MIPAS-ENVISAT limb-sounding measurements:
trade-off study for improvement of horizontal resolution
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The Michelson Interferometer for Passive Atmospheric Sounding (MIPAS) is a limb-scanning spectrom-
eter that has operated onboard the Environmental Satellite since the end of March 2002. Common
features of limb-scanning experiments are both high vertical resolution and poor horizontal resolution.
We exploit the two-dimensional geo-fit retrieval approach [Appl. Opt. 40, 18721875 (2001)] to investigate
the possibility of improving the horizontal resolution of MIPAS measurements. Two different strategies
are considered for this purpose, one exploiting the possibility (offered by the geo-fit analysis method) for
an arbitrary definition of the retrieval grid, the other based on the possibility of saving measurement time
by degrading the spectral resolution of the interferometer. The performances of the two strategies are
compared in terms of the trade-off between the attained horizontal resolution and the retrieval precision.
We find that for ozone it is possible to improve by a factor of 2 the horizontal resolution, which in the
nominal measurement planis ~530 km. This improvement corresponds to a degradation of the retrieval
precision, which on average varies from a factor of 1.4 to 2.5, depending on the adopted spectral

resolution. © 2004 Optical Society of America
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1. Introduction

The Michelson Interferometer for Passive Atmo-
spheric Sounding (MIPAS) is an Earth-observation
instrument, developed by the European Space
Agency (ESA), operating onboard the Environmental
Satellite (ENVISAT) that was successfully launched
on a nearly polar orbit on 1 March 2002. The in-
strument is based on a high-resolution Fourier-
transform spectrometer and is designed to provide
continuous information on a number of atmospheric
species that are relevant to several interlinked prob-
lems over ozone chemistry and global change.
MIPAS measures the emission of the atmosphere in
a wide spectral interval in the mid-IR with the limb-
scanning observation technique. For ~80% of the
measuring time, MIPAS is planned to operate in its
nominal observation mode, which consists of measur-
ing consecutive backward-looking limb-scans with
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the lines of sight lying approximately in the orbit
plane. Each limb-scan consists of 17 observation ge-
ometries with tangent altitudes ranging from 6 to 68
km with steps of 3 or 5 km. Inthe nominal mode the
spectral resolution of the instrument is set to its max-
imum value of 0.035 cm ! full width at half-
maximum, unapodized, achieved with a maximum
optical path difference of 20 cm.

MIPAS spectra are analyzed by the ESA’s ground
processor that provides in near-real time (NRT) (less
than 3 h from data acquisition) pressure at the tan-
gent points, the vertical distribution of temperature,
and the volume mixing ratio of six key species (H0,
O;, HNO,, CH,, N,0, and NO,).

For the analysis of the measurements, ESA’s
ground processor uses a retrieval algorithm? based on
the global-fit2z approach. In this algorithm the por-
tion of the atmosphere sounded by the line of sight of
the instrument is assumed to be horizontally homo-
geneous, and observations of a full limb-scan are si-
multaneously processed to infer a vertical
distribution profile. Therefore a one-to-one corre-
spondence exists between the measured limb-scans
and the retrieved profiles. The latter are naturally
associated with a geographical coordinate, here, ac-
cording to ESA convention, calculated as the arith-
metic mean of the geographical coordinates of the
tangent points of the corresponding limb-scan. The
spatial resolution of the geophysical parameters re-



trieved by the global-fit (unconstrained) approach is
determined as follows:

(a) In the altitude domain: by the vertical sam-
pling step of the instrument, the instrument field of
view (FOV) (~4 km vertically), and the chosen re-
trieval grid.

(b) In the horizontal domain: by the horizontal
separation between subsequent limb-scans (~530 km
at the Earth’s surface in the nominal observation
mode).

In general the spatial resolution (both vertical and
horizontal) and the random error (precision) of the
retrieval are linked to each other. Curves showing
the trade-off of the random error as a function of the
vertical resolution were first proposed by Backus and
Gilbert? in 1970. Details of the calculation of trade-
off curves were illustrated for practical remote sen-
sors by Conrath* in 1972. More recently several
authors®7 have studied the trade-off between the
vertical resolution and the precision of the retrieval
in the case of limb-sounding measurements. For the
MIPAS instrument, theoretical studies® have shown
that, in the frame of unconstrained analyses, it is not
worthwhile to perform the retrievals on a vertical
grid finer than the vertical sampling step of the
MIPAS observations. Actually, if no regularization®
is used, a vertical spacing between the retrieved data
points finer than the measurement vertical grid leads
to large oscillations in the retrieved profiles. Be-
cause of these considerations, ESA’s NRT processor
retrieves the target quantities at altitudes identified
by the tangent points of the measurements, whereas
the horizontal resolution is determined by the sepa-
ration between subsequent scans. However, so far,
there have been no theoretical studies demonstrating
that MIPAS observations do not contain enough in-
formation to retrieve profiles with horizontal separa-
tions smaller than the actual separation between the
measured scans.

