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1l Executive summary

The Algorithm Theoretical Basisdg2ument version 0 (ATBDVJAs a deliverable of thESA

Ozone_cci projecthttp://www.esaozonecci.org). The Ozone_ccproject is one of twelve
projects of ESAGs CIl i nibetQzoneCdrprajegt avill dehvertthe at i v e
Essential Climate Varide (ECV)Ozoné n | i ne with the ASystemati c
for satelitebased products for cli mateodo Q@bservidgef i ned
System)n (GCOS1072006) A Product A. 7: Profoale and tot a

During the first 2 years of this gject, which started®1Sept 2010, a soalled Round Robin

(RR) exerciseéhas beerconducted. During this phase seveszistingretrieval algorithms to
produce vertical profiles and total columns of ozdnam satellte observationdiave been
compared Far someof participatingdata produc several algorithm&ave beemused.At the

end of the RoundRobin phase, algorithms have been selected as CCI baselines and used to
generate the Ozone_cci Climate Research Data Package (CRDP) which has been publicly
released in early 2014.

In April 2014, Ozone_cci entered in its second phase which will coveyear3time period.
The purposeof this document is tgrovide an update ofcientific descriptions of ozone
algorithmsas implemented at the start of Ozone_cci Piaskhisincludes specifications of
datacharacterizationerror budgets, quality flags, and auxilianjormationprovided with the
products(e.g. averaging kernels).

1.1 Applicable documents

Ozone_cci SowW

Ozone_cci DARD

Oone_cci PSD
Ozone_cci_URD

ESA CCI Project Guidelines

1.2 Data andError Characterization

1.2.1 Introduction

The purpose of this chaptes to establish a common terminology on error estimation and
characterization, to summarize the essentials of error propagation, to provide an overview of
which diagnostic quantities are available for the data sets used in this project and to suggest
recipes how to reasonably characterize data when some diagnostic quantities are missing.
Terminology is a particular problem because most of the related literature, palticbhat
recommended if{CCI-GUIDELINES 2010) namelythe (Beers 1957) (Hughes andHase
2010)and(BIPM 2008) but also)(CMUG-RBD 2010) refers to scalar quantities while profiles

of atmospheric state variables are by nature vectors where error correlations are a major issue.
Further there exists a chaotic ambiguity in terminology: then "accuracy” has at least two
contradictory definitions, depending on which literatureaasultedthe meaning of the term
"systematic error” is understood differentlye term bias changés meaning according to the
context Part of the problem mes because the usual terminology has been developed for
laboratory measurements where the same value can be measured several times under constant
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conditions, which obviously is not possible for atnmuesjic measurements. Anothproblem
with establishederminology is that it does not distinguish between error estimates tghera
by propagation of primary uncertairgithrough the system and thogenerated statistically
from a saple of measurements. The purpose of this chapter is to attenigtify these issues.

1.2.2 Theory (the ideal world)

In this chapter different types of errors will be defined, the principles of error propagation will

be summarized and several kinds of error estimates will be discussed. We assume that we have
indirect measurement$he processing chain is as follows: the step from raw data in technical
units (e.g. detector voltages, photon counts etc) to calibrated measurement data in physical units
(spectral radiances, spectral transmittancesae¢cgalledevel1 processing; re#ing data are
calledilevell data ard referred to by the symbyl y is a vector containg all measurements

used durig one step of the data analysiie inference of ggahysical data from the levdl

data is calledievel2 processing The bvel2 data product is calle x. This step requires some

kind of "retrieval” or "inversion”, involving a radiative transfer motdeéls level2 processing

often is carried out using Newtonean iteration, we assume that f is sufficiently linear xround
sothat linearerror estimation theory holds. Any auxiliary or ancillary data which are degede
generate level data ee referred to by the symbal (e.g. spectroscopic data, measoeat
geometry information etcl is a vector containingll these auxiliary or anddry data.The

direct probleni i.e. the simulation of measurements by the forward moade|

y=flx.u) Eq. 1.1

The inverse problem, i.e. the estimation of the l&vptoduct from the level product is

-

X=Xinitgueas T G[}r - .fixir.l.if_r;h'c-a:-'u” Eg.12

The ” symbol is, in agreement wif@. D. Rodgers 200Q)sed for estimad rather than true
guantities.

1.3 Errors

The error is the difference of the measured or estimated state of the atm x;phetbe true

stae of the atmosphere!l. Botk x and x are related to a certain finite air volume. Error
estimation concepteferringto the state of the atmosphere at a point of infinitesimal size are
in conflict with the nature of most atmospheric state variables beaauesetities like
concentration, mixing ratio or temperature are defined only for an ensemble of molecules. For
aninfinitesimal point in space the mixing ratio of specress either undefined (if there is no
molecule at this moment) or one (if there im@lecule of species n at this pior zero (ifthe

point is taken by enolecule ofa species different from). This implies that it is only meaningful

to report an error along with some characterization of the extent of the air volume it refers to.

liTrue state of the at mos p(@E-GWIRELINES201®f erred as fAmeasu

Edited by N.RahpoeUBR Pagel0-127
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1.3.1 Type of errors

1.3.1.1 Classification by Origin

Parasite (illegitimate) error

This errorcan be removed by more careful procedure. Examples: errors of tadiops,
algorithnmic or codingerrors, instrumerndisfunction. This type of error can hardly be predicted.
Under favourableircumstaces their presence can be detected from outliers.

Noise

The level 1 product y is composed of a true sigeal and some noistl This measurement

noise is mapped to the level 2 data and causeseawaren the retrievedeophysial variables.

We suggest to call the measurement noise related error in the levelheasarement noise”

(L°J,), andthe resulting error in the level 2 datd'noise error" (Cl). In the literature, this type

of errors oftermrrera@al batd fihaeddmr mi nol ogy
parameter errors (see below) also can have random characteristissthie random error goes

beyond the measurement noiddowever, and this is why this type of errors is called

Ast at i shéhaviowris sdibject iolaws of mathematical statistdthen the measumeent

of quantity Qis repeated\ times with statistical errdiio and zero systematic error, the mean
value GQheantends toward the true val@@we with an error fJQ/ VN,

Parameter errors

The retrieval ¢ x fromy involves other quantities than the measurementshemselves, e.g.
temperature information in a trace gas abundance retrimfatmation on measurement
geometry, or spectroscopic data to sd(xeu). Any errors inu will propagate t x. We suggest
callingtheerror estimatesrou "parameter uncertainties"and their mapping ¢ x "parameter

errors0. The characteristics of the parameter errors can be random or systematic, according to

the correlation of the parametancertainties.

