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a b s t r a c t 

In the context of a growing need for innovatory techniques to take advantage of the largest amount of 

information from the great number of available remote sensing data, the Complete Data Fusion (CDF) 

algorithm was presented as a new method to combine independent measurements of the same vertical 

profile of an atmospheric parameter into a single estimate for a concise and complete characterization of 

the atmospheric state. The majority of the atmospheric composition measurements determine the alti- 

tude distribution of a great number of quantities: multi-target retrievals (MTRs) are increasingly applied 

to remote sensing observations to determine simultaneously atmospheric constituents with the purpose 

to reduce the systematic error caused by interfering species. In this work, we optimised the CDF for the 

application to MTR products. We applied the method to simulated retrievals in the thermal infrared and 

in the far infrared spectral ranges, considering the instrumental specifications and performances of IASI- 

NG (Infrared Atmospheric Sounding Interferometer New Generation) and FORUM (Far-Infrared Outgoing 

Radiation Understanding and Monitoring) instruments, respectively. The obtained results show that the 

CDF algorithm can cope with state vectors from MTRs, that must share at least one retrieved variable. 

In particular, the results show that the fused profile has the greatest number of degrees of freedom and 

the smallest error for all considered cases. The comparison between the CDF products and the synergistic 

retrieval ones shows the equivalence of the two methods when the linear approximation is adopted to 

simplify the treatment of the retrieval problem. 

© 2021 The Authors. Published by Elsevier Ltd. 

This is an open access article under the CC BY-NC-ND license 

( http://creativecommons.org/licenses/by-nc-nd/4.0/ ) 
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. Introduction 

Continuously monitoring the atmosphere over the globe 

hrough a great number of satellite missions, as well as airborne 

nd ground-based campaigns is essential to understand processes 

hat control the distribution of atmospheric species and to ensure 

ccurate measurements of their vertical profiles and tridimensional 

istributions. Moreover, these measurements are important as in- 

ut in the physical and chemical models used to predict the evo- 

ution of the atmospheric state and can be used as source of in- 

ormation in the assimilation systems [1] . In the last few decades, 

atellite observations have proven their capability to measure a 

onsiderable number of atmospheric species [2–6] . In recent years 

he availability of a large amount of data has stimulated the use of 
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ynergistic approaches to gain the largest amount of information 

rom these measurements [7–12] . 

A synergistic process is based on the combination of a set of 

atellite observations to obtain products with an enhanced accu- 

acy and information content than the best individual retrieval in 

he set, exploiting all the possible interactions between the var- 

ous information inputs. Various approaches, based on different 

echanisms, are used to combine multiple sets of independent re- 

rievals of the same atmospheric target [13] . However, two classes 

f strategies are widely used to determine the vertical profile of 

tmospheric variables when two or more instruments observe the 

ame portion of atmosphere: the synergistic retrieval and the a 

osteriori combination of the retrieved products [7] . 

The synergistic retrieval rigorously combines the redundant and 

omplementary information of different spectral radiance mea- 

urements and provides the best estimate of the profile taking into 

ccount all the interactions of the different inputs [14] . The imple- 

entation of this method is, however, a complex and costly pro- 
nder the CC BY-NC-ND license ( http://creativecommons.org/licenses/by-nc-nd/4.0/ ) 
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ess as it requires a forward radiative transfer model that can deal 

ith a large amount of spectral data and that is suitable to sim- 

late measurements from instruments operating in different spec- 

ral ranges. A posteriori combination methods, such as the data fu- 

ion, are often used to overcome these difficulties as they propose 

 different approach [15,16] . In the data fusion approach an algo- 

ithm combines, a posteriori, into a single estimate the profiles re- 

rieved independently from spectral measurements of different in- 

truments. 

The Complete Data Fusion (CDF) method is based on the a pos- 

eriori approach and is able to reduce the complexity of manag- 

ng high volumes of data and to improve their quality with respect 

o the operational outcome of individual instruments [17–19] . In 

articular, the fused products show a higher number of degrees 

f freedom (DOFs) and an enhanced vertical sensitivity. Moreover, 

eccherini et al. [14] demonstrated in the linear approximation the 

DF provides the same solution as the synergistic retrieval with 

qual error estimates and number of DOFs. It should be remarked 

hat in real problems the linear approximation is not always valid. 

he value of the CDF procedure is that it uses standard retrieval 

roducts obtained with the optimal estimation technique and has 

ery simple implementation requirements, consequently it can be 

sed in remote sensing problems where the application of the syn- 

rgistic retrieval is too difficult or potentially not possible. 

The application of the CDF algorithm, in its current formula- 

ion, is limited to retrieval products of a single atmospheric vari- 

ble. However, multi-target retrievals (MTRs) are increasingly ap- 

lied to retrieve simultaneously multiple atmospheric constituents 

rom remote sensing observations, thus reducing the systematic er- 

or introduced by the interfering species [20–23] . Moreover, MTR 

llows the use of spectral ranges containing significant contribu- 

ions from multiple absorbers, which would normally be excluded 

hen each species is retrieved independently. The generalization 

f the CDF algorithm to fuse profiles obtained from MTRs was a 

ignificant step in order to extend its application to remote sens- 

ng data that are able to provide high quality products for multiple 

tmospheric variables. 

In this study we simulated synthetic MTR products for the 

wo future satellite missions IASI-NG and FORUM considering two 

ifferent cases: when their retrieved state vectors coincide com- 

letely and when they share only one parameter. 

The Infrared Atmospheric Sounding Interferometer - New Gen- 

ration (IASI-NG) is designed with a very high level of accuracy 

nd it will be dedicated to the characterization of atmospheric 

omposition related to climate, atmospheric chemistry and envi- 

onment, as well as to operational meteorology and climate moni- 

oring. The objective is to halve the spectral resolution and the ra- 

iometric noise in comparison with IASI first generation, assuring 

n improved performance. The hyper-spectral infrared observation 

ith IASI has been demonstrated to enable an accurate measure- 

ent of key gases and atmospheric variables (i.e., carbon monox- 

de (CO), carbon dioxide (CO 2 ), water vapour (H 2 O), ozone (O 3 ), 

ulphur dioxide (SO 2 ), methane (CH 4 )) for climate and atmospheric 

hemistry monitoring in near real time [24,25] . The second gener- 

tion of IASI is expected to further improve the quality of these 

roducts [26,27] . 

The Far-infrared Outgoing Radiation Understanding and Mon- 

toring (FORUM) mission will fill the long-standing gap in far- 

nfrared spectral observations and will provide new insight into 

he planets radiation budget and how it is controlled. Flying in 

oose formation with the Meteorological Operational Satellite Sec- 

nd Generation (Metop-SG), it will complement mid-infrared spec- 

ral measurements by IASI-NG. The main product of the FORUM 

ission will be the calibrated spectral radiance, however the radi- 

nces will be processed up to Level 2 to retrieve atmospheric pa- 

ameters (in particular water vapour), surface spectral emissivity 
2 
nd cloud parameters in case of cloudy atmospheres. The syner- 

istic use of FORUM and IASI-NG will provide spectrally resolved 

ata of the entire spectrum of the Earth thermal emission with a 

ery high accuracy, improving the monitoring of atmospheric pa- 

ameters. 

This paper presents the feasibility of the CDF with the MTRs 

roducts. The simulated FORUM and IASI-NG retrieved profiles are 

xactly co-located in space and time (they refer to the same at- 

ospheric profile) and are defined on the same vertical grid. The 

ame a priori profile is considered for the simulated retrievals. We 

imulated the retrieval products adopting the linear approximation 

n both experiments. These assumptions were made to simplify the 

roblem and were adopted to demonstrate the feasibility of the 

rocess in its first step. Following studies will focus on the exten- 

ion to cases considering inconsistencies in temporal and spatial 

ollocations of multiple instrumental measurements. 