Recently, a new two-dimensional retrieval ap-
proach named geo-fit, introduced by Carlotti et al.,10
opened the possibility of also studying the trade-off
between horizontal resolution and precision for
along-track satellite limb-sounding measurements.
The geo-fit approach is based on the simultaneous
inversion of all the limb-scans measured along an
entire orbit. This approach is applicable to mea-
surements operated along the orbit track and makes
it possible to model the horizontal variability of the
atmosphere. In the geo-fit the retrieval grid is fully
independent from the measurement grid; therefore it
is realistic to consider the possibility of retrieving
atmospheric profiles with horizontal separations
smaller than those of the measured scans at the cost
of degraded precision.

Another approach assessed here to improve the
horizontal resolution relies on the technical design of
the MIPAS instrument. In fact the interferometer
can be operated at a reduced spectral resolution so
that the acquisition time of the individual interfero-

grams decreases, and the atmosphere can then be
sampled with an increased number of limb-scans per
orbit. The finer horizontal sampling enhances the
horizontal resolution of the measurements. How-
ever, this strategy too is expected to have an effect on
the precision of the retrieved profiles.1!

In this paper we study the trade-off between the
horizontal resolution and the precision of the re-
trieved profiles, exploiting the capabilities of the
geo-fit approach applied to MIPAS observations. To
modify the horizontal resolution, we consider sepa-
rately the two possible approaches outlined above.

(a) The definition of the retrieval grid in the inver-
sion of full-spectral-resolution measurements.

(b) The degradation of the spectral resolution and
retrieval of one vertical profile per measured limb-
scan.

The trade-off study reported in this paper is based
on the retrieval of ozone, a species that, especially in
hole conditions, would greatly benefit by an improved
horizontal resolution.

The quantitative findings reported in this paper
are applicable only to the MIPAS experiment. How-
ever, the method can be extended to any satellite
limb-scanning instrument measuring the atmo-
sphere along the orbit track.

The test retrievals carried out in this study have
been performed on synthetic observations. This
strategy allows for proof, for each retrieval setup, of
the consistency of our forward and retrieval schemes
by means of comparing the retrieved profiles with the
true atmospheric profiles adopted for the generation
of the synthetic observations.

In Section 2 we recall the basic formalism of the
geo-fit retrieval approach. In Section 3 we explain
how the trade-off tests are set up and the criteria
adopted for evaluating the retrieval performance.
In Section 4 we discuss the trade-off tests performed
by varying the retrieval grid, while in Section 5 we
discuss the trade-off studies performed, acting on the
spectral resolution. In Section 6 we compare the
two strategies and draw the conclusions of the study.

2. Geo-fit Retrieval Algorithm

The geo-fit algorithm used in the studies presented in
this paper has been described fully in Ref. 10. In
this section we briefly recall the rationale and the
basic equations of this retrieval approach.

In a limb-sounding measurement the signal that
reaches the spectrometer is determined by the
radiative-transfer processes that occur along the en-
tire line of sight. In most retrieval algorithms the
observations are simulated, assuming that the ob-
served atmosphere is horizontally homogeneous; it
follows that the retrieved profiles are affected by a
systematic error deriving from this assumption. In
the geo-fit approach the assumption of horizontal ho-
mogeneity of the atmosphere is no longer used. This
means that each limb observation is exploited to de-
termine the unknown quantity at a number of loca-
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tions among those spanned by each limb
observation’s line of sight. Inversion analyses that
attempt to derive atmospheric parameters at differ-
ent locations along the line of sight usually face an
ill-posed problem that prevents the successful re-
trieval of the desired quantity. In a satellite instru-
ment sounding the atmosphere along the orbit track,
the problem that arises when the assumption of hor-
izontal homogeneity is no longer applied can be
solved by exploiting the fact that limb-scanning mea-
surements are continuously recorded along the orbit,
and the lines of sight of a given scan sound atmo-
spheric portions that are also sounded by the obser-
vations of mnearby scans. This means that
information on a given location in the atmosphere can
be gathered from all the lines of sight that cross that
location whatever scan they belong to. Since the
loop of cross talk between nearby scans closes when
the starting scan is reached again at the end of the
orbit, in a retrieval analysis the entire gathering of
information can be obtained by merging in a simul-
taneous fit the observations of an entire orbit.

The unknowns of the geo-fit retrieval are deter-
mined by using an unconstrained nonlinear least-
squares fit based on the Gauss—Newton method. A
theoretical description of this method, applied to the
retrieval of atmospheric parameters, can be found in
Refs. 1,5,and 12. Here we recall some concepts that
are used in the following sections.

