AKs for the profile ob-
error in stratosphere and consequently determines a redutained from the MIPAS measurement alone are zero below
tion of the IASI error at low altitude. This is a good example 5km the AKs for the profile obtained from the data fusion
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Table 1. Information gain and number of degrees of freedom for the
profiles retrieved from simulated measurements using only the IASI
measurement, only the MIPAS measurement and the IASI-MIPAS
data fusion.

Information  n. of degrees
gain [bit] of freedom
IASI 11.0 3.7
MIPAS 59.2 21.7
Fusion 62.1 22.6

altitudes, in the altitude range 0—15 km, for the profiles retrieved us-tively. The number of degrees of freedom is given by the

ing only the IASI measuremeifa), only the MIPAS measurement
(b) and the IASI-MIPAS data fusioft).

show that the fusion with the IASI measurement provides
a significant sensitivity of the retrieved profile to the true pro-
file also below 5 km.

In order to estimate quantitatively the quality improvement

of the product of the data fusion with respect to that obtained

when only one of the two measurements is used, we hav
calculated the information gain with respect to the informa-
tion given by the climatological profile and the number of
degrees of freedom of the three retrieved profiles. The in
formation gain, as demonstrated Rpdgerq2000, is equal

to:

1
Allbit] = 5(|092|Sc| —log,[S)), (1)

trace of the AK matrix Rodgers 2000. In Tablel the in-
formation gain and the number of degrees of freedom are re-
ported for the profiles retrieved using only the IASI measure-
ment, only the MIPAS measurement and the IASI-MIPAS
data fusion. We can see that the data fusion determines a
quality improvement in terms of both information content
and number of degrees of freedom with respect to when only
one of the two measurements is used.

In Figs. 6 and7 the information gain and the number of

e i
degrees of freedom are reported as a function of the num-

ber of components used to represent the MSS, having sorted
the components in the order of increasing error. These plots

show how the information gain and the number of degrees
of freedom increase when we substitute one by one the cli-
matological components with the measured components. We
can see that it is not necessary to consider more than about
10, 30 and 35 measured components for, respectively, the

where|S| and|S| are the determinants of the VCMs of the IASI measurement alone, the MIPAS measurement alone and
retrieved profile and of the climatological profile, respec- the IASI-MIPAS data fusion. These values confirm that the
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case that each measured component contributes with one degree of & @)
freedom. 70
10.0
60
Table 2. Geolocations of the IASI and MIPAS measurements that T 50 — Climatologic | T1s
have been fused. = —|ASI =
§ 40 —Il\:/IIPiAﬁ § é
IASI MIPAS = usio £ 50
Date 4 Jul 2008 20
Time (UTC)  9:57:00 10:40:55 25
Latitude 21.83N 21.9N 10 —
Longitude 5.88W 6.22 W T

0
0 25 50 75

100
Ozone VMR error [%]

10 15 20 25 30 35 40
Ozone VMR error [%]

. . . Fig. 9. Percentage retrieval errors for the profiles retrieved from
initial choice to consider 20, 50 and 70 measured cOMPO+ea| measurements using only the IASI measurement (green line),

nents was conservative and more than adequate to include ahiy the MIPAS measurement (blue line) and the IASI-MIPAS data

the information coming from the observations. fusion. The standard deviation of the climatological profile (red
line) is also reportedb) shows a blow up ofa) in the low altitude
region.

4 Data fusion of real IASI and MIPAS measurements

For the analysis of the IASI measurement the spectral band
from 645 to 1995cm! was used. The analysis described
In order to test the practicality of the data fusion procedurein Sect.3 for the simulation has been applied to the two co-
described in the previous sections on real measurement$pcated IASI and MIPAS measurements and the results are
we have applied it to two real co-located measurements ofeported in the following subsection.

