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Abstract. In this work we discuss inclusion of a priori profile of an atmospheric constituent is reconstructed from
information about the smoothness of atmospheric profilesa finite number of measurements. The problems of this kind
in inversion algorithms. The smoothness requirement carbelong to the class of ill-posed problems. Measurement data
be formulated in the form of Tikhonov-type regularization, themselves do not uniquely determine the solution; therefore,
where the smoothness of atmospheric profiles is consideredome kind of prior constraint must be used to make the
as a constraint or in the form of Bayesian optimal estimationproblem well-posed. FollowingRodgers(2000), it can be
(maximum a posteriori method, MAP), where the smooth-done via:
ness of profiles can be included as a priori information. ) ] S .
We develop further two recently proposed retrieval methods. (2) A discrete representation. Dividing the atmosphere into
One of them — Tikhonov-type regularization according to layers according to @ measurement structure and making
the target resolution — develops the classical Tikhonov ~ Certain assumptions about the profile within the lay-
regularization. The second method — maximum a posteriori ~ rS (constant, linear, polynomial altitude dependence)
method with smoothness a priori — effectively combines  transform the problem to a well-determined one.
the ideas of the classical MAP method and Tikhonov-type
regularization. We discuss a grid-independent formulation
for the proposed inversion methods, thus isolating the choice
of calculation grid from the question of how strong the
smoothing should be. (c) Prior information about atmosphere, which includes a
The discussed approaches are applied to the problem of ~mean state and its covariance, or more generally, a prior
ozone profile retrieval from stellar occultation measurements ~ probability density function of the state.
by the GOMOS instrument on board the Envisat satellite.
Realistic simulations for the typical measurement conditions
with smoothness a priori information created from 10-years
analysis of ozone sounding at Sodargkghd analysis of the

b) An ad hoc constraint such a smoothness of atmospheric
profiles. It can be applied in the form of the Tikhonov-
type regularization.

It is also possible to use a representation via orthogonal
polynomials or wavelets, but these approaches are not
discussed here. A discrete representation appears in
total retrieval error illustrate the advantages of the proposed"‘ImOSt all pracncallsolutlons of inverse p roblems, and
methods. often the case (a) is referred (also in this paper) to as

The proposed methods are equally applicable to other pro[1avmg no a priori. Although the discretization makes

file retrieval problems from remote sensing measurements. the_ problem .WeII-determlned, It can remain |Il-posed. or
noise-amplifying. It means that noisy data lead to instability

Key words. Atmospheric composition and structure (gen- of inversion: the reconstructed profile has non-physical
eral or miscellaneous; middle atmosphere — composition andscillations. Application of Tikhonov-type regularization
chemistry; troposphere-composition and chemistry) (also referred to as the Twomey methodjkponov and
Arsenin 1977 Twomey, 1977 Rodgers 2000 helps to
recover the stability of inversion. This method assumes
a smoothness of an atmospheric constituent profile and
therefore we can consider regularization as a kind of prior

The problem of profile retrieval from remote sensing information.

measurements is always under-determined: a continuous If a priori information about the state is available (case c),
the maximum a posteriori method (MAP) usually allows a

Correspondence tov. F. Sofieva significantimprovement of retrievals. In the case of Gaussian
(viktoria.sofieva@fmi.fi) noise and a priori, it gives the minimum variance solution.

1 Introduction
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The Gaussian distribution is often assumed in practice, thusneasurement structure (the number of unknowns is equal to

introducing elements of “ad hoc guess” into the case (c).  the number of measurements), the forward model connecting
In the current paper, we develop further two recently the measurements (horizontal column densitéy and

proposed methods which can be applied if the informationvector of unknowns (profilg), can be written as

needed for the MAP method is unavailable. The first methody, _ Kp+e 1)

considers the smoothness of atmospheric profiles not as an adh ¢ )

hoc constraint, as it is done in Tikhonov regularization, but WNe'e€& Presents a vector of measurement noise.

as a priori information. This methodd@ario et al, 2004 The discretized GOMOS vertical inversion problef) (