The goal of the retrieval is to find an estimate % of
the n-dimensional vector of the unknowns (state vec-
tor) that minimizes the scalar cost function x? defined
as

X* = [Yors = YRI'S, [yans — Y®)], (1)

where T denotes the transpose operation, y, . is the
m-dimensional vector of the observations (containing
all selected spectral radiances of all tangent altitudes
of all limb-scans of the analyzed orbit), y(X) is the
m-dimensional vector of the simulations obtained
from a radiative-transfer model!® that assumes the
atmospheric state X [in our case, the ozone volume
mixing ratio (VMR) at the selected retrieval grid
points and atmospheric continuum for all spectral
microwindows included in the analysis at the selected
retrieval grid points], and S, is the m X m covariance
matrix describing the errors of the observations.

Since the dependence of y on x is typically nonlin-
ear, the solution X that minimizes the cost function
[Eq. (1)] cannot be obtained by using a direct analytic
expression. The Gauss—Newton method provides
an iterative solution to this problem. Given an es-
timate X; of the state vector x at the ith iteration, the
Gauss—Newton method provides an improved esti-
mate X, ; of x at the iterationi + 1 as

X=X+ (KiTSyilKi)71KiTSy71[yobs -y&)], (2
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where K; is the m X n Jacobian matrix containing the
partial derivatives of the simulations with respect to
the elements of the state vector at iteration i:

]
0Xp| s

Ki(j, h) = , 3)

withj=1,...,mand h = 1,...,n. The retrieval
iterations are stopped when a predefined convergence
criterion is fulfilled. The solution of the retrieval is
characterized by the n X n dimensional covariance
matrix S, given by!2

S, = (K'S, 'K) ", (4)

where K is the Jacobian of Eq. (3) evaluated at con-
vergence. The square roots of the diagonal elements
of S, represent the estimated standard deviations
(ESDs) (or o) of the individual retrieved parameters,
ie.,

Op = [(Sx)h,h]1/2

3. Setup of Trade-off Studies

As pointed out in Section 1, our trade-off studies con-
sist of evaluating the retrieval precision correspond-
ing to different retrieval setups. A significant
number of test retrievals were carried out, and for
each test the following steps were performed:

withh=1,...,n. (5)

(1) Generation of synthetic MIPAS observations for
the full orbit; calculation of the covariance matrix S,
of the synthetic observations.

(2) Setup of the retrieval state vector.

(3) Running of the retrieval analysis.

(4) Evaluation of the precision and the overall con-
sistency of the retrieval setup.

At the completion of the entire set of tests, the
performances of the retrievals were critically com-
pared. In Subsections 3.A-3.C we report some de-
tails of steps (1), (2), and (4) that characterize the
individual test retrievals.

A. Generation of Synthetic Observations and Their
Covariance Matrix

The synthetic observations used in all the tests car-
ried out in the frame of this study have been gener-
ated by applying an instrument model to the high-
resolution limb-emission radiances simulated by a
forward model. Some common features of the syn-
thetic observations are summarized below.

1. Selection of Spectral Intervals

In analogy with ESA’s NRT processor the retrieval of
atmospheric profiles is performed by analyzing only a
few (=10) narrow (=3 cm ) spectral intervals (called
microwindows) containing relevant information on
the target quantity. The microwindows used in the
test retrievals of this study were selected according to
an optimized procedure!? that aimed at minimization
of the total retrieval error at the retrieval altitudes.



2. Reference Atmospheric Model

The state (pressure, temperature, and composition)
of the atmosphere assumed for simulation of the
limb-emission radiances was calculated by using the
Slimcat three-dimensional chemical transport model
developed by Chipperfield.'4# This model provides
pressure, temperature, and VMR altitude profiles on
a grid of 7.5° in longitude and 5° in latitude except for
the polar regions where the latitudinal grid is 4.5°.
The state of the atmosphere was calculated on 27
September 1996 when ozone-hole conditions occurred
in the Antarctic region. The atmospheric-
continuum profiles were calculated by using the
model described in Ref. 15.

3. Forward Model

The forward model used to generate the limb-
emission radiances is described in Ref. 10. This
model allows for the horizontal variability of the at-
mosphere sounded by the line of sight of the instru-
ment, and, in the case of horizontal homogeneity of
the atmosphere, it was validated against simulations
calculated by various IR radiative-transfer models¢
available in Europe. Recently this forward model
was also validated against the first available MIPAS
measurements.1?

4. Instrument Model

To allow for instrumental effects, the high-resolution
limb radiances simulated by the above-mentioned
forward model are convolved with the instrument
line shape and the FOV response functions.’®8 After-
ward artificial Gaussian noise of an amplitude con-
sistent with the instrument radiometric performance
at the selected spectral resolution®19 is added. Fi-
nally the spectra obtained are apodized by using the
Norton—Beer strong apodizing function.2° The use
of apodization is consistent with the adopted micro-
window selection scheme!? and leads to a speedup of
the forward model computations. (The far lines can
be disregarded if apodization is used.)

5. Satellite Orbit

For simplicity we assumed a strictly polar (and there-
fore closed) orbit, whereas the real ENVISAT orbit
has a slight inclination of 8.5°. Recent studies?! in-
dicate that the assumption of closed orbit can also be
applied to the analysis of real MIPAS measurements
with a minor effect on the accuracy of the retrieved
products. The test cases reported in this paper refer
to the atmosphere sounded by MIPAS in a polar orbit
that passed over Greenwich, England.