The paper is structured as follows. In Section 2 , we describe the 

DF algorithm and its generalization to MTR. Section 3 , we sum- 

arize the characteristics and specifications of the instruments. In 

ection 4 , we illustrate the generation of the synthetic data of IASI- 

G and FORUM. In Section 5 , we show the results obtained with 

he application of the CDF to the simulated MTR products. Finally, 

n Section 6 , we summarize the results of the work and draw the 

onclusions. 

. The CDF method 

.1. CDF equations 

The CDF [14] is a data fusion method that takes into account 

he main features of the measurements to be combined. For its 

ormulation it could be seen an extension of the weighted mean 

o the case in which the averaging kernel matrices (AKMs) are 

ifferent from the identity matrix. The CDF algorithm is applied 

hen N vertical profiles of atmospheric variables are retrieved, 

sing the optimal estimation method [28] , from N simultaneous 

nd independent measurements. The retrieved profiles (fusing pro- 

les) are characterized by their state vectors ˆ x i ( i = 1, 2, N), their 

etrieval noise error covariance matrices (CMs) S S S i , their AKMs A 

A A i 

28–30] and are used in input to the following equations to obtain 

he CDF solution x x x f . This solution depends on the N input quanti- 

ies ( ̂  x i , A 

A A i , S S S i ), on the a priori profile ˆ x a and the covariance matrix 

f the a priori S S S a used to constrain the fused product. It is given 

y: 

 f = 

( 

N ∑ 

i =1 

A 

T 
i S 

−1 
i 

A i + S −1 
a 

) −1 ( 

N ∑ 

i =1 

A 

T 
i S 

−1 
i 

αi + S −1 
a x a 

) 

, (1) 

here 

i ≡ ˆ x i − ( I − A i ) x ai , (2) 

 

 

 is the identity matrix and x ai is the a priori profile for the in-

ividual retrieval. In this study the a priori profiles and CMs are 

he same for the individual retrievals of IASI-NG and FORUM and 

or the fused product. The use of the same a priori information in 

ll products allows to easily compare the performance of the two 

ndividual measurements with respect to the fusion. 

The error CM and AKM of the fused profile are given by: 

 

 

 f = 

( 

N ∑ 

i =1 

A 

A A 

T 
i S S S −1 

i 
A 

A A i + S S S −1 
a 

) −1 
N ∑ 

i =1 

A 

A A 

T 
i S S S −1 

i 
A 

A A i 

( 

N ∑ 

i =1 

A 

A A 

T 
i S S S −1 

i 
A 

A A i + S S S −1 
a 

) −1 

(3) 

 

 

 f = 

( 

N ∑ 

i =1 

A 

A A 

T 
i S S S −1 

i 
A 

A A i + S S S −1 
a 

) −1 
N ∑ 

i =1 

A 

A A 

T 
i S S S −1 

i 
A 

A A i (4) 
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The fusing profiles are, in general, not exactly collocated in 

pace and time and defined on different retrieval grids. The ap- 

lication of the CDF method to vertical profiles observing different 

rue profiles and obtained with different instruments on different 

etrieval grids was analyzed in Ceccherini et al. [17] for the CDF ap- 

lication to single parameter state vectors. Additional sources of er- 

ors and their corresponding CMs should be introduced when the 

ertical fusion grid does not coincide with the grids of the fusing 

rofiles (interpolation error) and when their space and time loca- 

ions are not coincident (coincidence error) [31] . In this work, such 

rrors are not considered as the simulated fusing profiles are de- 

ned on the same vertical grid of the fused profile and are referred 

o the same true profile. This is an approximation that simplifies 

he real processing of multi-sensor data and that we adopted as 

he first step of the process that aims to reproduce, as final result, 

he real case. As in the case of single parameters state vectors, fur- 

her applications will consider coincidence and interpolation errors 

o be applied to fusing profiles from MTRs. 

.2. Generalization of the CDF method to MTR 

In this section, we describe the generalization of the CDF 

ethod for its application with input vectors and matrices ( ̂  x i , S S S i , 

 

 

 i ) from MTRs. Suppose to retrieve N state vectors ˆ x i (i = 1,..., N) with 

 i parameters from the spectral measurements vectors y i . The N

tate vectors ˆ x i may have one or more of the M i parameters in 

ommon. The following equations are valid in the case in which 

he N vectors have the same number of parameters M i . The MTR 

utputs obtained with the optimal estimation can be written as: 

ˆ  i = 

⎛ 

⎜ ⎜ ⎜ ⎜ ⎜ ⎜ ⎝ 

P1 P1 P1 i 
P2 P2 P2 i 
P3 P3 P3 i 
. 

. 

. 

PM 

PM PM i 

⎞ 

⎟ ⎟ ⎟ ⎟ ⎟ ⎟ ⎠ 

A 

A A i = 

⎛ 

⎜ ⎜ ⎝ 

A 11 A 11 A 11 ,i A 12 A 12 A 12 ,i . . . A 1M 

A 1M 

A 1M ,i 

A 21 A 21 A 21 ,i A 22 A 22 A 22 ,i . . . A 2M 

A 2M 

A 2M ,i 

. . . . . . 

. . . . . . 

A M1 A M1 A M1 ,i A M2 A M2 A M2 ,i . . . A MM 

A MM 

A MM ,i 

⎞ 

⎟ ⎟ ⎠ 

 

 

 i = 

⎛ 

⎜ ⎜ ⎝ 

S 11 S 11 S 11 ,i S 12 S 12 S 12 ,i . . . S 1M 

S 1M 

S 1M ,i 

S 21 S 21 S 21 ,i S 22 S 22 S 22 ,i . . . S 2M 

S 2M 

S 2M ,i 

. . . . . . 

. . . . . . 

S M1 S M1 S M1 ,i S M2 S M2 S M2 ,i . . . S MM 

S MM 

S MM ,i 

⎞ 

⎟ ⎟ ⎠ 

(5) 

here Pk i Pk i Pk i ( k = 1,..., M) is a subvector corresponding to the k th pa-

ameter (e.g temperature, water vapour and ozone). For readability 

n the following equations we omit the i subscript. A rq A rq A rq and S rq S rq S rq are 

ubmatrices defined as: 

 rq  rq  rq = 

∂ ˆ Pr Pr Pr 

∂ Pq Pq Pq 
(6) 

nd 

 rq  rq  rq = 

〈
( ̂  Pr Pr Pr −

〈
ˆ Pr Pr Pr 
〉
)( ˆ Pq Pq Pq −

〈
ˆ Pq Pq Pq 
〉
) T 

〉
(7) 

here ˆ Pk Pk Pk is the retrieved value, Pk Pk Pk is the true value and 〈 〉 de- 

otes the expected value of the quantity (see Eq. 2.10 of [28] ). The

ubscripts r r r and q q q (where r r r , q q q = 1,...,M) refer to the k parameters. 