“combines” cases (b) and (c) and can therefore be calleds well-conditioned (the condition number of the forward

the MAP method with smoothness a priori. The secondmOdel matrixK for a typical occultation is~25), so it can

method Tamminen et a).2004 chooses the regularization be solved with the usual matrix inversion. The inversion

parameter in a Tikhonov-type scheme according to a targe'tS slightly noise-amplifying by a factor of-2 (Sofieva and

resolution, which is determined from requirements to resolve<Y"01& 2004. However, in the case of dim stars, the
fine structures of the profiles. reconstructed profiles are significantly contaminated with

For both methods we propose a grid-independent formu"O1Se-

lation, which is very important for measurements unevenly, 1 characterization of retrieved profiles. Vertical resolu-
distributed in altitude. For example, the sampling vertical tion
resolution of stellar occultation measurements depends on

altitude and on the obliqueness of occultations (i.e. angleThe error estimate and the vertical resolution are two

between the orbital plane and the direction to the star). quantities which completely characterize retrieved profiles.
In Sect. 2 we describe the stellar occultation measurement$he resolution of the retrieved profiles depends, in addition

by the GOMOS instrument and discuss the need for advanceg the sampling resolution, on smoothing properties of a

data analysis. The advanced inverse methods that use a prig#@trieval algorithm.

information of a different kind, as well as the availability  |n profile reconstruction, the resolution can be studied by

of this information are discussed in Sect. 3. Comparison ofcomputing the averaging kernégckus and Gilbert197Q
the proposed inversion schemes based on realistic simulatiorodgers1990):

is presented in Sect. 4. The a priori information used in 05
simulation is created from analysis of 10 years of ozoneA = —, (2)

. . a
sonde measurements at Sodaakyl The analysis of the ﬁ_ . , . ,
total retrieval error, which includes components due towherep is the retrieved profile and Is the true profile. In

measurement noise and due to smoothing properties 0lf'near problems the averaging kernel matrix can be computed

inversion, illustrates advantages of the proposed methods. as
A =GK™, 3)

whereG is the inversion matrix an *° is the forward model
matrix in (infinitely) dense grid.
One commonly used measure of the resolution of the

GOMOS (Global Ozone Monitoring by Occultation of Stars) retrieved _profile (ora measure of the width of the averaging
is a stellar occultation instrument operating on board thek€Mels) is the Backus-Gilbert spreac) (e.g. Rodgers
Envisat satellite (http://envisat.esa.int/instruments/gomos)zoog:
launched 1 March 2002. The GOMOS spectrometers meag ) _ 12/(z 242, z’)dz’/(f AG. Y2, (4)
sure the stellar spectrum from140 km down to~15km.
The products retrieved from the UV-Visible spectrometer In the following, we use the Backus-Gilbert spreddl §s a
measurements are ozone, NO®IOs, aerosol and air density measure of resolution.
vertical profiles. The basis for the geophysical data retrieval The GOMOS instrument is capable of retrieving the atmo-
from GOMOS measurements is the transmission functionspheric profiles with a very good resolution. The sampling
(Kyrola et al, 1993. In the GOMOS data processing, resolution for different line-of-sight azimuth angles is shown
the inversion is split into two parts: the spectral inversionin Fig. 1. The measurement grid becomes denser in the
part and the vertical inversion parKyrola et al, 1993. lower part of the atmosphere due to refraction. The sampling
In the spectral inversion, horizontal column densities areresolution depends on obliqueness (an angle between orbital
retrieved from the atmospheric transmission data from whichplane and direction to the star) of the occultation. For
refractive effects and scintillation modifications have beenvery oblique occultations it can be nearly twice better than
removed. In the vertical inversion, vertical profiles are for vertical ones. The averaging kernels of the pre-launch
reconstructed from the horizontal column densities. In thisGOMOS inversion are sharply peaked (R2y. For a typical
paper, we will deal only with the vertical inversion. occultation, the resolution (Backus-Gilbert spready &Bkm

The vertical inversion of GOMOS is linear. By dis- in the mesosphere and upper stratosphere, and is less than
cretization of the atmosphere into layers according to thel km in the lower stratosphere and troposphere.

2 Stellar occultation measurements by the GOMOS
instrument
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Fig. 1. Sampling resolution in vertical (R03059/S018, Fig. 2. Averaging kernels of the onion peeling method, at several
azimuth=0°), typical (R03059/S052, azimugB8(°®) and obliqgue  tangent altitudes.
(R03059/S001, azimutkb4°) occultations.

