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1 - Introduction

MIPAS (Michelson Interferometer for Passve Atmospheric Soundng) is an ESA developed
instrument to be operated on board ENVISAT-1 as part of the first Polar Orbit Earth Observation
Misson pogram (POEM-1). MIPAS will perform limb soundng olservations of the amospheric
emisgon spedrum in the midd e infrared region. Concentration profil es of numerous tracegases can
be derived from MIPAS observed spedra.

Acoording to the aurrent baseline, from MIPAS measurements altitude profiles of atmospheric
presaure and temperature (p,T), and d volume mixing ratio (VMR) of six high piority spedes (O,,
H,O, HNO,, CH,, N,O and NO,) will be routinely retrieved in nea red-time (NRT). Theretrieval of
these parameters from cdibrated spedra (Level 1b data) isindicaed as NRT Level 2 processng.

Level 2 processngis expeded to be a citicd part of the Payload Data Segment (PDS) because of
baoth the long computing time that may be required and the need for a vali dated agorithm cgpabl e of
produwcing acairate and reliable results.

In the study "Development of an Optimised Algorithm for Routine P, T and VMR Retrievals from
MIPAS Limb Emisgon Spedra’ a scientific code for NRT Level 2 analysis was developed, suitable
for implementation in ENVISAT PDS and opimised for the requirements of speed and acairacy.
The results of the study were used by indwstry as an inpu for the development of the industrial
prototype of Level 2 code.

The present Technicd Noteis adeliverable of the ebove study and provides the high level definition
of the retrieval algorithm and a discusson d the physicd and mathematicd optimisations that have
been implemented in the dgorithm.

1.1 Changes with resped to Issue 2A of the present document

Changes in this document with resped to Issue 2A are highlighted by change bars. The main

changes consist in the introdwction o new sedions regarding the description o items that

previously were either described in sparse memorandums and small notes or not described at all.

Namely, the foll owing rew sedions have been introduced:

e Sed. 5.13 Interpdation d the retrieved profilesto a user-defined grid,

e Sed. 5.14 Optimized algorithm for construction d initia guess profiles (including generation
of continuum profil es described in sub-sed 5.14.1).

e Sed. 5.15 Profilesregularizaion

e Appendx A: Determination d the VCM of the engineaingtangent heightsin MIPAS

e Appendix B: Evaluation d retrieval error componrents and total error budget (includes pT error
propagation approacd)

e Appendix C: Algorithm for generation d MW databases and accupation matrices

e Appendix D: Algorithm for generation d LUTsand irregular frequency grids

e Appendix D: Algorithm for generation MW-dedicaed spedral linelists

Furthermore, Sed. 4.5 regarding the calculation d the VCM of the measurements was drondy

modified in order to be @nsistent with recent baseline modificaions. A new sub-sedion, 4.5.3

describing the method wsed to cdculate the inverse of the VCM of the measurements was

introduced. This sub-sedion replaces the old Sed. 6.13(now removed).

Additional sparse modificaions were introduced in order to remove obsolete statements and make

the document in line with the aurrent status of the study.
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2 - Objectives of the technical note

Objedives of the technicd note ae:

e provisionof asummary of the eguations implemented Level 2 algorithm,

¢ identificaion d the existing options for the optimisation d the ade,

o asssgment of advantages and dsadvantages of the individual options,

¢ to provide arationale for the choice of preferred option for implementation and identificaion o
astrategy for vaidation o the dhoice

For afurther self-consistent high-level description d the the dgorithms implemented in the Level 2

scientific code of MIPAS, the reader shoud also refer to the paper of Riddfi et al. (2000.

3 - Criteriafor the optimisation

The wde must take into acourt requirements due to:

charaderistics of input data

scientific requirements of output data

corrednessof the amospheric model

corrednessof the instrument model

numericd acaracy

robustnessin presence of erroneous observational data
reduced computing time.

The main dfficulty is due to the last requirement, which, in presence of the others, imposes the
seach for physicd and mathematicd optimisations in the implementation d the code.
The present document provides a description d the dgorithm at a stage in which the cde has
alrealy been developed and therefore a dhoice anong the possble options has arealy been made.
We must be avare, however, that some dhoices have been made on a purely theoreticd basis and
therefore must be wnfirmed by tests performed with red data.
The accetance aiterion o the mde, and therefore our choices, are based on the @mbined |
development of an Optimised Retrieval Model (ORM), an Optimised Forward Model (OFM) and a
Reference Forward Model (RFM). Retrievals with the ORM from spedra simulated with the OFM ‘
and the RFM, with and withou measurement naise, al ow the identification d errors due to:

1. measurement error,

2. retrievd error,

3. approximations due to the optimisation.
Tests performed with dfferent computing acaracy and with dfferent profile representations
determine, respedively:

4. the mmputing acairacy

5. and the null-space eror.
The accetance aiterion requires the ORM to limit errors 2. and 3.s0 that the overall error budget
including errorsfrom 1.to 5.aswell as g/stematic aror, iskept below the foll owing requirements:

e 3% error in tangent presaure retrieval,

e 2K error in temperature retrieval,

e 5% errorin VMR retrievals,
in the tangent altitude range 8 - 53 km. These were the requirements established at the beginning o
the study in absence of spedfic indicdions regarding the ultimate acarracy attainable from MIPAS
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measurements. However, test retrievals performed so far have shown that the @ove requirements |
can nd be met in the whole dtitude range explored by the MIPAS scan and for al the target
spedes. Recently, the problem of assessng the ultimate retrieval acaracy attainable from MIPAS
measurements has been takled in the framework of the study for the seledion of optimized spedral
intervals (microwindows, MW) for MIPAS retrievals (see Appendix C and Bennett et al.,(1999).
An accetance test for the wde, on the basis of adual retrieval error has been performed by wsing
the complete OFM/ORM chain as well as the reference spedra generated by the RFM.

The strategy adopted for the operated choices is the foll owing:

since an altitude eror isdiredly conneded to a presaure aror which in turn corresponds also to a
VMR error, whenever the goproximation corresponds to an dtitude aror the goproximation is
acceted if the eror islessthan 0.15 kn (correspondng to a 2% presaure aror). Actualy, thisis
not a very conservative aiterion bu it is gill satisfadory because it is applied ony for the
evauation d FOV and self-broadening approximations

if the goproximation daes not correspondto an atitude eror, the goproximation is accepted on
the basis of the radiance eror. Randam error must be small er than NESR, systematic errors must
be smaller than NESR divided by the square root of the multiplicity of the dfed. If individual
approximations behave & either randam or systematic erors can oy be assssed by the full
retrieval process An educaed compromise is made by using an acceptance threshold equal to
NESR/4.

In Sed. 4 the mathematica problem conreded to the retrieval is simmarised. Sed. 5is dedicaed to
the scientific aspeds that affed the amospheric and the instrument model and to the wrrespondng
physicd optimisations. Sed. 6 is dedicated to the choices related to the implementation o the |
cdculationsin the mmputing software and to the arrespondng mathematicd optimisations.
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4 - The mathematics of theretrieval problem

4.1 Mathematical conventions

The mathematicd conventions used in the present technicd note ae herewith summarised.

The functions may have the foll owing attributes:

e qualifiers: qualifiers are given ony as superscripts and consist of a nate that helps to dstingush
the different functions or the same function at different levels of the cdculation. Parentheses are
used to separate the qualifier from the other mathematicd operations that can be confused with
the qualifiers.

e The variables of the functions can appea either as a subscript or as arguments. In order to
provide a representation consistent with the conwvention d matrices and vedors, whenever
possble, the variables relative to which the variability of the function is explicitly sampled
within the aode ae shown as a subscript, while variables relative to which a dependence only
existsimplicitly in the equations are shown as arguments.

When deding with matrices and vedors, bdd symbals are used.

4.2 Theoretical background

The problem of retrieving the dtitude distribution d a physicd or chemicd quantity from limb-
scanning olservations of the amosphere, drops within the general classof problems that require the
fitting d a theoreticd model, that describes the behaviour of a given system, to a set of available
observations of the system itself. The theoreticd model describes the system through a set of
parameters © that the retrieval procedure @nsists in the seach o the set of values of the
parameters that produce the "best" simulation d the observations. The most commonly adoped
criterion to acamplish the objedive is the minimisation o the * function (generally defined as the
weighted squared summation d the diff erences between olservations and simulations) with resped
to the value of the parameters. This criterionis generally referred as Least Squares Fit (LSFH. When
the theoreticd model does nat depend linealy onthe unknowvn parameters the problem, cdled Norn-
linea Least Squares Fit (NLSF), canna be solved dredly by wsing a solution formula, and an
iterative procedure must be used. Several methods exist for the NLSF, the one aopted for our
purpasesis the GaussNewton (GN) method modified foll owing the Marquardt's criterion (GNM).

In order to provide the framework of the subsequent discusson, the general mathematicd
formulation d the problem is herewith briefly reviewed. The mathematicd formulation o the
problem is described with full detailsin Carlotti and Carli, (1994.

4.2.1Thedired problem

The signal S that reades the spedrometer can be modelled, by means of the radiative transfer
equation (described in Sed. 4.6), as afunction S = S(x, ¢,) of the observation parameters x and d
the distribution profile g, of the amospheric quantity which is to be retrieved. Since the radiative
transfer does not represent a linea transformation, the problem of deriving the distribution g, from
the observed values of S canna be solved throughthe analyticd inversion d the radiative transfer
equation.

A linea transformation conreding S and g, can be obtained by operating a Taylor expansion d the
radiative transfer equation, aroundan assumed profile @,. In the hypathesis that g is nea enoughto

the true profile to drop in a linea behaviour of the function S, the Taylor expansion can be
truncaed to the first term to oltain:
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_ X, Q, ~
S, 4,)=S(x, j[ } [q, -8, dz (4.2.)
0 .

Note that the use of the integral is required in the @owve ejuation since the profile g, is here
considered as a continuouws function.
Equetion (4.2.7) can be written as:

N(x):j K, 2) y, dz, 4.2
0
where:
N(x) =S(x,9,) - S(x,4,) (4.2.3
K(x,2) = {M} 4.2.9
: g,
yz=[0z- 0l . (4.2.9

Equation (4.2.2 is an integral equation that represents a linea transformation d the unknowvn yy
leading to the observations N(x) by way of the kernel K(x, z).

4.2.2The GaussNewton method

In the cae of pradicd cdculations, the mathematicd entities defined in Sed. 4.2.1are represented
by dscrete values. Actualy, we will ded with a finite number (n) of observations and a finite
number (M) of values to represent, in avedor gz, the dtitude distribution d the unknavn quantities
(these m values will be denated as "parameters’ from now on). As a @nsequence the integral
operator of Eq. (4.2.2 beammes a summation and the equation itself can be expressed in matrix
notation as:

n=Ky (4.2.9
In equation (4.2.9:

e nisavedor of dimensionn. The entry n of n is the difference between olservation j and the

correspondng simulation caculated using the assumed profile @, (Eq. 4.2.3.
e K isamatrix (usually denoted as Jacohian matrix) having n rows and m columns. The entry k; of
K isthe derivative of observationi made with resped to parameter j (Eq. 4.2.4

e y =0y -(yisavedor of dimensionm. The entry y, of y isthe wrredion reeded to the assumed

value of parameter g, in order to oltain its corred value q. The goa of the retrieval is the
determination d this vedor.
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The problem is therefore that of the search for a"solution matrix" D (having m rows and n columns)
that, multiplied by vedor n providesy.

If the vedor n is charaderised by the variance-covariance matrix V" (square of dimension n), the *
function which must be minimised is defined as:

22=n"(V")"'n (4.2.9)
and matrix D isequal to:
D=(K"(V)™'K)KT(V"™ (4.2.9

The superscript “T” denates the transpase and the superscript “-1” denaotes the inverse of the matrix,

if the inverse of V" does nat exigt, its generalised inverse must be used instead (seeKalman (1976

and Sed. 4.7). If the unknovn quentities are suitably chosen, the inverse of matrix (KT (V")'K)

always exists.

If the red minimum of the »* function is found and V" is a crred estimate of the arors, the

quantity defined by equation (4.2.7) has an expedation value equa to (n - m) and a standard
2

deviation equal to +n—m. The value of the quantity

2
the quality of the retrieval. Values of X \which deviate too much from unity indicate the

- provides therefore agood estimate of

presence of incorred assumptions in the retrieval.
The unknown vedor y isthen computed as:

y=Dn 4.2.9
and the new estimate of the parameters as:
q,=0,+Yy (4.2.19

The earors asciated with the solution to the inversion pocedure can be dharaderised by the
variance-covariance matrix (V°) of ', given by.

Vi=D(VYD' = (K"(V)'K)™* (4.2.1)

Matrix V¢ permits to estimate how the experimental random errors map into the uncertainty of the
values of theretrieved parameters. Actually, the square roat of the diagoral el ements of V* measures
the root mean square (r.m.s.) error of the arrespondng parameter. The off-diagoral element Vij of
matrix V¢, namalised to the sguare roat of the product of the two dagorel elements vj; and Vj»
provides the rrelation coefficient between parametersi and .

If the hypahesis of lineaity made in Sed. 4.2.1abou the behaviour of function Sis stisfied, Eq.
(4.2.10 provides the result of the retrieval process If the hypahesis is not satisfied, the minimum
of the #* function hes not been readied but only a step has been dore toward the minimum and the
vedor g, computed by Eq. (4.2.1Q represents a better estimate of the parameters with resped to @, .
In this case the whole procedure must be reiterated starting from the new estimate of the parameters
which is used to produce anew matrix K. Convergence citeria ae therefore needed in order to
establi sh when the minimum of the »* function hes been approached enoughto stop the iterations.




Prog. Doc. N.: TN-IROE-RSA9601
Issue: 3 Revision:

Development of an Optimised Algorithm for Routine p, T
«f" IROE g
Date: 26/06/01 Pagen. 11/107

and VMR Retrieval from MIPAS Limb Emission Spectra

4.2.3The Marquardt method

The Marquardt method introduces a modification to the procedure described in the previous sub-
sedion. This modificaion permits a faster convergence speaaly in the cae of strondy nonlinea
problems.

Let’s define the matrix A:

A=K (V"'K) (4.2.129

Foll owing the Marquardt criterion, the diagornal elements of matrix A are modified with a damping
parameter ), acordingly to:

Ai,i :Ai,i'(l‘}'i) (4-2-13

The dgorithm proceeds then as foll ows:

cdculate the »* function and the matrix A for the initial values of the parameters,

set A toainitial "small" value (e.g. 0.00) and modify A following Eq. (4.2.13,

cdculate the new estimate of the parameters for the arrent choice of 1 using equation (4.2.9.
cdculate the new value of * using equation (4.2.7),

if /* cdculated at step 4is greaer than that caculated at step 1,then increase A by an appropriate
fador (e.g. 10 andreped from step 3 (micro iteration),

if 4/ cdculated at step 4 is snaller than that caculated at step 1, then deaease A by an
appropriate fador (e.g. 10, adopt the new set of parameters to compute anew matrix A and
procee to step 3 (maao iteration).

akrownNPRE

o

The (maao) iterations are stopped when a pre-defined convergence citerionis stisfied.

Obvioudly, the advantage of using Marquardt’s method is that it avoids to cdculate the Jambian
matrix when unrecessary.

For the development of the ORM code, however, since most operational retrievals are expeded na
to ded with astrondy nontlinea problem and sincethe caculation d the Jacobian matrix is faster
when performed within the forward model, ORM optimisations are performed for a Gauss Newton
loop,i.e. dso inside the Marquardt loopthe Jacobian matrix is determined.

A more detail ed description d Marquardt’s methodcan be foundin Presset al (1992).

4.2.4Review of the possble mnvergence citeria

We review here several condtions which can be @nsidered for the definition d a conwvergence
criterion.

1. The relative variation d the »* function oltained in the present iteration with resped to the
previousiterationislessthan afixed threshddt, i.e:

2°@," - 2°@,")
2%(a,)

<t (4.2.19

whereiter isthe aurrent iteration index.
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2. The maximum corredion that has to be gplied to the parameters for the next iterationis below a
fixed threshddt, i.e:

(@5, — (@

M),

)j|<t2 (4.2.15

different threshads can be eventualy used for the different types of parameters. The &solute
variations of the parameters can also be cmnsidered instead of the relative variations, whenever an
absolute acairacy requirement is present for a parameter (as for the cae of temperature). Non-target
parameters such as continuum and instrumental offset parameters oud na be included in this
ched.

Sincethe @ove expressonis snguar whenever a parameter is equal to zero, an adternative formula
which can be wnsidered in thiscaseis:

|\/|ax.‘(qgerl)j ~ @), ‘ <t, (4.2.15ks)
o, |

J
|ter)j,j

where (V.q

iter

)j ; represents the eror associated with the parameter (qi;e')j a iteration iter. The

reason which discourages for always using (4.2.15hs) instead of (4.2.15 isthat (V.q

iter

)H does nat
iter

redly represent the aror on the parameter (qZ ),— when the retrieval is far from the mnwvergence
(i.e. far from the linea behaviour).

3. The difference between the red y* and the di-square computed in the linea approximation
(x2y) islessthan afixed threshdd t,;

iter

2°@,) ~ 22n (@)
| 2'@")

<t (4.2.19

where y2, iscomputed using the expresson:
((1-KD)n) (V") *((1-KD)n) (4.2.17
4. Theiterationindex has reatied a maximum all owed value (t,):

iter 2 1, (4.2.18

The choice of the most appropriate logica combination d the @ove mndtions (which provides the
convergence citerion) isdiscussed in the sedion d mathematicd optimisations (seeSed. 6.9.

4.2.5Use of external (a-priori) information in the inversion model

When some apriori information onthe retrieved parameters is avail able from sources external to
the MIPAS interferometer, the quality of retrieved parameters can be improved by including this




Prog. Doc. N.: TN-IROE-RSA9601
Issue: 3 Revision:

Development of an Optimised Algorithm for Routine p, T
«{" IROE g
Date: 26/06/01 Pagen. 13107

and VMR Retrieval from MIPAS Limb Emission Spectra

information in the retrieval process Asuming the apriori information as consisting d both an
estimate g* of the vedor of the retrieved parameters and d the variance @variance matrix V+
related to g*, the combination d the retrieved vedor with the externally provided vedor g* can be
made, after the cnvergence has been readed, by wsing the formula of the weighted average:

q=(V® +VA)Y (VI (Dn+d)+V~igr) (4.2.19

Introduwcing the eplicit expressons of D and V® given respedively by equations (4.2.8 and
(4.2.17), equation (4.2.19 bemmes:

q=(K™V'K + VYKV n+Vig+VAigh) (4.2.20

This is the so cdled “optimal estimation” formula (see Rodgers (1976). Eq. (4.2.20 can be used
also at ead retrieva iteration step, instead o eq. (4.2.9, for deriving the new estimate of the
unknowns (at the same time dso the observations g* are included in the vedor of the observations

for computing the *). When equation (4.2.20 is used in the iteration cycles of the retrieval, the a
priori estimate of the retrieved parameters provides information onthe unknovn quantities also at
the dtitudes where the measurements may contain only poa information. In this case the retrieval
processis more stable and fast (see &so Sed. 5.2).

However, when using equation (4.2.20Q in the retrieva iterations, the externa information and the
retrieval information are mixed duing the minimisation process and therefore they can na be
individually accessed at any time. This prevents to easily estimate the rredion and the bias
introduced bythe apriori information onthe retrieved guantiti es.

The deasion onwhether to use equation (4.2.20Q during the retrieval iterations or to use (4.2.9
during the retrieval and (4.2.2Q after the cnvergence has been readed, chiefly depends on the type
of a-priori information we ae deding with. In the caes in which the used a-priori information is
expeded na to pdarise the results of the retrieval (e.g. in the caes in which independent a-priori
estimates are available for different retrievals), equation (4.2.2Q can be profitably used duing the
retrieval iterations.

Further advantages and dsadvantages of the use of a-priori information are described as a scientific
asped in Sed. 5.2.

4.2.6Use of the optimal estimation, for inclusion d LOSengineeainginformationin p,T retrieval

Engneaing LOS data ae updated at ead scan and therefore @nstitute an effedive and
independent source of information which can be routinely used in p,T retrievals and daes not bias
the retrieved profiles. In this case it isredly worth to use formula (4.2.20Q at ead and iteration step
and let the LOS information to help the wnwvergence of the retrieval. In this case the apriori
information daes not provide diredly an estimate of the unknowns of the retrieval, bu a
measurement of a quantity that is related to the unknavns by way of the hydrostatic equili brium
law.

The engineaing information onthe pointing is expeded to consist of a vedor Az containing the
differences between tangent atitudes of the sweegs of the aurrent scan and d a Variance
Covariance Matrix (VCM) V* related to the vedor Az. We asume the momporents of the vedor Az
to be defined as:
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Az =2,-2
: (4.2.2)
AZNS’"—l = Ly = Ly

where N* isthe number of sweeps of the cmnsidered scan.

If we definethe vedor n, as:
n,=Az-Az, (4.2.22

where Az, is the vedor of the differences between the tangent altitudes at the arrent iteration;
instead of equation (4.2.6 we have a @ude of equations defining the retrieval problem:

n=Ky

4.2.2
n, = Kly ( 3

where the matrix K, is the jacobian matrix which links the differences between tangent altitudes
with the vedor of the unknowns. This matrix has to be re-computed at ead retrieva iteration (as
matrix K); the redpe for the cdculation d thismatrix isgivenin Sed. 4.2.6.1.The 4 functionto be
minimised becomes:

zZ=n" (V" 'n+n/ (V) ™'n, (4.2.29
and the vedor § which minimisesthis * is given by
-1
g=[KTOv) K kT (v Ky
(4.2.25
-[KT(V”)‘1n+KI(vZ)‘1n1]
Therefore, if we define matrices A, B, and B, as:

A=KT(V")'K+KJ (V) 'K,
B=KT(V")™ (4.2.29
B,= KlT(VZ)_l

equation (4.2.25 beoomes:
§=[A]"-[Bn+Bn,] (4.2.27

In the linea regime, this equation provides the solution d the retrieval problem.

At ead retrieval iteration the retrieval program has to compute matrices K, K, A, B and B,, then,
since Marquardt’s algorithm is used, matrix A has to be modified acordingly to equation (4.2.13
and afterwards used in equation (4.2.27 in order to derive y .

In this approadh, the eguation which definesthe linea chi-square y[, is:
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2 T[\,n]71
JYLIN :[n—Ky] V [n—Ky]+
(4.2.29

+[ng-K 1y]T[VZ]_1[n1 ~Kyy]
thisisthe equation to be used instead of equation (4.2.17).
4.2.6.1Calculation d the jacobian matrix K, of the engineeing tangent altitudes
Let’s explicitly write the second comporent of equation (4.2.23:

Az= Az, +K,y (4.2.29

It isclea from this relation that the comporent i,j of K| is:

K,(i, )= % withi=1, ..., N*-1andj=1, ...,| ™ (4.2.30

i

where | “Pis the total number of fitted parametersin the airrent retrieval.

Now, beingy the vedor of the unknowns of p,T retrieval, it is compaosed as foll ows:

e Thefirst N* elements represent the tangent presaures,

e The dementsfrom N*'+1 upto 2* N *'represent the tangent temperatures,

e The dementsfrom 2* N*'+1 upto | " represent atmospheric continuum and instrumental off set
parameters.

Since engineaing tangent altitudes do nd depend oncontinuum and dfset parameters K (i,j)=0 for

i=1, .., N¥-landj=2* N*+1, ..., | P,

On the other hand the engineaing tangent atitudes are wnreded with tangent presaures and

tangent temperatures through hydostatic equili brium law.

The transformation which leads to Az starting from P, T is defined bythe hydrostatic equili brium:

T.+T, (P .
AZ =— '*'2 ! In( I';l) fori=1, .., N¥-1 (4.2.3)
4 i

where Pand T indicae, asusual, presauure and temperature and y is equd to:

M
y=9z9)— (4.2.32)

where g is the accéeration o gravity at the mean altitude of the layer z=(z,, + z)/ 2 and latitude ‘
¢ ; M isthe ar massand R the gas constant. If the dtitudes are measured in km and T in Kelvin, we
get M/R = 3.483676.