More general, we suggestserving he t er m A unc er thaadomdrojmmdtheér or t h
than measurements quantities involved in the retrieval.

Model errors

Typically the modelf does not trly represent the radiative transfer thgh the atmosphere,
due to phgical simplification, coarse discradison, etc.The mapping of thesencertaintieso
thex-space is callechodd error.

Smoothing error

The retrieval never represents the atmosphere at infinitesimal spatial resolutie éut
smoothed picture of the atmosphere, and often contains some a priori information toestabili
the retrieval. Rodgen000)suggests to call the difference between the true atmospheric state
at infinite spatial resolution and the smoothstdte (whichis possibly biased by a priori
information)by 0 sawthing errod. In older lterature(Rodgers,1990 this type of error was
called"null-spaceerror”. We suggest not to follow the smoothing error concept for two reasons:

(1) the quantities underconsideration are not defined for an im@simally small air
volume,

Edited by N.RahpoeUBR Pagel1-127
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(2) the evaluation of the smoothing error requires knowledge on the true-srailall
variability of the atmosphere; this knowledge is more often unavailable than available.
While for ozonehe situations slightly better, relevamformation is still missing. Even
the ozone sondes haveibahtion problems, their altitude coverage is limited to below
30 km their data are spse and thehave their own uncertainties

Instead we suggestportingconcentrations anestimated errors for a finite air volume along
with acharacterizationf the spatial resolution

1.3.1.2 Classification by Correlation Characteristics

Random error

An error component which is independent between two measurements under consideration is
calledrandom errarThe noise error is a typical random error but also parameter errors can have

a strong random component. The random error can be reduced by ayemagiple
measurements. However, since we have lalnoratory measurements but atmospheric
measurements where the same measurement cannot be repeated, averaging implies loss of
spatial and/or temporal resolution.

Systematic error

Systematic errors appeiarthe same manner in multiple measurements and thus do not cancel
out by averaging. Typical systematic errors are model errors, errors in spectroscopic data,
calibration errors. Errors can be systematic in many domains (see below). Conventionally this
term is applied to errorsystematic in the time domain. This convention, however, does not
always help.

Correlated errors
Some errors are neither fully random nor fully systematic. We call these errors "correlated
errors".

1.3.1.3 Suggested Terminology

The"precision” of an instrument/retrieval characterizes its random (in the time domain) error.

It is thedebiasedoot mean square deviation of the measured values from the true Vdlaes.
precisioncan also be seen as scatter of multiple measurements of the gaamgity. The
difference between the measured and the true state can still be large, because there still can be
a large systematierror component unaccounted by the precision.

The "bias" of an instiment/retrieval characterizes its systematic (in the time domain) krror.
is the mean difference of the measured values from the true values.

The "total error” of an instrument/retrieval characterizes the estimated total difference between
the measurednd the true value. In parts of the literature the expected total error is called
"accuracy" but we suggest nosingthis particular term because its use in the literature is
ambiguous.

Caveat:

Whetheran error is random or systematic depends on thikcapfe domain. Some errors are
random in the time domain but systematic in the altitude domain. Other errors are systematic in
the frequency domain but random in the irgpecies dmain. We illustrated this belowith

some typical examples:
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1) Spectrosapic data (band intensity) will affect thatee ozoneprofile in quite a systematic
way. If the zerth column amount is calculated by integrating densities over the profile, this
error source is systematic, because all profile values are either taw togHow. If, in contrast,

the total odebxygenbudget is calculated from sunfeasurementshe spectroscopic data error
acts asandom error, because the €pectroscopic datarror is independent of the atomic
oxygenspectroscopic data error.

2) The pointing uncertaintieof a limb sounding instrument can have a strong random
component in altitude, i.e. the tangent altitude incrgsmmay vary in a random manner around
the true or nominal increment. In contrasthe examplel), this error acts asandom error
when densities are integrated over the pradlgive the zenith column amoubiut will act as

a systematic error en the total inorganioxygenbudget is calculated for one altitude.

In summary, tiis of primaryimportance t@lways havehe particular application in mind when
a certain type of error ish&lled"random" or "systematic".

1.3.1.4 Classification by way ofassessment

The true error of the retrieval is not accessible because we do not know the true state of the
atmosphere. We can ordgtimate the errors. There are two different ways to estimate retrieval
errors:

Error propagatin: If we know the primary uncertaintiggneasurement noise, parameter
uncertainties, etc) or have good estimates on them, we can propagate them througjberthe sy
and estimate the retrieval errors in #agpace. This type of error estimation can be performed
without having ay real measurement availabtbe knowledge of the instrument and retrieval
characteristics is sufficient. This method is standard fefflght studies of future spaee
instrumentation. Von Clarman(006) has suggested to call these error estimates "ex ante"
estimates, because they can be made before the maastiis performed

Statistical assessment: With a sufficient number of measemts along with eocident
independent measurements available, measurement errors can be assessed by doing statistics
on the mean differences, standard deviation of differencesvetc.Clarmann(2006) has
suggested to call these aerestimates "ex post" estimates, because they can be made only after
the retrievals have been made available.

1.3.1.5 Error Propagation

The term refers to the error estimation for indirect measurement®riicg. estimation of
functions of measuremenknowing the errors andhie error correlation of a multimensional
argument, represented by @tsvariance matrix (e.dgSs), the error covariance matrix of any

. . . T . .
linear operatiotb = Ma is calculated a Sb = MSaM ™. |n case of nodinear functionone
usually takes for Mts linearzation

Example 1:Averaging of measurements with random errors
Suppose we have 3 uncorrelated measurements:

x = (%1,Xg,X3)
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e =0 73 =0 ro5 =10
Suppose further that all three measurements havesanuard deviations:
T =] =T = Ty
The function in questiois fiaveraging, i.e. the matrix ofcorresponding linear operator is