.2.1. MTR with the same retrieved parameters 

If the fusing measurements are MTR state vectors that contain 

he same atmospheric variables we can use the standard CDF equa- 

ions ( Eq. (1) , (3), (4) ). To simplify the description we consider the

ase of two measurements whose state vectors contain the same 

wo parameters: ˆ x 1 = 

(
P1 P1 P1 1 
P2 P2 P2 1 

)
and 

ˆ x 2 = 

(
P1 P1 P1 2 
P2 P2 P2 2 

)
. The state vectors 

ˆ 
 1 and 

ˆ x 2 with the corresponding AKMs A 

A A 1 , A 

A A 2 and CMs S S S 1 , S S S 2 to 

e used in input to the MTR CDF are: 

ˆ 
 i = 

(
P1 P1 P1 i 
P2 P2 P2 i 

)
A 

A A i = 

(
A 11 A 11 A 11 ,i A 12 A 12 A 12 ,i 

A 21 A 21 A 21 ,i A 22 A 22 A 22 ,i 

)
S S S i = 

(
S 11 S 11 S 11 ,i S 12 S 12 S 12 ,i 

S 21 S 21 S 21 ,i S 22 S 22 S 22 ,i 

)
(8) 
3 
ith i = 1,2. Pk Pk Pk i , A rq A rq A rq i , S rq S rq S rq i are sub-vectors and sub-matrices of the 

nput state vectors, AKMs and CMs referring to the corresponding 

arameters as defined in Eqs. (6) and (7) . Using these matrices as 

nput to the MTR CDF algorithm, we obtain this solution: 

ˆ 
 f = 

(
P1 P1 P1 f 
P2 P2 P2 f 

)
A 

A A f = 

(
A 11 A 11 A 11 , f A 12 A 12 A 12 , f 

A 21 A 21 A 21 , f A 22 A 22 A 22 , f 

)
S S S f = 

(
S 11 S 11 S 11 , f S 12 S 12 S 12 , f 

S 21 S 21 S 21 , f S 22 S 22 S 22 , f 

)
(9) 

.2.2. MTR with different retrieved parameters 

In addition to (at least) one common parameter, the fusing state 

ectors might contain different (not in common) atmospheric vari- 

bles, in that case we need to modify the state vectors and the 

atrices in input. In order to apply the CDF method the state vec- 

ors are modified to be the union of the parameters retrieved from 

he different measurements and new AKMs and CMs are created, 

dding sub-matrices related to the non-retrieved parameters and 

onsidering that no information is retrieved for them. To simplify 

he description we consider the case of two measurements with 

tate vectors with one parameter in common and one different pa- 

ameter each: ˆ x 1 = 

(
P1 P1 P1 1 
P2 P2 P2 1 

)
and 

ˆ x 2 = 

(
P1 P1 P1 2 
P3 P3 P3 2 

)
. The new state vectors 

ˆ 
 1 and 

ˆ x 2 with the corresponding AKMs A 

A A 1 , A 

A A 2 and CMs S S S 1 , S S S 2 to 

e used in input to the MTR CDF are: 

ˆ 
 1 = 

( 

P1 P1 P1 1 
P2 P2 P2 1 

0 

0 0 

) 

A 

A A 1 = 

( 

A 11 A 11 A 11 , 1 A 12 A 12 A 12 , 1 0 

A 21 A 21 A 21 , 1 A 22 A 22 A 22 , 1 0 

0 0 0 

) 

S S S 1 = 

( 

S 11 S 11 S 11 , 1 S 12 S 12 S 12 , 1 0 

S 21 S 21 S 21 , 1 S 22 S 22 S 22 , 1 0 

0 0 0 

) 

(10) 

ˆ 
 2 = 

( 

P1 P1 P1 2 
0 

0 0 

P3 P3 P3 2 

) 

A 

A A 2 = 

( 

A 11 A 11 A 11 , 2 0 A 13 A 13 A 13 , 2 

0 0 0 

A 31 A 31 A 31 , 2 0 A 33 A 33 A 33 , 2 

) 

S S S 2 = 

( 

S 11 S 11 S 11 , 2 0 S 13 S 13 S 13 , 2 

0 0 0 

S 31 S 31 S 31 , 2 0 S 33 S 33 S 33 , 2 

) 

. 

(11) 

he retrieval noise CM has zero elements for the not retrieved 

arameter as no information comes from the retrieval, thus the 

omponent of the measurement error for that parameter does not 

ropagate (see Par.5.4.2 of [28] ). The error CM of Eqs. (9) and (11) ,

aving diagonal elements equal to zero, are not invertible. Thus, 

or the inversion of the error CM in the CDF solution equations 

 Eq. (1) , (3), (4) ) we calculated the generalized inverse [32] . Pk Pk Pk i ,

 rq  rq  rq i , S rq S rq S rq i are sub-vectors and sub-matrices of the input state vec- 

ors, CMs and AKMs referring to the corresponding parameters as 

efined in Eqs. (6) and (7) . Using the new matrices as input to the

TR CDF algorithm, we obtain a solution that contains elements 

n common and not in common: 

ˆ 
 f = 

( 

P1 P1 P1 f 
P2 P2 P2 f 
P3 P3 P3 f 

) 

A 

A A f = 

( 

A 11 A 11 A 11 , f A 12 A 12 A 12 , f A 13 A 13 A 13 , f 

A 21 A 21 A 21 , f A 22 A 22 A 22 , f A 23 A 23 A 23 , f 

A 31 A 31 A 31 , f A 32 A 32 A 32 , f A 33 A 33 A 33 , f 

) 

S S S f 

= 

( 

S 11 S 11 S 11 , f S 12 S 12 S 12 , f S 13 S 13 S 13 , f 

S 21 S 21 S 21 , f S 22 S 22 S 22 , f S 23 S 23 S 23 , f 

S 31 S 31 S 31 , f S 32 S 32 S 32 , f S 33 S 33 S 33 , f 

) 

(12) 

. Instruments 

The Infrared Atmospheric Sounding Interferometer - New Gen- 

ration (IASI-NG) will be one of the main instruments onboard the 

econd generation of European Meteorological Operational satel- 

ites (MetOp-SG) that will guarantee the continuation of meteoro- 

ogical observations from polar orbit in the expected 2022–2043 

ime frame. The orbit average altitude of MetOp-SG-1A satellite 

ill be 830 km and its inclination will be 98.7 degrees with a 

ean local solar time of 09:30 at the descending node. The repeat 

ycle will be of 29 days and it will consist of 412 orbits. 
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Fig. 1. Summary of NEDT and ARA for IASI-NG and FORUM. For comparability, errors are shown as 1 sigma bounds. 

Table 1 

Summary of IASI-NG and FORUM main characteristics. 

Instrument 

Characteristic IASI-NG FORUM 

Spectral Coverage 645 - 2760 cm 

-1 100 - 1600 cm 

-1 

Spectral Resolution 0.25 cm 

-1 0.5 cm 

-1 

Spectral Sampling 0.125 cm 

-1 0.413 cm 

-1 

Measurement mode step and stare (azimuth scanning) step and stare (no azimuth scanning) 

Ground pixel (diameter at nadir) 12 km 15 km 
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The IASI-NG [26] instrument is a Fourier Transform Spectrom- 

ter that will measure the Mid-Infrared (MIR) radiation (from 645 

o 2760 cm 

−1 ) emitted by the Earth with a spectral resolution after 

podization of 0.25 cm 

−1 , a spectral sampling of 0.125 cm 

−1 and a 

educed radiometric noise with respect to its predecessor IASI (at 

east of a factor of 2, see Fig. 1 of [26] ). IASI-NG will scan across

he track in a step and scare mode with 7 Field of Regards (FORs)

laced symmetrically by either side of the nadir for each scan cy- 

le. Each FOR contains a 4 × 4 system of Fields of View (FOVs), as- 

uring a total of 14 × 16 FOVs each scan line. The diameter at nadir

f the ground pixel is 12 km. 