The jaombian matrix J, asociated with the transformation (4.2.3) is a (N*'-1; 2N*) matrix
containing the derivatives:
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AV A . .
Jl(l,j):—épz' fori =1, ..., N*-1andj=1, .., N¥

i

LY . o N o (4.2:39

J,(i,]) = fori =1, ..., N™ -1and j= N> +1, ..., 2N
Ce

and therefore, deriving equations (4.2.31) we obtain:

. T.+T[ 1 1. |
J.G,)=—-"LT1 —§5 —=5_
1( J) 2}/ Pi+l j=i+l P| ]_IJ
fori=1,..N"-1andj=1, .. N¥"
(4.2.39
. 1 (R
J.(1, ) :_gln[ le[aj—NM=i+l+5j—NSN=i]
fori=1,..N%-1landj= N¥+1, ..2N%
where the function 6§ is defined as:
1lif [arg] = TRUE
- _[Liflad] (4.2.39
¢ |0if [arg] = FALSE

Considering that the original vedor of the unknowns of p,T retrieval contains also continuum and
offset parameters, matrix K, can be obtained by extending matrix J, with as many columns as
required to read the dimension (N*'-1; 1?). As aforementioned, these extra @lumns contain orly
zeaoes dueto the fad that the tangent altitudes do nd depend oncontinuum and df set parameters.

For what concerns the variance-covariance matrix V* of MIPAS tangent heights required for the
implementation d the equations explained in Sed. 4.2.6,this matrix is derived using a simple
algorithm based onMIPAS poainting spedfications. This algorithm is described in Appendix A.

4.3 The globd fit analysis

In gobal-fit introduced by Carlotti, (1988, the whale dtitude profil e is retrieved from simultaneous
anaysis of al the seleded limb-scanning measurements. The retrieval is based onthe least-squares
criterion and looks for a solution profil e that has a number p of degrees of freedom smaller than o
equal to the number of the observed data points. In pradice the profile is retrieved at p discrete
atitudes and at intermediate dtitudes an interpolated valueis used.

In this approadh, the vedor n that appeasin Eq. (4.2.9 is the difference between al the seleded
observations and the mrrespondng simulations (all the spedral intervals and al the limb-scanning
measurements are included in this vedor, eventually also a-priori information can be included).

The unknovn vedor y may contain a different variable depending on the retrieval we ae
performing, in general it is, however, an dtitude dependent distribution which is sampled at a
number of discrete dtitudes as well as ome spedroscopic and instrumental parameters (e.g.
atmospheric continuum).

The use of Marquardt’s method for the minimisation d the y * function requires the omputation o |
the quantiti es that appea in the equations (4.2.8 and (4.2.9, namely:

e simulationsfor al the limb-scanning measurements and all the seleded microwindows,
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e thevariance @variance matrix V" of the observations,

¢ the Jambian matrix K

The simulations of the observed spedra ae performed using the so cdled “forward modd” that is
described in Sed. 4.4.

The variance mvariance matrix related to the apodsed spedra data (observations) is derived
starting from noise levels, apodsation function and zero filli ng information, wsing the dgorithm
described in Sed. 4.5.

The Jacobian matrix containing the derivatives of the simulated spedrawith resped to the unknowvn
parameters is computed as described in Sed. 4.6.

4.4 High levd mathematics of the forward model

The task of the forward model is the smulation d the spedra measured by the instrument in the
case of known atmospheric composition. Therefore, this model consists of:

1. the smulation d the radiative transfer throughthe Earth’s atmosphere for an ogimal instrument
with infinitesmal field o view (FOV), infinite instrumental spedral resolution and no
distortions of the li ne-shape.

2. the mnvdution d this gedrum with the apodsed instrument line shape (AILS) to oltain the
apod sed spedrum which includes li ne shape distortions.

3. the omnvdution d these spedrawith the FOV of the instrument.

Note that while step 1. povides a model of the a@amospheric signal, steps 2. and 3. smulate
instrumental effeds. Not all the instrumental effeds are however simulated in the forward model,
sincetheretrieval is performed from cdibrated spedra, instrument resporsivity and phase erors are
correded in level 1b processng. The AILS which includes the dfeds of finite resolution,
instrument line-shape distortions and apodzaionis aso provided byLevel 1b pocessng.

4.4.1Theradativetransfer
In order to oltain the spedra (o, z,) (i.e. theintensity as afunction d the wavenumber o) for the

different limb geometries (denoted by the tangent altitude z, of the observation g) the following
integral for the radiative transfer has to be caculated:

1
S(0.2,) = j B(o, T(xg))dz(c,%,) (4.4.1

where o = wavenumber

z, = tangent altitude of the opticd path g

X, = co-ordinate dongthe line of sight (LOS) belongngto

the opticd path with the tangent altitude z,

So,z) =spedrd intensity

T(x)  =temperature

B(o,T) =sourcefunction

o(o,x)) = transmisson ketween the point x, onthe LOS and the observer located at x,,.
This quantity depends on the @amospheric composition, pesaure and temperature throughthe -
ordinate x.

b =indicaor for the farthest point that contributes to the signal
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Under the assumption d locd thermodynamic (LTE) equili brium B(o,T) is the Planck function:

2 3
Bo,T)= 200" (4.4.2
exp{ hca} 1
kBT
with h = Planck’s constant

¢ =velocity of thelight
K* = Boltzmann's constant

The transmisgon can be expressed as afunction o x:

2(0,%,) = exp) - j k(o X Jn(x )x (4.4.3

p(Xq)
kBT (x4)
p(x)  =presare

with 7(xg) =

= number density of the ar

and the weighted absorption cross ®dion:

molec
k(o,xg) = Z k(0 Xg) X m(Xg) (4.4.4
m=1
where molec = number of different moleaular spedes that absorb in the

spedral region unar consideration
X (x) =volumemixingratio (VMR) of the spedes mat the point x,
k(ox) = dbsorptioncross dions of the spedesm

In the retrieval model the amospheric continuum emisgon is taken into aceount as an additiona
spedes with VMR = 1 and the arrespondng cross ®dion is fitted as a function d atitude and
microwindow (see Sed. 5.11.3. For the continuum cdculation in the self standing forward model
the aoss ®dions are taken from alook uptable andthe red VMR of the @mntinuum spedesis used
(seeSed. 5.11.3.

Equetion (4.4.7) can now be written as:

b
Xg

dz(o, X
S(ozg) = | B(a,T(xg))%gg)dxg:
0 (4.4.9
Xg

= IB(G,T(Xg))k(@Xg)”(xg)f(a’ Xg)g
X0
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In order to determine the integral (4.4.9 two basic steps are necessry:

e theray tradng, i.e. the determination d the opticd path x, and, consequently, the temperature
T(x,), the pressure p(x,) and the volume mixing ratio X (x)) alongthe LOS and

e the cdculation d the ésorption cross edionsk (o,x)

Ray tradng
The line of sight in the @mosphere is given by the viewing dredion d the instrument and the

distribution d the refradion index in the amosphere. The refradive index n(p(x),T(x)) is
determined as afunction d presaure and temperature by the amospheric model (seesedion 5.5.

Absorption cross £dion cdculation

The asorption cross £dion d one moleaular spedes mas afunction d temperature and resareis
given bythe following sum over al li nes of the spedes:

lines

k(@ ToP) = Y Ly (N A (0= 01y T, P) (4.4.9
=1
where L., (T) =linestrength of linel of spedesm
o = central wavenumber of linel of spedesm

A, (o~c,,,T,p) = line profile (line-shape)

Theline strength is cdculated by the formula:

0. €XQ - B ~ | 1-exg - B :
Lt (T) = Ly (TO) 2D L KT T

, . (4.4.7
Qm(T) exd — hcE' 1—exd — hcom,
KBTO0 KBTO
with L.(T) =linestrength at referencetemperature T°
Q. (T) =tota internal partition function
E'.,  =lower state energy of the transition

The basic line shape is the Voigt function AXJ (c—0om, T,p) - the onvdution d the Dopper
A (o -0y, T) andthe Lorentz profile Ay (o — o), T, P):

Ar\r/1,l (O- - O-m,l ’T1 p) = Ar?,l (O- - O-m,l 1T)* Arlﬁ,l (O- - O-m,l 1T1 p) (4-4-8

The Dopger profileis given bythe formula
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O—0O
Aml(a Omi»T)= In2 1 p—InZ—( D”z‘") (4.49)
v am| am’I
with the half width at half maximum (HWHM) of the line:
B:
al =o0,,./2In2 KT (4.4.1Q
y 3 Mm
where M, = moleaular massof spedesm
The Lorentz functionis:
Ofrl?n
Ani(o =0, T,p)= 5 (4.4.1))
d aml + (G Gml)
and the Lorentz HWHM:
|-To-|)’m,|
Aoy = Ay %L—J (4.4.12)
p| T
with arﬁg{l = Lorentz half width at referencetemperature T°
and reference presaure p’
o = coefficient of temperature dependence of the half width
Using the substitutions:
O—0
X =+N2 ——™ (4.4.13
A
and
aL
Yy =+IN2 —21 (4.4.19
Al
the Voigt function can be rewritten as:
In2 1
Aml(a GmI1T ) ml’yml) (4-4-13
am,l
with
yml 7t2
(Xml -1)% + yml
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4.4.2Convolution with the AILS

In order to take into acourt the

o finite spedral resolution d the instrument

o distortion d the line-shape by the instrument

¢ theapodsation d the observed spedra,

the spedrum §o,z) is convduted with AILS(0), giving:

S'(0,2,) = S0, 2,)* AILY(0) (4.4.19

AILS(0) is the Apodsed Instrument Line Shape that is obtained by convduting the measured ILS
with the apodsation function used for the apodsation d the observed spedra

4.4.3Convolution with the FOV

The FOV of an instrument is an anguar distribution. In case of satellit e measurements, like MIPAS,
a (nealy) linea relationship exists between viewing angle and tangent altitude, therefore the FOV
can be represented using alimb-scanning-angle-invariant atitude distribution.

FOV(z,2) describes the finite FOV of MIPAS as afunction d the dtitude z. In the cae of MIPAS,
FOV(z,2) is represented by a piecavise linea curve tabulated in the input files. For the smulation
of the spedrum affeded bythe finite FOV (S (0,2)) the following convdutionis cdcul ated:

SF(0,24) =S (0,2*FOV(z,,2) (4.4.17

4.4 4lnstrumental continuum

For the smulation d the instrumental continuum an additional (microwindow dependent and sweeg
independent) term is added to S7 (o, z,). Thisterm isfitted in the retrieval program.

4.4.5 Smnary of required variables
For the amospheric model:

e presaure dongtheline of sight p(x,)

e temperature dongtheline of sight T(x)
¢ volume mixingratio aongtheline of sight X(%,)
For theray tradng:

o dtitude and viewing dredion d the instrument or

¢ tangent atitude (in case of homogeneously layered and spherica atmosphere) z,

For the adoss gdion cdculation:

o central wavenumber of transition| of spedesm C,

o referenceline strength of transition| of spedes m L.(T%
e |ower state energy o transition| of spedesm E”

m,|
e total interna partition function o spedesm Q.M
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e moleaular massof spedesm M,
o referencelLorentz half width of transition| of spedesm a,ﬁ;”l
o coefficient of temperature dependence of the half width o
For the AILS convdution:
e apodsed instrument line shape ALY o)
For the FOV convdution:
o field of view function FOV(z,2)

4.5 Calculation of the VCM of the measurements

The variance ®variance matrix (VCM) of the residuals V", used in Eq. (4.2.29, is in principle
given by the combination o the VCM of the observations V° and the VCM of the forward model
VFM_

vh=vS,yiM (4.5.))

However, since

¢ the anplitude of the forward mode error is not acarately known;

e correlations between forward model errors are difficult to quantify

in the retrieval algorithm we chocse to usev " =v °. The antity of the forward model errors will be
evaluated by analyzing the behavior of the »2- test for the diff erent microwindows, at the different

atitudes. In particular, the obtained »2- test will be compared with its expeaed value & determined

on the basis of the total error evaluated by the so cdled “Residuals and Error Correlation (= REC)"
anaysis (seePiccolo et a. (2007)).

Herewith we describe how the VCM of the observations V° can be derived.

Even if the points of the interferograms measured by MIPAS are sampled independently of ead
other (no correlation between the measurements), the spedral data ae dfeded by correlation. The
correlation arises from the data processng performed onthe interferogram (e.g. apod sation).

For this reason the noise levels provided by Level 1B processng do no fully charaderise the
measurement errors and the ommputation d a cmplete Variance Covariance Matrix Vv ° of the
spedrum S(o) is needed.

In Sedion 4.5.1we describe the operations performed onthe interferogram in order to oltain the
apodsed spedrum. On the basis of these operations, in Sed. 4.5.2we describe how the variance
covariance matrix V ° of the observations can be derived. Findly, in Sed. 4.5.3the procedure used
to invert V°is described.

4.5.10perations performed onthe interferogramto oltain the apodsed spedrum

The standard MIPAS interferogram is a doulde-sided interferogram obtained with a nominal
maximum opticd path dfferenceof +/- 20 cm (the opticd path dfferenceis however commandable
to lower values, allowing to change the trade-off between spedral resolution and aqquisition time
for scene data).
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The final apodsed spedrum S(o) is then oltained by subsequently performing the following
operations on the interferogram:

1. Zero-filling
During Level 1B processng,in order to exploit the fast Fourier Transform algorithm, the number
of paints of the interferogram is made equal to a power of 2 by extending the interferogram with
zeoes from the measured maximum path dfference (MPD) to the zeo-filled peth dfference
(ZFPD).
The measured interferogram is therefore equal to an interferogram with maximum path
difference ZFPD, multiplied by aboxcar function 77(d) defined as:

MPD 1 whend [-MPD, MPD] _
7""(d)= 0 whend ¢[-MPD, MPD] (MPD = Max. Path Difference) (4.5.2

2. Fourier Transformation (FT)
Let us cdl S™* (o) the spedrum obtained from the measured (and zero-fill ed) interferogram
and S™ (o) the spedrum that would have been oltained from the interferogram with maximum
path dfference ZFPD. SYR(5), S™(o) and FT [77MP(d)] are dl given in the sampling
griddc=——"——.
2-ZFPD
Sincethe FT of the product of two functionsis equal to the convdution d the FT’s of the two
functions, we obtain:

SNARR 5y = sSPR ()« FT[TMPP (d)].. (4.5.3

3. Re-sampling at thefixed grid
Since apre-defined and constant grid is required by the ORM for its optimisations, the

spedrum is re-sampled at afixed gid of 4o =0.025cm™ = ﬁ , with D equal to 20cm. The

performed operation can be written as:

SNA(5) = SNAHRs FTh—[ZFPD(d)L (4.5.9

where SV (o) is cdculated at the fixed gid Ao = ﬁ

In this case the operation (4.5.4 isnot a dasscd convdution among quantiti es that are defined
onthe same grid (e.g. Eq. (4.5.3), bu is are-sampling processwhich changes the grid spadng
from 1 of sMHRto iof sNA,

2-ZFPD 2-D
This operation daes nat introduce @rrelation between the spedral pointsonly if MPD > D.
If MPD >D theresult of (4.5.4 isequal to the FT of a £20 cm interferogram.
If MPD < Dthe result of (4.5.9 is equal to the zeo-filling to 20 cm path dfference of an
interferogram with path dfference MPD, therefore the spedral points are crrelated to eath
other.

The NESR values given in the Level 1B product are amputed after this re-sampling step.
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4. Apodisation

The apodsed spedrum S(o) is obtained by convduting the spedrum S“ (o) with the

apodsation function &o), sampled at Ao = % .

o) = S"(e)* (o) (459

4.5.2Computation d the VCM relativeto asingle microwindowv

In the cae of MIPAS data the microwindows are usually well separated and it is reasonable to
asume that the spedral data points belongng to dfferent microwindows are uncorrelated. As a
consequence, the variance @variance matrix of the spedrum V° is a block-diagoral matrix with as
many blocks as many microwindows are processed, and the dimension d ead bock is equal to the
number of spedral points in the @rrespondng microwindon. We asume that different points of
the microwindonv are caraderised by the same eror, bu different microwindowvs can have
different errors. In this dion we derive the relationship that applies to eat block and for
simplicity with V° we refer to asingle block rather than the full VCM of the observations.

The oorrelation between dfferent spedra points of the microwindow is due to the apodsation
processand to the zeo-filli ng that is present in the cae of MPD < D.
If MPD=>D, only the apodsationisa cause of correlation and the VCM V* of the apodsed spedrum

S(o) can be cmputed from the VCM V™ associated with S™ (o), (V™ is a diagoral matrix since

the spedra points of SNA(O') are uncorrelated) and from the Jacobian J of the transformation
(4.5.9:

VS =J3.vMIT = vyt (4.5.9
In Eq. (4.5.6 the order of the operations has been changed because V™ is a diagonal matrix and all
the diagoral elements are equal. The diagordal values are gual to (NESR)?, where NESR is the

quantity cdculated after operation 3 d Sed. 4.5.1.
The cdculation d matrix J is draightforward. From the eplicit expresson d the @nvdution

(4.5.5:
(o))=Y S¥(@)-0(c; - 7)) (45.7
j

it foll ows that the entry i,k of matrix J isequal to:

Jix=0(c; - 0y) (4.5.9
and the variance @variance matrix V° can be computed as:

V% = (NESR?J; (g | = (NESR?- > 0(ci —ok)-0(cj —0k) - (4.5.9
k
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If MPD<D aso the dfed of zeo-filling must be taken into acwourt. Furthermore, the
mathematics is more complicae becaise zeo-filli ng introduces a rrelation between the spedral

points of S"(o) (Eq. (4.5.4) and the measurement error of this $edrum is charaderised by a

VCM V™, with off-diagoral elements different from zero.
The apodsed spedrum S(o) of a measurement made with MPD<D is given by:

S(o) = SNA(G)* oMPD (o) (4.5.10

where " (o) is the apodsation function that is used in the cae of a zero-fill ed spedrum. In the

interferogram domain the FT of 8™ (o) is a function that applies the seleded apodsation rule

between zero and MPD and is zero-fill ed between MPD and D.
Asinthe cae of Eq. (4.5.6, V° isobtained from the following equation :

vS=3.vNAST (4.5.19)

where in this case J is the Jaohbian of the apodsation withd"™ (5) and V"™ is the VCM of the

zeo filled spedrum and hes off-diagoral elements different from zero. Therefore, we know the
diagordl elements of this matrix, which are equal to the NESR cdculated in Level 1B, bu further
cdculations must be performed in arder to determine the off- diagoral €l ements.

A few simple mnsiderations al ow usto overcome this difficulty.
The spedrum S"(o) measured with maximum path dfferent MPD can be expressed as afunction o
the spedrum S*°(o) measured with maximum path different D :

SMA(o) = SND(5)* FT|IMPO ()| (4.5.12
and V™ can be omputed asafunction o V™V using the foll owing expresson:
vNAZELyNAD T (4.5.13

where F isthe Jacobian matrix associated with the transformation (4.5.19.
Since V™" isadiagoral matrix

VMACE 1 ET oxFET (4.5.19

where | istheidentity matrix and x is the value of eat dagorel element of VP (aso in this case

it is assumed that the spedral datain the same microwindow are dfeded bythe same aror).
From Eq. (4.5.19, the diagorel elementsof V™ are equdl to:

(\/NA)i ~|f(o)*-x ; (4.5.19

where f(co)is a “cortinuots representation” of the lumns of the matrix F .Using the Parseva
theorem we get:
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D
1 MPD
__'[[HMPD(d.)][UMPD(d.)]jd.:_’ (4.5.16
D 5 D

andsmce( ) = (NESR?, from Eq. (4.5.15 and Eq. (4.5.16§ we obtain :

D 2
=50 -(NESR (4.5.19

The result obtained with EqQ. (4.5.17 implies that the measurement of the NESR, even if it does not
fully determine V™, can be used to fully determine v ™.

Therefore, we can express S(o) as afunction d S™°(o). From Eg. (4.5.10 and Eq. (4.5.19 we
obtain:

(o) = SMP(5)* FT|IIMPO(d)  9MPP () (4.5.19

and since from the definition o the apodsation function it follows that
FT"™ (d)} 0¥ () = 0" (o), it results:

Slo)= SNAD(O')*HMPD (o) (4.5.19

This expresson is analogous to Eq. (4.5.5, where S*(0) has been replacal by S*°(o) and the
apodsation function hes been replaced with the apodsation function relative to MPD. Using this
expressonthe cdculations of the VCM relative to § o) requires the following cdculation:

vS =3 .vNADIT - g1 3T =x. 337 (4.5.20

andfrom Eq. (4.5.17 it foll ows that

v = M[F))D (NESR?. (J J ) (4.5.29

L : : D
The result is smilar to the one foundfor MPD > D with the exception d the extra term VPD

Besides, since the apodsation function contains 0 values between MPD and D, J-J"and v®are
singuar matrices.

4.5.3Computation d the inverse of the VCM

In the ORM the inverse of matrix V° is required. If V° is a block-diagonal matrix, also V** is a
block-diagoral matrix and is made of blocks equal to the inverse of the blocks of V°,

As sid before, when MPD < D the “ranks’ of the blocks are small er than their dimension. This faa
would be evident in the cae in which the VCM is cdculated in a sufficiently broad spedral range.
However in the ORM, where microwindows are used and correlation are cdculated in a limited
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spedra range, the truncaions make the determinant different from zero even if the number of
independent pieces of informationis less than the dimension d the matrix and the singuarity of the
matrix is not aways automaticadly deteded. The problem can be solved by modifying the routine
that inverts the VCM: the VCM s inverted with the Singuar Value Decompaosition method (see
Sedion. 4.7 aso when the determinant is different from zero and the smallest eigenvalues are set
equal to 0. The number of the eigenvalues st to 0is given by the number of dependent paointsin
the spedrum ( (1-MPD/D)*n1, where nlis the dimension d the matrix (equal to the number of the
sampling pants of the microwindow included in the fit).

This iswue is further complicaed by the use of a seleded set of spedra points for the retrieval
(microwindows with masked pants, see Appendix C). When a subset of paints is used for the
retrieval the blocks of V° are made by a mrrespondng subset of lines and columns. By reducing the
dimension d the block the ratio between the rank and the dimension d the block is altered. The
seledion d afradion o eigenvalues provides an useful conservative criterium.

4.6 Calculation of the Jacobian matrix K of the ssmulations

The use of GaussNewton algorithm for the minimisation o the ;* function requires the
computation d the Jambian matrix K of the simulations. The dement of indexesi,j of this matrix is
defined by the foll owing relationship:

K -2
| quj ~

a=q

(4.6.0)

where S is the simulated spedrum, and ¢ is the j-th comporent of the vedor q containing the
unknowns of the problem. The vedor q of the unknovn parameters depends on the retrieval we ae
performing and adistinction between p, T and VMR retrievalsis needed.

In the case of p, T retrieval the unknowns are:

e presaures at tangent altitudes,

e temperatures at tangent altitudes,

e continuum absorption cross edions at tangent altitudes, for the ceitral frequencies of the
considered microwindows

e instrumenta continuum (i.e. additive term to the spedrum that is assumed as constant varying
the observation geometry and function d the microwindow),

whilein the cae of VMR retrievals the unknowvns are:

¢ VMR at tangent altitudes,

e continuum absorption cross ®dions at tangent altitudes, for the ceitral frequencies of the
microwindows that are going to be processed,

e instrumenta continuum (i.e. additive term to the spedrum that is assumed as constant varying
the observation geometry and function d the microwindow).

The derivatives are @mmputed in correspondence of avedor ¢ containing:

¢ theinitia guessof the unknovn parametersin thefirst iteration step,

¢ the new guessof the parameters in the subsequent iterations.

These derivatives can be computed either numericdly or anayticdly. In general, the numericd
approad requires an extra cdl to the forward model for the computation o ead partial derivative,
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whilein the analytica approac the cdculation d the derivatives can be performed in parall el to the

forward mode.