1L -1

i.e. errors of all argumestre of the same expected size. Then the error of the mean is estimated
as

| o 1
a2 0 0 (g\ .
Tnean — [i L Lj ] -:'3"2 0 1 Ep—
2 0 0 o2 \i} V3
3

Example 2: Averaging of measurements with systematic errors
Again, let

x = (%1,Xg,X3)
be three measurement, that are corrdl#ies time:
ria=1;r3=1; ra5 =1
Suppose further that all three measurements havesanuard deviations:
F =01 =Jg =y

i.e. again errors of all arguments are of the same expected size, then
The functionis flaveraging, i.e. the matrix of corresponding linear operator is

1L -1

Then thecorresponding error can lestimated as
1
g id_
T T 3 =T
T a7

o) \1)

Lal—=
(w1
(7] ol
o —
[ SR I i)

Tenean — (

3 9 9

1.3.1.6 Error Predictors

We call preliminary €x ant@ estimates of the error@error predictors. We suggest the
following notation:Sis the covariance matrix, the first index is the space, tbenskeindex is
theerror source, see al¢G. D. Rodgers 2000)

1.3.1.6.1 Parasite Error
These errors amgot easily predictabléAt best,implausiblevaluescan be detected.

1.3.1.6.2 Noise Error
The noise error is defined as
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+ T
S:ﬂ:.r.lor'm- = Gsy.nﬁﬁm-G Eg. 1.3

whereG is the secalled gain function defined as

G- 2x Eq. 14
dy

A parameter error with respectttee i" parameters defined as

T

S‘x.pru‘u meter = G'Sy.;:u rameter 3 Eg. 15

with
2 T

Sy_prn'run eler — Ku,;su,; Ku, Eq. 1.6

where
Oy
K., =— Eq. 1.7
i iﬁu,- |

1.3.1.6.3 Model Error

Often limitations in computation power force one te asmodel inferior to the best available
model. In this case, the error caused by the usesab-optimal model can be estimated as
follows:

‘ﬂy.r:mrh'ﬂ = f-'lH good aa ;x}#-ﬂi-’:.’-'(x'u]_.frm used in retrie :'u."(x' l.l:l Eq.18

So that

&x.fraf}rh-F =G&y.framh-.’ Eq. 1.9

and

= T
5:1:. madel — ‘&x.mrm’t'.’ ‘_\"‘x.mmh'ﬁ Eq. 1.10

1.3.1.6.4 Smoothing Error

While, as discussed in sectidn3.1.1 we are not convinced th#te smoothing error with
respect to the true atmosphere is a meaningful and useful quantity, the smoothing error
difference between two retrievaksddinitely usdul. It is needed to compare instruments of
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different altitude resolution. For this purpose we need the sensitivity of the retrieval with respect
to the true amospheric statéRodgers2000) represented by the averaging kernel maarix

Recall thatA is defined as

&5
Aok Eq.1.11
X
whereG is the gain function and
i
K — _}’ Eqg. 1.12
ix
The smoothing eor difference between two dattsa andb is then given by
L"irl T ﬂ'._ill.ljlSf'f}]i".,lrl.l'n;.'-'-:').l.' E.’*i.-; T a"'il’.-)T Eg. 113

whereScomparisoniS the climatological covariance matrix of the comparison ensemble. Rigorous
theory requires thatcSnparisoncharacterizes exactly the climatojogf the geolocatiorwithin
coincidence criteriadf intersect of measurement geolocatiamdb. This means that it isot
allowed to apply Eq.0.480f (Rodgers2000)just to one of the datasetsttansform it to the a
priori of the other.

1.3.1.6.5 Total Predicted Error
We assume that the ersauf differentsources are uncorrelatathong each othefhen theotal
error at a given resolution is

2 : Eq.1.14
Sx.fo.'fn’ o Sx.r.'o."a-w o Sx.;arn'rulwh-ri =k Sx.ar.'o:.fr-." a

E

1.3.1.7 Error Evidences

We call the ex pogt posteriorestimates of the errofse r r o r  eSincedve do o lhaw

the true state of the atmosphere, we need referapasurements. For the moment we assume
perfect coincidences of the measurements under consideration and the reference measurement,
i.e. the reference measuremerd@asures exactly the same air parcel at the same time at the same
spatial resolution. We furdr assume that the reference measurement is debiased and perfectly
characterized in terms of precision:

bias =< X — X, .5 > Eq. 1.15

(X —Xyef — Ejiu.H]T[flc — Xy f —bias) Eq. 116

T Ry pLorandorm
n—1 red

Sx.rur'.rfmr'. -
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Further details (significance of bias estimatégralate options efcare discussed in teag

detail in(von Clarmann, 2006)t should be pointethat further complication may ari$em

the fact that reference measurements might have sounded another part of the atmosphere at
another time Problemsarising from the facthat measurementsay have different priori
knowledge s di scussed i nl¥Validationo (section

1.3.2 Validation and comparison

Validation means tgvon Clarmann2006)

(a) determine the bias between the instrument under assessment and a reference instrument
(b) verify the predicted precision by analysis of the debiased standard deviation between the
measurements under assessment and the reference measurement.

(c) more advanced: asss thdong-termstability, i.e. to falsify the hypothesis of a dift the
differences between the measurements under assessment and the reference measurement.

All three operations involve calculation of differences between nveasurements. These
differences are only meaningful if

- both retrievals contain the same a prianformation. Some retri@ls use a priori
information xa to constrain the retrievals.If profiles contain different a priori
informations meaningfulcomparison of retrievalequires to transform the retrievals
to the same a prioinformation (Rodgers2000)Eq. 10.48 or

i.‘rurm_."f:r'.lrwrf == [ L= A][x,l_r._r T S I Eqg. 1.17

wherel is unity;

- the a priori information must be the climatology (expectation vahgecovariance) of
the geolocation of the iatsect of both instruments used;

- the sameair masgs observed. If this is not the case, there will be a "coincidence error".
This can be estimated and considered when the significance of differences beéveen th
two data sts under assessment is analysed,;

- the altitude resolution (or, in more general terms) spatial resolution is the same. If this
is not the case, the "smoothing error difference" can be estimated and considered when
the significance of differencdsetween the two data sets under assessment is analysed.