The Far-infrared Outgoing Radiation Understanding and Moni- 

oring (FORUM) [33] will be the ninth Earth Explorer mission of 

he European Space Agency and its launch, on board a polar or- 

iting satellite, is scheduled in 2025–2026. The orbit characteris- 

ics of the sun-synchronous polar orbiting satellite, hosting the FO- 

UM mission instrument, will be the same of MetOp-SG-1A satel- 

ite, hosting IASI-NG. The main instrument of the FORUM mission 

ill be a Fourier Transform Spectrometer that will measure the 

ar-Infrared (FIR) and MIR portion of the spectrum (from 100 to 

600 cm 

−1 ) emitted by the Earth. The unapodized spectral res- 

lution of the calibrated spectral radiances is 0.5 cm 

−1 and the 

pectral sampling step is 0.413 cm 

−1 . FORUM will measure in a 

tep and stare mode: it will observe a fixed circular ground pixel 

f 15 km diameter for the whole time interval of the measure- 

ent, without azimuth scanning. We simulated the IASI-NG and 

ORUM products considering the most recent instrumental specifi- 

ation, resumed in Table 1 [26,33–35] . 

Fig. 1 summarizes the assumed FORUM and IASI-NG Noise 

quivalent Delta Temperature (NEDT) and Absolute Radiometric 

M

4 
ccuracy (ARA) error specifications: a black body source at 280 K 

s assumed and all values have been scaled to 1 sigma for an easier 

omparison. 

IASI-NG and FORUM will fly in loose formation (i.e, the time lag 

etween FORUM and MetOp-SG-1A shall be less than 1 min and 

he maximum distance between ground tracks of the two satel- 

ite orbits shall be less than 100 km as a goal). In accordance with 

he measurements geometries and orbits characteristics, as well as 

ith the requirements for the loose-formation, the FORUM pixel 

nd the nearest IASI-NG sub-satellite centre will be separated by 

ess than 23 km [33] . For an illustration of IASI-NG and FORUM 

atterns see Fig. 3 of [33] . For their characteristics, IASI-NG and 

ORUM matching measurements are suitable for a synergistic ex- 

loitation, offering the opportunity to generate improved Level 2 

roducts. 

. Simulated measurements 

Simulations of IASI-NG and FORUM MTR retrieval products 

ere carried out using the KLIMA (Kyoto protocoL Informed Man- 

gement of the Adaptation) forward and retrieval model described 

n [36] and references contained therein. We adapted the KLIMA 

ode to simulate the retrieved synthetic products with the algo- 

ithm described in the following Section 4.1 . The formalism of 

ection 4.1 was used to simulate profiles, error CMs and AKMs in 

he following spectral ranges: 645–770 cm 

−1 and 1030–1400 cm 

−1 

or IASI-NG and 10 0–160 0 cm 

−1 for FORUM. The spectral range 

election for IASI-NG was made to optimize the retrieval perfor- 

ances [16,26,37–39] and to reduce the computational time. 

Three clear-sky atmospheric scenarios were selected from 

ERRA2 (Modern-Era Retrospective analysis for Research and Ap- 
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Table 2 

Scheme for the experiments description: the retrieved parameters are 

shown for each experiment and each instrument or data combination 

approach (CDF and synergistic retrieval). 

Experiment 1 Experiment 2 

IASI-NG Temperature - H 2 O Temperature - O 3 

FORUM Temperature - H 2 O Temperature - H 2 O 

FUSED Temperature - H 2 O Temperature - H 2 O - O 3 

SYNERGISTIC Temperature - H 2 O - 
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lications, Version 2) [40] reanalysis in order to consider a variety 

f atmospheric conditions for this study: 

• SCENARIO 1 (hereafter TROPICS): lat: -18.96, lon: 131.55; date: 

1 April 2012 (daytime); surface: water. 
• SCENARIO 2 (hereafter MIDLAT): lat: 49.71, lon: 11.08; date: 2 

April 2012 (daytime); surface: water. 
• SCENARIO 3 (hereafter POLAR): lat: 74.38, lon: -169.64; date: 2 

April 2012 (daytime); surface: water. 

Each scenario defines the state of the atmosphere, provid- 

ng information on temperature, water-vapour, ozone, cloud cover- 

ge. The database contains: geolocation, date, temperature, surface 

emperature, surface pressure, surface emissivity and land/sea clas- 

ification. The selected scenarios are not characterized by thermal 

nversion. Vertical profiles of 30 trace gases were taken from the 

nitial Guess for Level 2 (IG2) climatological database [41] 

The a priori profiles and a priori CMs were extracted from the 

ARS (Meteorological Archival and Retrieval System) archive of the 

uropean Centre for Medium-Range Weather Forecasts (ECMWF) 

42,43] . The simulated FORUM spectral radiance reaching the in- 

trument was convolved by the ISRF (Instrumental Spectral Re- 

ponse Function), defined as a sinc function with a distance of 

.413 cm 

−1 between the main maximum and the first adjacent 

ero (FWHM = 0.5 cm 

−1 ), and the spectrum was apodized with 

he Norton-Beer strong function. Finally a random noise with an 

mplitude of the order of the NESR was added. IASI-NG data 

ave been simulated considering that measurements will provide 

 spectrum apodized with a Gaussian function with a Full Width 

t Half Maximum (FWHM) coinciding with the spectral resolu- 

ion (0.25 cm 

−1 ), and that the spectral sampling step will be of 

.125 cm 

−1 . 

We carried out two experiments (see Table 2 ): in the first one 

e simulated the MTR of temperature and water-vapour profiles 

or IASI-NG and FORUM, in the second one of temperature and 

ater-vapour profiles for FORUM and temperature and ozone pro- 

les for IASI-NG. In the first experiment we also simulated the syn- 

rgistic retrieval of IASI-NG and FORUM for the MTR of tempera- 

ure and water vapour profiles for a comparison with the data fu- 

ion results. The temperature profiles and the gas volume mixing 

atios (vmr) are simulated considering a retrieval on a vertical grid 

t fixed pressure levels from 0 to 65 km with a step of about 2 km.

.1. Simulation algorithm 

.1.1. IASI-NG and FORUM L2 products 

The simulation of the Level 2 products (i.e the geophysical 

roducts retrieved from the measured radiances) of IASI-NG and 

ORUM is based on the optimal estimation theory [28] . In the two 

xperiments, the retrieved states of IASI-NG (I) and FORUM (F) 

ave been calculated as [44] : 

ˆ 
 i = A 

A A i x true + ( I I I − A 

A A i ) x a + δi (13) 

here i = I,F. In Eq. (13) A 

A A i is the AKM, x x x true is the true profile pro-

ided by the atmospheric scenario, x x x a is the a priori profile pro- 

ided by the MARS climatology and δ is the retrieval error. The 
i 

5 
KM A 

A A i has been computed as: 

 

 

 i = 

(
K 

K K 

T 
i S y S y S y 

−1 
i 

K 

K K i + S S S −1 
a 

)−1 
K 

K K 

T 
i S y S y S y 

−1 
i 

K 

K K i (14) 

here K i K i K i is the Jacobian matrix of the forward model calculated 

n x x x true , S y S y S y i is the error CM of the observations and S S S a is the error 

M of the a priori profile. 