Tests have shown that:

o the derivatives with resped to tangent presaure, VMR, continuum crosssedions, and
instrumental continuum can be performed analyticdly using orly minor approximations.

o the derivatives with resped to tangent temperature caana computed analyticdly withou
introducing approximations that significantly degrade the acairagy.

The formulas to be used for the analyticd cdculation d the ébove derivatives are strictly linked to

the mathematicd optimisations used for the implementation o the a@mospheric model into the

program. These formulas are described in Sed. 6.7.

4.7 Generalised inverse

Even if a detailed description d the formulas needed for the cdculation d the generalised inverse
matrix can be foundin Kalman (1976, it is however useful to recdl here asimple methodthat can
be used for the computation d the generalised inverse of a symmetric matrix. This agorithm is used
in the ORM to invert the matrices V" and (K " (V") ™K ) appeaingin equation (4.2.9. In the caein
which these matrices are nonsinguar the method povides the exad inverse matrix.

Let's cdl C a symmetric matrix of dimension ‘r’. It is possble to find a base of ‘r' independent
eigenvedors of C. If V isthe matrix whose wlumns are the eigenvedors of C, matrix C can then be
written in the form:

C=VvwV' (4.7.9)
wherew is adiagonal matrix containing the eigenvalues of C. The inverse matrix of C is then:
Cl=vw'V’ (4.7.2

The gpeaanceof singuaritiesin C isdeteded by the presence of eigenvalues closeto zeoinw. In
this case the singuarities can be diminated byimpasing Yw, = 0 whenever w0.
This procedure arrespondsto the cdculation d the generali sed inverse matrix of C.

4.8 Variance-covariancemaitrix of tangent heights corredions

In p,T retrieval the retrieved quantities are tangent presaures and the temperatures correspondng to
tangent presaures. In an atmosphere in hydostatic equili brium, after p,T retrieval is completed, it is
always possble to derive from these two guantities an estimate of the differences between the
tangent atitudes of two contiguows svees. Besides, if one of the tangent atitudes provided by
engineaing measurements is asaumed as perfedly known, an estimate of all the tangent altitudes
can be eaily ohtained. The differences between the tangent altitudes obtained from p,T retrieval
and the correspondng engineaing estimates of the tangent altit udes constitute the so cdled vedor
of ‘tangent heights corredions'. Purpose of this dionisto define the dgorithm for the cdculation
of the VCM of thisvedor.

Let's assume that the analysed scan consists of N sweeps and that the tangent altitude z(N>") of the
lowest swee is perfedly known. The mrredions oz, to the engineaing tangent atitudes are

defined as:
5z, = 27 FT - z2FN¢ (4.8.1)
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where z 7 are the tangent altitudes derived from p,T retrieval and z™° the engineging estimates

of the tangent atitudes; the index i ranges from 1 to N*'-1. It is important to appredate that the
error on Jz; that is given in its VCM, is nat intended as the eror on the difference @ntained in
equation (4.8.1), which is complicated by the fad that both estimates of the tangent atitude ae
affeded by an error and the two errors are nat independent. The aror on 6z isintended as the aror
which shoud be dtributed to the retrieved tangent altitude when this quantity is reconstructed by
addingthe crredion 6z to the referencelevels provided bythe engineging tangent altit udes.

By using hydostatic equili brium law and the tangent altitude of the lowest sweep, z " (i = 1, ...,
N*"-1) can be expressed as:

NWT LT P.
zFE = (N4 Y - ZKH -|0{PJ (4.8.2
j=i+1 -1

: : RET
where, asusud, T; and P, are respedively temperature and pressure & tangent altitude z;~ and
K=M/gwith M = ar massand g = accéeration d gravity.

Therefore, the tangent altitude corredions can be expressd as a function d T; and P; by
substituting equation (4.8.2 in (4.8.1):

N T P.
&= ), JZ—KJl-Iog{—J Az =1 NS -1 (4.8.3

j=i+l
where AzZ™® are defined as:

AZEN® = ZjE_NlG _ ZjENG j=2..,N% (4.8.9

Now, equation (4.8.3 allows the evaluation d the variance-covariance matrix V" of the heights
corredions &z; starting from the variance-covariance matrix (V) of the retrieved values of presaure

and temperature (see Eq. (4.2.1) in Sed. 4.2.2,this matrix is diredly provided by the retrieval
algorithm). The transformation which links V™ and V* is:
VHC =K, VIK ] (4.8.95

where K, is the jacobian matrix conreding 6z, with T, and P,. The dements of K are the
derivatives:

Aoz,
KD(i,j):u withi=1,..,N"1andj=1,...,N*
P,
and (4.8.9
oz,
Ko, N+ j)=% withi=1,..,N*1andj=1,.., N

J
these expressons can be eaily evaluated by ceriving Eq. (4.8.3 with resped to presaure and |
temperature. We obtain:
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W
Aoz) _ NZ Ti+Tia .[% %h,j1

+
and
Asz) N
aly, j=i+l -1

] withi=1,..,N*-1andh=1,..,N"

(4.8.7

1 PJ . . SW _ SW
> 2_K'(5j'h+5"*1*h)'|0 5 | withi=1,..,N"1andh=1,..,N

Summarising, the steps to be caried-out for the cdculation d the variance-covariance matrix V™

are:
e cdculation d the jambian matrix K by using equations (4.8.7),

e transformation d the variance-covariance matrix V* of the retrieved presaures and temperatures,

by using equation (4.8.5.
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5 - Scientific aspects and physical optimisations

In this ®dion the baselines for the dhoice of the implementation d spedfic physicd aspeds and
optimisations into the cde ae discussed. This discusson includes the foll owing items:

explanation d the physicd effeds

paossble physicd models for the description o these dfeds

options for the implementation into the cde

optimisations: improved algorithms, simplificaions, itemsto be negleded
choices for the implementation

acaracy of baselines

The aspeds which will be discussed here ae:

Retrieval grid: retrieval of the unknavns at fixed levels or at tangent altit udes
Use of a-priori information

Latitudinal gradients of atmospheric parameters

Moded of the eath and cdculation d the gravity

Ray tradng: equation d the refradive index and determination d the opticd path
Line shape

Line mixing

Presaure shift

. Nonlocd thermodynamic equili brium (NLTE)

10.Self broadening

11 Continuum: instrumental, neaby, far

12 Interpolation d the profiles

©CoNoOrWNE

5.1 Choice between retrieval of profiles at fixed levds and a tangent altitude levds

In the cae of the onion peding method, the retrieved values of VMR can only be determined at the
presaure levels that correspondto the tangent altitude of the limb scanning sequence In the cae of
global fit this constraint does not exist and aher discrete levels can be used. Sincein Level 3 data
processng dobal maps on pesare surfaces are produced, an interesting passbhility offered by
global fit is that of using fixed presaure levels which will in genera be different from the tangent
altitude levels.

5.1.1Retrieval at tangent altitude andinterpolation between retrieved values

If the presaure levels at which the retrieval is performed are the ones identified by the observation |
geometries of the limb scanning sequence they may na correspondto those needed by the user. In
this case an interpolation can be gplied and, asit is $own in Carli (1999, the equations that fully
charaderise the interpoated values of the profiles assess that, even if a reduced statistic eror
appliesto the profile & the interpolated dtitude levels, the verticd resolution d the measurement is
degraded.

Numericd tests have shown that between two retrieved values the measurement error has a
minimum whil e the width of the averaging kernel (see eg. Rodgers (1976) has a maximum (i.e. the
interpol ation changes the trade-off between vertica resolution and acairacy in favour of the latter).
Interpdation o retrieved values provides therefore a variable trade-off between acaracy and
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verticd resolution d the measurement. Alternative interpolation schemes to be gplied to retrieved
profiles have been studied in Carli et al., (2001). One of the methods propaosed in this referenceis
discussed in Sed. 5.13 d the present document.

5.1.2Retrieval at fixed levds

If the data utili sation requires VMR at fixed levels (for instance in level 3 data processng dobal
maps on resaure surfaces are produced) an aternative could be that of retrieving the VMR diredly |
at therequired fixed levels.

The quality of theretrieval performed at fixed levels houd be assessed with appropriate tests, but it
isreasonable to exped that in genera it provides larger noise and a @nstant verticd resolution.

5.1.3Discusson d the problem

The basic problem that is behind the diff erent trade-off between acairracy and werticd resolution o

the measurement measured with the two approaches, can be explained by the Nyquist theorem. This

theorem states that in order to measure aperiodic variation d adistribution, the distribution must be
sampled with intervals equal to ore half the period d the variation as long as the maxima and the

minima of the variation coincide with the sampling pants (detedion d the asine variation). A

sampling equal to a quarter of the period is needed in order to deted a variation with any phase

(detedion d both the msine and the sine dmporents).

Acoording to the Nyquist theorem, we have that:

¢ the verticd resolution d the measurement coincides (within the limits of the retrieval problem)
with the verticd resolution d the soundngif theretrieval is performed at tangent atitudes levels

o the verticd resolution d the measurement canna be equal to the verticd resolution d the
soundngif the retrieval is performed at intermediate levels.

Therefore, if the offset introduced by the pointing system, between wanted and implemented
tangent altitudes causes a soundng d the amosphere a tangent altitudes locaed in between the
fixed levels required bythe user, it isimpaossble to olrain at the fixed levels the maximum verticd
resolution. This result, which is based onthe implicit assumption that the weighting functions of
limb soundng olservations pes at the tangent dtitudes, may have a partial exception if the
difference between weighting functions at different frequencies and in dfferent microwindows
provides sme information at intermediate dtitudes. However, the exploitation d this ssand ader
information is boundto cause amajor increase of the measurement error.

The dhoiceistherefore between:

1. retrieval at tangent atitude levels followed by interpoation for determination d VMR at
required levels: this procedure makes the best use of the data when nointerpdation is used. If
interpolationis used, the verticd resolution d the measurement depends uponthe off set between
retrieved and interpolated points. Up to a fador two loss in verticd resolution can be
encourtered.

2. retrieva at fixed presaure levels: this option hes not been adequately tested, it is expeded to
provide retrievals at rougHy (T dependence) constant verticd resolution, bu the noise depends
upon the offset between wanted and implemented tangent atitudes. A very large increase of
noise can be encountered andit is not easy to quantify thisincrease.

Thefirst optionisthe one with lessrisks. The seand ogionis smpler from the conceptual point of

view.

The two opions imply a different implementation d level 2 data analysis and a significant

compromise in scientific requirements, but from the ade point of view there is no strongreasonsin

favour of any of the two.
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5.1.4Conclusions

The following strategy has been assumed for the development of Level 2 scientific code:

o for theleve 2 retrieval algorithm we have adopted the option d the retrieval at tangent altitudes
levels eventually followed by interpdation. The reason for this choiceis that at the time of the
code development we could na aff ord the unknawvns of the other option.

e Some flexibility is maintained in the cde in order not to prevent the implementation d the
aternative gproad in subsequent versions, in case it isrecmmended byretrieval studies.

The trade-off between verticd resolution and acarracy and the dternative of retrieving the profiles

either at tangent atitude levels or at fixed (user-defined) levels have been fully addressed in a

guantitative study caried-out in a parallel ESA contrad (1205396/NL/CN). We therefore refer to

the final report of that study for a quantitative essesament of the topics described in the present
sedion. In any case no explicit recommendation for a retrieval at fixed levels emerged from the
mentioned study.

5.2 Use of a-priori information

The use of information provided by sources different from the spedroscopic measurements can
increase the overal i nformation content (equal to retrieval information dus extra information) and
improve the quality of the retrieved profiles. This posshility is surce of both, improvements and
concern because, if on ore hand it can lea to a pasitive result in the cae of marginal acaragy in
the retrieval, on the other hand it can become a @smetic exercise which hides srious g/stematic
errors. These two aspeds of external information will be discussed in the next two sedions.

5.2.1- Accuracy improvement

The eploitation d externa information is worthwhile only if it leads to a significant acairagy
improvement. In order to understand the entity of the improvement, the mathematics of the
combination d informationis herewith briefly recdled.

It iswell known that if two independent measurements g, and g, exist of a scdar quantity g, the two
measurements can be combined byway of their r.m.s. errors o, and o, lealing to the new estimate:

4 = (0,2 +0,°) H(o,%q, + 0,°0,) (5.2.)

with an error:
o, :(01_2+02_2)7}/2 (5.2.2

We know that in this case the eror of the new estimate:

e isreduced byafador 1/4/2 when the two measurements have the same aror,

e ispradicdly equal to the eror of the best measurement when a large difference «ists between
the two errors.

In pradice, combining information from different measurements brings no advantage when the

measurements have diff erent quality.
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A similar error combination can be made in the cae in which the measured quantity is a vedor x.
The weighted combination x° of the two measurements x, and x, having respedively the variance-
covariancematrices V, andV, is equal to:

X = (it + ;1) (Vg + V5, ) (5.2.3
and hes a variance-covariance matrix equal to
ve= (vt evyt) (5.2.9

The similarity of respedively expressons (5.2.7), (5.2.2 and (5.2.3, (5.2.4 may suggest that also
similar properties apply, and it is nat worthwhile to combine two measurements if their errors are
very different. In ou case this would imply that if the external information is better than the
retrieved information we do nd neel the limb scanning measurements and if the external
information is worse than the retrieved information we do nd need to waste dforts combining the
two. However, the situation is not so simple in the cae of measurements of vedors and the
considerations made for scdar quantities do nd apply anymore.

Limb scanning olservations often provide very good measurements with low errors a some
atitudes, and undtermined measurements with large arors at other atitudes. An approximate
estimate, which may be available from either statisticd studies or models, of course does not
diredly add information where good measurements have been retrieved, bu can reduce
significantly the erors where the retrieved measurements are undetermined. Since a orrelation
exists between measurements at diff erent altitudes, the reduction d the arors at some dtitudes may
lead to a reduction d all the arors. This explains why in the cae of combination d vedors the
errors may be reduced more than what is expeded onthe basis the quadratic combination.

In Carlotti et al. (1995 some numericd tests were performed showing that a significant
improvement is posshble by using a-priori knowledge such as that which can be obtained from either
the previous measurement or statistica seasonal and geographicd maps.

The use of external information can, therefore, be very profitable aad shoud be seriously
considered as part of the retrieval strategy.

5.2.2- Systematic arors

A concern abou the cmbination d the retrieved information with an a-priori estimate of the profile
is that whenever the same apriori information is used for several profiles, the eror budget of eat
profile cntains both a randam and a systematic comporent (the first due to the measurement and
the second due to the constant a-priori information).

Usualy it isagoodruleto list separately randam and systematic erorsin arder to avoid mistakesin
the subsequent operations. In fad in the cae of averages randam errors are reduced and systematic
errors remain constant, while in the cae of differences s/stematic erors cancd and randam errors
increase. If we want to maintain this sparation ketween randam and systematic arors it is
necessry, therefore, to make retrievals withou a-priori information (our primary output) and
combine externally provided profil es with the retrieved profiles only optionally.

The different approadh of using a-priori information routinely, during the retrieval iterations, can be
adopted when the apriori information hes arandam charader.
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5.2.3- Hydrostatic equili brium and LOS Engineging information

In the cae of p, T retrieval an external information is also provided by the hydrostatic equili brium.
Thisinformationis arelationship between the unknavns and ancther measurement (provided by the
engineaing data) rather than a mnstant a-priori estimate and impli es therefore different choices.
Hydrostatic equilibrium is a condtion that applies to an ided atmosphere which is perfedly
stratified. The integrated form of the equation that describes this condtionis:

n
M 1
Pn = Po eXp(—Eg E ?Azi] (5.2.9
i=0 |

where the notations are:

p, pressure & agiven altitude,

p, pressure & thereference dtitude,

M average moleaular weight of the amosphere,
R  unversal gas constant,

T, temperature of the amospheric layer i,

Az; thicknessof the amospheric layer i.

Now, since euation (5.2.5 is a relationship between T, p,/py and Az increments, the

measurements of presaure and temperature & tangent atitude obtained from the spedroscopic
observations, can be used to get an estimate of the differences Az, between the tangent altit udes of

the sweeps in the same limb-scanning sequence. Anacther estimate of the differences between
tangent atitudes is provided by the engineaing measurements. The two estimates are then
combined using equation (5.2.3 and the variance ®@variance matrix of the new estimate is
computed using (5.2.4. The variance @variance matrix related to the engineaing pantings that is
needed for the éove operationsis an input of p, T retrieval program. The mathematics required by
this operationis discussed with further detailsin Sed. 4.2.6.

Note that in this approac, orly the differences between tangent atitudes and nd the asolute
pointing altitudes are improved by the retrieval process In fad, when presare is a fitted quantity,
the sensitivity of radiative transfer to the tangent altitude of the measurement is very wed& andit is
not possbleto retrieve ay of the tangent altitudes of the limb-scanning sequence

Basdlines:

Engineaing LOS data will be routinely used inside p,T retrieval by exploiting the constraint
provided by hydostatic equili brium law as explained in the dove sedion.

The eternally provided profiles of temperature, VMR, continuum crosssedions and instrumental
offsets coud be mmbined with the retrieved profiles only optionaly after the retrievals are
completed (this operationis nat performed bythe Level 2 algorithm).
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5.3 Latitude dfeds

5.3.1Anguar spread

Here we will examine the extent of the anguar spread of the bean of alimb scanning olservation
with resped to the eath centre. Exad computation gvesfor thisvalue

g = 2arccos( R+ H] (5.3.)
R+h

where R is the eath radius (suppased sphericd for simplicity), H is the tangent height and h is the
height for which the angle shoud be cdculated. For a tangent height of 10 km and an atmospheric
boundary of 100 km theresult is19.

However, most of the emisson aiginates from the lower layers. The integrated columns as a
function d the anguar spread are shown in Figure 5.1 for tangent altitudes 10 km and 17 km. This
figure shows that the 90% of the emitting gas is concentrated within 4, for a spedes with constant
VMR.

Angular spread

6,00
5,00 +
4,00 +

——HT=17 km
3,00 + ——HT=10 km

2,00 +

within angle

1,00 +

0,00 t t t t t t t t t
50,00 55,00 60,00 65,00 70,00 75,00 80,00 85,00 90,00 95,00 100,00

percent

Figure 5.1 Angle [°] at the eath centre over the percentage of the integrated column for two
different tangent altitudes HT.

5.3.2Climatological differences

As asample on hov much latitudinal variations may influencethe fina computation we show in the
following figure the differences between temperatures (over the Northern hemisphere) at
correspondng heights over different latitude ranges (spacal by 15). (Data from the COSPAR
International Atmosphere Reference (19869).
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Figure 5.2: Temperature differences [K] asafunction d the dtitude [km] between latitudes sparated by 15.

Figure 5.2 shows that maximal temperature gradients are @ou 0.6-0.7 K/°latitude. This results in
differences of abou 2-3 K aong the LOS where the main contribution to the emitted intensity
originates.

Instantaneous latitudinal variations can be larger than these climatologicd differences, bu taking
into consideration the large anourt of memory and computation time which are necessary to |
simulate horizontal gradients, the baseline of the NRT code is to perform retrievals of individua
limb-scan sequences for which haizontal homogeneity is assumed.

A more quantitative evaluation d the effed of latitudinal gradients on the acaracy of the retrieved
parameters is included in the final report of the ESA contrad 1205396/NL/CN. A further
evauation d the impad of horizontal homogeneity assumption in the forward model isincluded in
Carlotti et al. (2007). In that paper the aithors also propose an innovative method that avoids the
horizontal homogeneity assumptionin the retrieval algorithm.

5.4 Earth model and gravity

5.4.1Earth model

For the eath shape the simplified WGS84 model has been adopted. This model smulates the eath
as an dlli psoid with the half-major axis a =6378.137 kn and the half-minor axisb = 6356.752 kn.
From the WIGS84 model, also the locd radius of curvatureis derived.

5.4.2Gravity

For the cdculation d the gravity as a function d dtitude and latitude aformula taken from
Clarmann (1986 has been adopted.

The accéeration d gravity at the sealeve (identified by the WGS84 elli psoid), as a function o
geodetic latitude @ can be computed using the following empiricd formula which includes the
centrifugal effed:
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g, = 980616 [1 - 0.0026373cos(2d) + 0.0000059c0s’(2D)] (5.4.9)

Since the centrifugal comporent of g, has a different dependence on the dtitude compared to the
gravitational comporent, it is then necessary to separate the two comporents in arder to properly
insert in g, the dependenceonthe dtitude. Let us define:

2
g = gO + QZECOSZ(D (543
where g isthe gravitational comporent and daes not contain the centrifugal effed; Q isthe anguar

speal o the eath andis equal to:

O~ 2r
~ 86400sec./day

/1.00273798 (5.4.3

the fador 1.002737904s the star time rotation fador which takes into acourt the motion d the
eath along the orbit. Furthermore, the meaning d R and f is explained in Fig. 5.3 and they are
computed using the foll owing formulas:

f = a2 (5.4.4
\/1— (l— Z]Senzd)
a
R:\/fzcosz®+(%f-sen®] (5.4.5

where a and b are respedively the equatorial and the polar radius of the eath.

The dependenceonthe dtitude isthen included in g:

g:g( R j —sz(f;;zjcoszm (5.4.9

R+ 2z

In the dove euation, zis the dtitude of the cnsidered pant with resped to the sealevel.

The results provided by equation (5.4.4 have been compared with the values of the gravity
provided by aher models (see eg. List (1963, Sern (1960, Defense (1987): the observed relative
differences are dways snaller than 2*10".
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CP=R
Qp=f
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Fig. 5.3: Earth model

5.5 Ray-tracing and refractiveindex

Due to refradion, the ray-path bends towards the eath. Therefore the radiative transfer integral is a
curvilinea integral along the line of sight, determined by the viewing dredion d the instrument
and bythe refradive index of the ar.

5.5.1Presaure-temperature dependence of refractiveindexandeffeds on tangent heights

Refradive index is a function d presaure, temperature and water vapour content: this dependence
can be defined using the Clausius-Mosotti (or Lorentz-Lorenz) formula (see eg. Born andWolf,
1975:

n—1

n+2

=const- p (5.5.0

where n istherefradive index, p the ar density.
Since n—1<<1, we can write:

n=1+a-o(pT). (5.5.2

Where « is a fador dependent on the enpiricd model chasen for the refradive index. If we
consider the Barrel - Seas' sempiricd formula:

(5.5.3

044 0.007] P ( 0.14j e
T T

—6
(I‘l—l)lO z(7748+7+ /14 1279—7
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where ‘€' is the water vapour presaure, we seethat the dependence on the water vapour content can
be negleded becaise its maximum contribution to the value of nisabou 0.026 (this value refersto
height 5 km, where water VMR is equal to 14107 for the standard atmosphere).

Besides a so the frequency dependence of the refradive index can be negleded in the mid-infrared.
Different models can be used for the determination d refradive index, for instance Edlen (1966 or
SAO (priv. com.), ead of which finds a different value of a.

The dfed of refradionin the evaluation d tangent height is s1own below.

Asauming a sphericd eath and sphericd atmospheric layers, the following relation is valid for all
the points on the line of sight:

n(r)-r-sin(g(r))=¢

n(rt)-rt, (5.5.4

where r is the summation d the locd radius of curvature of the eath (which is an inpu of the
ORM) and the dtitude of the cnsidered pant referred to the surfaceof the eath; rt isthe vaue of

r at the tangent paint, 0 isthe locd zenith angle. rtisan inpu of the ray tradng modue and n(r')
iscomputed using the adual p,T profiles.

Namely, the previous expresson represents the Snell’s law in the cae of sphericd geometry.
Considering an atmospheric sphericd layer as drawn in fig. 5.4, Snell’s law can be written in pant
P as:

Figure 5.4: Deduction of Snell’slaw for media with sphericd symmetry.

n(ry)-sin@, =n(r,)-siny (5.5.5

From the ‘sine’ theorem applied to triangle OPR we obtain:

g Iy
= 5.5.
siny  sin(z-6,) (539

Combining the two equations we get:
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ry-n(ry)-sin@, =r,-n(ry)-sind, (5.5.9

from which eq (5.5.4) is demonstrated.

