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Abstract

In this paper we analyze the performance of the three MIPAS (Michelson Interferom-
eter for Passive Atmospheric Sounding) observation modes that sound the Upper-
Troposphere/Lower-Stratosphere (UT/LS) region. The two-dimensional (2-D) tomo-
graphic retrieval approach is assumed to derive the atmospheric field of geophysical5

parameters. For each observation mode we have calculated the 2-D distribution of
the information load quantifier relative to the main MIPAS targets. The performance
of the observation modes is then evaluated in terms of strength, spatial coverage and
uniformity of the information-load distribution along the full orbit. The outcome of the
information-load analysis has been validated with simulated retrievals based on the10

observational parameters of real orbits. With this strategy we have assessed the pre-
cision and the spatial (both horizontal and vertical) resolution of the retrieval products.
The performance of the three observation modes has been compared for the MIPAS
main products in both the UT/LS and the extended altitude range. This study shows
that the two observation modes that were specifically designed for the UT/LS region15

are actually competitive with the third one, designed for the whole stratosphere, up to
altitudes that far exceed the UT/LS. In the UT/LS the performance of the two specific
observation modes is comparable even if the best performance in terms of horizontal
resolution is provided by the observation mode that was excluded by the European
Space Agency (ESA) from the current MIPAS duty cycle. This paper reports the first20

application of the information-load analysis and highlights the validity of this approach.

1 Introduction

The Michelson Interferometer for Passive Atmospheric Sounding (MIPAS) in its present
configuration can measure the atmosphere with seven different observation modes.
Two of them have been expressly designed to sound the Upper-Troposphere/Lower-25

Stratosphere (UT/LS) region although one of them has been operated for only 36 test
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orbits and then excluded from the operational duty cycle. The MIPAS “nominal” obser-
vation mode also sounds the UT/LS region with a vertical sampling which is similar the
one of the two specific modes. The three observation modes mainly differ in the limb
scanning pattern at upper altitudes. Therefore, due to the different measuring time re-
quired by a single limb scan, they also operate a different sampling of the atmosphere5

in the horizontal domain.
When the MIPAS observation modes were designed, consolidated tools were not

yet available to evaluate the consistency between geometrical limb steps and spatial
resolution of the retrieval products. The two-dimensional (2-D) retrieval strategy has
introduced the possibility to set the horizontal separation among the altitude profiles of10

the target quantity. The horizontal resolution then becomes a property that qualifies
the retrieval products in addition to their vertical resolution and precision. In this pa-
per we analyze the performance of the three observation modes that sound the UT/LS
when a 2-D tomographic approach (Carlotti et al., 2001) is exploited to derive the atmo-
spheric field of geophysical parameters. The relative merit of each observation mode15

will be evaluated in terms of retrieval precision and spatial resolution of the main MIPAS
retrieval products.

The features of the MIPAS experiment that are relevant for our study are reported in
Sect. 2 while Sect. 3 provides a survey of the mathematical tools exploited in the follow-
ing sections. In the first stage of our analysis (described in Sect. 4) we have used the20

recently introduced information-load (Ω) analysis (Carlotti and Magnani, 2009) to cal-
culate the 2-D distribution of the Ω quantifier for the main MIPAS geophysical targets.
The Ω distribution maps assess the actual target-dependent atmospheric sampling of
the measurements and permit to compare the performance of the observation modes
in terms of strength, spatial coverage and uniformity of the Ω distribution along the25

full orbit. In a second stage (described in Sect. 5) we have carried out simulated 2-
D retrievals based on the observational parameters of real orbits measured with the
three observation modes. The analysis carried out on simulated observations permits
to evaluate the achieved precision by comparing the retrieved values of the parameters
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with the reference values used to generate the simulated observations. The 2-D al-
gorithm also provides averaging kernels that are used to evaluate both the horizontal
and the vertical resolution of the retrieval products (Rodgers, 2000). The overall per-
formance of the considered observation modes is then compared in terms of Ω distri-
bution, precision, and spatial resolution of the retrieval products in both the full altitude5

range and in the UT/LS region. Finally, a summary of the main findings of this study
and concluding remarks are reported in Sect. 6.