3 Inversion methods

2.2 Need for advanced data analysis Let us consider the linear forward mod#).(All the methods

considered below can be applied to any linearized inverse
The signal-to-noise ratio in stellar occultation measurementgroblem. They are also valid for general nonlinear problems,
strongly depends on stellar parameters (visual magnitude anlut nonlinear techniques like iterative minimization or the
effective temperature), so does the error of the vertical profiledMCMC (Markov chain Monte Carlo ) methodlgmminen
reconstruction. and Kyidla, 2007, are required instead of matrix multiplica-

In pre-launch simulations we observed significant non-tion: _ _ o o
physical oscillations of reconstructed ozone profiles for dim "€ €ssence of inclusion of a priori information is
stars (visual magnitude 2.5) but only for altitudes above ©€XPressed by Bayes’ formula describing the posterior
80km and below 18km (Fig3). Therefore, no a priori probgblllty density functl'on (pdfP(p|N) via a likelihood
information or regularization were explicitly used in the fUnctionP(N|p) and a prior pdprior(p):

GOMOS baseline inversion, as the lowermost altitude of thep (p|N) o« P(N|p) x Pyrior(p) - (5)
GOMOS measurements was expected to-i8 km. . . .
Provided that the prior pdf is known and assum-

The first year of GOMOS validation h{:\; shown that the ing it is Gaussian, with a meap, and a covariance
noise level is hlghe_r t_han_ expected._ Additional errors comeca:paNN(po’ C.), the maximum a posteriori (MAP) esti-
from incomplete scintillation correction. mation of the retrieved profilp,yap can be presented in the

Analysing one reference data set, which includes morefollowing form (e.g.Rodgers2000:
than 600 occultations in dark limb, we have found that a _ 1 _
significant share of occultations-(0%) is terminated at PMAP = (KTCTHK + CTHTHKICTHV — Kpg) + po - (6)
altitudes below 10km. This enables GOMOS to probe the Here a measurement noise is also assumed to be Gaussian:
troposphere, but advanced inversion methods are requireg~A/(0, C,). The validity of this assumption is verified in
because of a low signal-to-noise ratio. Tamminen(2004 with the MCMC method: the intermediate

The vertical resolution achieved in the GOMOS measure-Products of the GOMOS inversion — horizontal column
ments is better than the characteristic vertical scale of thélensities — have a distribution close to Gaussian, provided
ozone fine structures (1.0-1.4km in the troposphere andhat the instrumental noise is Gaussian. The mabixis
in the lower stratosphere, according to the recent study ofliagonal due to the independence of instrumental noise at
Sofieva et a].2004). each altitude.

These features prompt us to apply advanced methods in A priori_ information on the profile smooth.ness can be
the GOMOS inversion. Unfortunately, application of the mcludeq n the MAP ”.‘eth"d via correlation of prior
MAP method or Tikhonov-type regularization degrades theuncertamues. Then the prior covariar@gcan be presented,

i i : . . _for example, in the formRodgers2000
vertical resolution. The question therefore is: how to achieve
the stability of the inversion without critical degradation of

. —|ri —rjl
resolution? Cu(i, j) = ojojexp (# , (7
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Unfortunately, at the moment this a priori information
is often not available, even for ozone. The climatological
data Fortuin and Kelder1998 can, in principle, be used
as an a priori estimate of the mean of ozone profile, but the
inter-annual variability of the climatology does not reflect
that of the individual profiles. Itis illustrated in Fig, where
the mean and the standard deviation of ozone profile obtained
from analysis of 10 years (1990-1999) of ozone sonde data
at Sodankyd are compared with those of the monthly mean
ozone profile from the Fortuin-Kelder climatology. The
variability of individual ozone profiles is 1.5-2 times larger
than the variability of monthly mean profiles.