From eg. (5.5.4 we find that, kegoing the same flight altitude and the same limb angle, the tangent
height (referred to the centre of the eath) r' for a refraded beam is related to the height of a non
refracted r° beam by:

rm=r/nxr°.(1-ap) (5.5.9

Inserting the numericd values (ap~117-10* a 8 km) one finds ifts in the expeded tangent
heights (h" —h® ~ —ap- R, with R equal to eath radius) as large & 0.5- 1.0 km (error increasing
towards lower tangent heights).

On the other hand, if the refradion hes alarge dfed on the tangent height, the dhoice of the model,
e.g. the definition d o value, is not significant: the difference between the tangent altitudes

determined using two dfferent models (SAO and Edlen) can be obtained from the following
relation

-1 =r%(a,—a,) p (5.5.9

to be:
h - hy :(h°+ R)-(al—az)-p. (5.5.10

Since the percentage diff erence between the two considered modelsis about 0.2 %, we can say that
both models are equivaent for our ams.

Discrepancy SAO-EDLEN

18

16+

14+

12+

error (m) 1 4
0,8 +

0,6 T

04+

02+

0

0,00E+00 1,00E+0 2,00E+01 3,00E+01 4,00E+01 5,00E+01 6,00E+01
-0,2

tangence expected (Km)

Figure 5.5: Differencein the tangent height between diff erent models for the refradive index (SAO-Edlen).

The diff erences on the tangent heights found sing two models of refradive index is shown in Fig.
5.5to be @ou 1 m. Thiserror may therefore be negleded.
The model used in the scientific code, for refradive index isthe simplified version d Edlen:
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n=1+00002726322., (5.5.11)
o
. P p TO 0 _ -
with G = ——, p’ =1013.25hPa d T* =288.16 K.
P Y

The refradive index is cdculated for ead presaure and temperature, therefore no interpaation is
necessry.

5.5.2Method d ray tracing

As discussd in Sed. 6.1,the preferred integration variable of the radiative transfer equation is the
atitude. In this case the expresson for dx / dr must be cdculated. It is therefore necessary to
determine the expresson d opticd path x as a function d the dtitude and the refradive index. In
order to define the ray path in ead pasition it is necessary to know the locd zenith angle 6(r) .

Sincethe layers are ssumed as Pphericd, eq.(5.5.4 can be used to cdculate 6.
Sincethefollowingrelationisvalid:

dr = dx-cogq6), (5.5.19

from eq.(5.5.4 and eq.(5.5.8 we obtain:

dx = = -dr (5.5.13

This formula has a singuarity at tangent altitude, however the singuarity can be removed by |
changing the variable of integrationfrom r to y where:

y=4r>—(r')? (5.5.19

isthe geometricd distancefrom the tangent point.
In this case we obtain:

dx = 1 -dy (5.5.15

\/1+ (rzt)z . I’IZ(I’)— nz(rt)

n*(r) y?

wherein the singuarity is not present.

In conclusion we use:

1. Exad model for ray tradng. No effort has been made to introduce simplifications in these
cdculations becaise only asmall fradion d the total forward model computing time is gent for
ray tradng (0.1% when the 20 microwindows of p,T retrieval are smulated).

. exad model of opticd refradion for sphericd symmetry.

. negligible goproximationin refradive index value

w N
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5.6 Line shape modelli ng

The line shape function which has to be modelled appropriately inside the forward model is the
Voigt profile (equation 4.4.19, equal to the convdution d the Dopper profile caised by the
velocity of the moleaules and the Lorentz profile induced by colli sions. Whil e the Dopper function
is the mrred description o the physicd effed of Dopder shift, the Lorentz profile is an
approximationthat isvalid if:

o the spedral region uncder considerationisnat far from the line cantre and

¢ thedistancefrom other lines of the moleaule is D large that the line can be mnsidered asisolated
The first assumption fails if we try to model lines far away from the centre. Two important
examples for this are the sub-Lorentzian shape of the line wings of CO,, or the super- and sub-
Lorentzian behaviour of H,O. These dfeds are normally modelled by introducing a (experimentally
determined) y-fador into the line-wing description (see5.6.3.

The second assumption causes major problems in the modelling d Q-branches snce the lines are
very close to eadh other and moleaular collisions lead to an intensity transfer between the
trangitions. This effed is cdled line-mixing (see &so 5.7).

5.6.1Numerical calculation d the Voigt profile

Sincethe mnvdutionintegra of the Voigt profile caana be evaluated in an analyticd form it hasto
be cdculated numericdly. In oder to fulfil this task severa agorithms were developed and
compared (e.g. Schreier, 1992 with regard to spead and acaracy, espedally for the gplicaionin
line-by-line models. Due to the recommendations of the latter intercomparison and ou own tests
regarding computation time of different approaches (see Table 5.1) it was dedded to use the
algorithm described by Humlicek (1982. This routine cdculates a rational approximation (with a
relative acaracy of 10%) of the cmplex probability function:

wz)=e? 1+iifet2dt = K (X, y)+iL(x, y) (5.6.1
\/;0

with Z=X+ly

K(xy) isthe mnvdutionintegral of the Voigt function from equation (4.4.15.

Method Relativerun time
Humlicek (Humlicek, 1982 1
AFGL (Cloughet al., 198) 1.2
Drayson (Drayson, 1976 3.0

Table 5.1: Runtime mmparison between dff erent approaches for the cdculation o the Voigt lineshape.

As a baseline Humlicek (1982 has been implemented in the scientific code. A more sophisticated
and opimised version d the Humlicek algorithm has recently been developed at IMK by M.Kuntz
(priv. com.). However, the dgorithm currently implemented in the scientific code will not be
upgaded because, as it will be shown in Sed. 6.11,the final baseline of MIPAS Level 2 processor
isto compute aosssedions using compressed Look-Up Tables (LUTS).




Prog. Doc. N.: TN-IROE-RSA9601
Issue: 3 Revision:
Date: 26/06/01 Pagen. 44/107

Development of an Optimised Algorithm for Routine p, T
@ IROE and VMR Retrieval from MIPAS Limb Emission Spectra

5.6.2Approximation d the Voigt profil e by the Lorentz function

Sincethe cdculation d the Voigt function is much more time cnsuming than the Lorentz function
it is reasonable to use the Voigt shape only nea the line cantre where the diff erences between bah
arerelatively large. Outside this region the Lorentz line shape can be used. The aiterion that can be
used for the gplicaion d the different functions is the relative aror as a function d the distance
from the centre in multiples of the Dopger half width o”. The maximum relative arors are:

Distance from the Relativeerror
line centre (Lorentz-Voigt)/
Voigt
10 -1.5%
200" -0.3™0
30a° -0.1™0
400° -0.10%
500 -0.08%

Table 5.2: The maximum (y — 0 in eq. 4.4.15) relative aror between the Voigt and the Lorentz function as a function
of the differencefrom the line centre.

Besides, test cdculations using the 30a° boundry for 6 seleded pT microwindonvs sowed
maximum differences in the order of NESR/120. In these caes the time saving was 60% with
resped to the cdculation with the Voigt-profil e.

The baseline is to use the Voigt profile only within 30 Dopper half-widths from the line cetre. A
less conservative transition can be cnsidered if further computing time saving is found to be
necessary.

5.6.3 y-factors in the case of CO, andH,O

In order to describe the sub-Lorentzian behaviour of the CO, lines y-fadors were experimentally
determined e.g. by Cousin et a. (1989 for the CO, v, band head at 4.3 um. These fadors gart from
unity at the line certre and remain 1 urtil 0.5-5 cm™ distance (temperature dependent). Afterwards
they decay exporentialy.

The y-fador for H,O represents the super-Lorentzian behaviour of water vapou urtil some
100 cm™ from theline centre and the sub-Lorentzian shape beyond (Cloughet al., 1989.

The behaviour of the y-fadors of being equal 1 up to some wavenumbers from the line centre
allows us to dsregard them inside one microwindow. On the other hand the fadors are mnsidered
for those lines which contribute & nea continuum (see Sed. 5.11.3 to the radiation inside the
microwindow.

5.7 Line-mixing

Line mixing, knavn aso as line interference, line wugding, colli sion rarrowing, Q-branch coll apse,
corresponds to the deviation d the measured line shape from the Lorentzian function (generally in
regions with dense rotational structures, bu effeds in microwindows of transparency in vibration-
rotation bands have been olserved as well).




Prog. Doc. N.: TN-IROE-RSA9601
Issue: 3 Revision:

Development of an Optimised Algorithm for Routine p, T
«f" IROE g
Date: 26/06/01 Pagen. 45107

and VMR Retrieval from MIPAS Limb Emission Spectra

For pradicd cdculations the suggested li ne shape (Rosenkranz, 1979 is:

A(G,cfl)=1 a'LJr(G_G')pY' (5.7.)
4 (O'—O'| + Im{FH })2 + a|L2

with the first order couging coefficient:

d Oy

Y =2
d o -op

I'(I'21)

(5.7.2

I' is the (frequency dependent) relaxation matrix, with dagoral elements determining the shape of
uncouped lines (Re{7 } = o, the Lorentz half widths) and the lineshifts (—~Im{7; }), and df-

diagoral elements resporsible for non additive dfeds (line mixing) when the lines overlap, and d,
is the reduced matrix of the dipole moment.

The Rosenkranz expresson for the line shape is easily convduted with the Dopder function. The
modified Voigt function resulting from this convdution may be written in terms of the red (K(x,y))
and imaginary parts (L(x)y)) of the cmplex error function w(z) which are cdculated by the
Humlicek agorithm (equation 5.6.):

In2 1

AivLM (c-0))= ?[K(Xl'yo‘* pY L(X, Y )] (5.7.3
|

T
The baseline for Level 2 processor is nat to use Q-branches where line-mixing is known to have

strong effeds. These spedra regions will be avoided with an appropriate coice of the
microwindows, so that line mixing dees not need to be simulated.

5.8 Presaure shift

Beside the line mixing effed, equation (5.7.1) contains the presaure shift in the form of the term
- Im{FII } which is propational to the amospheric presaure p. Since presaure shift data is only

given for CH, and for CO, above 2300cm™ in the HITRAN96 chta base we will not implement it
into the forward code. However, if complete data on the shift will become available it can easily be
inserted into the ade.

5.9 Implementation of Non-LTE effeds

The recommendation arising from the final report of Non-LTE study (Bologrg, January 23, 1996 is
that no inclusion d externally provided vibrational temperatures for target transitions is needed in
operational processng. Theimpad of Non-LTE effedsin p, T and VMR retrievals is reduced by
using an appropriate seledion d microwindows.

The capability of handing NLTE istherefore not implemented in the OFM / ORM.
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5.10 Self broadening

The Lorentz half width from equation (4.6.12 includes both, foreign o and self broadened o
comporents:

a =(1- X)a" + Xab (5.10.

With the volume mixing ratio X
The relative eror which is dore when negleding the self broadeningis X(a Lo /a b _ 1) . Table5.3

gives the maximum errors of the half width when assuming maximum values for X and maximum
values for the quatient of self andforeign lroadened half widths.

Gas M ax. aL;/aLg Max. X (8-50 km) Max. error
[PPmMV] (%]
CO, 13 360 0.011
O, 13 7 0.0002
H,O 10 700 (tropicd) 0.7
5 (average) 200 (mid-latitude) 0.08 (average/mid-lat.)
CH, 13 1.7 0.00005
N,O not in HITRAN92
HNO, not in HITRAN92

Table 5.3: Maximum errors in the Lorentz half width when negleding the self-broadening. Data was taken from
HITRAN92 considering the entire range 6852410cm™

From Table 5.3t is evident, that the self-broadening is negligible for al target spedes except water
vapour in the tropicd troposphere where maximum errors of abou 0.7% can occur. However, this
maximum error corresponds (throughthe Lorentz li ne shape formulation) diredly to apresaure eror
of 0.7 which is one third of our accetance citeria for approximations (2%, see dapter 3).
Therefore our baselineisto dsregard the self-broadeningin all cases.

5.11 Continuum

We have to dstingush between three different kinds of effeds which contribute to the spedral
intensity of a microwindow as continuum:

e theinstrumental continuum
e thenea continuum
e thefar continuum

These dfeds and their sources will be discussed first. It is described how they can be simulated in
the light of the objedives of this gudy. For their simulation by the forward model it will be
necessry to dstingush between the self standing forward model and the model included in the
retrieval code.

5.11.1Instrumental continuum

This continuum contribution is caused by the instrument itself. Its effed on the spedrum is a pure |
additive offset. The reasons for an instrumental continuum are manifold - e.g. self emisson d the
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instrument, scatering d light into the instrument, or 3rd order nonlineaity of the detedors. These

distortions are @rreded duing the cdibration o the level 1b data processng bu present

spedfications indicate that the residual instrumenta continuum averaged owver the spedral range of

the microwindowv can be larger than the measurement error. Therefore we plan to model the

remaining radiometric arors.

The simulation d the instrumental continuum can be performed by adding a wavenumber

dependent off set to the spedrum.

Our baselines are;

o for the sdf-standing forward model to disregard this effed since this program shoud orly
simulate amospheric contributions.

o for the retrieval to assume that the instrumental offset does not vary with changing limb scan
angles and fit for eady microwindow only one instrumental continuum off set value.

5.11.2Near continuum

This contribution to the intensity inside amicrowindow is caused by reaby atmospheric lines.

Therefore, the simulation d this effed has to be performed duing the cdculation d the @sorption

cross ®dions. The different possbiliti es for its cdculation are:

1. explicit cdculation d the wings of the lines at ead fine-grid pant inside the microwindow (see
5.6).

2. cdculation orly at three grid pants inside the microwindov and parabdlic interpdation in
between

We plan to simulate the dfed of neaby lines using a switch provided by the spedroscopic data-

base to dedde if the line has to be caculated explicitly (option 1) or can be interpolated inside the

microwindow (option 2. Baselineisto use option 2.

The same optionis used for both self standing and retrieval forward model.

5.11.3Far continuum

This term includes al continuum-like contributions which are nat included in the previous two
definitions. These ae eg. the line wings of far lines (the most important contribution here is from
H,0), the presaure broadened bands of O, at 1550cm™ and N, at 2350cm™ and the asorption by
agosols.

For this continuum we have to dstingush between the self standing forward model and the one
implemented into the retrieval code.

Sdf standing forward model:

The self standing forward model must produce redistic simulations of the amospheric spedra that
include the continuum.

We dedded to use the same continuum asin FASCOD (Cloughet a., 1989. The water continuum
is described in Cloughet al. (1989. Herein the cortinuum cross ®dion k" () is given by the

sum of the far line wings using the Van Vled and Huber line shape function which is modified in
order to fit the experimental data of Burch and Alt (1984):

hco ] S
2k°T I (ines) O tanh(hCG| /| 2k°PT

KM () = o-tanh( )[f(a,al);((a,al)+ f(-o,0)y(-0,0)]

(5.11.1
where
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f(to,0))==— ' . if |o+o[>25cm™ (5.11.9
Ta +(cxo))
1 afl . ;

f(to,00)=— ! if |Gi0||£25cm ! (5.11.3

2
7ol +25°

and y(o,0,) isthey-fadors of water.

For the implementation into the forward model the foll owing equationis used:

K (o) = atanr(—;l'f;; ] U_Z(XHZOCOS (0T +(1- X"°)C (0, T)) (5119

C%(s,T) and C° (5,T) are the mntinuum absorption parameters for the self and the foreign

broadening at the reference number density n, n is the adua air density. To determine the
temperature dependence of the self broadening values, exporential interpolation between the

tabulated parameters C%(o,260K) and C°(0,296&K) is performed. For the foreign troadening

C°" (5,296K) is used for all temperatures. The interpalationin frequency is performed linealy.

This continuum description includes only contributions of lines farther than 25cm™ from the line
centre. Since the self standing forward model will use the spedroscopic database which uses
various seledion criteria for the lines, na all water lines within 25 cm™ may be cnsidered.
However, it has been estimated that the eror due to this fad islessthan 0.17%NESR (and in most
cases much lessthan this). Becaise this is presumably smaller than the asolute acaracy of the
continuum model and kecaise we dorit have to describe the cntinuum with very high peasion

our baseline is to use the spedroscopic database. If higher acarracy is neaded, the missng water |

lines can be alded to the data-base.

The N, continuum is parameterised, temperature independently, every 5 cm™ between 2020and
2800 cm™ for a reference number density m,. In order to cdculate it for the adual pressure and
temperature it has to be multiplied by the ratio 7/7, , where 7 is the adual number density, and

linealy interpolated to the wavenumber. For a detail s on the implemented N, continuum model,
plesserefer to Lafferty at al., (1996.

The O, continuum is given in the form of threeparameters (one strength and two for the temperature
corredion) from 13951760cm™. For a detailed description o the alopted model of O, continuum,
please refer to the paper of Thibault et al., (1997).

Forward model in the retrieval:

The forward model implemented into the retrieval code does nat have to simulate ay far-
continuum effeds. These ae included into a single @mospheric continuum for eat microwindow
which is fitted like an additional absorption cross ®dion. This leals to ore adoss ®dion at ead
atmospheric layer for ead microwindow. In arder to limit the number of retrieved parameters we
have implemented the following constraint.
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For ead microwindow at ead altitude the frequency range is defined in which the continuum is
expeded to vary linealy with frequency. This frequency range is used by the retrieval routine to
establi sh the constraints between retrieved continua.

Therefore:

e an additional field is required for ead microwindow (in the microwindow-definition file) for a
red constant that spedfies the size of the frequency interval in which atmospheric continuum can
be asumed to have alinea variation.

o this parameter is used to establish arule of ‘tight contiguity’ and ‘loose contiguity’ between the
seleded microwindowns. The expresson ‘tight contiguity’ means that the same @nstant
continuun value can be aumed for the microwindows. Two microwindowns have tight
contiguity when their separation is less than a suitable fradion d their intervals of lineaity.
Microwindows are asumed to have ‘loose contiguity’ when their separation is less than their
interval of lineaity.

e at ead altitude the microwindow will be dasdgfied as:

1. single (notight contiguity, or loose contiguity with orly one mW)

2. doube (tight contiguity with ore mwW)

3. multiple a the edge of agroup (multi ple mWs are those that have aloose @ntiguity with at
least two mWs; the group is defined as all the dements contiguous to the first multiple
element as encourtered duing a seach that starts from a frequency end; doude mWs
court as one mW in this ®ach; elements at the alge of a group are the first and last
element of the group the last element of one group can be the first element of ancther
group)

4. multiplein between agroup

e at ead dtitude, ore cntinuum value will be retrieved for ead class 1) microwindow, for eah
pair of class2) microwindows, and for ead class3) microwindow. The interpolated values will
also contribute to the fit.

Only recantly, the dgorithm for automated seledion d spedral microwindons (MWMAKE, see

Appendix C and Bennett et a., 1999 started using the fitted atmospheric continuum parameters to

compensate for various g/stematic eror sources that introduce in the spedrum a @ntinuum-like

effed. For this reason, the fitted “continuum” parameters have lost their physicd meaning and no
constraints can be gplied to their spedral behavior.

5.12 Interpadlation of the profilesin the forward / retrieval model

Sincebaoth initial guessand retrieved profil es are often represented ona grid much coarser (~ 3km)
than the grid used for the discretization o the amosphere (= 1km, for the radiative transfer
cdculation), aset of interpolation rules must be establi shed for the various types of profil es.

In the scientific code, pressure and temperature profiles are dways constrained to oley the
hydrostatic equili brium equetion. Tests have shown that, using any of the @mospheric standard
models, negleding the temperature gradient leads to negligible arors when layers thinner than 6 km
are aloped and the temperature in the midd e of the layer is used as the representative temperature
of the layer.

When the dtitude is the independent variable, it is common to consider the temperature and the
VMR profiles as varying linealy with atitude, and pesaure & varying acwordingly to the
hydrostatic equilibrium law (i.e. exporentially with the dtitude if the temperature is assumed
locdly constant for the cdculation d presaure).

Now, sincein ou case the independent variable is presaure, the most appropriate interpolation rule
islogarithmic interpalation for both temperature and VMR profil es.

The baseline is therefore to use logarithmic interpdation o temperature and VMR profiles
whenever an interpolationisrequired.
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Regarding continuum crosssedion pofiles: whenever an interpoation is required, since the
continuum emisson behaves as the square of presaure (Cloughet a., 1989, and since the fitted
continuum crosssedion profiles are multiplied by the ar column (propational to presaure) in order
to oltain continuum emisson, it is then reasonable to interpolate wntinuum crosssedion profiles
linealy with presaure.

5.13Interpolation of the “retrieved” profilesto auser-defined grid

5.13.1 Description d the problem

The baseline of the Level 2 scientific procesor isto retrieve the target profilesin correspondence of
the tangent presaures. However the users of MIPAS products may need to resample the retrieved
profiles to a user-defined set of presaures. The problem arises therefore of providing a
recommended interpolation scheme consistent with the Level 2 algorithm assumptions.

The first posshility is to recommend the use of the same set of interpolation rules used in the
retrieval procesr (see Sed. 5.12. However, considering that Level 2 profiles have been derived
from limb-scanning measurements, the aposteriori interpolation process shoud generate profiles
that, when provided in inpu to the forward model, reproduce the simulated spedra cdculated in the
retrieval at convergence Therefore, considering that the simulated limb-radiances strongly depend
on the total column amourts above the tangent paint, the interpolation scheme shoud maintain the
total column. In ather words the lumn cdculated for the interpoated pants $oud be equal,
within some pre-defined tolerance, to the mlumn oltained with the original data profil e.

We recdl that the verticd column at a particular atitude rz1 is defined as

rulatm
Col = Cost j X gas Edz (5.13.)
21 T(2)

where rulatm s the dtitude of the upper boundiry of the amosphere and Xgas, P(2) and T(2) are the
gas VMR, presaure and temperature respedively.

The quantities Xy, P(2) and T(2) are measured for a discrete dtitude grid, and hence in order to
have aredistic result we must cdculate the total column as the sum of partial columns between the
atitudes of this grid. In turn these partial columns can be cdculated interpoating the presaire,
temperature and VMR profiles between the two edge dltitudes: linea interpaation is used for
Temperature and VMR, and exporential interpolation for the presaure.

Therefore the problem of the interpdation d the VMR profiles becomes one of finding an
appropriate transformation d the VMR profil e that satisfies the wnstraint of an urchanged verticd
column.

5.13.2Srategy

The strategy adopted consists of constructing anew grid of VMR points and to impose aone-to-one
corresponcence of partial columns with the original profile. By finding the VMR values that satisfy
this condtion, a profile is identified at the new grid pants. The latter will be different of the one
obtained with a dasgcd interpdationrule.

A ‘classcd’ interpdlation law is defined in order to identify from the discrete output of the ORM a
continuous representation d the amosphere. For eat value of the independent variable presaure,
the correspondng dltitude and temperature can be obtained by means of hydrostatic eguili brium
equation, asuming alinea dependence of temperature on atitude.
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In turn, the VMR values at eat user-defined altitude can be obtained by linea interpolation

between the two neaest retrieved values.

On the basis of this continuows representation partial columns and hence total columns can be

defined with resped to bah theretrieval grid and the user defined grid in the following way:

1. First partia columns are caculated onthe retrieval-grid

2. Then the VMR values are cdculated at the user-defined grid using linea interpalation with the
altitude.

3. Then the partia columns at the retrieval-grid are cdculated following a spline that joins the
user-defined grid pants only.

4. We then vary the VMR values at the user-defined grid urtil the diff erence between the partial
columns of the new profile and d the original profile ae minimum. The resulting profile by
definition hes the property of maintaining the verticd column urmodified.

The variation d the VMR vaues on the user-defined grid are cdculated using a nonlinea least-

sguares fitting procedure. The quantities to be fitted are the partial columns on the retrieval grid.