2 The MIPAS experiment

MIPAS has been developed by the European Space Agency (ESA) for the study of
atmospheric composition. MIPAS measures the atmospheric emission from a nearly10

polar orbit onboard the ENVISAT satellite. The atmospheric emission, in the spectral
interval from 680 cm−1 to 2410 cm−1, is observed by MIPAS with the limb-scanning
observation technique. In its original configuration the maximum optical path difference
of the interferometer was 20 cm that corresponds to an unapodized spectral resolution
of 0.025 cm−1 Fourier Transform, and 0.035 cm−1 Full Width at Half Maximum (FWHM).15

Starting from January 2005 a “new” configuration has been implemented in which the
instrument is operated at 41% of its maximum spectral resolution; the study reported
in this paper refers to this configuration that is 100% operational since January 2008.

In its present configuration MIPAS can measure the atmosphere with seven different
observation modes. Two of them (denoted as UTLS-1 and UTLS-2) have been ex-20

pressly designed to sound the UT/LS region. The MIPAS “nominal” observation mode
(denoted as NOM and operated for about 80% of the instrument’s measuring time)
extends to the whole stratosphere but also sounds the UT/LS region. All the three
observation modes measure consecutive backward-looking limb-scans with the line
of sight approximately lying in the orbit plane. They differ in both vertical steps and25

number of observation geometries. And therefore, due to the different measuring time
required by a single limb scan, they also operate different samplings of the atmosphere
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in the horizontal domain. The limb-scanning pattern of NOM consists of 27 observation
geometries. Starting from the bottom the first 11 tangent altitudes of NOM are sepa-
rated by 1.5 km; altitude steps of 2, 3, and 4 km space out the next groups of 5, 5, and
6 tangent altitudes respectively. This limb pattern, combined with the ENVISAT orbit
period of 101 min, generates about 96 limb-scans per orbit with an average separation5

of about 415 km between consecutive limb-scans. For UTLS-1 the limb-scanning pat-
tern consists of 19 observation geometries; the first 9 tangent altitudes are separated
by 1.5 km; 2, 3, 4, and 4.5 km space out the next groups of 3, 2, and 4 tangent altitudes
respectively. This limb pattern generates about 125 limb-scans per orbit separated by
about 320 km. For NOM and UTLS-1 the limb-scanning patterns are shifted in altitude10

along the orbit following a model that imitates the varying altitude of the tropopause
as a function of latitude. Finally, in UTLS-2 the limb-scanning pattern consists of 11
observation geometries; tangent altitudes are separated by 2 km from 12 to 20 km, 3
and 4k̇m space out the next two groups of three tangent altitudes up to a maximum
of 42 km. This pattern generates about 213 limb-scans per orbit separated by about15

190 km. The UTLS-2 has been operated for a very limited number of orbits (36). The
three panels of Fig. 1 show the layout of MIPAS tangent points along orbits measured
with NOM (top), UTLS-1 (middle) and UTLS-2 (bottom) respectively. In Fig. 1 the al-
titude of tangent points is plotted as a function of the Orbital Coordinate (OC) defined
as the polar angle originating at the North Pole and spanning the orbit plane over20

its 360 deg extension. We can appreciate in Fig. 1 few minor gaps that occur in the
horizontal sampling of the atmosphere of the three observation modes. Besides, the
UTLS-1 shows a major gap that is present (even if at different positions) in all the orbits
recorded with this observation mode. A detailed discussion of the MIPAS experiment
can be found in Fisher et al. (2008).25
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3 Mathematical tools

3.1 Retrieval strategy

MIPAS spectra are analyzed by the ESA ground processor that determines, at the tan-
gent points of each limb scan, the values of pressure, temperature and Volume Mixing
Ratio (VMR) of six key atmospheric species (H2O, O3, HNO3, CH4, N2O and NO2).5

For this purpose ESA employs a 1-D retrieval system (Ridolfi et al., 2000) that imple-
ments the global-fit algorithm (Carlotti, 1988). A 2-D algorithm, named Geo-fit (Carlotti
et al., 2001), was subsequently developed for the analysis of MIPAS measurements
and implemented in the operational code GMTR (Carlotti et al., 2006); the study re-
ported in this paper refers to this kind of retrieval. The Geo-fit approach is based on10

the simultaneous inversion of observations selected from all the limb scans measured
along a whole orbit. This strategy permits to merge the information on each retrieval
parameter from different observation geometries and makes it possible to model the
horizontal variability of the atmosphere. In a Geo-fit the 2-D retrieval grid is fully inde-
pendent from the measurement grid (i.e. the grid identified by the tangent points of the15

measurements). By exploiting this feature atmospheric profiles can be retrieved with
horizontal separations that are different from those of the measured limb scans. Nev-
ertheless, adopting the assumption that the information is mostly concentrated around
the tangent point of the observations, the straightforward choice is a horizontal retrieval
grid defined by the average geographical coordinates of the tangent points of the limb-20

scans. We will denote this choice as “natural” grid.
Irrespective of the specific retrieval algorithm, MIPAS observations are analyzed us-

ing a non-linear least squares fit based on the Gauss-Newton method (Ridolfi et al.,
2000; Carlotti et al., 2006). The general iterative solution expression:

∆x= (xi+1−xi )= [KTS−1
n K+λI+R]−1[KTS−1

n n−R(xi −xa)] (1)25

is used to compute, at iteration i+1, the correction ∆x to the state vector xi . The state
vector includes the values of the target quantities at all the geo-located retrieval grid
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points along the considered orbit. In Eq. (1) K is the Jacobian matrix containing the
derivatives of the observations analyzed along the full orbit with respect to the elements
of the state vector, calculated for x=xi ,Sn is the variance-covariance matrix (VCM) of
vector n that contains the differences between each observation and the corresponding
simulation, I is the identity matrix, λ is the Marquardt damping factor (Marquardt, 1963),5

R is an operator constraining the solution towards some selected feature (e.g. value,
shape or curvature) of an a-priori state xa. At the last iteration the errors associated
with the solution of the inversion procedure are characterized by the VCM of x given
by:

V∆x = [KTS−1
n K+λI+R]−1 (2)10

Matrix V∆x maps the experimental random errors (represented by Sn) onto the uncer-
tainty of the values of the retrieved parameters. In particular, the square root of the
diagonal element of V∆x provides the Estimated Standard Deviation (ESD or σ) of the
corresponding parameter.

In operational retrievals the analysis is carried out on a limited number of narrow15

(less than 3 cm−1 wide) spectral intervals (Dudhia et al., 2002), called microwindows
(MWs), that allow to limit the number of analyzed spectral elements and to avoid the
analysis of spectral regions which are characterized by uncertain spectroscopic data,
interference by non-target species, or are influenced by unmodeled effects (Worden et
al., 2004).20

3.2 Definition of spatial resolution

In order to evaluate the vertical and horizontal resolution of the retrieval parameters,
the averaging kernel matrix is computed as (Rodgers, 2000):

A= [KTS−1
n K+λI+R]−1KTS−1

n K (3)

In a 2-D analysis the retrieval is performed on a two-dimensional grid in which each grid25

point k is defined by its altitude zk and its OC θk . The two-dimensional averaging kernel
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associated with parameter k is the vector a(k,j ), j = 1...p (where p is the number
of individual grid points) that corresponds to the k-th row of matrix A. The vertical
resolution of a retrieval parameter is defined as the FWHM of the bell-shaped feature
identified by the subset of elements of vector a that correspond to the value θk of the
OC. In a similar way the horizontal resolution is defined as the FWHM of the subset of5

elements of a that correspond to the altitude zk .

3.3 Information load

In a 2-D approach it is possible to associate to each element of the atmospheric dis-
cretization a quantifier that measures the amount of information carried by that element
with respect to a retrieval target (Carlotti and Magnani, 2009). The discretization of the10

atmosphere is operated on both the vertical and the horizontal domains (Carlotti et
al., 2001). In the vertical domain altitude levels delimit layers as in a 1-D approach.
The horizontal discretization is built using segments perpendicular to the Earth’s geoid
(radii) and extended up to the boundary of the atmosphere. The 2-D discretization
leads to a web-like picture in which consecutive levels and radii define plane figures15

that are denoted as “cloves”. It is then possible to assign to each clove h the Ω quanti-
fier defined as (Carlotti and Magnani, 2009):

Ω(q,h)=

∑l

i=1

∑m

j=1

∑n

k=1

(
∂Si jk

∂qh

)2
1/2

(4)

where:
Ω(q,h)= information load of clove h with respect to atmospheric parameter q,20

Si jk = spectral signal of observation geometry i at frequency j of the analyzed MW k,
l =number of observation geometries that go through clove h,
m=number of analyzed MWs in observation geometry i ,
n=number of spectral points in MW j .
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The column vector containing the set of elements within the triple summation in
Eq. (4) is the Jacobian matrix (see Eq. 1) corresponding to the retrieval of target pa-
rameter q in clove h. If we assume that the observations are uncorrelated and charac-
terized by constant uncertainty (Sn = I) and we neglect external constraints, the term in
square brackets of Eq. (2) turns into:5