The retrieval error is given by: 

i = G 

G G i εi = 

(
K 

K K 

T 
i S y S y S y 

−1 
i 

K 

K K i + S S S −1 
a 

)−1 
K 

K K 

T 
i S y S y S y 

−1 
i 

εi (15) 

here G 

G G i is the gain matrix and εi in the error on the observa- 

ions. εi is randomly taken from a Gaussian distribution with aver- 

ge zero and a CM S y S y S y i . The CM of the retrieval error δi is calculated

s: 

 

 

 i = 

(
K 

K K 

T 
i S y S y S y 

−1 
i 

K 

K K i + S S S −1 
a 

)−1 
K 

K K 

T 
i S y S y S y 

−1 
i 

K 

K K i 

(
K 

K K 

T 
i S y S y S y 

−1 
i 

K 

K K i + S S S −1 
a 

)−1 
(16) 

umming the CM of the retrieval noise S S S i with the CM of the 

moothing error S S S s,i : 

 

 

 s,i = 

(
K 

K K 

T 
i S y S y S y 

−1 
i 

K 

K K i + S S S −1 
a 

)−1 
S S S −1 

a 

(
K 

K K 

T 
i S y S y S y 

−1 
i 

K 

K K i + S S S −1 
a 

)−1 
(17) 

e obtain the CM of the total error: 

 

 

 tot,i = S S S i + S S S s,i = 

(
K 

K K 

T 
i S y S y S y 

−1 
i 

K 

K K i + S S S −1 
a 

)−1 
(18) 

.1.2. Synergistic products 

Since measurements of IASI-NG and FORUM will be indipen- 

ent from one another, the AKM of the synergistic product A 

A A syn 

as been calculated by: 

 

 

 syn = 

(
K 

K K 

T 
I S y S y S y 

−1 
I K 

K K I + K 

K K 

T 
F S y S y S y 

−1 
F K 

K K F + S S S −1 
a 

)−1 (
K 

K K 

T 
I S y S y S y 

−1 
I K 

K K I + K 

K K 

T 
F S y S y S y 

−1 
F K 

K K F 

)
(19) 

here K 

K K I and K 

K K F are the Jacobians of the simulated IASI-NG and 

ORUM measurements, respectively. S y S y S y I and S y S y S y F are the CMs rep- 

esenting IASI-NG and FORUM measurement errors and S S S a is the 

rror CM of the a priori state vector. The synergistic retrieval and 

moothing error CMs are computed, respectively, as: 

 

 

 syn = 

(
K 

K K 

T 
I S y S y S y 

−1 
I 

K 

K K I + K 

K K 

T 
F S y S y S y 

−1 
F 

K 

K K F + S S S −1 
a 

)−1 (
K 

K K 

T 
I S y S y S y 

−1 
I 

K 

K K I + K 

K K 

T 
F S y S y S y 

−1 
F 

K 

K K F 

)
·
(
K 

K K 

T 
I S y S y S y 

−1 
I 

K 

K K I + K 

K K 

T 
F S y S y S y 

−1 
F 

K 

K K F + S S S −1 
a 

)−1 

(20) 

nd: 

 

 

 s,syn = 

(
K 

K K 

T 
I S y S y S y 

−1 
,I 

K 

K K I + K 

K K 

T 
F S y S y S y 

−1 
F 

K 

K K F + S S S −1 
a 

)−1 
S S S −1 

a 

·
(
K 

K K 

T 
I S y S y S y 

−1 
I 

K 

K K I + K 

K K 

T 
F S y S y S y 

−1 
F 

K 

K K F + S S S −1 
a 

)−1 (21) 

The CM of the total error for the synergistic product is ex- 

ressed by: 

 

 

 tot,syn = S S S syn + S S S s,syn = 

(
K 

K K 

T 
I S y S y S y 

−1 
,I K 

K K I + K 

K K 

T 
F S y S y S y 

−1 
,F K 

K K F + S S S −1 
a 

)−1 
(22) 

. Results 

In this section, we will show the results for the two exper- 

ments described above ( Section 2 ): the CDF algorithm applied 

o MTR synthetic measurements of IASI-NG and FORUM when 

he retrieved parameters of fusing measurements coincide com- 

letely (experiment 1: MTR with the same retrieved parameters, 

ection 5.1 ) and when they share only one parameter (experiment 

: MTR with different retrieved parameters, Section 5.2 ). For both 

ases, we will show the analysis of the differences of IASI-NG, FO- 

UM, fused, a priori profiles with the true profile, the number of 

OFs and the retrieval information gain for all retrieved and fused 

rofiles. In the first case, when IASI-NG and FORUM measure the 

ame parameters (temperature and H 2 O), the difference between 

he fused profile and the synergistic retrieval is also considered. 
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Fig. 2. Temperature profiles for IASI-NG (green line), FORUM (red line), synergistic (magenta line) and fused (black line) products and the corresponding true profile (blue 

line) in the three atmospheric scenarios: TROPICS (left), MIDLAT (central) and POLAR (right). The a priori profile is also shown (cyan line). The synergistic and fused profiles 

are completely overlapped, thus it is impossible to distinguish the corresponding curves. 
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.1. Experiment 1: MTR with the same retrieved parameters 

In this case, the state vectors of IASI-NG (I) and FORUM (F) fus- 

ng measurements contain the same atmospheric variables: tem- 

erature (T) and water vapour (H 2 O). Their state vectors, AKMs and 

rror CMs are defined by the following: 

ˆ 
 i = 

(
T 

T T i 

H 2 O 

H 2 O H 2 O i 

)
A 

A A i = 

(
A T A T A T ,i A TH 2 O A TH 2 O A TH 2 O ,i 

A H 2 OT A H 2 OT A H 2 OT ,i A H 2 O A H 2 O A H 2 O ,i 

)
S S S i = 

(
S T S T S T ,i S TH 2 O S TH 2 O S TH 2 O ,i 

S H 2 OT S H 2 OT S H 2 OT ,i S H 2 O S H 2 O S H 2 O ,i 

)
(23) 

here i = I,F and the CDF solution is given by: 

ˆ 
 f = 

(
T 

T T f 

H 2 O 

H 2 O H 2 O f 

)
A 

A A f = 

(
A T A T A T , f A TH 2 O A TH 2 O A TH 2 O , f 

A H 2 OT A H 2 OT A H 2 OT , f A H 2 O A H 2 O A H 2 O , f 

)
S S S f 

= 

(
S T S T S T , f S TH 2 O S TH 2 O S TH 2 O , f 

S H 2 OT S H 2 OT S H 2 OT , f S H 2 O S H 2 O S H 2 O , f 

)
(24) 

In order to compare the fused ( f ) and individual measurements 

ith the true profile (as reference) we calculated: 

• the absolute difference between IASI-NG, FORUM, fused profiles 

and the true profile (for both parameters). 
• the percentage difference between IASI-NG, FORUM, fused pro- 

files and the true profile (for water vapour, in order to show 

the behaviour along the entire profile). 

We also calculated the absolute and percentage differences be- 

ween the a priori profile and the true profile for a comprehensive 

nalysis of the results. 

As the two input measurements contain the same parameters, 

e calculated the synergistic retrieval of IASI-NG and FORUM (see 

ection 4.1.2 ) and we compared the CDF results with those of the 

ynergistic retrieval to demonstrate the equivalence between the 

wo methods (demonstrated in [14] for single variable retrievals) 

lso in case of MTR. We calculated the absolute and percentage 

ifferences considering the synergistic retrieval profile ( x s ) as ref- 

rence for the fused one. 