6. Covariance Matrix of the Synthetic Observations

The covariance matrix of the synthetic observations
S, is calculated by using the algorithm described in
Ref. 19. This calculation accounts for both the noise-
equivalent spectral radiance added to the spectra and
the apodization process that introduces correlations
among the spectral data points. In our tests, when-
ever the instrument spectral resolution is changed,

the spectral sampling step Ao is changed according to
Ao = 1/(2 MPD) (where MPD is the actual maximum
optical path difference of the measured interfero-
gram) and no zero filling or resampling is applied.1®
The possible correlations between spectral points be-
longing to different microwindows are neglected.

B. Setup of the Retrieval State Vector and Retrieval Grid

The geo-fit retrieval system?® derives the VMR dis-
tribution of the target molecular species from the
observations of an entire orbit. Therefore the pa-
rameters of the retrieval are

e VMR values of the analyzed molecular species
(ozone in this study) at a set of geo-located altitudes
(retrieval grid),

e atmospheric continuum values at the same po-
sition of the VMR parameters for the central frequen-
cies of the analyzed microwindows.

The spatial resolution and the precision of the re-
trieved profiles are generally negatively correlated®
and strongly dependent on the grid on which the
retrieved values are represented. When horizontal
homogeneity is assumed, the problem of choosing the
retrieval grid lies in the selection of the altitudes at
which the parameters are retrieved. Since the
weighting functions® of the observations generally
peak at the tangent altitudes, a common choice is to
let these altitudes coincide with the retrieval grid.
In the case of a geo-fit a two-dimensional retrieval
grid must be adopted, the second dimension being an
angular (polar) coordinate identifying the position of
the retrieval-grid points in the orbit plane. The lo-
cation of the tangent points of the observations could
still be the leading criterion for the choice of the
retrieval grid. However, even in the case of identical
elevation scans, because of the inhomogeneity of the
atmosphere, the ray tracing of the observations leads
to different tangent altitudes because of the different
refractive indices encountered by the lines of sight.
The resulting spread of the tangent altitudes would
make the interpolation process difficult. Therefore
in the case of two-dimensional retrievals a retrieval
grid at fixed altitudes is a more suitable choice. For
this reason in our tests the retrieval-grid points have
been placed at the nominal altitude of the tangent
points of the limb-scans, which is the altitude reached
by the line of sight in the absence of refraction.

Owing to the motion of the satellite and to the finite
time interval needed to acquire the limb-scans (=75
s), the tangent points of the individual views of a
limb-scan are not vertically aligned (the horizontal
spread being of the order of 500 km). To ease both
the interpretation of the retrieval results and the
interpolation process that may be required after the
retrieval, we choose to have the retrieval-grid points
vertically aligned rather than coinciding with the
nominal tangent points of the limb measurements.
In particular, if a single VMR profile is retrieved for
each measured scan (which is the only feasible ap-
proach when a usual one-dimensional inversion algo-
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rithm is used?), the retrieval grid points are vertically
aligned at the average polar coordinate of the tangent
points of the individual limb-scans [see Figs. 1(a) and
1(c)]. In Sections 4 and 5 the retrieval setup based
on the nominal MIPAS observational mode and one
retrieved profile per measured limb-scan is referred
as the reference retrieval setup [Fig. 1(a)]. The ini-
tial guess of the state vector in the retrieval analysis
is generated by perturbing the profiles used to simu-
late the observations. A random perturbation (to a
maximum of +30%) was applied to the individual
VMR profile points and a similar one (to a maximum
of £50%) to the individual points of atmospheric con-
tinuum profiles. The applied perturbations were
limited in amplitude so that the number of iterations
necessary to reach the convergence is always less
than three for all the retrieval setups considered in
this study.

C. Criteria for Performance Evaluation

The performance of a given retrieval setup is deter-
mined by the accuracy (or total error) affecting the
retrieved parameters. In the case of retrievals car-
ried out from synthetic observations, based on a
known atmospheric state, the accuracy of the re-
trieved profiles can be assessed through the discrep-
ancies between retrieved and true state parameters.
These discrepancies account for both the error due to
measurement noise (i.e., the ESD) and the possible
smoothing error!? originating from a retrieval grid
coarser than the actual spatial resolution of the
adopted atmospheric model. In our case model er-
rors (i.e., the model parameter error and the forward
model error'2) do not show up because the synthetic
observations are generated by the same forward
model used by the inversion algorithm. We are in-
terested in horizontal resolutions finer than the hor-
izontal sampling step of the nominal MIPAS
measurements (4.8 deg). Therefore, to properly as-
sess the accuracy of these retrieval setups, we need
an atmospheric model with a horizontal resolution
finer than the finest assessed retrieval grid (i.e., with
a horizontal resolution of at least 1 deg). However,
to date there are no global-coverage measurements
with a spatial resolution much finer than 5 deg in
latitude permitting one to globally validate atmo-
spheric models with such a high resolution. For this
reason, considering that global high-resolution atmo-
spheric models may be unreliable,22 we preferred to
base our study on a validated atmospheric model
with a relatively coarse resolution (from 4.5 to 5 deg).
Although this choice prevents the assessment of
smoothing errors relating to the retrieval grids of
interest, it is surely suitable for assessing the trade-
off between horizontal resolution and the ESD.
Since the retrieval approach used in this study is
relatively new, to monitor the self-consistency of the
overall forward and inverse scheme, for each re-
trieval setup we also evaluated the x? function de-
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fined in Eq. (1) and the xz? function (the reduced
chi-square) defined as