(KTK)h =
∑l

i=1

∑m

j=1

∑n

k=1

(
∂Si jk

∂qh

)2

(5)

Therefore, in a retrieval analysis the uncertainty on the value of the target quantity q in
clove h would be given by 1/Ω (see Eq. 2). The value of Ω can be calculated for each
clove of the 2-D discretization so that, for each retrieval target, we can draw a map of
the 2-D distribution of the Ω quantifier.10

4 Information-load analysis

We have calculated 2-D maps of Ω for complete orbits operated with NOM, UTLS-1
and UTLS-2. Maps relative to all MIPAS main targets (see Sect. 3.1) have been com-
pared in terms of intensity, altitude coverage and uniformity of the Ω distribution. As
an example, Fig. 2 shows, the distribution of Ω with respect to the temperature along15

an orbit measured with the NOM observation mode. For the calculation of Ω we used
atmospheric fields corresponding to climatological profiles, taken from Remedios et
al. (2007), relative to a January atmosphere. The MWs are those selected for the
MIPAS operational retrievals. In Fig. 2 the vertical dimension of the atmosphere is ex-
panded by a factor of 30 (for the sake of clarity) with respect to the extension of the20

Earth’s radius. Values of the orbital coordinate are reported in Fig. 2 for convenience.
The Ω distributions have been calculated for a 2-D discretization of the atmosphere
(Carlotti et al., 2001) operated with altitude levels evenly spaced by 1 km and radii
evenly spaced by 0.25 latitudinal degrees (about 28 km). A comparison of Ω for tem-
perature in the three observation modes is shown in the panels of Fig. 3 that reports25
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(with equal color scales) a blow-up of the Ω distributions around the South Pole in the
case of NOM (left-), UTLS-1 (middle-) and UTLS-2 (right-panel); in this figure the ver-
tical dimension of the atmosphere is expanded by a factor of 10. In order to evaluate
the altitude extension of Ω, in Fig. 3 (as well as in the following Fig. 4) altitude levels
from 10 to 50 km at 5 km steps are indicated. It can be seen in Fig. 3 that the three5

observation modes differ in intensity, altitude extension and uniformity of the Ω distribu-
tion. In general, in the UT/LS, the UTLS-2 Ω maps shows higher intensities and better
uniformity. The latter property allows to select the retrieval grid without taking care to
match the positions where the information accumulates (Carlotti and Magnani, 2009).
In these cases the choice of the retrieval grid can be operated on the basis of only the10

stability of the retrieval as determined by the trade-off between precision and spatial
resolution (Carlotti et al., 2007).

The visual inspection of maps as those in Figs. 2 and 3 gives a first indication about
the relative performance expected in the retrievals. A more definite indication can be
obtained looking at the difference between the Ω distributions that are generated by15

two different observation modes for a specific target. A first example of comparison is
given in the left panel of Fig. 4 that reports the difference between the HNO3 Ω distri-
butions generated by UTLS-1 and NOM. In order to facilitate the grasp, only positive
values are represented in the map. In Fig. 4 the top of the color scale is about 15% of
the maximum HNO3 Ω value generated by UTLS-1. The distribution of positive differ-20

ences between 10 and 45 km suggests, in this altitude interval, a better quality of the
HNO3 VMRs retrieved from UTLS-1 observations with respect to those retrieved from
NOM observations. Positive differences between UTLS-1 and NOM Ω distributions are
widespread, up to 50 km, also for the other targets even if with different intensities and
uniformities. As a second example, the right panel of Fig. 4 reports, with the same for-25

mat as the left panel, the difference between the Ω distributions generated by UTLS-2
and those generated by UTLS-1 in the case of O3. In this panel the top of the color
scale is about 22% of the maximum O3 Ω value generated by UTLS-2. Positive values
are clearly evident in the right panel of Fig. 4 between 15 and 45 km. Also for the other
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targets the Ω differences inspection indicates that, in the lower stratosphere, the Ω
distribution for UTLS-2 observations is comparable and sometimes better than that for
the UTLS-1 observations.

The information-load analysis on the eight MIPAS main targets indicates that:

1. the performance of the two UT/LS modes is competitive with that of the NOM5

mode even in altitude ranges that exceed the UT/LS region,

2. in the UT/LS some of the UTLS-2 products should be of better quality than the
corresponding UTLS-1 products.