In order to estimate quantitatively the quality improvement of 

he CDF application with respect to the use of the individual prod- 
6 
cts (both experiments) and of the synergistic retrieval (for exper- 

ment 1 only) we calculated: 

• the number of Degrees of Freedom (DOFs), a scalar measure of 

the number of independent quantities that can be measured, 

given by the trace of the AK matrix [28] . 
• the Shannon Information Content (SIC), defined as [28] : 

ΔI ΔI ΔI = 0 . 5 ∗ ( log 2 | S S S a | − log 2 | S S S tot,i | ) (25) 

where | S S S a | and | S S S tot,i | are the determinants of the VCMs of the 

a priori profile and of the retrieved profile. The SIC value pro- 

vides the information gain obtained with the retrieval process 

with respect to the information given by the a priori profile. 

In Fig. 2 and 3 , the temperature and water vapour profiles are 

hown for the a priori and true profiles and for the two fusing 

easurements, the fused and the synergistic retrieval profiles. The 

ifferences between the profiles’ values are more evident in the 

olar scenario for both parameters and, in general, in the UTLS re- 

ion for temperature and in the lower troposphere for H 2 O. The 

ynergistic and fused profiles are completely overlapped, thus it is 

mpossible to distinguish the corresponding curves. 

Figs. 4 and 5 (top) show the absolute differences between IASI- 

G, FORUM, fused, a priori profiles and the true profile for temper- 

ture and water vapour. The differences between fused and syner- 

istic retrieval profiles are also shown. In order to better visualize 

he results of the absolute difference for water vapour the y-axis 

cale is reduced to the range from the ground pressure to a pres- 

ure of 100 hPa (from 0 to near 16 km in altitude). 

For water vapour also percentage differences ( Eq. (15) and (16) ) 

re shown in Fig. 5 (bottom), as explained above. Fig. 4 shows 

hat the absolute differences with the true profile for tempera- 

ure are less than 5 K, except for the upper stratosphere where 

hey reach values of 10 K for FORUM profile. For H 2 O the percent-

ge differences are higher in the troposphere, where they reach 

alues greater than 50 % , with peaks exceeeding 100 % for the po- 

ar scenario. The H 2 O concentration in the UTLS and stratosphere 

s less than 10 ppmv, thus the analysis of the % difference val- 

es in this region is less informative. In Figs. 4 and 5 , the ma-

enta line behaviour demonstrates that the difference between the 
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Fig. 3. Water vapour profiles for IASI-NG (green line), FORUM (red line), synergistic (magenta line) and fused (black line) products and the corresponding true profile (blue 

line) in the three atmospheric scenarios: TROPICS (left), MIDLAT (central) and POLAR (right). The a priori profile is also shown (cyan line). The synergistic and fused profiles 

are completely overlapped, thus it is impossible to distinguish the corresponding curves. 

Fig. 4. Absolute differences between IASI-NG (green line), FORUM (red line), fused (black line), a priori (cyan line) profiles and the true profile for temperature in the three 

atmospheric scenarios: TROPICS (left), MIDLAT (central) and POLAR (right). Also shown are: the differences between the fused and the synergistic (SYN) profile (magenta 

line) and the total errors for all profiles (dashed lines, same colour coding of the profiles). The total errors of the synergistic and fused products are completely overlapped, 

thus it is impossible to distinguish the corresponding curves. 
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used and the synergistic retrieval profiles is zero for all pres- 

ure levels as expected in the linear approximation case [14] . In 

his case the analysis of the comparison between the total errors 

see Eq. (18) and (22) ) of the fused (and synergistic) retrieval and 

ono-instrumental retrievals provides interesting information (see 

ig. 4 and 5 ). The total errors for the fused profile are smaller or

omparable to those of the individual products but some features, 

iscussed in the following, are more significant. 

Considering the temperature retrieval ( Fig. 4 ), the FORUM total 

rror is ∼ 10% greater than that of the fused product in the altitude 
7 
ange from nearly 15 km up to the top of atmosphere, while it in- 

reases up to 70 % in the lower layers. It is interesting to note that

he differences between the total error of FORUM and fused re- 

rievals decrease by 20 % in the lower layers for the polar scenario, 

here FORUM retrievals are expected to be more informative [34] . 

he total errors of the IASI-NG temperature retrieval differ from 

hose of the fused one by less than 0.1 % from nearly 20 km up

o the top of atmosphere while, near the surface differences in- 

rease up to ∼ 3–4 % from 0 to 7 km. The interesting behaviour is 

hat from ∼ 7 to 18 km the total error of IASI-NG is greater than 
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Fig. 5. Absolute (top) and percentage (bottom) differences between IASI-NG (green line), FORUM (red line), fused (black line), a priori (cyan line) profiles and the true profile 

for water vapour in the 3 atmospheric scenarios: TROPICS (left), MIDLAT (central) and POLAR (right). Also shown are: the differences between the fused and the synergistic 

(SYN) profile (magenta line) and the total errors for all profiles (dashed lines, same colour coding of the profiles). The total errors of the synergistic and fused products are 

completely overlapped, thus it is impossible to distinguish the corresponding curves. 

t  

a

n

 

e

t

8

I  

p

t

p

w

p

d

t

r

f

g

f

p

T

t

D

a

t

v

u

t

a

H

m

Table 3 

Number of DOFs and SIC for IASI-NG, FORUM, fused and 

synergistic retrieval profiles for temperature and H 2 O for 

the three scenarios: TROPICS, MIDLAT and POLAR. 

N. of DOFs - SIC [bit] 

Scenario Profile T H 2 O 

IASI-NG 15.4 - 58.7 7.1 - 33.4 

TROPICS FORUM 11.1 - 30.9 6.3 - 20.5 

FUSED 15.5 - 59.5 7.4 - 34.3 

SYNERGISTIC 15.5 - 59.5 7.4 - 34.3 

IASI-NG 17.6 - 67.3 6.3 - 28.9 

MIDLAT FORUM 12.4 - 37.8 5.6 - 18.0 

FUSED 17.8 - 68.7 6.4 - 29.5 

SYNERGISTIC 17.8 - 68.7 6.4 - 29.5 

IASI-NG 18.6 - 72.5 6.0 - 24.9 

POLAR FORUM 12.3 - 40.1 5.4 - 17.6 

FUSED 18.7 - 73.8 6.2 - 26.2 

SYNERGISTIC 18.7 - 73.8 6.2 - 26.2 

s

a

t

 

t

p

t

M

t

t

c

hat of the fused profile by the 10 % (TROPICS) up to 21 % (MIDLAT

nd POLAR), where FORUM contribution to the fused product is 

ot negligible [33] . 

Considering the H 2 O retrieval ( Fig. 5 ), the reduction of the total

rror for the fused product with respect to FORUM is very high in 

he lower altitude layers up to 15 km, with values reaching 70–

0 % in the TROPICS and MIDLAT scenarios. For these altitudes the 

ASI-NG total error is from 5 to 10 % higher than that of the fused

roduct for TROPICS and MIDLAT scenarios and higher than 10 % for 

he polar atmosphere. On the contrary, in the lower layers of the 

olar atmosphere the FORUM total error is reduced by the 15–20 % 

ith respect to the other scenarios. 

Resuming and considering all cases, differences of the fused 

rofile with the true profile are smaller or comparable with the 

ifferences of individual measurements with the true profile and 

hey are within the acceptable measuring range defined by the er- 

or statistics. 