2
Xt =—2—, 6)
m —n

where m and n are the number of analyzed spectral
points and the number of retrieved parameters, re-
spectively (see also Section 2). The expectation
value of x5 at convergence is equal to 1.2 Values of
Xg> significantly greater than one are ascribed to the
following:

¢ The inaccurate fit of the observations due to the
smoothing error possibly originating from the choice
of a retrieval grid with a horizontal resolution coarser
than that of the atmospheric model used to generate
the synthetic observations.

¢ A redundant set of retrieval parameters n. If
we choose a retrieval grid much finer than the hori-
zontal structures of the atmosphere actually detected
by the measurements, the retrieval parameters are
not independent from one another. This means that
some of the retrieval parameters do not effectively
contribute to the reduction of the residuals of the fit.
In this case we still have x> ~ m, but xz> ~ m/(m —
n) is greater than unity because n is significant com-
pared with m.

e Convergence error. This is the error occurring
whenever the convergence criterion stops the itera-
tive procedure before the real minimum of the x*
function has been reached. For all the retrieval set-
ups in this paper the convergence criterion (a varia-
tion of x? in two subsequent iterations of less than
5%) was generally fulfilled after two iterations.

As a further check of the consistency of the used
forward and retrieval schemes, for each test retrieval
we visually inspect the ratio between the difference
retrieved — true value and the related ESD. When-
ever the retrieval grid is finer than or equal to the
resolution of the reference atmospheric model (i.e.,
whenever the smoothing errors are negligibly small),
this ratio must be equal or less than unity for ~68%
of the retrieved data points.23

4. Trade-off Study Based on the Definition of the
Retrieval Grid

In this first set of trade-off tests the ozone-retrieval
precision was evaluated as a function of the horizon-
tal separation between the retrieved profiles, with
the retrievals performed on synthetic observations
corresponding to the MIPAS nominal observation
mode.

Figure 1(a) represents (on a distorted scale) the
setup with the nominal measurement grid and one
retrieved profile per measured limb-scan. Figure
1(b) represents a grid in which four profiles per limb-
scan of the nominal measurement grid are retrieved.
The retrieved profiles are evenly distributed along
the full orbit so that the horizontal separation be-
tween them identifies the horizontal resolution of the
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Fig. 1. Location of the tangent points of MIPAS measurements (solid circles) and possible retrieval grids (intersection between large

(a) nominal measurement grid, one retrieved profile per measured limb-scan; (b) nominal

measurement grid, four retrieved profiles per measured limb-scan; (c) reduced spectral resolution (1/4 of nominal), one retrieved profile

per measured limb-scan.

retrieved atmospheric distribution. The horizontal
separation between the retrieved profiles can be ex-
pressed either in terms of the difference between the
polar coordinate (degrees) of two adjacent profiles or
in terms of the linear separation (kilometers) be-
tween adjacent profiles as measured at the Earth’s
surface. In Table 1 we summarize the horizontal res-
olution of the assessed retrieval grids; the boldface
entries refer to the reference-retrieval grid in which
one ozone profile per measured limb-scan is retrieved.

In Fig. 2 we show as a function of the horizontal
resolution (identified on the horizontal axis by the
angular separation between retrieved profiles) the
retrieved ozone ESD [see Eq. (5)] averaged over all
the retrieval-grid points along the full orbit (left) and
the behavior of the xz* defined in Eq. (6) (right).

As expected,>™7 the observed average ESD (Fig. 2,

Table 1. Horizontal Resolution of the Retrieval Grids Considered in the
Trade-off Tests with Nominal MIPAS Observation Plan and Variable
Retrieval Grid

Horizontal Linear

Number of Angular Spatial Separation at Earth’s
Retrieved Separation Surface between
Profiles between Retrieved Profiles
per Orbit Profiles (deg) (kilometers)
25 14.4 1600
37 9.7 1078
40 9.0 1000
50 7.2 800
60 6.0 667
75 4.8 533
100 3.6 400
150 2.4 267
225 1.6 178
300 1.2 133

Note: The boldface entries refer to the so-called reference-
retrieval setup in which one ozone profile is retrieved per measured
limb-scan.

left) increases when the horizontal resolution is re-
fined. However, around the value corresponding to
the reference-retrieval setup, the ESD does not
change as rapidly as expected on the basis of earlier
studies on the vertical resolution of limb-sounders.5
This indicates that the sensitivity of the selected
MIPAS measurements to the horizontal variability of
the atmosphere encountered along the line of sight is
significant and offers the possibility of increasing the
horizontal resolution by paying a relatively low cost
in terms of retrieval precision. In particular, Fig. 2,
left, suggests that the horizontal resolution of MIPAS
measurements can be doubled with respect to the
reference setup at the cost of an increment of a factor
between 2 and 3 in the ESD.