5 Simulated retrievals

The results of the information-load analysis can be verified by investigating retrievals10

performed for simulated observations. The steps of this kind of retrieval are:

1. generate simulated observations with a standalone forward model; reference al-
titude profiles are used for the target quantity in this step. The observational
parameters are taken from a real MIPAS orbit,

2. perform the retrieval analysis on the simulated observations using an initial guess15

obtained by applying random perturbations to the reference profiles,

3. evaluate the retrieval precision by comparing the retrieved values with the refer-
ence values used to generate the simulated observations,

4. evaluate the horizontal and the vertical resolution of the retrieval products by
means of the 2-D averaging kernels (Rodgers, 2000).20

For all the tests reported in this section the maximum allowed perturbations applied in
step 2 were 5%, 1%, and 50% for pressure, temperature, and VMR profiles respec-
tively. Maximum perturbations of 80% were applied to atmospheric continuum profiles
which, to simulate real retrievals, are also included in the state vector xi of Eq. (1).
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5.1 Performance on the NOM retrieval grid

In order to verify whether the two UT/LS modes are competitive with NOM at altitudes
that exceed the UT/LS region we have evaluated the performance of the three modes in
the retrieval conditions that are operationally used for the NOM. A common retrieval grid
has been used with altitude steps defined by the geometrical separation between the5

NOM observation geometries (with the exception for the lower limit of 12 km adopted
for UTLS-2 due to its limb-scanning pattern (see Fig. 1)); in the horizontal domain 96
profiles were retrieved at the NOM natural grid (see Sects. 2 and 3.1). Common MWs
and auxiliary data (those adopted for the NOM operational analyses) have been used
in the simulated retrievals reported in this and in the next sub-section. No constraints to10

the solution were imposed for the main targets in all the simulated retrievals presented
in this paper (R = 0 in Eq. (1)). Weak a-priori information was adopted in order to
stabilize the retrieval of atmospheric continuum parameters.

An example of the results of a simulated retrieval is given in Fig. 5 which refers to
N2O VMR retrieved from UTLS-2 observations (since the behaviour of N2O is quite15

representative we will use this target also for the following examples). Panel (a) of
Fig. 5 shows the retrieved VMRs, panel (b) the absolute value of the difference be-
tween retrieved and reference VMRs, panels (c) and (d) the vertical and the horizon-
tal resolution of the retrieval products respectively. In panel (d) of Fig. 5 are present
vertical stripes that correspond to the wider separations between the limb-scans (see20

Sect. 2). Figure 5 shows that N2O can be retrieved from UTLS-2 with acceptable pre-
cision well above the highest tangent altitude of the observations. Above this altitude
the vertical resolution increases as expected while the horizontal resolution seems to
improve. However, at higher altitudes the information load decreases due to the de-
creasing N2O VMR (see panel (a)); in these conditions the subset of elements of vector25

a of the averaging kernel depicts a distorted feature that is no longer bell-shaped as
required by the definition of spatial resolution given in Sect. 3.2. Such a situation is
generally encountered where the information load is weak and/or irregularly scattered.
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In order to provide an overall picture of the performance of all the main targets (with
the exception of pressure), the panels of Fig. 6 show the standard deviation of the dif-
ference between retrieved and reference profiles (left column), the average horizontal
resolution (middle column) and the average vertical resolution (right column) for NOM
(red-), UTLS-1 (green-) and UTLS-2 (blue-lines). In Fig. 6 the spatial resolution is5

shown only at altitudes where the quantifier is meaningful (see previous paragraph).
We notice that below 10 km the precision of the retrievals (panels in the left column)
relative to NOM and UTLS-1 have reduced validity due to the waving shape of the tan-
gent altitudes along the orbit (see upper- and middle-panels of Fig. 1) that reduces the
statistics at those altitudes. Figure 6 shows that:10

– the precision of UTLS-1 is comparable to that of NOM in the full altitude range for
all the targets but HNO3 for which UTLS-1 shows a better precision. The precision
of UTLS-2 is comparable to that of NOM up to altitudes of about 45 km,

– the horizontal resolution of the UTLS-1 products is generally better than that of
the NOM products in the full altitude range. The horizontal resolution of the two15

UT/LS modes is comparable in the altitude range where the UTLS-2 quantifier is
meaningful,

– the vertical resolution of the three observation modes is comparable up to about
30 km; above this altitude NOM provides a better performance than the other two
for all the targets but HNO3 for which NOM and UTLS-1 are comparable.20

In general we verify that UTLS-1 is competitive with NOM in the full altitude range
despite the reduced altitude extension and the larger steps of its limb-scanning pattern
above 30 km (see Sect. 2). In the particular case of HNO3 the UTLS-1 precision is
clearly better than that of NOM in the entire retrieval range while both spatial resolutions
are comparable. This outcome confirms the indication provided by the information-load25

analysis for this target. Regarding the comparison between the performance of UTLS-2
and NOM, considerations similar to those reported for UTLS-1 apply at altitudes above
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10 km (lower limit of UTLS-2 observations) and below about 40 km (where the spatial
resolution of this observation mode cannot be evaluated).