The number of DOFs and the SIC values are shown in Table 3 

or all the retrieved profiles and all scenarios. The fused and syner- 

istic profiles show the same number of DOFs, that is the greatest 

or all parameters and all scenarios with respect to the individual 

roducts: the mean values are 17.4 for temperature (from 15.5 for 

ROPICS to 18.7 for POLAR) and 6.7 for H 2 O (from 6.2 for POLAR 

o 7.4 for TROPICS). For temperature the differences between the 

OFs values of IASI-NG and fused (or synergistic retrieval) profile 

re less than 0.2 while for FORUM they vary from 4.4 (TROPICS) 

o 6.4 (POLAR). For H 2 O differences between the DOFs of the indi- 

idual measurements and the fused (or synergistic retrieval) prod- 

cts are less than 1.1. Concluding, the number of DOFs of the fused 

emperature retrievals are 1 % larger with respect to IASI-NG and 

lmost 45 % with respect to FORUM while the number of DOFs for 

 2 O fused retrievals are 3 % larger with respect to IASI-NG and al- 

ost 15 % larger with respect to FORUM. The SIC values demon- 

t

8 
trate the higher information content brought by the data fusion 

nd the synergistic retrieval, confirming the results obtained for 

he DOFs analysis. 

For the first case of the study, Figs. 2 to 5 and the analysis of

he number of DOFs demonstrate that the results of the CDF ap- 

lied to IASI-NG and FORUM products and of the synergistic re- 

rieval are equivalent also when the CDF algorithm is applied to 

TRs (see Appendix in [14] ). It is apparent that, when a parame- 

er is retrieved by both IASI-NG and FORUM, the fused product ob- 

aines most of the information content from IASI-NG but FORUM 

ontribution is not negligible, in particular in the lower layers of 

he polar scenario and in the UTLS region. 
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Fig. 6. Temperature profiles for IASI-NG (green line), FORUM (red line) and fused (black line) products and the corresponding true profile (blue line) in the three atmospheric 

scenarios: TROPICS (left), MIDLAT (central) and POLAR (right). The a priori profile is also shown (cyan line). 
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.2. Experiment 2: MTR with different retrieved parameters 

In this case, the state vectors of the fusing measurements IASI- 

G and FORUM contain different atmospheric variables: tempera- 

ure (T) is in common, water vapour (H 2 O) is retrieved by FORUM 

nd ozone (O 3 ) by IASI-NG. We applied the CDF algorithm using 

qs. (9) , (11) and (12) that in this case become: 

ˆ 
 F = 

( 

T 

T T F 

H 2 O 

H 2 O H 2 O F 

0 

0 0 

) 

A 

A A F = 

( 

A T A T A T ,F A TH 2 O A TH 2 O A TH 2 O ,F 0 

A H 2 OT A H 2 OT A H 2 OT ,F A H 2 O A H 2 O A H 2 O ,F 0 

0 0 0 

) 

 

 

 F = 

( 

S T S T S T ,F S TH 2 O S TH 2 O S TH 2 O ,F 0 

S H 2 OT S H 2 OT S H 2 OT ,F S H 2 O S H 2 O S H 2 O ,F 0 

0 0 0 

) (26) 

ˆ 
 I = 

( 

T 

T T I 

0 

0 0 

O 3 O 3 O 3 I 

) 

A 

A A I = 

( 

A T A T A T ,I 0 A TO 3 A TO 3 A TO 3 ,I 

0 0 0 

A O 3 T A O 3 T A O 3 T ,I 0 A O 3 A O 3 A O 3 ,I 

) 

S S S I = 

( 

S T S T S T ,I 0 S TO 3 S TO 3 S TO 3 ,I 

0 0 0 

S O 3 T S O 3 T S O 3 T ,I 0 S O 3 S O 3 S O 3 ,I 

)

(27) 

he fused state vector contains the three parameters temperature, 

 2 O and O 3 : 

ˆ 
 f = 

( 

T 

T T f 

H 2 O 

H 2 O H 2 O f 

O 3 O 3 O 3 f 

) 

A 

A A f = 

( 

A T A T A T , f A TH 2 O A TH 2 O A TH 2 O , f A TO 3 A TO 3 A TO 3 , f 

A H 2 OT A H 2 OT A H 2 OT , f A H 2 O A H 2 O A H 2 O , f A H 2 OO 3 A H 2 OO 3 A H 2 OO 3 , f 

A O 3 T A O 3 T A O 3 T , f A O 3 H 2 O A O 3 H 2 O A O 3 H 2 O , f A O 3 A O 3 A O 3 , f 

) 

 

 

 f = 

( 

S T S T S T , f S TH 2 O S TH 2 O S TH 2 O , f S TO 3 S TO 3 S TO 3 , f 

S H 2 OT S H 2 OT S H 2 OT , f S H 2 O S H 2 O S H 2 O , f S H 2 OO 3 S H 2 OO 3 S H 2 OO 3 , f 

S O 3 T S O 3 T S O 3 T , f S O 3 H 2 O S O 3 H 2 O S O 3 H 2 O , f S O 3 S O 3 S O 3 , f 

) (28) 

he profiles of temperature, H 2 O and O 3 are shown in Figs. 6 , 7

nd 8 , respectively. 

As in the previous case, the absolute differences between the 

ndividual (green line for IASI-NG, red line for FORUM), the fused 

black line), the a priori (cyan line) and the true (blue line) pro- 

les are calculated for temperature, H 2 O and O 3 ( Figs. 9 , 10 and

1 , respectively). The percentage differences ( Eq. (16) ) are calcu- 

ated between FORUM and fused profiles and the true profile for 

 2 O ( Fig. 10 ) and between IASI-NG and fused profiles and the true

rofile for O 3 ( Fig. 11 ). In all cases the percentage differences be-

ween the a priori profile and the true profile are also calculated. 
9 
In this case, temperature is retrieved by both instruments as 

n the case of fusing vectors with two coinciding sets of variables 

hus, comments about profiles, differences and total errors are 

dentical to those described above. H 2 O here is retrieved only by 

ORUM and Fig. 10 shows high difference values in the troposphere 

in particular, for the polar scenario) where the water vapour con- 

entration is higher than 100 ppmv (see Fig. 7 ). The ozone profiles 

 Fig. 8 ) show a concentration peak between 30 and 40 km and dif-

erences between the profiles are higher below 20 km of altitude 

nd around the peak, as reported by the analysis of absolute and 

ercentage differences ( Fig. 11 ). 

In Table 4 , the number of DOFs and Shannon Information Con- 

ent (SIC) are shown for all the retrieved profiles and all scenarios. 

n all cases, the fused profile has the greatest number of DOFs: 

ean values are 17.3 (from 15.7 for TROPICS to 18.6 for POLAR) for 

emperature, 6.3 (from 5.7 for POLAR to 7.0 for TROPICS) for H 2 O 

nd 3.8 (from 2.9 for POLAR to 4.4 for TROPICS) for O 3 . Consider-

ng the number of DOFs for temperature, the differences between 

used and IASI-NG profiles are smaller than 0.2, while for FORUM 

ary between 4.6 (TROPICS) and 6.3 (POLAR). For water vapour, in 

his case retrieved only by FORUM, the differences with fused val- 

es are less than 1.3 for all scenarios while for ozone, retrieved by 

ASI-NG only, are 0.01 for all scenarios. 

Also in this case, it is apparent that, when a parameter is re- 

rieved by both IASI-NG and FORUM, the fused product obtains 

ost of the information content from IASI-NG. Moreover, the fact 

hat the fused product has a greater value of number of DOFs for 

he parameters that are not in common is an evidence of the im- 

rovement guaranteed by applying the CDF: more information on 

he parameter in common provides more information also on the 

ne not in common. If we analyse Figs. 7, 10 and Table 4 for H 2 O it

s evident that, even if the water vapour profile is measured only 

y FORUM, the fused profile shows a significantly smaller error and 

maller difference values with the true profile and a grater number 

f DOFs with respect to the FORUM profile. 