The parameters to be fitted are the VMR values at the user-grid presaure levels. The fitting method

is the GaussNewton method if n, is avedor containing the diff erence between the observed pertial

columns and the cdculated partial columns, then the @rrediony, to be gplied to the values of the

VMR at the user-grid to minimise this differenceis given by.

yv =Dyvny (5.13.9

where DV:(KEVC_OHK\,)l-KEV_é and K, is the Jaombian matrix and V_, is the Variance
Covariance Matrix (VCM) of the measured columns.

Since the values of the partial columns are numbers that change by several orders of magnitude
from the highest atitude to the lowest, instead o fitting their values we fit the logarithm of their
values. So V , becomesthe VCM of the logarithm of the partial columnsV ..

An ouput of the retrieval code is the VCM of the measured columns col(i) at the various tangent
altitudesi. To get the VCM of the logarithm of the alumns we gply the foll owing transformation:

(Vcol )i,j

(Vlog(col))i,j = W (5.13.3

The erors associated with the solution d the fit are given by the squared root of the diagorel
elements of the VCM of the solution (V) given by:

_ 1
V= (K-\I;Vlo%](col)K v) (5.1349

After solving equation (5.13.2) the VMR profil e on the user-defined grid will be given by the new
vedor VMR, :

VM Rint:VI\/I Rlinint+ yv (5135

The fitting procedure is repeaed urtil the sum of the squares of the differences between the new
columns and the measured ores doesn’t change of more than 1%. In the ORM code the retrieved
profile @owve the highest fitted altitude is obtained by scding the initial-guess profile of the same
quantity used for the highest fitted pant. The same procedure has to be gplied to the interpoated
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points above the highest fitted altitude or to the highest paint of the user-defined grid if it happens to
be below the highest fitted altit ude.

The arors asciated with the new VMR values are dharaderised by the variance-covariance matrix
V provided byequation (5.13.94.

5.14 Optimized agorithm for construction of initial guessprofil es

The scientific version d this function has not been implemented because the scientific code has
only the caability of handling individual scans, whereas the daboration d a suitable strategy for
handing initial guessprofil es requires consideration d the whole orbit. Data analysis at the ‘orbit’
level ishanded orly by theinduwstrial Level 2 processor.

For the analysis of a given scan, the ORM code nedls the foll owing atmospheric profiles as inpu:

Presaure and temperature profil es

Continuum profil es for microwindonvsused in p,T retrieva
H,O VMR profile

Continuum profil es for microwindows used in H,O retrieval
O, VMR profile

Continuum profil es for microwindows used in O, retrieval
HNO, VMR profile

Continuum profil es for microwindows used in HNO, retrieval
9. CH, VMR profile

10. Continuum profiles for microwindows used in CH, retrieval
11.N,0 VMR profile

12. Continuum profiles for microwindows used in N,O retrieva
13.VMR profiles for other contaminants,

ONoGh~WNE

which can be used in the diff erent retrievals either as afirst guessof the profil es that are going to be
retrieved or as assumed profiles of the amospheric model (profiles of interfering spedes and p,T
profilesin the cae of VMR retrievals).

For eat o these profiles bath the apriori estimate (given by either the 1G2 profil es or, preferably,
if available, ECMWF profiles extended with 1G2 profiles in the dtitude ranges not covered by
ECMWEF data) and the result of the most recent measurement (obtained either from the retrieval of
the previous ans or from aprevious retrieval of the same scan) are avail able.

Up to now the strategy has been to use whenever passble the most recent measurement (in pradice
the apriori estimate was used only for the retrieval of the first sequence or when previous retrievals
were unsuccessul).

On the light of the fad that in some caes the arors of the retrieved profiles may be very large
(VMR retrieval at very low dtitudes, continuum retrieval), we now propase to change the mncept
of ‘most recent measurement’ into the cncept of ‘best estimate’. Asit will be discussd later, the
‘best estimate’ coincides with the most recent measurement for the inpu files of type 1 (presaure
and temperature profil es used as assumed profiles in VMR retrievals), with the apriori profil es for
the cntinuum profiles aswciated to the microwindows used in the different retrievals, and for all
the othersis equal to the optimal estimation between the most recently measured profiles and the a
priori ones.

The optimal estimation method consists in weighting the retrieved profile, with its VCM, with the
pre-stored profile, which will be daraderized byaVCM with big dagoral values.
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The optimal estimations of the profil es have to be determined na only at the beginning d ead scan
anaysis, but aso after eath VMR retrieval, because the retrieved VMR profile is used as assumed
profil e for subsequent retrievals.
Asdiscussd in Sed. 5.2,the Optimal Estimation is not adopted for the determination d the results
of Level 2 retrievals because it may introduce biases when averaging dfferent results. Furthermore
MIPAS limb scanning retrievals have redundancy of measurements and do no depend onthe ad of
apriori information, therefore the dioice of what a-priori information is added to the retrieved
guantity can be left to the user. However, when seleding the assumed profil e of interfering spedes
and the initial guess profiles of the retrieved spedes, we ae users of the results of previous
retrievals and in this case we ae aiuthorized to apply optima estimation withou entering in
contradiction with ou stated principles.
Below the description d the dgorithm which computes the Optimal Estimation between a-priori
andretrieved profilesis provided.
Inpus:
= Last retrieved profile X (profil es from retrievals up to n scans badkwards can be used, where
nisprovided bythe users)
= simplified VCM of the retrieved profile V', whase diagoral elements and the first off-
diagoral ones are set equal to the mrrespondng elements of the VCM of the retrieved
profil e, the other elements are set to 0.
Interval of time dapsed sincethe scan in which the profile X was retrieved.
First guessprofile X of the previous retrieval (used for extending the VCM V' for the values
of the profile &owve the highest tangent altitude)
ECMWEF profile X' (if avail able)
climatologicd profile IG2 X, seleded acmrding to the adual latitude/longtude position o a
scan.
= VCM V°of the apriori profile (i.e. an appropriate merging d the ECMWF and 1G2 profiles),
charaderized by equal elements alongthe diagoral and equal values (which can be different
from the diagoral ones) for the first off-diagorel elements, the other elements being O.
Outputs:
= the best estimation d the profile to be used as first guess or as assumed profile of the
retrieval

Y

Uy

Procedure:
1. Definition d the apriori profile X',

if X’ isnaot avail able, then:

X=X
else

X =X (inthe dtitude range mvered by the ECMWF profil es)

X=X * ¢ (inthe dtitude range not covered by the ECMWF profil es)
endif

The grid of X is defined by the grid of X in the dtitude range mvered by the ECMWF profil es and
by the grid of X in the dtitude range not covered by the ECMWF profil es; the number of points of
thisnew grid isnamed igrid.

In order to avoid dscontinuities, the merging d the ECMWF and 1G2 profiles is matched scding
the values of the IG2 profile in correspondence of the highest point of the ECMWF profile and the
points above by afador « equal to the ratio between the value of the highest paint of the ECMWF
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profile and the mrrespondng value of the IG2 profile (that may be obtained interpdating in the 1G2
profile).

2. Corredion d the VCM of the retrieved profile V' due to latitude variation.

If the profile X has been retrieved in a previous <an (profiles from retrievals up to n scans
badkwards can be used), it means that it has been measured at a different latitude, and hence the
estimated total retrieval error associated with this profile may underestimate its red error which is
given bythetotal estimated retrieval error plusthe eror dueto the latitudinal variation. In this case,
the dements of the matrix V' will be multiplied by a fador (1+ tlj propational to the timeinterval
0

elapsed sincethe measurement of the profile X (the mnstant t, isauser inpu).

3. Interpdation o the retrieved profile X on the grid of the apriori profile x° (the new profile is
named X"

The interpalation rules are the same & used in the ORM code, i.e. logarithmic interpalation with
presaure between the neaest values for temperature and VMR, linea interpolation with presaure for
continuum; altitude is re-built using hydostatic equili brium starting from the lowest altitude of the
a-priori profile X. .
Theinterpolated profile X" isrelated to the retrieved profil e X by the foll owing equation:

Xri — J Xr ,
where J is the matrix (of dimensionsigrid x ibase) which transforms the retrieved profile (onagrid
of ibase points) to the interpolated ore (onagrid of igrid paints): the dement (i, k) of matrix J is
given by

J, =—

ik é)xkr

4. Extension d the VCM of theretrieved profile ébove the highest retrieved tangent altitude.

V' provides the variance and covariance of the retrieved profile only for the retrieved Otangent
altitudes. The values of theretrieved profile @owve the highest retrieved tangent altitude ae obtained
by scding the first-guessprofile X with a fador equal to the ratio between the value of the retrieved
profile & the highest tangent point and the crrespondng value of the first-guessprofile. Therefore
the quadratic erors of these points are obtained by scding the quadratic aror at the highest tangent
dtitude (V,;) with the square of the same fador:

x! )
Viir_ext :Vlrl'(x_lfj )

n

nistheindex of the highest tangent altitude in the retrieved grid (dimensionibase) andi < n.
Correlations of the paints of the profile &owve the highest tangent altitude, which, strictly speing,
shoud be set to 1, can be set to 0.5,in order to reduce apaossble source of instability in the
determination d the profile.

5. Determination d the VCM of the profile X', V".

Matrix V" is obtained performing the foll owing matrix product:
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6. Optimal estimation between profiles x" and x°.

The optimal estimation (OE) of the profile to be used as first guess or as assumed profile of the
retrieval isobtained asfollows:

_ 1\ N 1
Xog =(VC 1+Vr| 1) ( c lXC RVAL lX”)

In the cae of temperature and presaure profiles, OE method is used orly for the determination d
the first-guessprofiles for p, T retrieval, while the assumed p, T profilesin VMR retrievals are the
p, T valuesretrieved in the aurrent scan.

The reason d the different treament of p, T profiles acwrding to the different use as first-guessor
as asuumed profiles is that the retrieval of minor constituents from MIPAS measurements is based
on the smultaneous and reliable measurement of the temperature profile. For this reason it is not
paossble to rely onany a-priori information. Indeed, if presuure and temperature retrieval fails or if
these profil es are measured with too kig urcertainties, VMR retrievals will nat be performed.

On the ontrary, in the cae of VMR retrievals, where dfeds of interference shoud be limited by
the optimized choice of microwindows, if the previous VMR retrieva fail s or returns a profile with
big urcertainties, the subsequent retrievals will be performed anyway. In this case, the use of a
priori information for the definition o the VMR assumed profiles of the interfering key spedes
allows to minimizethe dfeds of interference Therefore, after eaty VMR retrieva the OE between
the retrieved profile and the apriori profile of that VMR is computed again and the obtained profile
is used in the subsequent retrievals of the adual scan.

Continuum profiles do nd have to be treaed with the optimal estimation method, kecaise these
profiles are strondy undetermined and their contribution to the spedrum is very low (even if the fit
of these profiles ‘helps’ the retrieval procedure). Therefore, the apriori continuum profiles, and nd
the retrieved continuum profil es, are used as first-guessfor the subsequent scans.

5.14.1Generation d initial guesscontinuum profiles

As explained in Sed. 5.14,the initia guesscontinuum profiles used by the retrieval algorithm are
purely climatologicd profiles. Retrieved continuum profil es are not considered for the generation o
the initial guess as they suffer of very large uncertainties (and also becaise retrieved continuum
parameters, being wsed also to compensate for continuum-like aror sources, may be very different
from scan to scan).

Climatologicd continuum profiles are generated on the basis of a simple dgorithm that, starting
from given profiles of presaure, temperature and water vapor, cdculates profiles of water vapor
crosssedions in corresponcence of the central frequencies of the considered microwindows. Water
vapor continuum crosssedions are cdculated using the CKD v.2.4 model (Clough (1989). The
continuum of other spedeslike CO,, N,,O,, agosols etc. is not considered in this algorithm becaise
we have found that in presence of large uncertainties on the @ntinuum emisgon, it is by far
preferred to use initia guess profiles that underestimate the red continuum. In fad, an
overestimated initial guesscontinuum easily leads to a very opague amosphere in which the line of
sight may na be ale to penetrate. In these @ndtions the fitting procedure may be unable to
recover the mrred continuum emisson.
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5.15Profilesregularization

In some cases the retrieved profil es oscill ate more than what can be reasonably expeded from the
physicd point of view. As outlined in the ESA study 12058NL/CN, the oscill ations are @nfirmed
by the shape of the Moduation Transfer Functions (MTF) which show values greaer than 1 (see
e.g. the final report of the mentioned study). Tikhonovregularizaion (see eg. Rodgers, (2000) can
be aloped in MIPAS retrievals with the objedive of constraining the MTF to values equal or
smaller than 1. Test cdculations are however neaded in arder to tune the strength of the Tikhonov
constraint (analysis of the MTF shape & a function d the strength of Tikhonov constraint). The
implementation d this algorithm in the ORM required limited changes and it is useful to have this
option accesgble. The inversion formula used at ead retrieval iteration for deriving the new
parameters estimate, in the Levenberg-Marquardt (LM) approachis:

g=At-KT(V")n (5.15.9
with

A :(KT(V”)‘lK)i’j fori=j and

A =(KT(V”)’1K)U (14 4) (5.15.2

where 4 isthe LM damping fador andis adjusted duing the iterations.
When using Tikhonovregularization the inversion formula (5.15.1) must be modified acordingly
to:

g=(A+ATL) KT (V") n (5.15.3

where L isa‘regularization operator and » is a parameter that can be used for tuning the strength

of Tikhonovconstraint.

L'L is asquare matrix whose dimension is equal to the number of fitted parameters, ead dagorel
element of this matrix correspondngto afitted parameter. In the ORM implementation matrix L 'L
consists of threenon-zero square blocks refering to the threediff erent groups of parameters that are
beingfitted: VMR, atmospheric continuum and instrumental offset in VMR retrievals. In the case of
p.T retrieval matrix L'L consists of four non-zero square blocks which refer to p,T, atmospheric
continuum and instrumental offset. In bah cases, matrix L'L is a strip-diagoral matrix whose
elements diff erent from zero are only the diagoral elements and the first off- diagoral ones.
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Both dagordal andfirst off-diagoral elements of ead individua block can be scded by wser-defined

inpu parameters.

The ORM first builds matrix L 'L takinginto acourt the a¢ual number of fitted parameters and the
inpu scding fadors, subsequently this matrix is normalized to the initial guess value of the
unknowvn parameters par(i) and tuned acording to an input parameter » used for setting the overall

strength of the constraint:

y(LTL) =

I’J

L),

n°par(i)- par(j)

(5.15.9
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6 - Mathematical Optimisations

In this dion we describe the diff erent mathematicd optimisations implemented in the optimised
forward-retrieval model (OFM/ORM): in particular, the alvantages and dsadvantages of the
different options are reviewed and the preferred ogionisidentified.

The parameters defining the different optimisations, like parameters deding with layering, have
been determined onthe basis of tests performed with the RFM.

These aethe guidelines used in the seach for possble mathematica optimisations:

e Reseach o feasibility of performing anayticaly integrals and derivatives.

e When this is not possble, in case of numericd integrals, minimisation d the number of the
intervals over which complex expresson are evaluated.

e Incase of very time consuming caculations, study d feasibility of using pre-tabulated data and
interpolation schemes.

¢ Reseach and exploitation d the symmetries that can reducethe number of cdculations.

e Study d the posshility of storing quantiti es that are used more than orce

When it ispaosshble, for ead of the implemented optimisations we identify:
physicd problem

different options for modelli ng this physica problem

seleded choice

resson d choice

how optimisationisimplemented into the program

performed vali dations

validations to be performed

The optimisations concern mainly the forward model and its interfaces with retrieval model, since
cdculation d the synthetic spedra and d the Jacobian matrix used in the Marquardt algorithm are
the time ansuming parts of the retrieval program.

6.1 Radiative Transfer integral and use of Curtis-Godson mean values

Forward model consists essntialy of the cdculation d Radiative Transfer integral (eg. (4.4.9), a

curvili nea integral alongthe line of sight.

Optimising the forward model means to optimise the cdculation d thisintegral.

An analyticd expresson d absorption crosssedions as a function d presaure and temperature is

not avail able, so the integral can be solved orly by wsing a discretisation, i.e. cdculating the single

contribution d shorter paths and then summing them.

Thisimplies that atmosphere hasto be segmented.

Two main ogimisations can be implemented:

o thefirst refersto the kind o segmentation: since spedra crrespondngto dfferent lines of sight
have to be cdculated, a segmentation that can be used for al geometries avoids to repea several
times the same cdculations;

¢ the semndrefersto the length of the segments and consequently to the number of segmentsto be
considered: the marser isthe segmentation and the faster is the forward model.
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In this edion we describe two dfferent methods for building the segmentation and then dff erent
paosshiliti es to cdculate the @ntribution o single segments to the whale integral, highlighting the
chosen options.

_Integrationvariable

If x, the m-ordinate dong the line of sight, is used as integration variable, the opticd path is
subdvided in a number of intervals of equal length, so that the dtitude thicknessof the layersin
which atmosphere turns out to be stratified deaeases when approaching the tangent altitude: in this
way the amosphere is sampled with greaer detail nea the tangent altitude, from where most of the
signal originates. The disadvantage of this method is that layering changes for ead viewing
geometry, so that results from one geometry canna be used for the others.

On the oontrary, if the dtitude z, is used as integration variable, the @amosphere can be divided in a
pre-defined number of layers, independent on the geometry. This layering can be aiticd nea the
tangent atitude, if layering is not sufficiently fine, but it has an important advantage when several
different limb geometries have to be simulated at the same time: in this case layering daes not
change from one geometry to the other.

Since awhadle limb-scanning sequenceis analysed at atime, the amosphere is subdvided in a set of
fixed layers, whose thicknessis defined by criteriathat will be discussed in sedion 6.1.1.

_Layers versuslevdsin the discretisation d the unknowns

The unknowvn profiles (temperature and VMR) must be transformed into dscrete values
correspondng to a finite set of atitudes. The dtitude distribution that corresponds to these discrete
values can be obtained either with the layer approadh (the unknown is constant within contiguous
layers of finite thicknesg or with the level approach (the unknown is linealy interpolated in
between the dtitudes where the discrete dtitudes are defined). The level approad has been chosen
as baseline for OFM /ORM agorithms.

_Calculation d thetransmisson d each layer

In order to perform the radiative transfer integral in the singe layer, different options have been
analysed. The first option consists in using interpolated crosssedions from the values computed at
the boundxries of the layer: this method requires layers nat thicker than 1km, because of the aiticd
dependence of crosssedions ontemperature and VMR. The posshility of performing the analyticd
cdculation d the integral, that could be posgble with this method and shoud reduce the number of
computations, fail s when refradive index hasto be included corredly in the cdculation, becaise the
expresson beames, in this case, very complicae (seesedion 5.5.

Another option consists in the cdculation d layer transmisson by computing the aosssedions at
some values of presaure and temperature representative of the layer.

These quantities can be ather the mean presaure and temperature of the layer, or the Curtis-Godson
equivalent values, cdculated for ead gas, by performing an integral aong the ray-path o
temperature and presaure, taking into acourt the variation d presaure and temperature dong the
ray-path inside the layer.

Equivaent pressure and temperature ae given respedively by:
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dx?
P2)- X (2)-1(P(2) T(2)--dz
Prig = , 6.1.9
dx9
Xm(z)-n(p(z),T(z))-E d
Z,
Z
dx?
() Xn(2)-Wp(2) T(2)- -z
Toig =7 : 6.1.2
dx9
[ Xn(@ n(p2.7(2)- ez
Z,

zis the dtitude, zyand 7 _; are the heights on the boundxries of the layer, X ,(z) represents the
Volume Mixing Ratio of the m-th gas, X° is the line of sight dependent on geometry, 7( p(2), T(2))

isthe ar number density.
The normali sation fador of these expressons represents the awlumn o the mnsidered gas, layer and
geometry, Cp, 4

o= IXm(z)-n(p(z),T(z))-—-dz. 6.13

Integrals (6.1.1), (6.1.2, (6.1.3 are solved taking into ac®urt refradion after an appropriate
change of variable (seesedion 5.5.

We have verified that the use of Curtis-Godson presaure and temperature, instead of mean values,
allows the use of a warser stratificaion d the amosphere.

A complicaion d this method is that, in principle, the equivalent presaure and temperature ae
personalised for ead gas, eat layer and ead geometry.

In particular, their dependence on the gas, that is useful when performing the anayticd derivatives
with resped to VMR, has as consequence that crosssedions for all the gases have to be stored (see
Sed. 6.2.9, and abig amourt of memory isrequired.

On the @ntrary, the use of mean temperature and presaure, that do nd depend reither on the
moleaules nor on the geometry, requires afiner layering and consequently more computing time.

We have to undrline that the cdculation d equivalent presaure and temperature, as well as the
columns, is not a time cnsuming part of forward model caculation, and no opimisation effort is
worthwhil e.

Using equivaent presaure and temperature, the transmisson t of layer | for the geometry g due to
all the gasesisgiven by
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g = eXp ij p(2), T 2)-1(p(2), T(2))- dg dz| ~
2,

z
f dx?
~o@ D k(A ) [ Xn(@) (b2 T(@)- G| = (6.1
m 4,
=exp _Z ka,l,g(pfg!-l_lfeg)'cm,l,g]
m
Using thisresult, expresson (4.4.5 can be written as:
N -1
|z ( Tiemain( )(1 to1.9) T1 %0, (6.1.9
=1 j=1

N represents the number of paths obtained from the intersedion d the line of sight with the levels
used for atmospheric layering, that are equal to twicethe number of layers minus one.
The source function B, that has to be cdculated for eat frequency of the cnsidered

microwindow and ead layer, is independent on the moleaule, while the eguivalent temperature of
the layer is moleaule dependent.

Sincewe can assume that ead seleded microwindow is charaderised mainly by ore gas, while the
others moleaules have very small i nfluences on the total spedrum, we cdculate the source function
at the Curtis-Godson temperature of the main (retrieved) moleaule of the considered microwindow.

6.1.1Layering d the atmosphere

On the basis of the dowve doices, the amosphere is modelled using layers whose boundxries are
marked by levels at fixed presaure. Within the levels the temperature and the VMR profiles are
asumed to vary linealy with the dtitude, while the behaviour of presaure profile is assumed
exporential with atitude. Presaure and temperature profil es obey to the hydrostatic equili brium law.
Either altitude or presaure can be considered the independent variable & this gage, provided that we
use the mrred interpalation rules for dependent variables.

Whil e setting-up the layering d the amosphere the dhasen independent variable is the dtitude; this
is because the visua inspedion d the generated levelsis easier.

The dgorithm which bulds the levels proceels as foll ows:

e Step L

A set of levels correspondng to the tangent atitudes of the spedra we want to simulate is st-up;
radiative transfer cdculation is indeed simpler if the tangent altitudes are & the boundry of one
layer. Since we want to take into acourt the FOV effed using interpaation d the spedra in the
atitude domain (see Sed. 6.6, na only the spedra whose tangent altitudes correspond to
measurements have to be simulated, bu ‘extra spedra ae neeled as well. In the cae of p,T
retrieval, the simulated spedra ae the ones correspondng to the measurements, plus one extra
spedrum locaed below the lowest measurement and ore extra spedrum locaed abowve the highest
measurement. The distance between the tangent atitude of ead extra spedrum and the tangent
altitude of the neaby measurement is kept equal to half of the FOV width.
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Tests have shown that the explained set of simulations does not alow to perform an acairate
interpolation d the spedrawhen the VMR of the main gas of the retrieval has alarge gradient as at
low altitudes in the cae of H,0, (seeSed. 6.6). In these cases further intermediate simulations are
needed.

o Step 2
Each coupe of adjacent levels generated at step 1 is considered. We dhedk whether, moving from
ore level to the other, the foll owing two condtions are satisfied:

1. the variation d the temperature is below a fixed threshold. Two dfferent thresholds are used
depending onthe dtitude of the first considered level, a more mnservative threshold is used at
low altitudes.

2. Thevariation d the Voigt half-width of areferencelineisbelow afixed threshaold.

If both these cndtions are satisfied then we cnsider the next coupe of levels generated at step 1
andredocheds 1 and 2.