The overall results of the above comparison performed on the NOM retrieval grid
support the reliability of the information-load analysis that indicates (see Sect. 3) a
competitive performance of the two UT/LS observation modes at altitudes that exceed5

the UT/LS region.

5.2 Performance in the UT/LS

Focusing on the UT/LS region (below 25 km) we first investigate the performance of
each observation mode when its natural grid (see Sect. 3.1) is used in the horizontal
domain for the retrievals. In the vertical domain the profiles are defined at the same10

altitudes as in Sect. 5.1 up to 25 km and, above, at the tangent altitudes of the specific
observation mode. The natural grids have (in accordance with the observational pa-
rameters given in Sect. 2): 96 profiles separated by about 415 km for NOM, 125 profiles
separated by about 320 km for UTLS-1, and 213 profiles separated by about 190 km
for UTLS-2 retrievals.15

In order to asses the appropriateness of the natural retrieval grids we have investi-
gated the behaviour of the horizontal resolution of the retrieval products obtained on
these grids. The left panel of Fig. 7 shows, for an OC interval of 50 deg, the horizontal
resolution of N2O VMRs when retrieved from UTLS-2 observations using its natural
retrieval grid. The colours alternation that appears in this map along the OC indicates20

that the resolution requirements of the UTLS-2 natural grid trigger a retrieval instability
due to an insufficient information load of the observations. The observed oscillation
can be reduced by increasing the horizontal separation of the profiles (Carlotti et al.,
2007) (we have observed in Sect. 4 that in the case of UTLS-2 the retrieval grid can be
defined arbitrary because of the uniform Ω distributions that it generates). Following25

this strategy we have found that a separation of 2.25 deg (160 profiles separated by
about 250 km) leads to a satisfactory stability of the UTLS-2 retrievals. An example of
the improvement is given in the right panel of Fig. 7 that shows, at 18 km, the horizontal
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resolution extracted from the map in the left panel (green line) and the horizontal reso-
lution when the 2.25 deg separation is used for the horizontal grid (red line).

As for the performance of UTLS-1 Fig. 8 shows, in its left panel, the horizontal reso-
lution of N2O VMRs when retrieved from UTLS-1 observations using their natural grid.
It can be seen in Fig. 8 that the retrieval is rather stable then indicating that the geo-5

metrical separations of the UTLS-1 natural grid are consistent with the information load
of the observations.

In a further step we have explored the possibility to improve the horizontal resolution
of the UTLS-1 products by reducing the geometrical steps in the horizontal retrieval
grid. We have found that even moderate reductions of the horizontal step trigger insta-10

bilities that, as in the UTLS-2 case, appear as oscillations. As an example we show in
the right hand panel of Fig. 8 the values of the horizontal resolution at 18 km extracted
from the map in the left hand panel (green line) and the values, at the same altitude,
when the 2.25 deg separation is used for the horizontal grid (red line).

The behaviour of the vertical resolution reflects the one of 1-D retrievals when the15

horizontal grid does not trigger the instabilities discussed in the previous paragraph.
Oscillations appear also in the vertical domain when the horizontal resolution becomes
markedly unstable.

The analysis that we have shown for N2O is basically representative of the behaviour
of the other main MIPAS targets with the exception of NO2 that, in the case of UTLS-220

suffers from instabilities in the vertical domain. However, considering that NO2 is of
minor importance at those altitudes, we can state that in the UT/LS the natural grid is
suitable for the retrievals on UTLS-1 observations while the 2.25 deg grid provides a
satisfactory trade-off in the case of UTLS-2 observations. The performance obtained
using these grids is shown in Fig. 9 that reports the same quantifiers (and with the same25

formats) as in Fig. 6. In Fig. 9 the plots relative to NOM are also included for reference;
these plots are just a blow up of the plots in Fig. 6 since they refer to retrievals carried
out using (as in Fig. 6) the natural grid of the NOM observation mode. The analysis of
Fig. 9 shows that in the UT/LS:
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– UTLS-1 can provide, for all targets, 125 profiles with a precision which is compa-
rable to the one of the 96 profiles of NOM. The UTLS-1 profiles are characterized
by horizontal resolution which is about 30% better than that of NOM. The UTLS-1
vertical resolution is generally better than that of NOM in all the altitude range,