Nevertheless, in a few cases when an occultation is located
near an ozone observation station, useful a priori information

05 1 15 2 25 3 38 4 a5 + &5 can be obtained. Recentlfofieva et al(2004 analysed
concentration (L/cm?) x 10" 11-year ozone sonde data at Sodaakahd showed that the
characteristic scale of the ozone fine structure1s0 km in
Fig. 4. Mean (dashed bold line) and standard deviation (shadedhe troposphere ang1.4km in the lower stratosphere (up
area) of ozone profile in November from analysis of ozone sondeto 25km). It was also found that the characteristic scale
data at Sodank§l and monthly mean (bold solid line) and its of ozone fine structure is a relatively stable atmospheric
standard deviation (error bars) from the Fortuin-Kelder climatology. characteristic without significant seasonal or interannual
variations at this location.

wherer; denotes an altitude grid poing; is the standard -1 MAP method with smoothness a priori

deviation for a priori profile at the point; and L is the oo L

characteristic scale. Alternatively, a Gaussian or a trian uIa#n most cases a priori information includes only a general
" ‘€1, : gulal o asure of smoothness of atmospheric profiles. For such

shape of the correlation function can be used. This method

; o O Situations, we develop a method recently proposedgrio
includes the prior information in the most complete form. P y brop ayr

It is also grid-independent, i.e. the profile smoothness iset al. (2009. It is based on the assumption that the

defined independently of the discretization grid. The actualnelghbo.rlng d|scret_|zed V.all.JeS of a retrieved profile cannot
. . ) ._be too different. This a priori can be presented as
resolution of retrieved profiles depends only on the noise

level: it is worse for larger measurement noise. 20i — pi—1— pi+1 =0+ h? e,

)
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reg . .
Whgre & .are mutually independent (_Eaussmn ran_domTabIe 1. Target resolution for ozone used in the simulation.
variables with the zero mean and the diagonal covariance

matrix C,., andh; is the discretization grid. Alternatively,

first order or higher order differences can be used in the jjiitude range

left-hand side of Eq.8). The regularization Equatior8Y
can be expressed in the matrix form as

Ho =0+¢"8, (9)

where tri-diagonal matriXd approximates second deriva-
tives:

00 0..0
1711 -21..0

H =diag|:—2} ........... (20)
hillo .. 1 -21
00 .0 O

It corresponds to the prior distribution (smoothness

a priori) (Ppriorocexp(—%pTHTCr‘eéHp). If the matrix

HTCr—e%]H is invertible, the prior distribution is Gaussian:
p~N (0, (HTCLIH)™). The MAP estimationpg, can be
written as

-1
reg

psm= (KTC7IK + HTClH) I KTCIN . (11)

The only information needed for application of this method
are the uncertainties of the second differenChgy. It

0-10km
1km

10-30km
1.4km

30-40 km> 40 km

resolution 1.4-3km  3km

regularization. It can be chosen, for example, according
to the Morozov’'s discrepancy principle (e.g.Morozoy,

1993 Hansen et al.2000, which states that should

be selected so that the residual (difference between model
and measurement data) should be of the same value as the
measurement noise:

IN =KpM)| = llell. (14)

Application of the Tikhonov regularization, as well as
the MAP methods discussed above, leads to a certain
degradation of resolution. The regularization parameter
can also be chosen according to some target resolution, if
the optimal value of the regularization parameter does not
meet the resolution requirements. Then the actual vertical
resolution does not depend on the instrumental noise and the
discretization grid. This simplicity of profile characterization
makes this method attractive, despite some disadvantages

can be also created from analysis of high-resolution profilediscussed further in Sect. 4.

measurements, such as ozone sonde data. Analogously
the classical MAP estimation, this method efficiently com-

to

bines the measurements and a priori information, applying# GOMOS measurements: comparison of regulariza-

additional smoothing only when it is required by a low
signal-to-noise ratio.

It is also grid-independent, i.e. the

tion schemes

chosen amount of smoothing is defined by the ratio of aln this section we apply methods discussed above to
measurement noise and a priori uncertainty, but not by théhe problem of reconstruction of ozone profiles from the

discretization grid.

3.2 Tikhonov-type regularization. Choosing regularization
parameter according to the target resolution

The classical Tikhonov regularized solution of the problem

(1) was originally derived as a minimizer of the functional
F(p) = IKp = N|I*+ A[Hpl?. (12)

Here is the regularization parameter akdis the matrix
representing first, second @ or higher order differences

(which are assumed to be bounded, thus characterizing the

smoothness of the solution), atid| is £2-norm.
The Tikhonov regularized solution 0f?) exists, and it is
unique. ltis given by the formula

p=KTK+rHTH)KTN. (13)

It is equivalent to the MAP solution6}, provided that
the prior distribution isPpriorox eXp(—%pTHTHp) and the
measurement errar is Gaussiare~N (0, o21), wherel is
the unit matrix.