If one or bath the dove mndtions are nat satisfied, then we insert new evenly-spaced levels within
the wupde of considered levels, urtil condtions 1 and 2are satisfied for al the new sub-levels.

After this dep is completed, it turns out that the dtitude range in which the tangent altitudes of the
simulated geometries lie, is sub-divided into layers of suitable thickness whose boundxries are
marked bythe levels.

o Step 3

Abowe the tangent dltitude of the highest simulated spedrum a set of levels is determined which
divide the amosphere into layers for the radiative transfer caculation.

Starting from the tangent altitude of the highest simulated spedrum,

© a user-defined guessincrement Az is used to build rext level, then, condtions 1. and 2. (used at
the previous dep) are dhedked and:

= if the two condtions are both satisfied then the guess level is acceted and the dgorithm
proceasto

= elsg, the guessincrement Az is reduced using an appropriate fador and the cndtions 1. and 2.
are chedked again.

It is clea that after this procedure the maximum alowed thickness of the layers is equal to the
initial value of Az that is controlled bythe user.

The new levels are added to thase obtained in step 2.

The user-defined parameters that control the layering d the @amosphere ae subjed of tuning:
becaise of the speal requirements, in operational condtions, the parameters that allow a more
coarse layering withou significantly affeding the acaracy of the computed spedra have to be
adopted. Tests have been caried-out using some microwindows involved in p,T retrieval. The
results are shown in Table 6.1; the spedra wmputed using layerings 2 and 3 tave been compared
with spedra obtained using a redly conservative layering (reference layering 1). It turns out that
layering 2represents a suitable compromise between acaracy and number of levels.
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Layering 1 Layering 2 Layering 3
(reference)
Low altitude T threshald (K) 1.5K 5K 25
Hig dtitude T threshald (K) 5K 15K 35
Altitude where the threshold is 56 56 56
changed (km)
Max. HW-variation 1.05 1.5 2.5
Max. thicknessof the layers (km) 10 10 10
N. of obtained levels 146 42 22
Max. difference NESR /5 NESR/0.6
Average difference NESR /60 NESR/17

Table 6.1: Tuning d the parameters used for the layering o the amosphere. The tests have been performed considering
7 microwindows of p,T retrieval. The upper limit of the amosphere has been set equal to 100 km.

Figure 6.1: Sketch of the layering d the amosphere.

Boundary of
the atmosphere

Extra

simulation

. Observations

Extra
simulation
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6.2 Seaant law approximation for the alculation of Curtis-Godson quantities and
definition of paths

Secant law approximation consists in the cdculation o Curtis-Godson quantities as if the layer was
flat and the line of sight a straight line. In this case the secant law applies and the same values of p°
and T° are obtained independently of the angle 06 between the line of sight and the verticd diredion.
In Fig. 6.2the percent deviation d p° and T° from the values cdculated in the cae of verticd
penetration are reported.

These tests were dore using aone VMR profile and standard atmosphere, with layers 3 km and 1
km thick at tangent altitude of 8 km. No significant changes occur at diff erent tangent altit udes.
Secant law approximation causes only very small errors at al altitudes, except at the tangent layer
andto the layer abowve.

Exploiting this result, it is aufficient to cdculate the vaues of p° and T° for al the layers of the
lowest geometry, and only for the lowest layers for al the other geometries.

If we assciate apath with ead combination o layer and geometry of the cwmplete limb-scanning
sequence we can say that the values of p® and T° do nd have to be cdculated for all the different
paths. In Fig. 6.3the table of the paths is reported: in haizontal position the levels used for the
simulations are represented, in verticd position al the different geometries that have to be
simulated are shown.

The grey boxes represent al the possble paths.

The grey boxes with either ‘X’ or ‘x’ are the paths for which a austomised cdculation d equivalent
presaure and temperature have to be cdculated. In the foll owing these particular p°- T° coupes will
be cdl ed ‘I mplemented Atmospheric Presaures and Temperatures’, IAPTSs.

In the grey boxwithou either ‘X’ or ‘x’, values of the top boxcan be used.

The number of extra-paths to be cadculated for ead limb view is an input parameter of the retrieval
program, bu the aurrent baselineisto re-compute only the IAPTs relative to the tangent layer. Tests
have shown that this is a goodapproximation, since the tangent layer is sgnificantly thinner than 3
km.

The use of IAPTs is a aucial optimisation, nd only becaise less equivaent presaures and
temperatures have to be cdculated (cdculation d CurtissGodson quantities is not very time
consuming), bu mainly because lesscrosssedions have to be cdculated (seeTable 6.2) and stored.
The saving d number of cdculations is sgnificant: withou using secant law approximation, the
number of intervals where aosssedions have to be cdculated, that is the number of total paths, is
given by ore half the product of the number of the layers (abou 40) in eat geometry times the
number of geometries used for the simulations (18), that is 360 paths; on the @ntrary, the number
of the IAPTs s given bythe number of paths for the lowest geometry (abou 40) plus the number of
extra-paths (abou 2) times the number of remaining geometries (17), that is abou 74.
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Fig. 6.2 The percentage deviation d equivalent temperature (squares) and equivalent presaure (crosss) from that in the
case of verticd penetration are reported for the different layers, starting from the tangent layer. @) Layers thicknessis
abou 1 km; b) Layersthicknessis abou 3 km. Test performed for atangent altitude of 8 km.
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6.2.2 &quenceof the operations

The fad that only alimited number of layers for eatn geometry needs a austomised cdculation o
equivaent presaure and temperature is the basis of the structure of the optimised forward model.

After the setting-up d the layering d the amosphere (see sedion 6.1 the matrix of the IAPT
numbers is built. This matrix associates with ead path a number that refers to the crrespondng

IAPT.

Fig. 6.4 Example of the asciation d the gpropriate IAPT to ead peth.

Boundary of
the atmosphere

Geometries—p |

We start from the line of sight to which the lowest tangent atitude @rresponds and a progressve

IAPT number is associated to ead layer.

For all the other geometries a new |APT number is assgned to the tangent layer and in some caes
to atherslayers aboweit, al the other layers have the same IAPT number as the lowest geometry.

The matrix below refersto the example of figure 6.4

(13 )
|121112 I
123 4910

L12345678J




- . . Prog. Doc. N.: TN-IROE-RSA9601
Development of an Optimised Algorithm for Routinep, T and |ssue: 3 Revison: -

C‘rl IROE VMR Retrieval from MIPAS Limb Emission Spectra Date: 26/06/01 Page n. 68107

At this paint the cdculation d ray-tradngis performed and all the IAPTs are computed, whil e the
columns are cdculated for all the paths.

For eah o the seleded microwindows the mmputation d the aosssedions is performed for the
different IAPTs (some possble optimisations are discussed in sedion 6.3, 6.8, 6.9, 6.30

The spedra of al the limb-scanning sequence ae cdculated summing the @ntribution d all the
layers (seeSed. 6.4).

After the mnvdution d the spedrum with the apodsed instrument line-shape (AILS), convdution
with the function that describes FOV is performed (seeSed. 6.6).

6.3 Interpolation of cross dionsfor different geometries

We have eplained in the previous ®dion that the equivaent temperature and presaure of ead
layer remain nealy constant for the diff erent geometries of alimb scan. Aswas $own in Figure 6.2
the differences beme larger the doser we ae to the tangent layer and are the largest for the
tangent layer itself. The asorption cross £dions don't have to be cdculated for al paths, bu only
for the IAPTs (seeSed. 6.2.

After cdculating the @sorption cross dions for al the IAPTs of the lowest geometry of the limb
scan, in arder to cdculate the aoss ®dions for the different IAPTSs of the other geometries we have
to dstingush between two kinds of IAPTS, either the IAPTs correspondng to the paths indicaed
with ‘X’ in Figure 6.3, a the IAPTs correspondngto the paths indicated with *x’.

1. IAPTs correspondng to paths with ‘x’: the aoss ®dions can be interpdated (in presaire)
between the aoss gdions of the lowest geometry.

2. IAPTs correspondng to paths with ‘X’ in geometries different from the lowest one: new
cdculation d the asorption cross gdions for the equivalent temperature and pressure of the
new path is dore.

We performed caculations in arder to test the feasibility of case 1. Sincethe Lorentz line wings are
in first approximation propartional to the presaure we used this parameter for the interpolation value
(i.e. we interpolated the adoss ®dions of the lowest layer to the equivalent presare of the new
path). We dedded to use linea interpolation. (Tests of higher order interpolation gave often better
results but failed in thase cases where there was an inversion d the @sorption cross ®dion profile
with atitude.)

In these tests the maximum differences of the aoss ®dions between recdculation and linea
interpolation was 2% for the tangent layer, 0.3% for the layer abowve the tangent layer and 0.24 for
the second layer above the tangent layer (layer thickness 3 km). The reason for this deaeasing
errors results obviously from the fad that the secant law approximation becomes more and more
valid when moving away from the tangent layer.

Table 6.2 shows the results of test cdculations which were performed using 6 microwindows for p-
T retrieval. It is obvious that no recdculations of the aoss ®dions for the tangent layer (1st
column) or interpolation for the tangent layer (2nd column) results in maximum errors larger than
NESR/5. Recdculation d the tangent layer (3rd column) leals to acceptable maximum errors of
NESR/21 and recdculation d the tangent and interpolation d the layer above the tangent layer to
NESR/70. As a baseline we will recdculate the eésorption cross dions only for the tangent layer.
Sincethe mdeis gructured in order to be very flexible in handling these threediff erent cases higher
acaracgy can be obtained ony by changing oreinpu parameter.
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no. of recdculations 0 0 1 1 2
X
no. of interpolations 0 1 0 1 0
lXY
max. difference NESR/0.9 NESR/4.4 NESR/21 NESR/70 NESR/70
average difference NESR/3.7 NESR/20 NESR/79 | NESR/ 114 | NESR/330

Table 6.2: Maximum and average diff erence measured in NESR between a reference simulation and simulations made
with different methods of crosssedions cdculation for the geometries above the lowest one for 6 seleded p-T
microwindows.

6.4 Calculation of spedrum: exploitation of spherical symmetries

The use of the dtitude &s the integration variable and the layering d the amosphere that results
from this choice together with the hypahesis of homogeneity of the amosphere with latitude,
allows to exploit some symmetries and reduce the number of computations.

In fad, the line of sight crosses ead layer twice in a symmetricd pasition with resped to tangent
layer. The symmetry derives from the fad that the amospheric layers are sphericd, and dependence
onlatitude is negleded (sedion 5.3.

The two contributions of the same layer to the total intensity reading the observer are charaderised
by the same anisson, bu different transmissons.

Since the aqosssedions for al the layers have been previously cdculated, while the first
contributionis cdculated, also the second oreistaken in acourt.

So, instead o cdculating the integral for al the dtitude intervals in which the line of sight
interseds the different layers, that are twice the number of layers, it is possble to cdculate the
integral only for all the layers.

Expresson (6.1.5 is modified into the foll owing expresson:

L L -1
So'vg = ; BO'(TIe) (1_ 2-0',|,g)'[1+ Tolg H Ti',j,g] H Tojg

j=1+1 j=1

(6.4.)

-1
with H Tyiq=1.
i

L is the total number of the layers (in order to maintain the symmetry, the tangent layer is aso
divided into two parts, symmetricd with resped to tangent paint).

6.5 Use of interpolation for the alculation of Planck function

In order to save computing time for the cdculation d the Planck function B(c,T), a linea
interpolationis used between the values assumed by the function at the edges of the microwindow.
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The expressonfor B(c,T) wasgivenin eg. (4.4.2.

The plot of the asolute differences between the theoreticd value of B and its linealy interpolated
valueis shownin Fig. 6.5.It has been cdculated, every 100cm™ in the centre of the microwindow,
for a microwindow width of 2 cm™* , from 600 cm™ to 2000cm™. On the plot a scde fador of 10”
has been applied. The extreme values of the temperature 180K and 27K are considered; we can see
that the @solute eror deaeases when T deaeases and when the frequency of the microwindow
increases. This effed can be explained by considering that, for T=250K, the Planck function hes its
pe& value aound 500cm*, so that the linea approximation kecomes better when the derivative of
the B functiontends to become wnstant, i.e. at high frequencies (far from the pe&k).

Whil e the predsion d the cmmputationis not affeded by this approximation, there isa saving d the
CPU time due to the dimination d the computation d some thousands of exporentia functions
(onefor eath pant in fine grid) for ead microwindow.

A runtime test onthe smulation d a0.25cm™ wide microwindow containing 74transitions led to a
time saving d abou 10%.
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Fig. 6.5: Absolute difference between the theoreticd value of Planck function and its linealy interpolated value. A
scde fador of 10 is applied. These differences are cmpletely negligible if compared with the NESR, whase values
range from 50nW/(cm™ sr*cm'™) in the wave-number region around 80@m™ to 4.2nW/(cm™ sr*cm'™) around 2000cm™.

6.6 Finiteinstrument field of view.

The problem of finite field of view isa @mnsequence of the fad that:

o theinpu digphragm of the interferometer has non-zero anguar size

¢ light from an extended source ¢oSSS it;

¢ this urceis charaderised by averticd exporentia energy dstribution.

These fadors have two main effeds; a modificaionin the ILS and a modificaion in the ‘effedive
tangent altit ude of the spedrum.
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The dange of the ILS in the spedfic case of MIPAS redanguar aperture, with a verticd
exporential energy dstribution acossit, have been analysed by L. Debouill e and G. Roland (1995:
they foundthat the use of aredanguar aperture aedes a small asymmetry in the ILS, bu even the
strongest exporential energy dstribution acossthe field of view does nat significantly affeda the
ILS, cdculated in the cae of homogenous urce

The other effed is that the exporential distribution introduces a non-negligible diff erence between
the geometricd tangent altitude, defined by the centre of the inpu digphragm, and the ‘spedral
tangent height’, that is the position, alongthe verticd scde, of the mean emitted signal.

Delboull e and Roland (1995 foundthat corredions (dependent on the moleaule) upto nealy 1 km
have to be gplied to tangent altitude when the rate of change of the enisson is of the order of a
fador threeper kilometre.

We have verified that, at least at low tangent altitudes, negleaingfield o view effea brings an error
in the spedrum of H,O and CO, bigger than NESR.

The antenna pattern of the field of view provided by ESA was initialy represented by a spread in
the dtitude domain FOV(2) constant as afunction d atitude and d shape equal to atrapezum with
the greaer base of abou 4 km and the smaller base of abou 3 km. Recent measurements on the
MIPAS flight modue indicated havever that the MIPAS FOV can be more alequately represented
using a piecavise linea shape. A tabulated piecavise distribution isin fad the FOV representation
presently adopted in the ORM/OFM.

According to these aguments, the dfed of field of view can be taken into ac@urt in two dfferent

ways:

e by usingan equivalent observation geometry,

e by performing, for ead spedra frequency, the convdution ketween the spedrum and the
antenna pattern (Sed. 4.4.3:

SF(0,2) =90, p(z))*FOV(2). (6.6.)

Sincethe equivalent observation geometry is grondy dependent on the moleaule, the second otion
has been chasen.

The standard method wsed in this caseisto perform anumericd convdution with the FOV function
after repeaing forward model cdculation for a number of lines of sight that span the a user-defined
verticd range aroundtangent altitude.

In order to reducethe number of computations, the following ogimisations have been implemented:
e convdution d the high resolution spedra with the apodsed instrument line shape, before taking
into acount FOV effeds, in order to operate FOV convdution in the arse frequency grid,
instead of the fine grid.
¢ interpolation d the spedra cdculated at the tangent presauresto determine the dependence of the
spedra a afunction d atitude; the result is used to perform an analyticd convdution.
Thisinterpdationiscriticd: it doesn’t seem reasonable to use ahigh ader interpalation extended to
remote tangent altitudes, because the spedrum correspondng to a particular layer depends on the
value of temperature and VMR profiles at that layer, and these ae nat necessarily related with those
at layers above and kelow.
For this reason, an improvement in the gproximation can na be obtained increasing the order of
interpolation byincluding spedra & remote tangent atitudes, bu must be obtained increasing the
number of simulated spedra used for the interpolation between two contiguous tangent altit udes.
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Some tests have been performed for determining the minimum number of spedra necessary for
performing a wrred interpolation.

The aiticd asped is given by dscontinuities in the rate of change of temperature and d moleaule
density with the dtitude.

The most criticd moleaules are H,O and CO,. H,0 has a strongrate of change in VMR profile, and
hence in density profile, in the troposphere, bu also CO, , which is charaderised by a @nstant
VMR, is grongy affeded by change in temperature nea the tropopause.

At higher altitudes the profiles don't show significant change in the VMR slope, with the only
possble exception d O, and HNO,, and FOV effed are expeded to be less sgnificant.

Tests on CO, were performed by comparing the analyticd convdution, made using interpolated
spedra between three spedra & three ontiguows tangent presaures, with a numericd convdution
between spedra mrrespondng to tangent altit udes distant 200 metres and the FOV function.

The results on tests on CO, are reported in table 6.3, where the aror in tangent altitude is written for
different microwindows.

MW  TA—> 8 km 11 km 14 km 17 km
{

12PT37 33 70

13PT38 20 85 15

14PT41 85 5 20

15PT44 20 85 5 15

Table 6.3 Results of comparison ketween reference numericd convdution d field of view and analyticd convdution
using interpolation with 3 contiguows gedra, for some of the microwindows sleded for p-T retrieval. The earor in
atitude ae expressed in metres.

These erors are accetable, acwording to the accetance aiteriareported in sedion 3.

Therefore, for CO, and, consequently, for all the other moleaules, except water, interpolation can be
built from spedra cdculated at three ©ntiguous tangent presaures.

In this case, the interpolated spedrum is represented by:

S'(o,2(p)) = cofy( o) + cof( o) - z+ cof5( o) - 22, (6.6.2

cof, , cof, , cof, are the wefficients of the interpolation cdculated, for eat frequency, from the
values of spedra & the mnsidered tangent presaures.
The spedrum with FOV is given by:

SF(o,2(p)) =] S' (o, 2(p))- FOV(2) - dz, (6.6.3

Theintegral can be eaily cdculated anayticaly.

Tests on H,O have shown that at low dltitudes, up to the boundry between troposphere and
stratosphere, the interpoation with three spedra @ three @ntiguows tangent presaures produces
discrepancies between the analyticd and numericd (‘exad’) convdution.

These discrepancies can be reduced cdculating an additional spedrum at a tangent atitude
intermediate between two contiguows tangent atitudes, and hence drawing a quartic order
paynomial throughfive spedra (seeTable 6.4).
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Because of these results, the retrieval program has been made flexible for the computation o
additional spedrain some spedfic cases. This does nat represent a big increase in computing time,
because alditional spedrahaveto be cadculated orly in the tropasphere, and orly for H,0.

uvi\/s TA > 8 km 11 km 14 km
1H,02B 26 17 21
2H,03 24 74 21
3H,04B 20 42 24
4H,05B 30 17 24
5H,06B 47
6H,033 23 116 22

Table 6.4 Results of comparison ketween reference numericd convdution d field of view and analyticd convdution
using 5spedrawith tangent heights 1.5 km distant, for some microwindows sleded for retrieval of H,O VMR.
The equivaent error in tangent height is expressed in metres.

It has to be underlined that, using this approacd, the aror due to the interpdation is very small
when the mean tangent altitude of S coincides with that of one of the smulated spedra. The aror
increases when an dff set isintroduced.

The final validation d the model for taking into acournt FOV has been dore using RFM spedra.
Work is gill in progressto improve the model in the caes where significant discrepancies with
RFM spedra have been found.

In Fig. 6.6the values of the reference spedrum with FOV at a significant frequency at diff erent
altitudes is plotted as a function d the @rrespondng spedrum obtained by analyticd convdution.
The deviation d the aurve from a straight line indicates the presence of a variable aror. This
variation as afunction d the tangent altit ude off set indicates the presence of a potential error in the
computation d the analytica derivatives with resped to tangent presaure (seebelow).
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Fig. 6.6 In this plot the values of the spedrum at a significant frequency cadculated with a analyticd convdution at
altitudes between 6.5 km and 125 km are plotted as a function d the mrrespondng values of the spedrum cdculated
with reference numerica convdution. A microwindow seleded for p-T retrieval has been used.

The analyticd derivative with resped to tangent presaure, oktained by the foll owing caculation:

dsF  dst  dz
dptand T dz 'dptang'

(6.6.4

(the relation between z and p is derived by Hydrostatic eqili brium equation) has been compared |
with the numericd derivative, cdculated using two spedra that take into acourt field of view and
are charaderised by adifferencein tangent altitude of 200 m.

A percentage diff erence of the order of 10-15% is obtained (seeFig. 6.7).
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Fig. 6.7 Numericd and analyticd derivatives with resped to tangent presaure for a microwindow seleaed for p-T
retrieval, tangent atitude equal to 11 km.

Tests performed so far have shown that this error on tangent presaure derivatives does not increase
the number of iterations required for reading the convergence however, in case this error shoud
turn-out to be too large when deding with red data, further efforts must be made for the
improvement of the interpolation d the spedra.

6.7 Analytical derivatives

6.7.1General considerations

In contrast to numeric derivatives for which many reruns of the forward model are necessary,
anayticd derivatives can be cdculated from parameters determined duing the forward model
cdculation. Obviously the use of analyticd derivatives makes only sense if the time consumption o
their cdculation is considerably smaller than the recdculation d the forward model. As a rule of
thumb this is the cae if the determination d the analyticd derivatives avoids the recdculation o
the ésorption cross ®dions and if they are sufficiently predse that no extra iteration steps are
necessry.

The basic equation d the derivative of the spedrum S with resped to an unknavn variable g/

(temperature, pressure or volume mixing ratio) on the levels to be retrieved is (for cleanessof the
equations we omit here the dependence of S on the wavenumber and the tangent atitude and
consider only one asorber spedes, i.e. omit index m onthe gases):

ds
ret

N & e (=] I e e
d 2 k(TG -2 k(TP
dq ~dqe 2B e e 673
1=1

where N = total number of optica paths used to cdculate the radiative transfer
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T° = equivalent temperature of the layers
p’ = equivalent presaure of the layers

C = column amourt of the ebsorber spedesin ead layer

ds _ZN:dBl (T°) Zk(T PG fik,-(Tf,p,-e)cj

e’ -e
dg® 4~ dg®
;k (T pJ)CJ 1-1 ko (T'e1 pJ ) k e dCJ
ZBATI e Al age P gy .
= r
N —zl:kj(Tje!pje)Cj | —dk(Te p ) dC
— B Te e j=1 # k Te1 J

To evauate this expresson, the values that have to be alditionally cdculated inside the forward

e
model are the derivatives of the Planck function dlj (I't ) , the derivative of the ésorption cross
e e
sedions w and the derivatives of the asorber column dcr:'a :

r

derivatives in a more eplicit form, we have to regard that the Curtis-Godson layer values T,°, pf

and C, are dependent on the values of temperature, pressure and vdume mixing ratio at the levels
which are used for the radiative transfer (T™¢, prr]nOd X™4) These ae themselves dependent on the

levels where the unknowns are retrieved (T, p/®, X|9).

Te[-l-mod -I-ret,pr )pn (-I-ret’pr )erd(Tra,pr ’ )]
pF = PET (T, i), o (T, o), X (T, pr, x| (6.7.3

C = T (T pr), (T, i), X (1, b, x|
Finally the derivatives can be written as:

dB(T°) _ AB(T°) dT

ddet ﬁﬁe ddet

di (T°, ) _ (5 p0) dT° K5 pY) di
dor® A dg® A dg*®

dc,  dg

ret

dg® dq

(6.7.9
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with
dT|e ~ 5|_|e d-l-nrmd+ Jﬁe dpnrmd+ Jﬁe err;nod
dd* A dq® PP dg® X dg®
dof _ & di™  Af dp™ A dxp™ 6.7
dd* A dq® PP dg® X dg® "
o _ & dy™ & odp? & odxg”
df* A dq® PP dg® Xy dg®
and

mod mod ret mod ret
dT™ _ Ay A
dqrfet Jl-ret ret ret ret

r r r r
dp™ _ ol g ™ Ay
dqrret Ofrl-rret rret rret rret
dx7™  oxP™ ar' oxT i ax e ox

= + +
ret ret ret ret ret ret ret
dqr éTr r r r Of’Xr r

(6.7.6

In (6.7.9 and (6.7.9 implicit summations are assumed where arepeded index is present.