– UTLS-2 can provide 160 profiles that do not extend below 12 km. For H2O, O35

and NO2, the UTLS-2 precision is comparable to that of UTLS-1. The UTLS-2
precision is worse than that of UTLS-1 by about 45% for HNO3 and 25% for the
other targets. For all targets the UTLS-2 horizontal resolution is better than that
of UTLS-1 especially (with the exception of H2O) at low altitudes. The vertical
resolution of UTLS-2 is comparable to that of UTLS-1 up to about 20 km; it is10

worse above.

In general we verify that, as indicated by the information-load analysis, UTLS-2 gives
an overall performance which is competitive with that of UTLS-1. In particular UTLS-2
products are preferable when the horizontal resolution is a requirement. The competi-
tive quality of the UTLS-2 products is obtained despite the reduced altitude extension15

and the larger altitude steps of the limb-scanning pattern of this observation mode (see
Sect. 2).

6 Conclusions

We have assessed the performance of the three MIPAS observation modes that sound
the atmosphere in the UT/LS region when their observations are analyzed with a 2-20

D tomographic algorithm. For the purpose we have carried out the information-load
analysis for all the MIPAS main targets using the observational parameters of real orbits
operated with the three observation modes. The information-load analysis indicates
that:

– the performance of the two UT/LS modes is competitive with that of the NOM25

mode even in altitude ranges that exceed the UT/LS region,
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– in the UT/LS the information-load distributions generated by UTLS-2 show, in
general, higher intensities and better uniformity than those generated by UTLS-
1. The high uniformity indicates that for the UTLS-2 analyses the retrieval grid
can be selected on the basis of only the trade-off between precision and spatial
resolution.5

In order to validate the outcomes of the information-load analysis and to get quantitative
estimates about the performance of the three observation modes, we have carried
out simulated retrievals. With this strategy we have evaluated precision and spatial
resolution of the MIPAS targets retrieved from each observation mode.

The results obtained with the simulated retrievals confirm the indications of the10

information-load analysis. In particular they have shown that:

– the quality of the profiles retrieved from the two observation modes that were
specifically designed for the UT/LS region is similar to that retrieved from the
NOM mode (that was designed for the whole stratosphere) up to altitudes that far
exceed the UT/LS,15

– in the UT/LS the performance of the two specific observation modes is compa-
rable. In terms of horizontal resolution the best performance is provided by the
UTLS-2 mode that was excluded by ESA from the current MIPAS duty cycle.

These results have been obtained with the analysis of the MWs used for the MIPAS
operational retrievals. Different MWs could be selected in order to enhance the perfor-20

mance of a specific observation mode in the altitude range of interest. In this task of
selection the performance of different sets of MWs can be tested with the information-
load analysis that, as we have shown in this study, has proven to be a reliable tool.

Acknowledgements. E. Papandrea acknowledges support by ESA within the framework of the
Changing Earth Science Network Initiative.25
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Figure 1. Tangent points along orbits measured with NOM (top), UTLS-1 (middle) and UTLS-2 

(bottom). Earth poles (NP, SP) and Equator (EQ) are marked on the abscissa axes.  

 

Fig. 1. Tangent points along orbits measured with NOM (top), UTLS-1 (middle) and UTLS-2
(bottom). Earth poles (NP, SP) and Equator (EQ) are marked on the abscissa axis.
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Figure 2. Distribution of Ω with respect to the temperature along a MIPAS orbits measured with the 

NOM observation mode. Values of the OC and position of the geographical poles are reported 

within the figure. The vertical dimension of the atmosphere is expanded by a factor of 30 with 

respect to the extension of the Earth’s radius. 

 

Fig. 2. Distribution of Ω with respect to the temperature along a MIPAS orbit measured with the
NOM observation mode. Values of the OC and position of the geographical poles are reported
within the figure. The vertical dimension of the atmosphere is expanded by a factor of 30 with
respect to the extension of the Earths radius.
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Figure 3. Blow-up of the Ω distributions with respect to temperature around the South Pole in the 

case of NOM (left-), UTLS-1 (middle-) and UTLS-2 (right-panel). The vertical dimension of the 

atmosphere is expanded by a factor of 10 with respect to the extension of the Earth’s radius. 