IASI and MIPAS. The two measurements were performed on

4 July 2008 at the geolocations reported in Tébl&he time 4.2 Results of the analysis of the real measurements
difference of the two measurements is 43min and 55s and

the spatial distance between the two measurement grounth Fig. 8 the ozone VMR profile derived from the IASI-
points is 36.9 km. The altitude of the Earth’s surface aboveMIPAS data fusion is reported with the percentage retrieval
sea level at the measurement sites is about 300 m. Thereforerrors and the AKs. In Fig9 the percentage retrieval er-

in this case we took a vertical grid of 1 km steps betweenrors of the profiles retrieved using, respectively, only the
1 and 80 km and extrapolated the atmosphere above and b&ASI measurement, only the MIPAS measurement and the
low this altitude range for the radiative transfer calculation. IASI-MIPAS data fusion are compared with the percentage

4.1 General information
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Table 3. Information gain and number of degrees of freedom for dure to retrieve the true state and the real measurements have

the profiles retrieved from real measurements using only the Iasidémonstrated the practicality of the procedure on real data.
measurement, only the MIPAS measurement and the IASI-MIPAS A good coincidence of MIPAS and IASI measurements

data fusion. was found on 4 July 2008 with a time difference of 43 min
and 55s and a spatial distance of 36.9km. The fusion of
Information  n. of degrees these two measurements provides an increase of 39.9 and
gain [bit] of freedom 6.2 bits of information and of 16.8 and 1.5 numbers of de-
IASI 126 37 grees of freedom relative to individual IASI and MIPAS mea-
MIPAS 463 19.0 surements, respectively.
Eusion 525 20.5 As a final consideration we notice that the quality indica-

tors (such as retrieval errors, information gain, AKs and num-
ber of degrees of freedom) can be used to assess the compar-
ative merit of two (or more) measurements, making the pro-
gosed data fusion method a powerful tool for the comparison

climatological standard deviation. For these three cases th ) : ;
) . ) of the performances of different experiments with respect to
information gain and the number of degrees of freedom are

reported in Tabl8. The results obtained with real measure- gpemﬂc Farget; of interest. In P artlcule_lr, the gain (.)f mforma-
L ) L tion attained with the data fusion provides useful indications
ments are similar to those obtained with simulated measure- . ) .
: : about complementarities and redundancies of different mea-
ments, showing also in the case of real measurements thé ;
- S . . surements and can be used for the selection of the observa-
significant quality improvement obtained using the data fu-tion Strateqies of future experiments
sion with respect to one measurement. The small differences 9 P '
between the numbers reported in the Taldlemd3 are due
to differences between the simulated and real measuremen}@ppendiX A

such as the different climatological atmospheres due to dif-

ferent latitudes, the different tangent altitudes of the MIPAS\we recall the mathematical formalism of the MSS and data
measurement and the different brightness temperature gragsjon. We represent the observations (radiances) with a vec-
dient at the Earth surface. The results obtained in the apror y of m elements and the vertical profile of the unknown
plication of the data fusion procedure to real measurementgtmospheric parameter (ozone for the case treated in this pa-
confirm that the procedure can be used for the systematiger) with a vector of n elements corresponding to a pre-

analysis of co-located atmospheric measurements with a Sigjefined altitude grid. The relationship between the vectors
nificant quality improvement of the products with respect to gpnq y js

when the single measurements are used.
y=F(x)+e, (A1)

where the functionF (x) is the forward model and is the
vector containing the experimental errors of the observations,

) characterized by a VCMy.
We have performed the data fusion of IASI and MIPAS e expandF (x) up to the first order around a specific

ozone VMR profiles using the MSS method. This method5e ofx, identified byxo and referred to as thineariza-

provides an optimal data fusion in the sense that it exploits;;y, point and, after some rearrangement, Bl becomes
all the information provided by the two measurements by us- ' ’

¢ ; . equal to:

ing all available measured components and avoiding any loss

of information due to interpolations. Furthermore, it avoids y — F (xq) + Kxg=Kx +e€, (A2)

the propagation of possible biases present in the quantities

retrieved into the product of the data fusion. We have charwhereK is the Jacobian matrix (that is the partial derivatives
acterized the quality of the data fusion products by mean®f F(x) with respect to the elements oJ calculated ato.

of retrieval errors, information gain, AKs and number of de- EQ. (A2) implies that the elements of— F (xo) +Kxo are
grees of freedom. All these quantifiers show that the datdhe scalar products betweanand the rows oK plus the
fusion significantly improves the quality of the products with errors. It follows that the knowledge 9f— F (xo) +Kuxo de-
respect to when only one of the two measurements is contermines the knowledge of the componentdhat lies in the
sidered demonstrating the ability of the adopted procedure tépace generated by the rowskof This space is referred to as
exploit the complementary information provided by the two measurement spa@d its orthogonal complement RY' is
instruments. The analysis has been performed in the case ¢¢ferred to asiull space In order to weigh the observations
simulated and real measurements. Similar and consistent ravith their errors and avoid the complication of correlated er-
sults have been obtained in the two cases. The simulatetbrs it is useful to consider the quantiSy_l/zy (which is
measurements have demonstrated the ability of the procecharacterized by a VCM that is the unity matrix) instead of

5 Conclusions
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the observationg. Multiplying both terms of Eqg.42) on variances given by the inverse of the squared singular values

the left bySQl/2 we obtain: of S;l/ZK . Therefore, components corresponding to large
172 172 172 singular values are well determined while components cor-
S T ly—F(x0) +Kxol =S " Kx+S, €. (A3)  responding to small singular values are poorly determined.