The maps reported in the left column of Fig. 3 show
as a function of altitude the geographical distribution
of the ESD resulting from a few selected values of the
horizontal resolution of the retrieval. In these maps
on the horizontal scale is reported the orbital coordi-
nate defined as a polar angle originating at the North
Pole and spanning the orbit plane over its 360° ex-
tension. In Fig. 3 the overall degradation of the
ESD obtained when the horizontal resolution is in-
creased is evident; however, the extent of the degra-
dation depends significantly on the altitude. To
highlight this dependence, in Table 2 we report the
average ESD as a function of altitude for four differ-
ent values of the horizontal resolution. In Table 2
we show that the altitude region in which the trade-
off between precision and horizontal resolution is
most favorable coincides with the peak of the ozone
distribution, where the sensitivity of the observations
to the retrieval parameters is expected to be the max-
imum.8

To verify the overall consistency of our simulated
retrievals, we also checked the behavior of the re-
duced chi-square [see Eq. (6)] as a function of the
horizontal resolution. This behavior is reported in

1 November 2004 / Vol. 43, No. 31 / APPLIED OPTICS 5819



25 ¥ T T T T T M | ¥ T T T T T T
® ]
20} \ ]
;\? °
~ 15 Reference 1
=) .
177 retrieval setup |
€3]
% 10l ° _
s \
4
[
< st e -
o oe_o °
0 " 1 1 i i i X 1 n i i 1 1 1

0 2 4 6 8 10 12 14 16

Horizontal Resolution (deg)

1-4 T T T T T T T T T H T T ¥

=
1]
T
1

Reference
\ retrieval setup

Cost Function (XZR)
)
[ %)
T
L

_ /" |

4

[y
[

N

1.0 " 1 1 L 1 ] 4. 1 1 1 1 1 A
0 2 4 6 8 10 12 14 16

Horizontal Resolution (deg)

Fig. 2. Left, ESD of the retrieved ozone and, right, reduced chi-square as a function of the horizontal resolution quantified in terms of

the angular separation between retrieved profiles.

The plots represent the trade-off obtained with the variable retrieval grid and nominal

measurement grid. Points marked with an arrow refer to the reference retrieval setup in which one vertical profile is retrieved per

measured limb-scan.

Fig. 2, right. The xz> shows a minimum correspond-
ing to the reference-retrieval setup. This minimum
is due to the horizontal step of the retrieval grid in the
reference setup roughly matching the horizontal res-
olution of the atmospheric model used to generate the
synthetic observations. For retrieval grids coarser
than in the reference setup xz” increases because in
this case the forward model in the retrieval is no
longer able to capture the horizontal variability of the
atmosphere and therefore to fit the observations
properly. For retrieval grids finer than in the refer-
ence setup the xz” increases as well because the re-
dundancy of the retrieval grid is not useful in
reducing the residuals of the fit while it significantly
decreases the denominator of Eq. (6). (The horizon-
tal variability of the atmosphere has already been
resolved with the reference-retrieval grid.)

We also compared the deviation of the retrieved
profiles from the true values with their ESDs. In
general, for retrieval grids finer than or equal to the
grid of the reference atmosphere the deviations are
smaller than the ESD, thus proving the self-
consistency of our forward and retrieval schemes.
As an example of this self-consistency, in Fig. 4 we
report the ratio between the absolute differences,
retrieved-minus-true ozone profiles and the related
ESD for the test retrieval performed with the hori-
zontal resolution improved by a factor of 2 with re-
spect tothe nominal. From Fig. 4 we can see that, as
expected from the statistics,?? in the absence of a
smoothing error the values of this ratio are generally
below unity.

5. Trade-off Study Based on the Change in Spectral
Resolution

In the second set of trade-off tests the improvement in
horizontal resolution was obtained by degrading the
spectral resolution. The MIPAS interferometer was
designed to acquire interferograms with a constant
speed of the interferometric mirror. This speed is
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determined by the sensitivity of the detectors and
cannot be increased beyond the value used in the
nominal measurement plan. With this constraint
the possible strategies for increasing the number of
measured limb-scans along the orbit consist of (a)
limiting the altitude range of the acquired limb-
scans, (b) decreasing the vertical sampling of the
limb-scans, and (c) decreasing the spectral resolution
(i.e., the maximum path difference of the measured
interferograms). In all cases the time interval re-
quired for measuring a limb-scan turns out to be
reduced with respect to the nominal measurement
plan, in cases (a) and (b) because fewer sweeps per
limb-scan are measured, in case (c) because the time
interval necessary to measure the individual inter-
ferograms is reduced compared with the case of max-
imum spectral resolution.