 

Fig. 3. Blow-up of the Ω distributions with respect to temperature around the South Pole in the
case of NOM (left-), UTLS-1 (middle-) and UTLS-2 (right-panel). The vertical dimension of the
atmosphere is expanded by a factor of 10 with respect to the extension of the Earths radius.
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Figure 4. Left panel: Difference between the Ω distributions generated by UTLS-1 and NOM 

observation modes for the HNO3 VMR. Right panel: difference between the Ω distributions 

generated by UTLS-2 and UTLS-1 in the case of O3. The vertical dimension of the atmosphere is 

expanded by a factor of 10 with respect to the extension of the Earth’s radius. 

 

Fig. 4. Left panel: Difference between the Ω distributions generated by UTLS-1 and NOM
observation modes for the HNO3 VMR. Right panel: difference between the Ω distributions
generated by UTLS-2 and UTLS-1 in the case of O3. The vertical dimension of the atmosphere
is expanded by a factor of 10 with respect to the extension of the Earths radius.
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Figure 5. Results relative to the retrieval of N2O VMR from UTLS-2 observations. Panel (a): 

retrieved values, panel (b): absolute value of the difference between retrieved and reference VMRs, 

panel (c) vertical resolution, panel (d): horizontal resolution.  

 

Fig. 5. Results relative to the retrieval of N2O VMR from UTLS-2 observations. Panel (a)
retrieved values, panel (b) absolute value of the difference between retrieved and reference
VMRs, panel (c) vertical resolution, panel (d) horizontal resolution.
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Figure 6. Standard deviation of the difference between retrieved and the reference profiles (left 

column), average horizontal resolution (middle column) and average vertical resolution (right 

column) for NOM (red), UTLS-1 (green) and UTLS-2 (blue). Target is identified on the right side. 

 

Fig. 6. Standard deviation of the difference between retrieved and the reference profiles (left
column), average horizontal resolution (middle column) and average vertical resolution (right
column) for NOM (red), UTLS-1 (green) and UTLS-2 (blue). Target is identified on the right
side.
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Figure 6. Continued. 

Fig. 6. Continued.
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Figure 7. Left panel: horizontal resolution of N2O VMRs when retrieved from UTLS-2 

observations using the natural retrieval grid. Right panel: values of the horizontal resolution at 18 

km extracted from the map in the left panel (green line) and values, at the same altitude, when 

the 2.25 deg separation is used for the horizontal grid (red line).  

 

Fig. 7. Left panel: horizontal resolution of N2O VMRs when retrieved from UTLS-2 observa-
tions using the natural retrieval grid. Right panel: values of the horizontal resolution at 18 km
extracted from the map in the left panel (green line) and values, at the same altitude, when the
2.25 deg separation is used for the horizontal grid (red line).
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Figure 8. Left panel: horizontal resolution of N2O VMRs when retrieved from UTLS-1 

observations using the natural retrieval grid. Right panel: values of the horizontal resolution at 18 

km extracted from the map in the left panel (green line) and values, at the same altitude, when 

the 2.25 deg separation is used for the horizontal grid (red line).  

 

Fig. 8. Left panel: horizontal resolution of N2O VMRs when retrieved from UTLS-1 observa-
tions using the natural retrieval grid. Right panel: values of the horizontal resolution at 18 km
extracted from the map in the left panel (green line) and values, at the same altitude, when the
2.25 deg separation is used for the horizontal grid (red line).
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Figure 9. Standard deviation of the difference between retrieved and the reference profiles (left 

column), average horizontal resolution (middle column) and average vertical resolution (right 

column) for NOM (red), UTLS-1 (green) and UTLS-2 (blue). NOM and UTLS-1 plots refer to their 

natural retrieval grids, UTLS-2 plots refer to the 2.25 deg retrieval grid. 

Fig. 9. Standard deviation of the difference between retrieved and the reference profiles (left
column), average horizontal resolution (middle column) and average vertical resolution (right
column) for NOM (red), UTLS-1 (green) and UTLS-2 (blue). NOM and UTLS-1 plots refer to
their natural retrieval grids, UTLS-2 plots refer to the 2.25 deg retrieval grid.
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Figure 9. Continued. 

 

Fig. 9. Continued.
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