6.7.2Derivativewith resped to the olume mixing ratio

The diff erent contributions of the volume mixingratio derivatives are investigated.
When changing the volume mixing ratio the major effed to the derivative (equation (6.7.2) is the

dc,
ret -
r

term the residual errors with resped to the total derivatives are ebou 1-10%, with the largest errors
nea the tangent level.

change of the gas columns in ead layer: Test cdculations have shown that using orly this

BT g T 00)
ret er

r

These arors are due to negleding terms mainly throughthe dependence

dB (T,°)

ret
r

of the Curtis-Godson value T,° on the volume mixing ratio. Adding the dfed of to ou

previous cdculations reduces the erorsto abou 1-5%.
In order to further improve this derivative alot of effort is nealed: it is necessary to determine

e e e e e e
P for which (equation 6.7.9 TP gng K0P 1y e caculated:
dx a D

r
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e e Z Ly (Tle)A1,Ii (T°, pf)]
& (T7,p7) _ l
e e (6.7.9
A4 (T°) N (T, p)
= (Te, pe) M eyt T
;{Au.( L P) T Lm(T) e
and
e o aZ[LI,Ii(TIe)ALIi (7%, p|e)] e o
& (T, 'pl): l :ZLll'(-ﬁe)aAi'“(-ﬂ Pr) 6.7.8
2y 2y =i 2y
where li =index for the different lines

A i (T%, p7) = line shape of linel
L, (T) = lineintensity of lineli

It is easy to caculate the derivative of the line intensity with resped to T,° but the derivative of the

line shape is more problematic. Also if there would be apaossbhility to cdculate it this would na
save omputation time, since the formula would be more cmplicaed and would need more
cdculation time than arecdculation d the whale spedrum.

In any case, these cdculations have to be dore for ead single line during the cdculation o the
dG

ret *
r

Therefore the baseline for our program is to compute analyticd derivatives which orly contain
dG
dx’e’

improvements can be obtained by reducing the layers thickness $nce this minimises the influence

of the other contributions to the whole derivative.

absorption cross ®dions. This needs much more time than the caculation d the quantity

In case in future it turns-out that the acairacy of these VMR derivatives is not satisfadory,

6.7.3Derivativewith resped to temperature

B (T°)

e
|

The main contributions to this derivative result from the derivative of the Planck function

a, (T
(equation 6.7.4 and the derivative of the line strength M The larger is the temperature
e
|

dependence of the line strength, i.e. the bigger E” and the more important is the latter derivative.

B (1)

Therefore, in ou tests, the erors when orly taking into acourt e
|

range from 5-40%. Since,
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éLI,m(TIe)

as we said abowe, the cdculation o has to be dore during the caculation d the

, . . : . T,° o
absorption cross ®dions, it requires much more time than % . Our basdlineis nat to cdculate
|

the analyticd derivatives with resped to the temperature and use numericd derivative instead.
However, the numericd derivatives are implemented in an ogtimised form (i.e. the cdculation d
spedra with the ‘ T-perturbed’ profiles is parall el to the one with the ‘original’ profile), and nd by
just recdli ng the forward model.

6.7.4Derivativewith resped to the atmospheric continuum

The derivative with resped to the @amospheric continuum can easily be performed since the
continuum is taken into ac@urt as an absorption cross £dionwhich is multiplied bythe ar column
of eat path. The Curtis-Godson temperatures, presaures or the total air column do na change when
varying the continuum cross ®dions. Equation 6.7.1can be written as:

ds d N g e 2
dkoont,ret = dkoont,ret Z a(TI ) € —€ (679
' ' I=1

andfor 6.7.2foll ows:

N < cornt,e~air I cont,e~air
IR ke XK L —dk™
S Soamfo FT e B e
dkcont,ret = dkrcont,ret ] = kCOI’]t Jret ]

(6.7.10

k™" are the continuum absorption cross ®dions of the forward model layers and are therefore
dependent on the forward model levels (k®™™%) which are themselves dependent on the levels
where the continuum hasto be retrieved (k™™ ):

dkicont,e ~ dﬁcont,e d<r?0nt,mod

= (6.7.1))
dkrcont,ret d<r<]:0nt,mod d(rcont,ret

The baseline isto use these analyticd derivatives.

6.7.5Derivativewith resped to the tangent presaure

The main effeds of this derivative result from the dange of the wlumn, the dange of the line
shape and the change of the temperature with the tangent presaure. For the modelling d the dhange
of the line shape it is necessary to do cdculations in the domain o the asorption cross ®dions
which are very time onsuming. Therefore, we dedded nd to cdculate this derivative a given by
the formulas abowve, bu to determine it during the @nvdution with the FOV-function. The
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spedrum S© (o, p) is cdculated for the field of view function FOV centred at the tangent presaure.

Since the wnvdution with the FOV is an analyticad expresgon, its derivative with resped to the
central presaure of the FOV can be eaily olbtained.

Our baseline is to use this kind o analyticd derivatives for the cdculation d the derivatives with
resped to the tangent presaure.

6.7.6Independence of retrieved variables

The Jambian matrix (equation 4.2.6 contains the partial derivatives of the spedrum with resped to
the parameters. Therefore, whil e performing the cdculation d the derivatives, ore has to take cae
that either they are partia (if parameters are dependent) or that the parameters are independent
(cparameter; /dparameter; = 0,Vi = | ), so that the partial derivatives are egual to the total ones.

This asaumption is clealy fulfill ed for the volume mixing ratio retrieval where the parameters are
the volume mixing ratios and the @mntinuum cross gdions at the tangent levels and the instrumental
off set.

During the p-T retrieval one has to be more caeful since (due to the optimised cdculation d the
tangent presaure derivatives, cf. 6.7.9 varying the tangent presaure implies also a dange of the
tangent temperature and d the @mospheric continuum on the tangent levels. This difficulty
disappeas when we define for ead iteration cycle & the fitted parameters the new tangent presaure
and the temperature and continuum cross dions at the tangent presaures of the previous iteration.
In a subsequent step the new temperatures and continuum cross gdions at the previous tangent
presaures are interpolated to the new tangent presaures.

6.8 Convergence citeria

In Sed. 4.2.4 four posshle mndtions have been considered for the definition o readed
convergence These ae:

1. A small relative variation o y” with resped to the previousiteration (Eq.(4.2.19).
2. A smal maximum corredion applied to the parameters vedor (Eq.(4.2.19).

3. A small relative difference between the y* value cdculated at present iteration and the value
estimated with linea extrapalation at the previous iteration (Eq.(4.2.16).

4. A maximum alowed number of iterations (Eq.(4.2.18).

While @mndtion 4isonly used to avoid loops in case of convergence difficulties, ead o the other
three ondtions hasimportant physicd implications.

Condtion lindicates that a minimum has been readed and the desired level of exploitation d the
available information hes been oltained. This does not guarantee however, that in retrieved
parameters the randam errors of the observations are mapped to the desired level of acairacy so that
systematic arors do nd dominate in case of averaging. Furthermore, in case of nonlineaities a
false onwvergence may be obtained.

Condtion 2indicaes that the desired level of acaracy has been readed in the determination d the
unknownns, however, if a @nservative threshold is applied at al the dtitudes, it may be very
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difficult to med this requirement. The dternative condtion 2bis (Eqg.(4.2.15bis)) may be eaier to
med, bu can provide false mnvergence d the beginning d the iterative process

Condtion 3indicaes that alinea region hes been readed by the iteration process(the reliability of
the test islimited bythe acaracy of the derivatives cdculations).

Both condtions 1 and 2 are nealed to assess the quality of the solution with resped of both
measurement error and retrieval acaracy requirements. Condtion 3is neeled to asessthe validity
of condtion 1.

The scientific code baselineisto use a convergence aiterion the result of the OR operation applied
to condtions 2 and 3.The thresholds used for condtions 2 and 3must be optimised experimentally
with suitable tests.

6.9 Pre-calculation of line shapes

This item concerns the line shape cdculation in the case of HNO, lines. Since alot of lines have to
be taken into consideration in HNO, microwindows thisis a very time cnsuming part of the VMR-
retrieval process In order to ogtimise this caculation we can use the fad that in the HITRAN data
base the HNO, lines have the same Lorentz half width and coefficient of the temperature
dependence (equation 4.4.12. It is therefore not necessary to recdculate the line shape (equation
4.4.15, bu it can be cdculated orce d the beginning d the aoss dion cdculation for a new path
(P T, pair) and wsed for al other HNO, lines of the microwindow. For ead transition the pre-
cdculated line shape is then centred at the centra frequency and interpolated to the wavenumber
grid of the microwindon. This interpolation is performed linealy. The resulting error was
determined by test cdculations. The maximum diff erence between exad cdculation and wse of the
interpolated pre-caculated line shape was NESR/88. Due to this snall value of the introduced error
andto the time saving d 66%, our baselineisto use the pre-cdculated HNO, li ne-shapes.

6.10 Different grids during the aosssedion calculation

Up to nav we asumed, that the aosssedions are cdculated at ead grid pant of the fine grid, in
which also the radiative transfer cdculations are performed. The interval between two gid pantsis
of the order of 5x10° cm™. Tests indicated that a reasonable and conservative value for the interval
between two fine grid pdnts can be 5x10* cm™. This value, which can in principle be optimised in
terms of faster computations, as been adopted as baseline. This results in 4000 pints for a 2 cm™
microwindow where aoss dions for ead transition have to be cdculated. Therefore, the runtime
is diredly propationa to the number of grid pants. In order to reduce the number of grid pants
during the cdculation d cross ®dions two methods are used by recant line-by-line @mdes (e.g.
Edwards, 1991 Gordley, 1999:

1. the grid can be arser far off the line centre than nea the centre.
2. the grid can be propartional to the half-width of theline, i.e. it can be dependent on the pressure
of the layer for which the aosssedions have to be cdculated.

These two methods have been implemented into the subroutine for the line-by-line cdculation o
cross gdionin the following way:
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In addition to the mnstant general fine grid (4% =5x10* cm™) two gids, the locd coarse (A°) and
the locd fine grid (A4'"), are defined for ead path where the aoss ®dions are cdculated. The grid
distances are multi ple integers of ead ather:

, (6.11.9
withn,me N, and1<n, 1<m

e m, which determines the locd coarse grid, is a test parameter which can be varied duing the
optimisation phese.

e n is the neaest positive integer value so that A" zﬁ(aLm +aDm), where o', a°

m are the

Lorentz and the Dopper half width of the target gas transition with the largest intensity, and & is
aseond ogimisation parameter that determines the period o the locd fine grid.
e The third parameter ¢ defines the distance g(aLm +aDm) of the transition between locd fine

andlocd coarse grid from the line centre.

Following the cdculation d the aoss ®dions for al lines of the microwindow both gids are
linealy interpolated to the general fine grid.

Run time tests with this implementation showed a mnsiderable time saving for the cdculation o
the dsorption cross ®dions of more than 50%.

6.11 Crosssedion look-up tables

The use of pre-computed look-up tables (LUTS) is an alternative method to the explicit li ne-by-line
cdculation d absorption cross ®dions (equation 4.4.§. The basic ideaof this methodis to pre-
cdculate for ead frequency grid pant the ésorption cross ®aions of eat gas for a set of different
presaures and temperatures within the range of the amospheric variability. These data ae stored in
files which are real at the beginning d ead retrieval. Then they are interpolated to the equivalent
pressure and temperature of the @mospheric paths (p,, T, pairs). Since the frequency grid in which
the aoss dions have to be cdculated is rather fine (5x10* cm™, seeSed. 6.10 the anourt of data
islarge.

In arder to reduce the anourt of data mntained in the look-up tables and their realing time, a
compresson procedure has been studied at University of Oxford (seeMorris (1997). The dgorithm
used to buld compressed look-up tables and procedure for the decompresson are based on the
matrix singuar value decompasition applied to the aosssedions and is described in Strow et al.,
(1998.

Sinceversion 2.3,the ORM code is able to hande these compressed look-up tables, including cases
in which the look-up tables are available only for a sub-set of the operational microwindows and /
or for asub-set of the gases contributing to the emisson in ead microwindow.

The importance of time savings obtained using LUTs instead o line-by-line caculations depends
very much onthe considered retrieval. Largest savings are obtained in the cae of HNO, retrieval
(38% reduction o forward model runtime), less sgnificant savings (15% reduction o forward
model runtime) are obtained in the caes of O, and CH,. In ather cases the use of compressed LUTSs
provides notime savings (N,O) or an increase of computingtimelikein p,T and H,O retrievals.
LUTs represent an ogtimisation d certain efficiency only when irregular frequency grids (see Sed.
6.12 are used in combination.
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6.12 Variable frequency grids for radiativetransfer computation

Limb radiance spedra cntain spedra feaures on a range of scdes varying from the narrow,
isolated, Dopper-broadened line canters at high altitudes, to wide, overlapping, Lorentz-broadened
line wings from low altitudes.

Therefore, a minimum subset of spedra grid pants (irregular grid) can be determined that are
sufficient to reconstruct full radiance spedra, applicable over a range of tangent atitudes and
atmospheres. Full radiative transfer caculations are then ony required for this subset of paints, the
remaining fine grid pants are obtained using a pre-determined interpolation scheme. The irregular
grid isafunction d the microwindow boundiries, the chosen interpalation scheme and the spedral
convdution represented by the Instrument Line Shape.

Typicdly it isfoundthat only 5-10 % of the full resolution grid is required for recmnstruction d the
spedra. When combined with the Look-Up Tables, this also means that absorption crosssedion
only has to be remnstructed at the same fradion d grid pants resulting in even more dficient
optimization. On the other hand, the use of irregular grids does not reduce the computation time of
the dgorithm for line-by-line evaluation d the aosssedion. This algorithm in fad alrealy uses its
own internal, line-spedfic, irregular grid (see Sed. 6.10 and takes little alvantage from the
externally provided ogimized grids.

Since version 2.3,the ORM code is able to exploit externaly provided, microwindow-speafic
irregular grids. Due to the very significant time savings obtained with the combined use of LUTs
and irregular grids (a fador 10 onthe @mputing time of the full retrieval chain) and to the
small nessof the introduced inacarrades (< NESR / 10 in spedral radiances), the ORM baseline is
to useboth LUTsand irregular gridsin operational retrievals.

The aoption o irregular grids also takes care of the frequency dependent optimisation d the fine
grid baseline.

Both LUTs (see Sed. 6.1 and irregular grids optimized for MIPAS microwindows are aurrently
cdculated by a dedicaed agorithm developed at Oxford University (seeMorris, (1997 and Wells,
(1997). A summary description d thisagorithm isreported in Appendix D.
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7 - Validation of the choices and future work

Several physicd and mathematicd choices made for the design d the scientific code require ether a
“tuning” for the optimisation d some variables or a validation for an experimental assessnent of
the criticd assumptions that have been used to progressin the study.

Presently, severa inpu parameters have drealy been tuned on the basis of comparisons between
spedra simulated with dfferent levels of acaracy. Also, most of the adopted choices have arealy
been validated by results of intercomparisons with the RFM. However, severa assumptions
regarding bah the instrument and the amospheric model still require afinal validation onthe basis
of red measurements. Some work has already been dore in this diredion by anaysing badh
MIPAS-B2 (Din€lli et a., (2000) and ATMOS (seee.g Flaud and Piccolo, (2001)) data sets with
the developed retrieval algorithm. However these instruments are significantly different compared
to MIPAS / ENVISAT in particular, MIPAS-B2 operates from a stratospheric baloon, while
ATMOS measures absorption. For this reason we exped that very important outcomes may still
emerge from the cdibration and validation adivity planned for the mmmisgoning ptese (Piccolo et
a., 200).
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Appendix A: Memorandum on determination of the VCM of engineering
tangent heightsin MIPAS

Prepared by M.Riddfi and B.Carli, (22 July 1999
Al. Introduction

The ORM code uses engineging panting information in p,T retrieval. This information is included
in the retrieval using the optimal estimation method, therefore dso a variance-covariance matrix
(VCM) is nedaled for a proper weighting d engineaing data by the inversion algorithm (see Sed.
4.2.9. Since MIPAS painting system is presently charaderized orly by very general engineeing
spedficdions, some assumptions must be made and an algorithm must be set up to buld aredistic
VCM of the engineaing tangent altitudes, starting from the spedfied performances. Based onthe
results of this agorithm, a suitable strategy must be studied for an efficient storage of MIPAS
pointings VCMs in Level 2 framework.

In the present memorandum we daborate an algorithm for deriving aredistic VCM of pointings to
be used by p,T retrieval and subsequently propcse astrategy for storing these VCMs in Level 2
framework.

A2. MIPAS pointing performance

The VCM of paintings is built on the basis of some pieces of information provided by British
Aerospace(BAe) which isresporsible for the platform and for compili ng the pointing budgts. BAe
reports MIPAS poainting stability for 4.0 and 75s time intervals for the three satellite axes (x-axis
being the most criticd for MIPAS pointing acarracy). x-axis gability, in terms of tangent altitude,
is.

o 230m for 4 s gability

o 660m for 75 s gahility
BAe provides also the total pointing acaracy:

o 2000m isthetotal acairacy

The reported values have a onfidence level of 95.46, meaning that the @dowve values are not
excealed in 95.4% of the caes. The arors are nat purely gaussan becaise they include eg. linea
drifts due to temporary unavail ability of the stars used by the satellite star sensors. However, in
order to exploit the formalism of the statistics, we will consider these erors as gaussan with
standard deviation equal to half of the @owve reported figures (Note: we ae asuming that the
stability provided by BAe is an excursion from an average value, a quarter shoud be used if the
provided valueis a pe&k-to-pedk excursion).

BAe tells aso that for time intervals between 4 and 75s no analyses have been made, however in
these caes, the best approximation is to linealy interpolate between the aowve reported figures.
This approximation will not be exploited in the proposed algorithm becaise it does not provide
redistic stability figures for time intervals much shorter than 4s and much longer than 75s. In
Sed.A3 amore sophisticaed interpolation scheme is proposed.

Anacther assumption we will use in the following is abou the speed of MIPAS interferometer. We
asuume that MIPAS will be dways operated at a5 cm/s Peed independently of the adopted spedral
resolution. Furthermore we will assume the ‘turn-around time, i.e. the time required for speed
inversion and pasitioning d the limb-scanning mirror, to be equal to 0.45s. Scans with altitude step
greder than 10 kn charaderized by a turn-aroundtime greaer than 0.45s will not be mnsidered
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here. In this hypahesis the time At required for measuring a sweep with resolution identified by
MPD isgiven by.

MPD(cm)
m/ s

. At(s) = +0.45s

A3. Algorithm

From the abowe figures, the total painting error (oor =1000m) can be intended as absolute aror of
the individual tangent heights, while the stability spedficaions can be eploited (as it will be
explained) to derive the correlations between tangent heights.

Let's cdculate explicitly the crrelation c; ) between two generic tangent heights z and z,

asauming that they have been measured at timest andt,. The general expresson d the rrelation
provides:

N
Z(Zi(j)—zi)(zk(j)—zk)
Cik = = I (A1)
N N 2
[Z(zi(nz. ] [Z z(1) - %) ]
j=1 j=1
where z; isgiven by
N -
ZZZI( (A2)
j=1

and the index | ranges over an hypdheticd set of N measurements of the tangent heights z and z,
withi,k=1, 2, ..., N g (N_g = number of sweegpsin the considered limb-scanning (LS) sequence).
Let'sindicae:

(N =(z())-27) (A3)

&j(]) isthe aroron z(j) inthesensethat it isthe deviation o z (j) from its‘true’ value which
isrepresented bythe average of equation (A2).
If the two tangent heights z and z, have been measured at timest, andt, such that At = [tj —ty |, their

errors canna differ too much due to the stability speaficaions of the pointing. In particular we will
have:

e (1) = 1)+ (1) (A4)
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where d ¢ (j) isarandam term with standard deviation o ;. In order to caculate o ¢ from the
spedfied short- and long term stability we will use the foll owing function:

O At = Otot -(1— exp(—a-Atﬂ )) (A5)

with o and 3 constants determined imposing o pi—4s = 045 ANd O zt—755 = O 755, Where o45= 115
m and o75s= 330m are the standard deviations associated respedively to the 4s and to the 75 s
spedfied stability. Please note that, asit islogicdly required, expresson (A5) provideso o = O for
At= 0and o = oot for At = 0. The behavior of o ¢ asafunction o Atisplottedin Fig.AL.
The standard deviation d g (equation (A3)) can be expressd as:

N

Z k(J)— Z[e.(nwm(n]
j=1 J =1
N
2.

Z||—\

(J)+—Z€|(J)5At(J)+—Z5At(J)— (A6)

1
N =

ol +— 2& (J)5At(l)+_z5 (1)

Now, since g must have standard deviation equal to oqt, from equation (A6) we get:

z€|(l)5m(l)———z5 (J) (A7)

=1

Substituting expressons (A3) and (A7) in (A1) we obtain:

Zgl [5| +5At(J)] 25 (1) 5—2

Cik = =1- =1- A; (A8)
Norio 2Noy 20 {ot
Where in the second step we have used:
L
> & (i)
j=1
P a— (A9)

N

Considering that:
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2 _ 2 <2
Nt =0 at TOAr (A10)

and that, from heuristic considerations, it shoud be:

=2 2 2 2 2
0 ° = 2010t =0y =200t/ Ttot — O pt (A1D)

equation (A8) becomes:

2

O At
Cik =41-— (A12)
Otot

From a more quditative paint of view, this very simple result can also be justified as follows. The
tangent height z,_has two error comporents: the first comporent (o) is linked to the measurement

of the neighbaing tangent height z, the seand comporent o ,; does not depend on pevious
measurements. The two components must satisfy:

2 2
Ot +O1 = Otot (A13

since the eror asociated to z is oyqt, the crrelation between tangent heights z and z is by

definition:
[2 2 2
Ctot — O o
1 O At _ At (A14)

C' = =
K tot Otot ol
tot

where the value for o1 has been extraded from equation (A13).

Equetion (A12), together with expresson (A5) provides the tod for cdculating the correlation
between two generic tangent heights z and z. Thistod can be exploited for computing the VCM V
of the tangent heights whose dements'V,, are given by.

2
Vi k =Ttot "G k (A15)

The VCM V* relating to the differences between tangent heights (whase inverse is used by the
ORM) can be obtained throughthe transformation:

vZ=gvat (A16)

where J is the jambian matrix that represents the linea transformation leading from tangent heights
to dfferences between tangent heights. If we indicate with Az = z; 1 — z;, the jacobian J contains

the derivatives:
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5 (A ) -1 ifi=k
Zi -
Jik = . V=41 ifi=k-1 (A17)
: - _
K 0 in theothercases

withi =1, ..., NLS-landk: 1, ..., NLS'

A4. Softwaretool

A very smple software too has been implemented that computes the VCMs V and V* of MIPAS
pointing system using the eplained agorithm. Besides the parameters defining pointing
performances described in Sed.A2, the only inpus of thistod are the max. path dfference and the
number of sweeps of the limb-scanning sequence for which we want to cdculate the VCM of
pointings. The outputs of this program are:

correlation matrix of tangent heights

VCM of tangent heights

correlation matrix of differences between tangent heights
errors on dff erences between tangent heights

VCM of differences between tangent heights

inverse of VCM of diff erences between tangent heights

AN N NN

A5. Results

In Fig. A2 we report the correlations between dff erent tangent heights for a scan of 16 sweeps and

MPD = 20 cm as a function d the sweep index. In Fig. A3 we report correlations of differences

between tangent heights for the same scan of Fig.A2 as afunction d the index. The same quantities

are reported in Fig's A4 and A5 respedively, for a scan of 16 sweegs and MPD = 5 cm (reduced

resolution).