The optimal choice of the regularization parameteis

a central issue in the literature discussing the Tikhonov

GOMOS measurements. The following methods are used:

1. Onion peeling: this is the standard GOMOS inversion
without any a priori. In discretization, a constant density
inside each layer is assumed. Onion peeling can be
formulated as a matrix inversion or, equivalently, the
problem can be solved sequentially, starting from the
uppermost layer. We used the matrix inversion in our
simulation.

2. Tikhonov regularization in grid-dependent formulation
with regularization parametér=10'°, which is chosen
according to the Morozov’s discrepancy principle for
the typical GOMOS star of visual magnitude=2 (The
horizontal column densities are assumed to be in 4/cm
and distances needed for computikgand H are in
cm.).

3. Tikhonov-type regularization in grid-independent for-
mulation and altitude-dependent regularization parame-
ter . The regularization parameter is chosen according
to the target resolution (Tablg, that corresponds to the
characteristic scale of ozone fine structure determined

from Sodankyh ozone sonde data below 30km. The
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values of the target resolution above 30km are takenin computing the measurement error (i.e. error of horizontal
from climatology. column densities).
. o . The “true” profiles used in the simulation coincide in
4. MAP method with the smoothness a priori described he |ower atmosphere (below 30km) with ozone profiles
in Sect.3.1 The covariance of second order finitt measyred at Sodanky(http:/fmiarc.fmi.fi). The upper part
differences was created from the Sodadkyzone  f ozone profile was simulated with the LIMBO simulator
sonde data. and perturbed in accordance with the “error pattern method”

5. MAP method (classical). The Fortuin-Kelder climatol- (Rodgers2000.

ogy (Fortuin and Kelder1998 was taken as a priori
mean ozone profile below 53km. The upper part

of the prior mean ozone profile was simulated with _ )
the LIMBO simulator Kyrola et al, 1999. A priori Figure 5 shows an example of reconstructed ozone profile

standard deviation was calculated from 10 years ofin the middle stratosphere and troposphere for the star of
ozone sonde data (1990-1999) at SodamkylThe m_agnituden:Z a_nd effective temperatuﬂé:_lOOO_O K. We_
correlation scale is taken in accordance wahfieva will not show, discuss or compare the inversion at high

etal.(2004 (Table). In the upper atmosphere the prior altitudes, because no a priori information is available there.

standard deviation is assumed to be a linear growingo‘” the advanced methods give almost the same results in
function from 20% to 200% for altitudes 30—100km the mesosphere, as they use the same ad hoc assumptions on
with the correlation scale 3 km. profile smoothness. The lower part of the “true” profile used

in the simulation coincides with the ozone profile measured

at Sodankyd on 23 November 2002.
4.1 Simulation setup The ozone profile reconstructed with the onion peeling

method, which gives the results almost identical to the
The realistic simulation was performed for the comparison ofstandard GOMOS vertical inversion, looks very noisy below
the methods. The measurements grid was taken coincidert5 km. The Tikhonov-type regularization, with a parameter
with a real GOMOS measurement grid, with a typical anglechosen according to the discrepancy principle, smoothes
between the orbital plane and the star directisn®’). The  out fine structures of ozone profile. If the regularization
simulations were performed for stars of different magnitudesparameter is chosen according to the target resolution, the
and of the typical effective temperature 10000K. Both fine structure of the ozone profile is well detected in the
instrumental noise and modelling errorKy(odla et al, altitude range 15-30km. For altitudes below 10 km, both
1993 Sofieva and Kyila, 2003 were taken into account Tikhonov-type regularizations give the same results and

4.2 An exemplary ozone profile retrieval
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Fig. 6. Error estimation (left) and resolution (right) achieved with different inversion methods. Simulations are carried out for star of
magnituden=2 and effective temperatufe=10 000 K.