If the contrast in resolutiobetween two measuremer %™ and X" is large,
the following approximation is vali(Rodgers and Connor, 2003)

ic_,l'.-r-.-- Ar-uu.u-,--r-i'r.h”l it EI_A}xc'mu'ru Eqg. 1.18

srnaolhed — o0 prEoTL
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~ fine . . .
where Xamoathed 1S the degraded Mleesolved measureme AcoarseiS the averaging

FYHLT BE

kernel of the poorly resolved measuremehis unity, *e prioriis the a priori
information used for the poorly resolved retrieval. The rationale behind this
transformation isto remove differences between the measurements which can be
explained by different altitudeesolutions The remaining differences thus are
substantialThe same transformation hag,course, to be applied to the errors:

S Fine =Ar'f;rlj'.-j|'SIIf.|-AT qulg

T A
smoothed

In case of longerm stability validation the comparability of measurements is less
critical because one can hope that inconsistencies in first order cancel out when the
double differences are calculated.

1.3.3 The real world

A detailed questionnairabout Data and Error Characterizatwinthe data profiles and total
columns) retrieved fromemotely sensed measuremedats filled out by all the partneof the
conrtium, as well as by some thighrties. Altogether, 11 processors weamalysed 8
processors ofimb viewing instrumentsdatg 2 processorf nadir dataand 1of stellar
occulation.This allowedsketchinga state of the art of Data and Error Characterization, which

is outlined in this chapteidt should be kept inmind that the questionnaire wagsigned
targeting the limb viewing geometry instruments. So, the parts of it dealing with retrieval
success are not quite well adapted for nadir or especially stellar occultation retrieval algorithms.
However, everythingancerning the error characterizatioredapply.

1.3.4 Review of existing practices in error characterization

This section will provide some evidences that indeed the error and data characterization
crucially miss a common terminology. The most striking examsplee interpreting of the terms
Aparametric errordo and fAsystematic erroro.
parametric errors at all. Listed below are the factors, named by remaining 8 partners as
Aparametric erraoevasso affecting their retr

instrument pointing

calibration gain

temperature

tangent pressure

strength, position and width of infrared emission lines
assumed column above the highest retrieved ozaloe
LTE assumption

interfering species (0, CQ, N20s, HCN)

surface albedo

clouds: tropospheric, polar stratospheric, polar mesospheric
stratospheric aerosols

= =8 -0_9_9_9_45_4_-49_-2_-2-
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1 width of apodised instrument line shape
1 uncertainty in gaseous continua
1 horizontally homogeneous atmosphere assumption

Difference of interpretatia aside, the representation of this error is quite poor in the
consortium: only stellar occultation processors characterize their parameter errors by their full
covariance matrices. But as understanding of wgthe parameter error varies a lot among the
consortium, the best way to resume would be to say that these processors fully characterize (for
all measurement or for selected measurements) only part of its parameter errors. Five
processors characterize their parametric errors in a simplified wagletted measurement,

and three processors, having the parameter errors, do not have parameter error characterization
at all.

Mapping of measurement noise is treated as following. Four processors provide or can provide
the wholeS«_noise matrix. Two moreprocessors provide this matrix only for representative
atmospheric conditions or selected measurements. Seven processors out of 11 provide (or
designed to provide, hence can easily provide) only the diagonal elements of th&Smaidx

that is, the vaances. Only one processor does provide neither variance nor covariance
information.

Some processors retrieve other variables jointly with ozone (8 out of 11). For five among them,
the joint fit covariance matrix is available for the complete vectaméhowns. Three more
processors (including the one performing 2D retrieval) store only the diagonal block related to
ozone.

Four processors out of 11 have the details about their calculat@®nnede published in per
review journals.

1.4 Review of existingways to characterize the data

Di fferences in instrument antdher ecthroiiecvealo fp rtohc
grid, and it turnsesultithat ai fpdemermiddn tg rrc dlt

grid or gridndgefnitnead tbhy utdlees, t common -gred f o
i mpl emented through the consor tsi utmhe Whteaan ¢ am
to proceed is to transform the compared pro
dictatked Wbglidation approach in mind. The
kernel s, covariance matrices) should then b
processors in which it is done ( 3 cporvoacreisasnocres
matrices does ifmotidodudedd&. Bcrolne&npdtliyonf or | i neeé
b=Ma, wheirse the interpolation matrix from on

. T
covariance Sp=MSM".3ecomes

ng Kernel s
Recall avbabagt hmptlodrxmaelr et ri eA=GIKwheGids fti mee dg ais
i n and
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i
K— _}’ Eq. 1.20
ihx
Averaging kernel can be thought of as a measure of how and where the retrieval is sensitive to
changs i n t he i tlirseem®to ket eommon urelerstandihtpeir importance

becausemong the consortiurthere is alear effortto provide (profile or total columnjertical
averaging kernels: half of theqzessors provide them for eaeltrieval, another half have them

for sample retrievald he situation is quite different when it comes to the horizontal averaging
kernels: no processor provides them for each retrieval, only one processor actually provides
them for sample retrievals, only one more processor is designbatsib can easily provide

them, andonly one more processor is designed so that they can be provided by a conceptually
clearworkaroundThe reasors thatin mostprocessorghe atmosphere is assumed to be locally
homogeneous ithe horizontal domain,e. no horizontal variability isonsidered during the
analysis of one limb scaifhe processor that does provide them is the one performing 2D
retrieval, the processor which can easily provide them is the one retrieving horizontal gradients
from measuremnts, and the processor proposing a workaround for providing horizontal
averaging kernels is the one that treats the horizontal variability of the atmosphere by assuming
it being locally spherically symmetric.

The estimation of eveand c@adowieded udnloyf oirrs 2l 0}
whiicth i s applicabl e.

Data quality report: qualification of the da
Among t htei ucnp n stohrer eofi swaay sditwerrseiptoyrt t he dat
decl ared not meaningful, corrupted, simply ul
the data retrieved among the consortium, cart

Atl antic anomaly.

For -nmmeoaani ngf ul data, 6dpratéessbesdaun oh fLhei
includes the data only on valid altitudel/pr ¢
entries ofroreqdiatvea | ceunttsuiddee par evsasluirde alatnge

As toortrhuepte d3 dmpt@aced dordsatrraeippoptadatc@ssons| der
corrupted are reported but ttherem @xti stTw@aspr
over wiuicthe dat az elryo eanrd dlaagi g{lee v aty Fei noarl | Ng N oerd ty
processorpodote sc onrortu prteed data at all

Negati vaer evarleupeosr t ed as they are by 6 palocesso
they are taken into account being mat hemat |
negative values bysaséi agegdwoverwovoakesss to
however be pointed that such a maneuver <corr

The flags can mark the data below the | owerr
wher e icntoeurdf'sere (4 processors), number of ma
invali d data (2 processors), quality Ifagqag (s
i's converge/nhbe peacksdors have it their stan

Auxiliary data
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In all processors, the datwme along with other data characterizing streosphere and/or
measurement conditions. Eight processors provide the temperature estimation. Five processors,
out of 7 retrieving on altitude grids, provigeessure estimation. Two processors, out of 3
retrieving on pressure gird, provide altitude estimation.