Within the unconstrained least-squares approach,
strategy (a) is not practical because the retrieval of
profiles from limb-scans covering a limited altitude
range was proved to be affected by large systematic
errors due to the assumption of the profile shape
above the uppermost and below the lowermost (due to
the finite instrument FOV) retrieval altitudes.2425
Strategy (b) gains horizontal resolution at the cost of
vertical resolution. Therefore in this study we con-
sidered only strategy (c). In Fig. 1(c) we show a
scheme illustrating a measurement plan in which the
spectral resolution of the instrument has deterio-
rated by a factor of 4, and consequently the number of
measured limb-scans per orbit has increased with
respect to the nominal plan. For simplicity we con-
sider the number of measured scans per orbit as in-
creasing inversely proportional to the spectral
resolution. This means that, compared with the real
instrument configuration, we ignore the dead-time
interval required at the end of each limb-view mea-
surement for reversing the interferometric mirror
speed and for repositioning the limb-scanning mirror.
This simplification was introduced to avoid a horizon-
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by changing the measurement grid. The horizontal resolution is indicated at the top of each map.

tal dephasing of measurement grids relating to dif-
ferent spectral resolutions. Such dephasing would
make the comparison of the different retrieval setups
considered in the study more difficult. The ne-
glected dead time for MIPAS is much smaller than

the time interval actually needed to acquire an inter-
ferogram, at least for spectral resolutions better or
equal to one fourth of the nominal one. Therefore
this approximation has no effect on the conclusions of
this study.
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Table 2. Estimated Standard Deviation Averaged along the Full Orbit
for the Retrieval Altitudes

Average ESD (%)

Altitude
(km) A B C D

60 4.1 6.6 14.8 37.5
52 3.0 4.8 14.8 35.3
47 2.3 3.4 9.6 22.1
42 14 2.1 5.7 13.2
39 1.5 2.1 5.9 13.3
36 1.4 2.0 5.8 12.5
33 1.5 2.0 6.0 12.7
30 1.6 2.3 6.8 14.0
27 2.0 3.0 7.0 13.9
24 1.9 3.1 59 11.5
21 1.8 2.6 5.2 10.2
18 3.1 4.4 9.9 20.6
15 6.3 10.0 21.7 42.3
12 4.5 6.0 13.4 30.0

9 5.7 8.2 17.8 53.6

Note: Columns A, B, C, and D refer to horizontal resolutions of

1078, 533 (reference case), 267, and 133 km, respectively. This
table refers to the tests reported in Section 4.

Since the retrieval algorithm makes use of only a
few narrow spectral intervals for the inversion pro-
cedure, particular care must be used in interpreting
the results obtained with a spectral resolution differ-
ent from the nominal one. Actually in a given mi-
crowindow the spectral features sensitive to the
target gas of the retrieval are expected to spread
outside the boundaries of the microwindow itself
when the spectral resolution is reduced. Since the
objective of our study was limited to studying the
trade-off between precision and horizontal resolution,
we did not want to be biased by these side effects.
For this reason the test retrievals shown in this sec-
tion were performed with microwindows obtained by
extending the boundaries of the nominal set of mi-
crowindows optimized for the maximum MIPAS res-
olution. The frequency extension was obtained by

|°° (Res| =24 d|e9)

Altitude (km)
as3 / uoneireg

0 45 90 135 180 2256 270 315 360
Orbital Coordinate (deg)

Fig. 4. Ozone retrieval. The map shows the absolute ratio be-
tween the deviations (retrieved — true profiles) and the ESD. The
map refers to a test case with the nominal measurement grid and
the horizontal resolution doubled with respect to the reference
case.
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changing the spectral sampling step, as explained in
Subsection 3.A, and by conserving the total number
of independent spectral grid points per analyzed mi-
crowindow.

With this strategy all the information contained in
the original interval is retained in the retrievals.
Actually the comparability of the results also re-
quires that the process of extending the microwin-
dows should not lead to a net increment of the
retrieval sensitivity to the target parameters due to
the possible inclusion in the extended microwindow
of the spectral lines of the retrieved species lying
outside the original microwindow. According to
these considerations, the spectral lines of the target
species lying outside the original microwindows were
masked by labeling them as belonging to a virtual gas
having the same VMR distribution of the target gas.
With this trick the overall opacity of the considered
spectral region is not modified, and the masked lines
do not alter the sensitivity of the retrieval to the
target parameters since they do not contribute to the
Jacobian Kin Eq. (2). The performance of these test
retrievals is then interpreted only in terms of the
changes introduced in the measurement and in the
retrieval grids. In this set of tests the retrieval grid
has been set to one profile per measured limb-scan.