they somewhat improve the reconstruction, but the retrieveds the error due to noise in measurements, while the former
profiles are still far away from the real profile. The ozone one describes the smoothing error caused by deviation of
profile is reconstructed most accurately with maximum aaveraging kernels from delta-functions.

posteriori methods (classical and with smoothness a priori). The covariance of the total error EdqlY) is (Rodgers
However, the fine structure of the ozone profile may stay2000

unresolved with these methods. In the considered exampl . T T

the lamina around 13km is not detected with the MAPeCmt_ (A =DCe(A =17 +GC.C, (16)

methods either. whereCe is the covariance of an ensemble of real profiles
about the mean profile. For the occultation located near

4.3 Error analysis Sodankyh Ce can be obtained from the ozone sonde

measurements, thus enabling one to estimate the total
The efficiencies of the discussed methods characterized byrror of the profile reconstruction and compare the real
estimated error of retrieval and resolution are compared insfficiency of different inversion algorithms. In our work,
Fig. 6. The error estimates in Fig are square roots of e ysed 10 years of sonde data (1990-1999), in order to
diagonal elements of the posterior covariance matrix (Giverestimate the ozone variability (i.e. to obtain the ensemble
the retrieved profilep in the form of p=GN, whereG  covarianceCe). Figure7 shows the total rms error of
is the inversion matrix, the posterior covariance matrix is yaconstruction by different inversion algorithms for stars of
Cpos=GC.GT.). The prior uncertainty of the ozone profile is \arious magnitudes.
also shown in this figure. The original vertical resolution of  The following conclusions can be drawn from this
the GOMOS measurements (it corresponds to onion peelingnaysis:
method) is very good:~2km for altitudes above 40km ] o ]
and better than 1km below 20km. The accuracy of the — The standard Tikhonov regularization with one constant

reconstruction can be significantly improved by advanced ~ Smoothing parameter chosen according to the discrep-

methods at a price of degraded vertical resolution. ancy principle has the largest error for altitudes above
However, the error estimate, as presented in Gigs not 15 km. This methoq seems not to be applicable to ozone
the total error of ozone profile reconstruction. The total error ~ Profile reconstruction, because the chosen smoothing
(i.e. a deviation of a retrieved profigfrom the true one) violates the resolution requirements, thus leading to the
is largest total error.
p—p=(A—1)p+Ge (15) — For the other four methods, the error of reconstruction
is almost the same for occultations of bright stars at
Here A is the averaging kernel matrix,is the unit matrix altitudes>15 km. This confirms that it is not necessary

and G is the inversion matrix. The latter term in EQL5 to apply advanced methods in these conditions.



3418

V. F. Sofieva et al.: Smoothness as a priori information in ozone profile retrieval

Altitude (km)
5 8 & 8 & 8

=
o

'magnitu'de m=1

|y

0 10 20 30 40

error estimate (%)

. Altitude (km) ,
(¢ o (] o

[any

ot

magnitude m=3

5
0

Fig. 7. Total error of ozone profile retrieval in the lower atmosphere, for stars of various magnitudes and of the effective temperature

20 40 60

error estimate (%)

T=10000K.
80 e
70t o
60 1
€
4
~50 4
)
S onion peeling
= ol — smooth.opt. m=0 | |
< 4 = smooth.opt. m=2
= = smooth.opt m=3
30 1
~
20t Seo 1
~
N
’
101 . LS . . ]

0.5 1 15

2 25 3 35 4

Backus—-Gilbert spread ( km)

Fig. 8. Resolution obtained with MAP method with smoothness a
priori for various magnitudes of star. The effective temperature is

takenT=10000K.

40 . —
magnitude m=2

Altitude (km)
[ N N w w
[6;] o [6)] o o

=
o

(6]

10 20 30 40
error estimate (%)

o

onion peeling
—— Tikh A=1e15
=+ target resolution

MAP smooth
—— MAP

— For altitudes below 15km the accuracy can be signif-
icantly improved by advanced inverse methods. The
classical MAP method has the smallest total error, as
theoretically predicted. The MAP with smoothness
a priori is almost as good as the classical MAP
method. The target resolution method also improves the
inversion at the lower atmosphere, especially for dim
stars.