1.4.1 Review of diagnostics in use (success of the retrieval)

The following quantities are used by partner
T é&(normalized)

T residuals (r ms)

T number of iterations

f condition number

T &%

1 &%

T number of degrees of freedom for each ret
1T convergence flag for each retrieval par am
T detailed plots of convergence seqgquence

f evaluation of cost function

T DFS

T Marquardt parameter

T retrieved pointing.

Th&statisti dpsodedrdhd smoaastpart of the standar d
residuals (rms) are stored with data odf 5 pr
produptrockes®ors and is part of operational (
one more processor. Only 3 processors use coO
of diagnostics above: one of thode tlwdbeodthro
4 diagnostics each. Al Il three of them provi
However, al |l anal yzed fpuxiddisargnse shaee, ausedt
but not provided with the standard product.
ltwosth to pointtbetvehat calunhyukeiatfsontgr akceer,n
reflects the number of wvertical degree of f
success, is provided by only 2 processors ou

1.4.2 Recipesproposed

Often the application of the putbeory as described in ChapteR.2is not easily feasible.
Thus we propose some ripes how to characterize retriesalhen some key quantities are not
avaiable.

The approach i1s simple and follow twith princ¢
reasonable effoot. Based on this,
1) vertical averaging kernels should be provided with the data, or at least the corresponding
diagonal (the number of degree of freedor).least an estimate of the altitude
resolution should be provided
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2) diagonal elements of the mati® noisq that is, tle varianceshould be provided

3) there should be a data quality flag, based &@rstatisticsand rmsof the difference
between the measurement and the best fit.

4) dl the data (corrupted, not meagiul etc) should be included in the file, together with
relevant flagging

5) temperatur@nd pressure/altitudgshould be provided together with profiles.

6) negative values should be just reported, not replaced by zeros or flags

2 Tot al Ozone ECV retrieval al gor i

2.1 GODFIT (BIRA -IASB)

Within the Ozone_cci projecthé baseline algorithm for total ozone retrieval from backscatter
UV sensors is th&OME-type directfitting (GODFIT) algorithm jointly developed at BIRA

IASB, DLR-IMF and RTFSolutions for implementation in version 5 of the GOME Data
Processor (GDP) operatial systemin contrast to previous versions of the GDP whichewer
based on the DOAS method, GODFRI3es a leastquares fitting inverse algorithm including
direct multispectral radiative transfer simulation of earthshine radiances and Jacobians with
regect to total ozone, albedo closure and other ancillary fitting parameters. The algorithm has
been described in details in the GDRIgorithm Theoretical Basis Docume(Bpurr et al.

2011) More details aboutescription beloveanalso be found igC. Lerdet al. 2010)(C. Lerot

et al, 2014) and(Van Roozendaedt al, 2012)

2.1.1 Overview of the algorithm

The direct fittingalgorithm employs a classical inverse method of iterative least squares
minimization which is based on a linearized forward model, ha multiplescatter radiative
transfer (RT) simulation of earthshine radiances and associated weighting functions (Jacobians)
with respect to state vector elements. The latter are the total ozone column and several ancillary
parameters including albedtosure coefficients, a temperature shift, amplitudes for Ring and
undersampling corrections, and a wavelength registration shith&fty RT calculations are

done using the LIDORT discrete ordinate modBl Spurr, LIDORT and VLIDORT:
Linearized pseudspherical scalar and vector discrete ordinate radiative transfer models for use
in remote sensing retrieval problems 2008The performance of the radiative transfer
computations has been significantly enhanced with the development of a new schenoa based
the application of Principal Components Analysis (PCA) to the optical property datamats

Natraj and Lerot, et al. 2013)Alternatively, the simulated radiances and Jacobians can be
extracted from preomputed tables in order to further accekerdieretrievals (see section
2.1.15). This facilitates greatly the treatment of large amount of data provided by sensors with
a very high spatial resolution such as OMI aboard the AURA platfornthafdture Sentnel-

4 and-5(p) instruments.

The flowchart in Figure2.1 gives an overview of the algorithm. It is straightforward, with one
major decision point. Following the initial readinfsatelliteradiance and iadiance data, and
the input of auxiliary data (topography fields, optional temperature profilegional cloud
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cover and cloudop-heigh), the iteration counter is sat<0), and an initial guess is made for

the state vector (total ozone amount, terapee shift, closure coefficients, etc.). A unique
ozone profileP(n)is then constructed from the total column estin@(®), using a 11 column

profile map based on colunulassified ozone profile climatology. For this, we use the
climatological databas#eveloped for the TOMSa&fsion 8 total ozone retrievd@hartia 2003)

Next, pressure, temperature and height profiles are constructed; this is where the current value
of the temperature shig(n)is applied. Spectral reference data are also prepared for the fitting
window (trace gas crosections, Rayleigh crosections and depolarization ratios).

The algorithm then enters the forward model step, in which optical properties are created and
the LIDORT model called to deliver tepf-atmosphere (TOA) radiancdg¢n), and the
associated ozone column, albedeshift and other weighting function§(n) at each iteration

step n. These simulated quantities are then corrected for the molecular RingNsffkcthe
inversion module yields a new guess for the ozone column and ancillary state vector parameters.
The iteration stops when suitable convergence criteria have been satisfied, or when the
maximum number of iterations has been reached (in which tasee is no established
convergence and final product). The ozone total column and other parameter errors are
computed directly from the inverse variarm®variance matrix.