In the alopted approad, the @solute arors of both tangent heights and dff erences between tangent

heights are mnstant with altitude. The arors on dfferences between tangent heights depend

however onthe seleded MPD. The dependence of these arorsonthe MPD is shownin Fig. A6.

General comments are:

e the asolute gror ontangent heightsis a constant (does nat depend onMPD)

¢ the arrelation ketween tangent heights increases when deaeasing the resolution (i.e. deaeasing
MPD)

e deaeasing the resolution, in consequence of the increased correlations, the erors on the
diff erences between tangent heights deaease (seeFig. A6).

AG6. Adopted strategy for handling pointingsVCM in Level 2 framework

The quantity required in inpu to the ORM is the inverse of the VCM of the differences between
tangent heights. Given the invariance of the obtained results with resped to the swee index we the
foll owing approach has been adopted for storage / handing d pointingVCM in Level 2 framework.
Thefile ‘PI_VCM.DAT’ (defined in the ICD document, PO-IF-DOG-GS-0002, Isaue 1c) contains
VCMs of the tangent heights tabulated as a function d max. path dfference The tabulated VCMs
refer to a scan with a maximal number N ,5,0f swegs (e.g. Npax = 30 swegs). Given a scan
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with Ngy, (With Ngy< Npax) sSweesto be analyzed and max. path d
matrix of dimension Ng,X Ng,, is extraded from the VCM relatin
columns relating to corrupted sweeps will be then removed from this

fference MPD = xx, ablock
g to OPD = xx. Rows and
block. The remaining rows

and columns are transformed acarding to equation (A16) and the resulting matrix is inverted and

provided ininpu to Level 2 procesor.
Despite the diff erences existing ketween the present algorithm and the

dgorithm developed duing

the first MIPAS pT retrieval study (ESTEC Purchase Order No: 142956terminated in Sept.’95) for
the cdculation d pointing VCMs, the results of the two algorithms are cnsistent in the cae of
MPD = 20cm. Presently it isnat passble to use any longer the old algorithm due to the fad that in
the old algorithm the spedral resolution was assumed constant. The analyticd expresson presented
in this memorandum provides a more simple and versatile cdculation todl.

Fig. A1 a: Stability error as a function oftime. Log-scale x
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Fig. &1 b Stability error as a function of time. Linear scale x
04 T T T T
sigma_dt.dat
Specifications ——+—-
035

03

0.25

0.2

Stability arror (km}

016

DA

005 -/ -
]

0 i 1 I I I
0 20 40 &0 a0 100

Time interval (s)

Fig. AZ: Correlations between Z, OFD = 20 cm, N. of sweeps = 16
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Fig. A% Correlations between dZ, MPD = 20 cm, N. of sweeps = 16
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Fig. A4 Correlations between Z, OPD =5 cm, N. of sweeps = 16
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Fig. A5: Correlations between dZ, MPD = 5 cm, N. of sweeps = 16
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Appendix B: Evaluation of retrieval error components and total error budget

The recmmendations arising from the 30" MIPAS Siientific Advisory Group meding (ESTEC,
25" and 26" June 1998 regarding total retrieval error (see SAG minutes MIN-MIPAS-0030), can be
summarized by the following statements:
¢ therandam error aff eding the retrieved profil es has two comporents:
= The first randam comporent is due to measurement noise. This comporent is evaluated as
part of the inversion procedure (GaussNewton method) by the retrieval program. The ORM
output files already contain the retrieved profil&(s) variance-covariance matrix obtained from
measurement noise (derived in Level 1b processng) withou scding bythe adua y” of the fit.
This variance-covariance matrix will beincluded in Level 2 prodicts.
= The second randam comporent of profiles error is due to presuure and temperature eror
propagation in VMR retrievals. This comporent will be evaluated, online, by a function
implemented in Level 2 procesor (Framework) and included in Level 2 products.
e Systematic aror ontheretrieved profil es has sveral comporents:
= Contaminants: this error comporent is due to imperfed assumption d the contaminants
profilesin the forward model.
= Horizontal homogeneity error: due to haizontal homogeneity assumption in the forward
model (only T gradient is considered)
Spectroscopic errors. are dueto errors in spedroscopic data used by the forward model.
Instrumental errors. Due to imperfed (frequency and intensity) cdibration d the observed
spedra, imperfea knowledge of the ILS (and d the FOV).
= Modd errors. These ae purely systematic arors biasing the simulated olservations. For the
moment only errors arising from negleding Non-LTE and wising LUTs and IGs in the forward
model are expeded to belongto this group.
Systematic earors in contaminant profiles, spedroscopic data, haizontal homogeneity, and
instrument have some ‘randam’ charader in the sense that, in principle, their value may vary from
retrieval to retrieval. For this reason the rule with which they combine may vary as afunction d the
application. This prevents the cdculation d ageneral purpose aror budgget.
The evaluation d the total systematic errors affeding the retrieved profiles is not a task of the on-
line Level 2 procesoor. The development of a database is planned containing systematic eror
profiles relatingto VMR profiles retrieved using dff erent (pre-stored) occupation matrices. Level 2
products will contain areferenceto that database. Systematic errors will nat be avail able for generic
occupation matrices which eventually could be anstructed online by a function implemented in
the Level 2 procesor.
A scientific software tod was developed for evaluating the different error contributions explained
above and the resulting total error budget. Purpose of the present sedion is to describe the
algorithms implemented in this oftwaretod. The tod evaluates separately:
1. Temperature/ presaure induwced errorsin VMR retrievals
2. Systematic error comporents
3. Total error budggt
asafunction d:
e error quantifiers reported in the microwindow database,
e current occupation matrix, p-, T-error propagation matrix
e current acarracy of temperature/ presaure retrieved profiles

Y
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e user inpu parameter defining the eror comporentsto be taken into account for the evaluation o
total error.

The part of this tod cdculating temperature and presaure induced errors in VMR retrieval

congtitutes a scheme for the implementation d the @rrespondng function in Level 2 processor

framework. If necessary, thistoo may be used for the generation d a database of systematic arors

to be dtadhed to profilesretrieved with dff erent (pre-stored) occupation matrices.

B1. Temperatureand pressureinduced errorsin VMR retrievals

A generic retrieved VMR profiley is obtained throughthe inversion formula:
Tyl VL Ty, -1
y=(KTVaK) KVain=Dn (B1.1)

where n is the residuals vedor, V, isthe VCM of the observed spedra and K is the jacobian of

the VMR retrieval.
An urcertainty A(p, T) onthe asumed tangent presaures and temperatures, translates into an error

An onthe simulated spedra and therefore into an error Ay ontheretrieved profile egual to:
Ay=D-An=D-C-A(p, T) (B1.2)

where C is the matrix acourting for p,T error propagation in the smulated spedra of VMR
retrieval and contains the derivatives:

C . =—_ (B1.3)

The index ‘i’ identifies the fitted spedral points (as a function d frequency for al the
microwindows and all the tangent altitudes) and the index ‘)’ identifies the retrieved tangent
altitudes.
In equation (B1.2) we have assumed D as locdly independent of p,T (always true for small errors
Alp, T)).
Asthe aror onthe retrieved p,T isin ou case described byaVCM V., the orrespondng VCM

V, relatingtoy and dweto p,T error isgiven by.

V, =DCVp(DC)" =EVprE' (B1.4)

where we have defined E = DC. E is the matrix transforming p,T error into VMR error. The order
of magnitude of the dimensions of this matrix are:

E: (16 VMR retrieved pants) x (32 p,T retrieved pants) x (4 bytes/datum) =2 Kb
In principle, matrix E depends on:

e current atmospheric status (p,T and VMR)

o set of adoped MWsin VMR retrieva (Occupation Matrix)
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These dependencies have been studied with full detail sin Raspadlli ni and Riddfi, (2000.

The strategy adopted in the Level 2 framework to cdculate pT error propagation in VMR retrievals

consistsin:

e credingin Level 2 framework a database of matrices E: since matrix E depends on the dhasen
set of MWSs (occupetion matrix), as many E matrices as many pre-defined occupation matrices
must be stored in Level 2 framework. Given the relatively small size of matrix E, this is nat
cause of concern. Matrices E are cdculated by means of sensitivity tests.

e A first order dependence of E on the @amospheric status is allowed. The wefficients that
establi sh the first order dependence are cdculated with numericd tests and ogionally attached to
the E matricesincluded in the database.

e V, isevaluated usingequation (B14).

B2. Systematic error components

The microwindow database @ntains quantifiers for the evaluation d systematic erors affeding the
retrieved profiles. All the quantifiers have the form:

4 -1 MR
% VMR(Z) g,

Agk (821)

where ¢, identifies the systematic aror source. In case of a multi-MW retrieval in which N,,,
microwindows are used a altitude z, the VMR error o, (2) indwed by source ¢, at dtitude z is

given by

(B2.2)

In the case of model errors, which have known sign, (dgk(z))j is the summation d all model error

comporentsrelatingto MW j at atitude z

B3. Total error budget

Asaiming as ‘independent’ the various urces of error affeding the retrieved profiles, the total
error is obtained from the summation d the variance @variance matrices (VCM) conreded with
the different error sources. As for the construction d the MW database the @rrelation among
different altitudes is negleded, the VCM conneded with error sources different from measurement
noise and p,T error are diagonal matrices.

In conclusion, the total retrieved profile aror is represented bythe VCM V., given by.
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, NSYST
Vior =Vy +Vy+ DV, (B3.1)
k=1

where:
the summation extends over al the (N, ) systematic arors, V, is the VCM due to measurement

noise and is diredly provided by the retrieval agorithm (GaussNewton method), V'y is the VCM

conreded with p,T error propagation in VMR retrieval (provided by the dgorithm described in
Sed. B1 of the present appendix) and V¢, is the VCM due to error source ¢, . Vg, are diagord

matrices, with dagoral elements equal to:
Vv, (ii)=oZ(z) (B3.2)

where o, isprovided by equation (B2.2).
In equation (B3.1), the first two terms represent the randam comporent of the profile aror, of
course, in the cae of p,T retrieva V;, does not exist and will not be included in the total error

evauation. The summation appeaing in the last term of expresson (B3.1) represents the systematic
comporent of the profile eror.




- . . Prog. Doc. N.: TN-IROE-RSA9601
C,-,r_ IROE Development of an Optimised Algorithm for Routine p, T and |ssue: 3 Revision: -

VMR Retrieval from MIPAS Limb Emission Spectra Date: 26/06/01 Pagen. 104107

Appendix C: Generation of MW Databases and Occupation matrices

Microwindow seledion is performed by an agorithm which simulates the propagation d randam
and systematic arors througharetrieval and attempts to maximise the information content (Bennett
et a, 1999. Theinformation content of a microwindow increases as the "log" of the determinant of
the total covariance deaeases, total covariance being the sum of the randam and various systematic
error covariances. Broadly speaking, 1 bit' of information is equivalent to a fador 2 reductionin
the uncertainty at one profil e dtitude.

Microwindows are aeded by first sedleding a number of single measurements, identified by
locaion in the spedral and tangent altitude grids, as darting points. Adjacent measurements are
added to ead urtil the information content no longer improves or the maximum width of 3 cm™ is
reated. The best of these trial microwindowsis sleded, the retrieval covariance modified, and the
process repeded for a new set of measurements as garting pants. The procedure of growing
microwindows also alows for measurements within microwindows to be “masked’, i.e., excluded
from the retrieval. Thisusually applies to measurements where the asciated systematic erors such
as the uncertainty in modelli ng a mntaminant, ouweigh any benefit in the reduction of the random
error when considering the total covariance

Initially, a set of typicdly 10 microwindows, or 10000 measurements (whichever occurs first) is
seleded based on the assumption that spedra for al MIPAS bands are available. Further
microwindows are then seleded to maximise information retrieved in situations where data from
different bands may be unavail able. This st of 20-30 microwindows constitutes the database.
Occupation matrices represent subsets of microwindows to be used under different retrieval
circumstances, and these ae onstructed using the same approad: seleding the microwindows
from the database (rather than growing rew microwindows) in the sequence which maximises the
retrieved information. A number of these OMs are precomputed, correspondng to dfferent band-
avail abiliti es, and associated with eatcy of these is a single figure-of-merit representing the
information content.

Further details of the dgorithm used to grow optimized spedral microwindows are included in
Dudha, (2000a), Dudhia, (2000 B andin Dudha, (20017).

From the dowe descriptionit is clea that a side product of this algorithm is the total error affeding
the retrieved profiles as a function d dtitude. By operating the dgorithm withou constraints
limiting the maximum number of observations included in the analysis, it is possble to oktain
ultimate acaracy figures for the parameters retrieved from MIPAS measurements.

Fig. Al reports asummary of the ultimate retrieval acaracy as evaluated in Dudhia, (2000 b.
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Fig. C1: Summary of ultimate acaracy results (from Dudha, (2000 B)
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Appendix D: Generation of LUTsand Irregular frequency Grids (1G)

The aedion d lookuptables and the irregular grids for spedral cdculationsis a processconsisting
of four stages (Dudha & al, 1999.

The first stage is to determine the significant absorbers for eat microwindow. The maximum
radiancefor al potential absorbersis assessed considering atmospheres containing just that absorber
in isolation with its maximum concentration. Any absorber contributing more than 10% of the
NESR is considered significant and added to the dsorber list for the microwindow.

The second stage is to establish the tabulation axis increments in temperature and In[presaure] for
the asorber look-up tables. Largetables (i.e., small axisincrements) of monochromatic absorption
coefficient are initialy creaed for al microwindowv absorbers. MIPAS radiances are modelled for
three different atmospheres (representing naminal, minimum and maximum absorber
concentrations) using these tables and compared with line-by-line cdculations for the same caes.
The tabulation axis increments are iteratively incressed for eat absorber until the maximum
discrepancy reades NESR/30.

The third stage isto perform the singuar value decompasition (SVD) of these tables. Initidly, eah
absorber table is SVD-compressed, retaining 30singudar values. MIPAS radiances are modelled
using the SVD-compressed tables for the three @amospheres as in the previous gage, and compared
with the same line-by-line cdculations. The number of singuar values for eat absorber table is
iteratively reduced urtil the maximum discrepancy reates NESR/15.

The fourth stage is to determine the irregular grid for spedral integration. This garts with the
MIPAS radiances cdculated with the SVD-compressed LUTSs in the previous dage, which are
determined ona regular fine grid (0.0005cm™ spadng) prior to the AILS convdution. Grid pdnts
are then seledively removed urtil the maximum discrepancy compared to a line-by-line on the full
spedral grid readies NESR/10.
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Appendix E: Generation of MW-dedicated spectral linelists

By feading a given line-by-line radiative transfer forward model only with the spedral lines actually
needed for the microwindows and measurement geometry under consideration, alot of computation
time can be saved. This lines sledion can be performed either onling, i.e. duing the run o
radiative transfer codes or offline. Off-line, spedroscopic data preseledion dfers the alvantage,
that the importance of a cetain transition can be more eaily assessed onthe basis of the related
radiance signal rather than by means of absorption cross ®dions. This is particularly important for
norlinea radiative transfer in the cae of anonisothermal atmosphere.

Each transition in the HITRAN96 database within 25cm™ of the microwindowv boundiries is
examined, while lines outside this margin are suppased to be parametrized by a continuum model.
The dfed of negleding a line in radiance caculations is estimated for eatch naminal MIPAS
tangent altitude between 5and 83 km and for eat predefined microwindow and forms the basis of
the dedsion whether a line shoud be included o excluded. For reasons discussed below, the
contribution d a spedral line has to be aswssed within an iterative loop. Therefore, a simple and
quick approad to estimate the cntribution d atransitionis needed, in order to reduce mmputation
time to tolerable limits. A common and simple gproacd for this purpose is to negled convdution
by any lineshape function and to approximate the contribution d aspedral line, L as

L=B(T)x(1-expS(T) x M)) (ED)
for ahomogeneous atmosphere where

L =radiance

T = Curtis-Godson mean value of temperature over whale path,
B = Planck function

S=lineintensity

M = integrated massof the gas alongthe opticd path.

This approach is equivalent to the so-cdled Sx M spedra which are ommonly used to estimate the
radiance contribution d a transition. This approximation, havever, which avoids bath layer-by-
layer cdculation and evauation d the line shape, while being favourable with resped to
computational expenses, turned ou not to be satisfadory in terms of acaracy. We found, that for
tangent altitudes below the stratopause, the homogeneous and ogicdly thin approximation is not
sufficient, because higher and thus warmer layers in the amosphere significantly contribute to the
spedrum. Furthermore, due to presaure broadening and spedral apodzation, signal from other lines
isimported to the signal at a particular line center. Therefore, we had to acourt for more redistic
li ne shapes.

A more sophisticaed approadch describes the monachromatic radiative transfer through the
atmosphere by atwo-layer model which suppats temperature inhamogeneiti es:

L = B(Ty) x (1-exp(Ky(Ty, p1) x M1)) xexp(Ka (Ty, p2) x M 2)

(E2)
+B(T) x (1- exp(-ky (T2, p2) x M)

with
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p,, P, = Curtis-Godson mean values of presaurein layers 1 and 2,respedively,

T,, T, = Curtis-Godson mean values of temperature in layers 1 and 2,respedively,
M,, M, = slant path column amourtsin layers 1 and 2,respedively,

k,, k, = absorption cross ®dionsin layers 1 and 2,respedively.

The optimal layering turned ou to be such that the slant path absorber amourt in the tangent layer
M, is abou 96% of the total slant path column amourt M, + M.,

The line shape is modeled by the Voigt function. The radiance spedra ae convdved with a
trianguar (in frequency space apodzaion function leading to a spedral resolution d 0.05cm™in
terms of FWHM (= full width at half maximum). The frequency grid is st up wsing 5gridpants
within eady HWHM (= half width at half maximum) of ead line, and a warser grid in the gaps
between the lines.

By this model, the wntribution o other lines are explicitely considered at the center of one
particular line under consideration. However, continua (agosols etc.) and no @ses for which orly
absorption crosssedions but no spedroscopic line data ae avail able (CFCs etc.) are nat taken into
acourt. This smplified model provides reasonably acarate radiance spedra within a tolerable
amount of computing time. For all cases chedked, it was within 10- 20% of the "true" radiance
usually providing an owerestimate of the true radiance It shoud be mentioned again that the
purpose of this smplified radiance modeling is only to assessthe importance of a cetain transition
within aline rgjedion loop.

Due to nonlineaity of radiative transfer and the cntribution d overlapping lines to the radiance a
a particular line position, and since the @ntribution d ead line wnsidered for exclusion depends
on the signal of lines gill to be included, this approach requires an iterative processng. Starting
with the spedrum of al li nes, the radiance spedrum of lines considered for exclusion is compared
to an error threshad. By chedking the spedrum of negleded lines only rather than the difference
between all-lines and seleded-lines pedra, it is guaranteed na to uncerestimate the contribution o
any line in a potentialy saturated spedarum. Within ead iteration step, the lines contributing most
to this'error spedrum’ are re-included in the list of transitionsto be wmnsidered.

Seledion criteria ae based onthe expeded apodzed ndse ajuivaent spedral radiance (NESR) of
the MIPAS instrument. The eror threshold to fall below in any case is st to NESR/10. In a first
step, lines from outside the microwindows are seleded acwrding to their radiance @ntribution
within the microwindow. Thase lines remaining in the lindlist for a microwindow will therefore
provide asufficiently acarate estimate of the overall contribution from outside lines. Due to non
lineaity in radiative transfer, this continuum-like contribution hes to be taken into acourt when
seleding the lines lying inside the microwindow.

The treagment of lines outside the microwindow is performed as follows: Only HITRAN lines less
than 25cm™ from the microwindow boundiries are ansidered for further investigation. First, lines
are sorted acordingto the aiterion:

2 ok ok
axsxm?( X, 2 (E3)

where

S=lineintensity of candidate transition
a = Lorentzian half width of the candidate transition
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M, = massin tangent layer
2—k |, = wavenumber derivative of absorption coefficient at microwindow boundry v,
v

2—" |, =wavenumber derivative of absorption coefficient at microwindow boundary v,
14

This expresson weights the @ntribution d the considered line to the radiance of a far wing
continuum brought in by lines from outside the microwindow. Furthermore, it gives lessweight to
we&ly frequency-dependent contributions, refleding the fad that in the OFM/ORM the @ntinuum-
like signal isnot modeled onaline-by-line basis.

Beginning with the we&kest ones, acording to this criterion, lines are excluded as long as the
apodzed radiances of the excluded lines at the microwindow boundries do nd exceal a pre-
defined threshold which depends on the godzed ndse euivaent spedra radiance and the
radiance of all li nes at the microwindow boundary under consideration:

a) T,=0.07NESRIf L, > 0.7NESR
b) T,=0.1L,if 0.7NESR > L,> 0.07NESR
¢) T,= 0.007NESRIf L, < 0.07NESR.

For exclusion o lines inside the microwindow, the threshold for the maximum all owed radiance
signa of removed linesis cdculated from the maximum radiance of all li nes.

a) T, = NESR/10if L, > NESR,
b) T,=L,./10if L, < NESR.

If at any spedra gridpant vinside the microwindow the radiance signal of excluded lines excealed
the threshald, T,, the line which contributed most at this gedral gridpant and is centered within a
predefined interval v+ A1/2 where Av = apodzed spedral resolution = 0.05cm™”, is re-included to
the linelist. This gep is repeaed iteratively as long as the threshold is no longer excealed at any
spedral gridpant. In order to avoid endessloops, lines once re-included are never again excluded.
Typicdly after 5 to 10iterations the aror threshold is no longer reatied at any spedra gridpant
within the microwindowv. By cheding the radiance spedrum of the potentially negligible lines
instead of chedking the residua spedrum between full cdculation and caculation with a reduced
linelist, a mnservative estimate of the wntribution o the negleaed linesis adieved.
The remaining lines are cmpiled in a database which is organized microwindon by microwindow
and contains, beside spedroscopic data, the foll owing table entries:
e tangent altitude range where aline hasto be cnsidered
¢ aflag indicaing whether the line shape has to be evaluated onafine grid or if a warse grid is
sufficient
The suitability and appropriateness of the produced lindlists is chedked by FASCOD?2 reference
cdculations. FASCOD2 radiance spedrawere cdculated with the full HITRAN96 catabase and the
seleded linelist for more than 70 cases. These test cadculations proved that the radiance diff erence
due to negleding lines is dways sgnificantly below the MIPAS NESR, thus justifying the two-
layer approach for the purpose of lines sledion.
The dficiency of line reduction is very high die to the optimized iterative seledion scheme. The
number of lines outside a microwindow (correspondng to a 25cm™ interva around the
microwindow) that need to be considered isreduced to 0.15- 1.8% of the full HITRAN line number
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for low tangent heights (< 20 km) while for tangent heights above 40 km it is less than 0.03%.
Inside the microwindows, 17- 77% of the full HITRAN lines contribute cmnsiderably below 20 km,
and 1.3- 18% have to be used above 40 km (seeTable 1). The resulting reduction d computational
time for the line-by-line asorption coefficient cdculationis diredly propational to the line number
reduction.

Target | Number | Average Reduced number of lines (target and contaminant gases) in
gas of mw’s |number of |thelinglist

HITRAN |[% of full HITRAN]

lines
03 121 Out: 23331 (1.1 0.73 0.26 0.032 |0.003 |O

In: 255 53 42 31 18 8.7 5.1
p-T 130 Out: 23309|1.8 0.67 0.17 0.034 |0.001 |0.001

In: 111 44 40 30 15 6 2.5
H,O 101 Out: 9107 |0.302 |0.145 |0.034 |0.001 |O 0

In: 152 24 18 11 4.4 2.1 1.4
CH, 57 Out: 22562 | 0.66 0.31 0.048 |0.001 |O 0

In: 230 53 41 20 2.9 2.2 1.8
N,O 45 Out: 15209 |0.63 0.23 0.033 |0 0 0

In: 116 34 24 12 5 4.9 4.2
HNO, |47 Out: 27349|0.9 0.78 0.16 0.001 |0 0

In: 729 77 72 36 15 9.5 4.6

Table 1: Averaged line reduction efficiency for the 6 target gases.