In the Tikhonov regularization methods, the vertical
resolution is predetermined, while in the MAP methods, it
depends on the noise level (Fig). The application of the
MAP methods regularizes the inversion only when data are
seriously contaminated with the noise, while using the target
resolution method, some smoothing is always applied, even
if it is not necessary. We have to recall that the classical
MAP method cannot be applied at the moment, because the
variability of ozone profile is not known, except for locations
coincident with ozone sounding stations. This method was
considered in order to illustrate its potential applicability
in the future. The features of the inversion methods, their
advantages and drawbacks are collected in Table
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Table 2. Summary of inversion methods.
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method type of a priori advantages drawbacks
Onion peeling no a priori good vertical resolution noisy inversion results for dim stars

at low altitudes
Tikhonov regularization smoothness simplicity - The resolution is not sufficient for
with smoothing parameter  constraint detecting fine ozone structures.
chosen according to - “Optimak’ depends on stellar
the discrepancy principle spectrum and obliqueness of occultations.
Tikhonov regularization - smoothness Resolution does not depend - Solution is not optimal in statistical
with smoothing parameter  constraint on measurement grid or sense.
chosen according to - characteristic stellar spectrum. - A priori is not available globally.
the target resolution scale

MAP method with
smoothness a priori

uncertainties of
second differences

Amount of smoothing
is chosen in the statistically

- Actual resolution depends on stellar
spectrum.
- A priori is not available globally.

- Actual resolution depends on
stellar spectrum.
- A priori is not available globally.

optimal way.
MAP method (classical) - mean profile - The inversion uses a
- standard deviation  priori information most

- characteristic completely.
scale - Solution is statistically

optimal.

5 Summary and conclusion

In this paper we have discussed how the prior information
about smoothness of the atmospheric profiles can be used in“"
the profile retrievals. It can be applied either in the form of
the smoothness constraint (Tikhonov-type regularization) or

in the form of a priori information (maximum a posteriori
methods). The methods can be used when the classical
Bayesian MAP approach is not applicable due to insufficient
information about prior distribution.

The grid-independent formulations were proposed for all 3.
the considered methods, thus providing results independent
of a discretization grid.

In the GOMOS measurements, the low signal-to-noise
ratio for dim stars prompted the adoption of the Bayesian
approach, which allows one to efficiently combine measured
data with a priori information about the smoothness of the
atmospheric profiles.

These methods were applied to reconstruction of the
ozone profile from GOMOS measurements. The realistic
simulations for typical measurement conditions and analysis
of the total error of reconstruction revealed advantages and
drawbacks of each proposed procedure.

The following main conclusions can be drawn:

1. The standard Tikhonov regularization with smoothing
parameter chosen according to discrepancy principle is
not recommented for the ozone profile retrieval from
the GOMOS measurements, because the “optimal”

all fine structures of ozone profiles are smoothed by this
method.

The regularization with the choice of the smoothing
parameter according to the resolution requirements is
the most attractive method because of the predetermined
vertical resolution, independence from the measure-
ment grid and from stellar properties. It is a kind of
“minimal guaranteed strategy”, but it is not optimal in
the statistical sense.

MAP with a smoothness a priori allows one to include
the information about smoothness of the atmospheric
profile in the form of Bayesian optimal estimator.
It efficiently combines the measurement data and
information on smoothness of ozone profiles. It is a
good alternative to the classical MAP method, when the
mean and/or standard deviation of retrieved quantities
are not known.

4. The successful application of the classical MAP method

was demonstrated. The a priori information about the
mean and the standard deviation of the ozone profile
was created from the Sodankylbzone sonde data.
This method includes the a priori information in the
most complete form. Probably, this method will be
used widely in the future algorithms of ozone profile
reconstruction, but now it can be applied only in rare
cases.

In summary, the proposed inversion methods, which

smoothing violates the resolution requirements: almostuse a priori information on smoothness of atmospheric
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profiles, improve significantly the quality of retrievals. These Morozov, V. A.: Regularization methods for ill-posed problems,
methods can be used in reconstruction of atmospheric CRC Press, Boca Raton, 1993.

profiles not only from stellar occultation but also from other Rodgers, C.: Characterization and Error Analysis of Profiles
remote sensing measurements. Retrieved From Remote Sounding Measurements, J. Geophys.

Res., 95, 5587-5595, 1990.
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