When thesimulated spectra are extracted frofoakuptable (LUT) instead of beg computed

online, the inversion procedure is further simplified. The optical properties do not have to be
computed and the calls to the RT model LIDORT are replaced by interpolation procedures
through the LUT using directly the state vector variablée@g in addition to the geolocation
parametersThe radiance LUT hasbviouslybeen precomputedisingthe same forward model

as the online scheme in order to have full consistency between the two approaches (see section
2.1.15).
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Level 1 data
‘ Read Level 1 da ‘<:I ==
\
‘ Reac auxiliary date ‘ <— LER albedos; ETOPOX
ECMWEF fields (optional)

Clouds: apply OCRA/ROCINN 2.0
or read FRESCO v6/GQ2 algorithm

n=0

Set initial ozone column (0);
Set initial T-shift + closure coefficient
Set initial Ring, undersamplir | -shift

‘4
<

TOMS V8 03 - -
and OMI/MLS ‘ E— ‘ Derive O3 Profile P(n) from Column C( ‘

climatologies ‘

Surface pressure and hei
Cross -sections ——>| Other atmospheric profiles: Apply-shift

Temperatures Absorption >-sections, Rayleigh scatter
P Ielg LIDORT PCA

RT forwardmodel: Intensity I(n) + Jacobians K
o=

Ref. spectra: Ring

Apply molecular Ring and polarization correci
+ Undersampling PRy 9 P

and closure.

‘ Inverse mode Optimal Estimatio ‘ n=n+1

Diagnostic

‘ Write Level 2 dat ‘ —
Level 2 data

Figure 2.1: Flow Diagram of the GOME-type direct fitting retrieval algorithm

2.1.1.1 Forward model

Simulation of earthshingadiances and retrievplrameter Jacobians is done using the multi
layer multiple scatterm radiative transfer coddDORT (R. Spurr, LIDORT and VLIDORT:
Linearized pseudspherical scalar and vector discrete ordinate radiative transfer models for use
in remote sensing retrieval problems 200B)DORT generates analytic Jacobians for
atmospheric and/or surface properties (a.0. Jacobians for total ozone, surface albedo and
temperature shift). LIDORT solves the radiative transfer equation in each laygrguhe
discreteordinate methodChandrasekhar 1960)Stamnes, et al. 1988)oundary conditions
(surface reflectance, level continuity, direct incoming sunlight atofegtmosphere) are
applied to generate the whedémosphere field at discrete ordinates; source function integration
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is then used to generate solutions at anyrel®siewing geometry and output level. The entire
discrete ordinate RT solution is analytically differentiable with respect to any atmospheric
and/or surface parameter used to construct optical prop@ti&purr, Simultaneous derivation

of intensitiesand weighting functions in a general psesgberical discrete ordinate radiative
transfer treatment 2002and this allows weighting functions to be determined accurately with
very little additional numerical computation.

In addition to the usual pseudpherical (PS) approximation (solar beam attenuation treated

for a curved atmosphere) LIDORT also has an outgoing sphericity correction, in which both
solar and viewing angles are allowed to vary along thedfrsght (LOS) path treated for a
sphericalshell atmosphere. This approach gives sufficient acctifacyoff-nadir viewing
geometries (maximum 60°) encountered with polar orbitingssunchronous sensors.

A new accelerategherformance scheme for the radiative transfer computation has been
implemented within GODFIT. This scheme is based on the applicatiemin€ipal Component
Analysis (PCA)to optical property data sets used for RT simulationost of the variance in

the mearremoved optical data is contained in the first and most importantieatjpirthogonal
functions (EOFs). Thudull multiple-scattering(MS) computations with LIDORTare done

only for the mean profile and the first few EOF optical profildseese LIDORTMS resultsare

then compared with M&diance$rom a2-stream(2S)RT code(Spurr und Natraj, A linearized
two-stream radiative transfer code for fast approximation of mulsipédter fields 2011)and

a seconebrder central difference scheme based on these LIDORT/2S difference and on the data
Principal Components is thenagk to provide correction factorso the MS field at every
wavelength. Thus it is only necessary to compute the MS radiances at every wavelength using
the much faster 2S code.

LIDORT is a scalar code and therefore polarization is neglected in the RT ngptdially, a

vector code such as VLIDORT should be used in the forward model. However, to minimize the
computational burden with GODFIT, polarization correction factors are applied to simulated
scalar radiances. These factors are extracted frdookap table of VLIDORT-LIDORT
intensity relative differences. This LUT provides correction factors classified according to
ranges of the solar zenith, viewing zenith, and relative azimuth angles (from 20 to 85 degrees,
0 to 55 degrees and 0 to 180 degrees réspdg, surface altitude (from 0 to 15 km), ground
albedo (from 0 to 1) and the total ozone column (from 125 to 575 DU).

2.1.1.2 Lookup Atmospheric profiles and the T-shift procedure

In a multilayer atmosphere, the forward model requires the specificationonifdete ozone

profile. In GODFIT, the ozone profile is parameterized by total colytine and latitudeThe

use of total column as a proxy for the ozone profile was recognized a number of years ago and
columnclassified ozone profile climatologies wereated for the TOMS Version 7
(Wellemeyer, et al. 1997and Verson 8 (V8) retrieval algorithmé&hartia 2003) The sane
mapping is used for GODFITThis climatology neglects the longitudinal variations of
tropospheric ozone. To improve the representativeness afgheri profiles, it is combined

with the OMI/MLS tropospheric ozone colurshmatology(Ziemkeet al, 2011)

2l n this context, o accuracyo is the total error of th
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Since @one absorptioim the Huggins bands isighly sensitive to temperaturesmperature
profiles arenot onlyrequired for hydrostatic balanteit also for thedeterminatiorof ozone
cross sections. In GODFJ|B-priori temperature profiles are taken frahme monthly zonal
temperature climatology supplied with ti®©MS Version8 ozone profilegBhartia 2003)In
addition, a temperature shift adjustment is being used to improve total ozone atendhcy
better reflect the dependence of the ozone absorption signature on tenepatraihe scale of
satellitepixels (Van Roozendaett al, 2012)

2.1.1.3 Surface and cloud treatment

Lower boundary reflection properties must be specified as an input for the forward model. By
default one assumes a Lambertian surface characterized by alb®dblL. Most ozone being

above the tropopause, clouds cantbeated as a firsbrder correction to the basic ozone
retrieval using the independent pixel approximation (IPA). TOA radiance in a partially cloudy
scenario is simulated as a linear combination of radiances from clear and fully cloudy scenes,
weighted bythe effective cloud fractional covéy assuming clouds as Lambertian reflecting
boundary surfaces. Alternatively, the observed scene can be treated as a single effective surface,
located at an altitude resulting from the cloud fraction weighted meide gifound and cloud
altitudes (ColdeweyEgbers et al, 2005) The effective surface albedo is retrieved
simultaneously to the total ozone column using the internal closure mode of GODFIT. We
found that this approach minimizes the impact of cloud contaramati the retrieved ozone
columns, especially for high clouds and it has been consequently adotftecunrent version

of the algorithm. By default, cloud optical properties (cloud fraction, cloud top albedo and
height) come from thERESCQ6 algorithm(Koelemeijer et a).2003; Wang et al2008 for