The results obtained about the number of DOFs for the tem- 

erature retrievals (the common parameter) are equivalent, as ex- 

ected, to those obtained in the first case. If we consider the pa- 

ameters not in common, we find that the number of DOFs of the 

 O retrieval (measured only by FORUM, in this case) is from 5 % 
2 
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Fig. 7. Water vapour profiles for FORUM (red line) and fused (black line) products and the corresponding true profile (blue line) in the three atmospheric scenarios: TROPICS 

(left), MIDLAT (central) and POLAR (right). The a priori profile is also shown (cyan line). 

Fig. 8. Ozone profiles for IASI-NG (green line) and fused (black line) products and the corresponding true profile (blue line) in the three atmospheric scenarios: TROPICS 

(left), MIDLAT (central) and POLAR (right). The a priori profile is also shown (cyan line). 

Table 4 

Number of DOFs and SIC for IASI-NG, FORUM and fused profiles for temperature, H 2 O and O 3 for the three 

atmospheric scenarios: TROPICS, MIDLAT and POLAR. 

N. of DOFs - SIC [bit] 

Scenario Profile T H 2 O O 3 

IASI-NG 15.6 - 69.4 / 4.4 - 14.2 

TROPICS FORUM 11.1 - 30.9 6.3 - 20.5 / 

FUSED 15.7 - 70.0 7.0 - 32.2 4.4 - 14.2 

IASI-NG 17.5 - 76.4 / 4.1 - 11.4 

MIDLAT FORUM 12.4 - 37.8 5.6 - 18.0 / 

FUSED 17.7 - 77.3 6.1 - 28.7 4.1 - 11.5 

IASI-NG 18.5 - 79.5 / 2.9 - 6.2 

POLAR FORUM 12.3 - 40.1 5.4 - 17.6 / 

FUSED 18.6 - 80.2 5.7 - 25.6 2.9 - 6.3 

10 
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Fig. 9. Absolute differences between IASI-NG (green line), FORUM (red line), fused (black line), a priori (cyan line) profiles and the true profile for temperature in the three 

atmospheric scenarios: TROPICS (left), MIDLAT (central) and POLAR (right). The total errors are also shown for all profiles (dashed lines, same colour coding of the profiles). 

Fig. 10. Absolute (top) and percentage (bottom) differences between FORUM (red line), fused (black line), a priori (cyan line) profiles and the true profile for water vapour 

in the three atmospheric scenarios: TROPICS (left), MIDLAT (central) and POLAR (right). The total errors are also shown for all profiles (dashed lines, same colour coding of 

the profiles). 
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POLAR) to almost 11 % (TROPICS) larger for the fused product. The 

ncrease in the number of DOFs for the O 3 retrieval (measured only 

y IASI-NG, in this case) is very small: almost 0.2 % . The values ob-

ained for the SIC confirmed the results of the DOFs analysis show- 

ng an information gain of the fused product enhanced of almost 

0 % for temperature, over 30 % for H 2 O and less than 0.6 % for O 3 .

hese results demonstrate that the application of the CDF proce- 
11 
ure to MTR products with one parameter in common and a sub- 

et of mono-instrumental retrieved parameters, provides a gain in 

he retrieval information content both for the parameter in com- 

on and for the not in common ones. Moreover, this gain is di- 

ectly connected to the correlation between the parameter in com- 

on (temperature in this case) and the mono-instrumental ones 

O 3 and H 2 O in this case): the higher is the correlation, the higher 
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Fig. 11. Absolute (top) and percentage (bottom) differences between IASI-NG (green line), fused (black line), a priori (cyan line) profiles and the true profile for ozone in 

the three atmospheric scenarios: TROPICS (left), MIDLAT (central) and POLAR (right). The total errors are also shown for all profiles (dashed lines, same colour coding of the 

profiles). 

Fig. 12. Correlations among the retrieved atmospheric profiles of experiment 2: temperature and H 2 O. Left: FORUM; right: fused product. The maps scale is shown in km of 

altitude. 
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s the information gain. Looking to our specific case: temperature 

nd H 2 O are highly correlated, thus the consistent improvement 

n the number of DOFs for the fused temperature retrieval with 

espect to FORUM (45 % ) guarantees a gain in the fused H 2 O re-

rieval of the 7–8 % with respect to the mono-instrumental retrieval 

f FORUM. The correlation between temperature and O 3 is weaker, 

onsequently the CDF application effect for the O 3 retrieval is sig- 

ificantly smaller. The correlations between the profiles of the re- 

rieved parameters are visualized in Figs. 12 and 13 where we 

how the correlation matrices limited to the submatrices relative 

o the correlations between the profiles of T and H O for FORUM 
2 

12 
nd the fused product and between T and O 3 for IASI-NG and the 

used product. For the individual instruments vertical correlations 

re stronger between the profiles of temperature and water vapour 

n particular for the atmospheric layers below 10 km. The correla- 

ion between temperature and ozone is weaker and limited to the 

ower stratosphere. Comparing the results obtained for individual 

etrievals with those obtained for the fused product, it is evident 

hat the CDF application strongly reduces the correlations between 

emperature and H 2 O and almost sets to zero the correlations be- 

ween temperature and O 3 . 
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Fig. 13. Correlations among the retrieved atmospheric profiles of experiment 2: temperature and O 3 . Left: IASI-NG; right: fused product. The maps scale is shown in km of 

altitude. 
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. Conclusions 

In this work, we described how to extend the use of the CDF al- 

orithm to MTR products and demonstrated its first application to 

imulated retrievals of IASI-NG and FORUM, as their measurements 

ill be suitable for synergistic approaches. We analysed simulated 

etrievals of temperature, H 2 O and O 3 in two experiments: in ex- 

eriment 1, the state vectors from MTRs include the same vari- 

bles, in experiment 2 they share only a subset of variables. As first 

est, we considered three different atmospheric scenarios (TROPICS, 

IDLAT and POLAR), we simulated the FORUM and IASI-NG pro- 

les as exactly co-located (in space and time) and defined on the 

ame vertical grid. The same a priori profile is considered for the 

imulated retrievals. In both experiments, all the retrieval products 

re simulated adopting the linear approximation. 

In the analysis of the results, we demonstrated the capability 

f the generalized CDF to deal with different state vectors, assur- 

ng outputs of improved quality with respect to the input data. In 

oth experiments, the total errors of the fused profile are smaller 

r comparable with those of the individual products, the number 

f DOFs and the SIC values of the fused profile are greater than 

hose of the IASI-NG and FORUM products, demonstrating that the 

used profile guarantees the greatest amount of information com- 

ared to the individual products. 

In experiment 1 we showed the equivalence of the two syner- 

istic approaches also when the CDF algorithm is applied to MTR 

roducts, simulated in linear approximation. Through experiment 2 

e demonstrated that the CDF also improves the parameters that 

re observed only by one of the instruments. Moreover, we showed 

hat the gain in the information content for the parameters not in 

ommon is directly connected to the level of correlation between 

he parameter in common and those not in common. 

As MTRs are increasingly applied to the analysis of remote 

ensing observations for their capability to simultaneously retrieve 

ultiple variables with an high accuracy, the generalization of the 

DF to MTR products is a crucial achievement in order to extend 

ts application to a greater number of high-value remote sensing 

ata. The results obtained demonstrate, within the approximations 

dopted in this case study, a comparable or better quality of the 

used products with respect to that of the individual products of 
TRs in all the considered cases. 
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