As for the results reported in Section 4, in Fig. 5 we
show the average values of the ESD (left) and of xz>
(right) as a function of the horizontal resolution.
The points marked with an arrow in Fig. 5 refer to the
reference-retrieval setup with nominal spectral reso-
lution. For comparability with Fig. 2, in Fig. 5 we
also report the result of a test corresponding to the
unrealistic plan of spectral resolution enhanced by a
factor of 2 with respect to the nominal value.

The considerations for Fig. 2 apply to the plots in
Fi%. 5 too; however, in this case both the ESD and the
Xr~ do not increase as rapidly with the increasing
horizontal resolution as in Fig. 2 (note the different
vertical scales in Figs. 2 and 5). Therefore the strat-
egy of varying the spectral resolution leads to a more
favorable trade-off than in the case of the constant
measurement grid. Figure 3 (right) shows the geo-
graphical distribution of the ESD obtained from the
test retrievals performed in this part of the study. A
comparison of the maps in the right column with the
maps in the left column in Fig. 3 confirms that in
general the trade-off between precision and horizon-
tal resolution is more favorable when the spectral
resolution is degraded in order to get a finer horizon-
tal sampling of the atmosphere. The altitude depen-
dence of the trade-off obtained within the strategy
considered in this section is very similar to that ob-
tained in the case of the variable retrieval grid.
Therefore we are not showing a table similar to Table
2 for the approach with a variable spectral resolution.

In the case of real observations the strategy re-
ported in this section should be implemented with
care. In particular, whenever the spectral resolu-
tion is degraded with respect to the nominal mea-
surement plan, the effect of nontarget species
contributing to the radiance in the spectral intervals
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Fig. 5. Left, ESD of the retrieved ozone, and, right, reduced chi-square as a function of the horizontal resolution quantified in terms of

the angular separation between the retrieved profiles.

used for the retrieval is expected to increase. There-
fore the retrieval error component due to imperfect
knowledge of the atmospheric distribution of these
interfering nontarget species (not evaluated in this
study) may become important. However, the en-
hancement of this error component is not expected to
invalidate the results of this trade-off study. In fact,
given the wide amplitude of the spectral bands mea-
sured by MIPAS, the retrieval accuracy can be recov-
ered including additional spectral intervals in the
data set of the analyzed observations and/or using
multitarget retrieval techniques.26

6. Discussion and Conclusions

In this paper we report the results of a study aimed at
assessing the trade-offs between the horizontal reso-
lution and the precision of the ozone VMR profiles
that can be retrieved from MIPAS-ENVISAT mea-
surements. The capabilities of the geo-fit!® two-
dimensional retrieval algorithm have been exploited
to test different retrieval and observation plans. A
general outcome of this study is that the horizontal
resolution of the retrieved profiles can be improved
with respect to the nominal value (~530 km at the
Earth’s surface) that is determined by the separation
between the measured limb-scans. Two different
strategies have been considered for changing the hor-
izontal resolution of the retrieval products:

(1) Nominal MIPAS measurements are analyzed
on a horizontal retrieval grid that is different from
the measurement grid. In this case improvement of
a factor of 2 in the horizontal resolution (from 530 to
265 km) leads to a factor of between 2 and 3 of deg-
radation for the ESD of the retrieved ozone profiles.
(On average the ESD increases from the value of 4%
to 10%.)

(2) A finer horizontal sampling of the atmosphere
can be obtained by operating the MIPAS instrument
with a spectral resolution degraded with respect to its

The plots represent the trade-off obtained by varying the spectral resolution.
points marked with an arrow refer to the reference-retrieval setup.

The

maximum value used in the nominal measurement
plan. Halving the spectral resolution allows mea-
suring a limb-scan approximately every 265 km. In
these conditions, retrieving one ozone profile per
measured limb-scan leads to a 40% increase of the
average ESD with respect to the standard plan. An
increase of a factor of 2 in the ESD corresponds to
observation conditions that provide ~180 km of hor-
izontal resolution.

A comparison of the two strategies indicates that
the most suitable strategy for improving the horizon-
tal resolution of the atmospheric profiles is to degrade
the spectral resolution. However, to test this strat-
egy, assumptions had to be made that do not take into
account the effect of error components due to inter-
fering, nontarget species, and we expect that the fa-
vorable behavior of the trade-off could worsen when
these errors are taken into account. Current knowl-
edge of these error components enables us, however,
to state that a proper error budget is not going to
invalidate the overall results obtained with the sec-
ond strategy.

Note that, if a given objective for the accuracy of the
retrieved profiles has to be met, given the wide am-
plitude of the spectral bands measured by MIPAS,
the accuracy of the retrieved products can be im-
proved by including additional spectral intervals in
the data set of the analyzed observations and/or by
using joint retrieval techniques.26

The results of this study refer to the MIPAS-
ENVISAT experiment. However, the rationale of
the adopted strategies is applicable to any limb-
scanning satellite experiment measuring along the
orbit track. The specific trade-off is expected to de-
pend on the features of the considered experiment.

This study was supported by the European Space
Agency (ESA) through ESRIN (European Space Re-
search Institute) contract 16700/02/1-LG.
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