GOME, SCIAMACHY and GOME2 and fromthe O202 cloud producfAcarreta et al., 2004)

for OMI. Interfaces also allow for application of t&CRA/ROCINN algorithm Version 2.0
(Loyola et al, 2010)

2.1.1.4 Albedo andother forward model closure terms

For internal closurgtropospheric aerosol scattering and absorption and surface reflectivity are
brought together in an albedo closure term that is fitted internally, in the sense that coupling
between surface and atmospé is treated properly in a full multiple scattering context. The
code thus determines an effective wavelertthendent albedo in a molecular atmosphere.
Assuming that surface albe®&ds a quadratic or cubic polynomial function, we write:

R =g, +8. gnld-1/1,)"

Eq. 2.0

We assume first guess valugps= 0 for m> 0, and an initial value fog is taken from a suitable
database.

3|.e. to diminish the total error of the retrieval.
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In order to complete the forward model process, addit
i nt ercsaint ibees compared with Level 1b meatbeeRengsefhet he
which showsmpgd idaudemalilstortions in earthshine and sk
rotatianabc®amerindg Gbyri aigmed mRimegul @@2corrected for.
use ampeinmievabi-empdi semal formulation including tabul af
reproducing-inonl baetygréi thl ogRRS erda dvia a thaf déesth etc bt DORT al .

2 041

We then simulate sunormalized radiances at wavelengths specified by the solar irradiance
spectrum supplied with every orbit. There is a wavelength registration mismatch between
irradiance and radiance spectra, arising mainbynfthe solar spectrum Doppler shift; this
mismatch varies across an orbit due to changes in the instrument temperature. To correct for
this, an earthshine spectrum shift is fitted as part of the retrieval procedure, and this shift value
is then an elemeim the state vector of retrieval parameters. In general, the retrieved spectrum
shift value is around 0.008 nm, in line with a Doppler shift:sRepling is always done by
cubicspline interpolation.

2.1.1.5 Lookup tables of LIDORT sun-normalized radiances

The goal of the lookup table approach is to replace the online radiative transfer calculation by
an interpolation of precalculated radiances. Therefore, we construct alimetisional lookup

table of radiances as a function of all varying parameteretitet the LIDORT simulation: the

fitted parameters (total ozone column and the ancillary fitting paranmsterealbedo and
temperature shift), angles describing titeservationgeometry, surface pressure, as well as
latitude and time of year, by whichevgelect the appropriate profile shapes from the T@VS
database(see section 2.1.1.2.)The tabulated radiances are then calculated for a fixed
wavelength grid spanning the 325/885nm range at 3 times the instrument sampling rate,
using cross sections iweolved with the instrument's slit function.

The forward model calculation for a set of parameter values now becomes an interpolation of
the radiances at surrounding grid points. For the total ozone column and solar zenith angle, we
use quadratic interpafion through 3 surrounding grid points. For the other dimensions of the
table, linear interpolation is sufficient. This results in an interpolated radiance as a function of
the lookup table's wavelength grid, which is then resampled onto the waveledgtth tre
observed spectrum using cubic spline interpolation. The derivative of this interpolation
procedure produces the needed Jacobians.

In order to keep the interpolation procedure simple and effidiemt, UT uses a wavelength
independenscenealbedo. Within the inversionprocedure,only a wavelengtiindependent
albedois fitted, and the possible wavelength dependence of the spectratipth variation of

the measured radiance is taken into account via the fit of a polynomial of which the constant
term is neglected

In order for the lookup table approach to be faster than the online algorithm, frequent hard disk
access must be avoided. Because all forward model parameters, except for the time of year,
vary rapidly within a single orbit file, thigestriction translates into the requirement that the
radiances for the full range of those parameters fit in memory. This puts a limit on the density
of the table's parameter grid, and some experimentation is necessary to obtain a grid which fits
in memoryand produces accurate interpolation results over the whole parameter space. To save
space, the parameter grid does not include a longitudinal dimension. The precalculated
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radiances are therefore based solely on the T@\®file database, which has no ¢tudinal
dependenceinstead of the combination of TOMSv8 and the tropospheric climatology
OMI/MLS, which would be used in the online approach (section 2.1 Af@dr the retrieval,

we use the averaging kernétee section 2.1.1.9nd the differencediweenthe profile used

for the retrieval (TOMSv8) and another more accupatdile to apply acorrecton to the
retrieved total column. Using these techniques, we have managed to construct a lookup table
which reproduces the retrieved columns of ther@nhlgorithm with an accuracy better than

1%, and a tenfold performance improvement.

2.1.1.6 Inversion scheme

GODFIT s a direct fitting algorithm, using iterative ndinear least squares minimization. In

the scientific prototype version mostly used for Ozooework, the optimal estimation inverse
method is being used with loose a priori regularization on the state vector elements. The optimal
estimation metbd is well known(Rodgers2000) we minimize the quadratic functional cost
function:

C* = (Yeas “F(X)'Sy(Vmeas £(X) Ot %S (x %) Eq. 2.1

Here, we have the measurement vector of TOA radiances the state vectox, the forward

model simulation$(x), and the error covariance matfx xa is the a priori state vector, with

Sa the corresponding covariance matrix. The inversion proceeds iteratively via a series of
linearizations about the atmospheric state at each iteration step:

Xa=X Dy[ Yneas 'f( Xl) K-i( X )S)] Eqg. 2.2
Where:

'S =k "k +52)"
D,=S.K/'S}! and Su=K; SK;+S Eq. 2.3

Ki = df(x;)/dx; is the matrix of JacobianBy is the matrix of contribution functions, asd; is

the solution covariance matrix. The latter is the main diagnostic output. The iteration stops when
one or more convergence criteria are met. The computation proceeds efficiently with an SVD
(singular value decomposition) on the scaled matrix Jacobsaesfor examplg¢Van Oss,

Voors and Spurr, Ozone Profile Algorithm 2008)nce the total ozone inverse problem is not

ill -posed, the regularization is only present to ensure numerical stability. The a priori constraints
are deliberately made very loos®, that the precision is not compromised in any serious way
by a priori smoothing. The a priori vector is taken to be the initial state vector.