The definition ofx, in terms ofV anda, determined respec-
tively by Eq. A9) and by Eq. A10), is referred to as the
measurement-space solutiiSS).

X =x5+xp, (A4) We can now use the MSS approach to perform the data
fusion of several independent measurements of the same ver-
tical profile. In the following we recall the formalism for
the data fusion of two independent measurements, but it can

Since the spacR” can be split into the direct sum of the
measurement space and of the null space, we can write:

wherex, and xy, respectively, belong to the measurement
space and to the null space. They can be expressed as:

xa=Va, (A5) be easily extended to a whatever large number of indepen-
dent measurements. We assume that the MSSs of the two
xp=Wb, (A6)  measurements have been calculated on the same predeter-

hereV i trix wh | h | basi mined vertical grid. As a consequence the two measurement
whereV is a matrix whose columns are an orthonormal basisg s e are subspaces of the same spacdhe two MSSs
of the measurement spad¥,is a matrix whose columns are

h | basis of th I dnd b are characterized by the matricés andV,, that identify
an orthonormal basis of the null space andndb are the the measurement spaces, and by the two vedpenda;

projections ofx on these orthornormal bases: (with their diagonal VCMsS,, andS,,). The relationships
a=VTx, (A7) between these MSSs and the prafilare given by Eq.A410):
b=WTx, (A8) @1=Vix+eq, (A13)
where the superscrift denotes transposed matrices. The @2=V3X +¢€q,, (A14)

componentx, is the only quantity that can be derived from
the observations. In order to fing, from Eq. (A5) we need

to identify V anda. To this purpose we perform the singular /4, vT €
value decomposition of: <&2> = (Vi )x + ( “ ) (A15)

which can be written in the compact form:

€a,
S 2K =UAVT. (A9) /P _ _
where the notatio Q means the matrix (vector) obtained
The columns o¥/ are an orthonormal basis of the space gen- . .
ted by th 12 g —1/2 . : arranging the rows of the matrix (vectd® below the rows
erated by the rows oy - Sinces, ™" Is a nonsingu- of the matrix (vector)? ande,, ande,, contain the errors

. —1/2 .
lar matrix the space generated by the row§)o}/ K coin-  with which a; = VIx anda, =Vl x are estimated byi;

cides with the space generated by the rowKotherefore,  anda,. Eq. (A15) implies that the elements of the vector
the columns oV are an orthonormal basis of the measure- / 5,

ment space and, among all the possible orthonormal bases f&z) are the scalar products betweeand the columns of
the measurement space, it can be chosen for representing V; and ofV; plus the errors. It follows that the knowledge
with Eg. (A5). We can now determine the componentx gf ai .

relative to this orthonormal basis. Substituting E49) in of a- determines the knowledge of the component of
Eq. (A3), multiplying both terms on the left by U7 and  that lies in the space generated by the column¥ pfnd
using Eq. A7), after some rearrangements, we obtain thatof V,. This space is th@nion spaceof the measurement

a, i.e. the estimation o# deduced from the observations, is spaces of the two individual measurements. We are now in a

given by: situation similar to that encountered in the case of BQ) (
_ a
a=a+tea=V x+e=V xo+A"UTS Y2(y _F(xg)), (A10) where the vecto(é) plays the role ofy — F(xq) + Kxo
T
where and the matrix x% plays the role oK. Following the
_ A1 Te /2 .2 .
€a=A""UTS e, (A11) procedure described above we can calculate the MSS in the
is the error that we make takirigas the estimation of and  Union space of the measurement spaces of the two individual
is characterized by the diagonal VCM: measurements.
Sa= A2, (A12) AcknowledgementsThe forward and inverse models, used for the

retrieval from MIPAS spectra, have been optimized and tested in
From Eq. A12) we see that the components of the vector the frame of the project “Support to MIPAS Level 2 product valida-
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