2.1.1.7 State vector and inverse model settings

There araypically 7 to 8 elements in the retrievatate vector, lied inTable2.1, along with
their initial value settings. Aside from total ozone, the algorithm fits the tempe@tfike
shift parameter, 3 polynomial coefficiefits internal albedo closure, 2 amplitudes for the semi
empirical molecular Ring correction and tkeptional) undersampling correction and an
earthshine spectrum wavelength shift.
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Table 2.1: Summary of fitting parameters for direct fitting total ozone algorithm

State Vector Element Type # of parameters | Initial Value
Total ozone nit: [DU]) 1 Previouspixel
Polynomial Coefficient 3 Rsss, 0.0, 0.0

(Internal Closure)

T-shift (unit: [K]) 1 0.0
Ring Fraunhofer 1 1.0
Earthshine Shiftunit: [nm]) 1 0.008
Undersampling 1 0.0

The total ozone first guess is taken from the previous pixel value. If this value is not available
for some reason, the initial total ozone column is taken from a zonal avelagalogy based

on TOMS datdStolarski ad Frith 2006) For closure, thaitial value Rssis extracted from

the surface albedo database at 335 nm as described in section 2.4; other albedo parameters are
initialized to zero. Initial values @he undersampling and -shift parameters are all zerghile

the earthshine shift isitialized to 0.008 corresponding to the average Doppler shift due to the
platform speed of around 7000 m/s.

2.1.1.8 Soft-calibration of level-1 reflectances

Although a common group of retrieval settings are applied consistently to all threé& katal

sets fom GOME, SCIAMACHY and GOMR2, systematic differences between the individual
total ozone data sets remalimese originate froraystematic radiometric errors and degradation
effects affecting the measured lexeteflectancesTo deal with these patternaédenhance the
inter-sensor consistency, a safilibration scheme has been develogdus procedureelies

on comparisons afeasured level reflectanceso simulatedvaluesin the spectral interval
325335 nm, the simulations being performed with e forward model as that used for the
retrievals.In particular, ozone columns from Brewer observations at a limited number of
European stations have been used as an external refévereadize these simulations. The
systematic comparison of the lexdelnd simulated reflectances for all satellite observations
co-located with the selected stations allows to identify and characterize possiblel{hnobor
high-frequency) artifacts in the measurements. Based on this ankdg&isptables (LUTS) of
spedral correction factors have been constructed for all three sensors using all computed
satellite/simulation reflectance ratios. These LUTs have 3 dimensions: one for the time and two
for the viewing and solar zenith angl&gfore the total ozone retrievahe levell reflectance

is multiplied by the appropriaeorrection factor spectrurMore details on this softalibration
scheme are given (f.erot et al.2014). It is important to note that the good lexetalibration

of the OMI spectra and the vdimnited degradation of the instrument have made the application
of the softcalibration procedure unnecessary for generating the CCltGtisliozonalata set.

The consistency with the other lex&HOata sets is nevertheless excellent.
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2.1.1.9 Averaging kernels

In optimal estimation, the averaging kerielis defined as the product ofetcontribution
function matrixDy and the Jacobian matrik. Generally speakingt is a measure of the
departure of the estimator from the truth and the dependence on a ptiegssé-or the total
column retrieval, the problem is wgdbsed. Accordingly, the averaging kernel matrix reduces
to a vector that indicates the sensitivity of the retrieved total column to changes in ozone
concentration in different layer8Ve calculatethe averaging kernel as follows. At each
wavelength, LIDORT is called to derive the ozone profile layer Jacokfansing the TOMS

V8 ozone profile corresponding to the final retrieved total column. The contribution function
Dy is obtained making use tife column weighting functioki calculated as part of the retrieval
process. The averaging kernel is then givebyDy K* .

When using the LUT approachalculating the averaging kernelgould require that all
Jacobians at all wavelengths are stared table, too,which would multiply the size of the

table, again making it impossible to keep all the required data in memory. Therefore we chose
to storedirectly precomputed averaging kernels for each grid point, fixing the fitted forward
model parametsrwhich are not part of the lookup table grid (closure, Ringlitudeand
wavelength shift) at their initial value¥/e found that this approximation e®not have any
significant impact.

2.1.1.10 Error budget

Table 2 summarizes our current assessment of theamainbutions to the global error budget
on total ozone retrieval by direfitting. The error budget is given separately in two different
regimes, corresponding respectively to low (<80°) and large (>80°) values of the SZA.

It includes the random err¢or precision) associated with instrument sigioahoise and which

can be derived easily lifie propagation of radiance and irradiance statistical errors provided
in the levell products through the inversion algorithm. It is generally less than 0.5% at
moderate SZAs and may reach 2% at SZAs larger than 80°.

The smoothing error associated to the a priori ozone profile shape used in the forward model is
assessed using the formalism of Rodgers. Once we have the averaging kibeneltrolS, due

to the pofile shape may be estimated3s ATSSAwhereS, is the covariance matrix associated

with thea priori profile climatology used in the inversion. What is really required here is the
covariance associated with the particular retrieved total column facifis latitude band and
season. This being unavailable, we have used another total ozone classifetolatjyn
(Lamsal et al.2004)asa proxy to construc. As illustrated irFigure2.2, the mean total ozone

error due to the profile shape is less than 0.5 % at low SZAs and is as large as 4% at extreme
SZA for clear sky pixels. In the case of cloud contamination, the error increases, especially at
low SZA, where it may reach 1%.
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Figure 2.2: Mean total ozone error due to a priori O3 profile shape, as a function of the SZA for clear sky
and cloudy pixels. Error bars represent the standard deviatiorof the errors.

In GODFIT, both absorption by trace gases other than ozone and the impact of aerosols are
neglected in the forward model. Here, we estimate the resulting total ozone errors using closed
loop tests. Synthetic radiances are generated usr@@DFIT forward model based on optical
inputs that include these sources of error (e.gz2 biCaerosols). Then, total ozone retrieval is
performed using these synthetic spectra and the retrieval settings baseline (i.e. neglecting other

trace gasesoraso |l s i n the forward model ). The diff

gives the error estimate.

To simulate the impact of stratospheric N®typical stratospheric profile as depicteigure

2.3 has been used to generate synthetic radiances. Total ozone columns retrieved from the
resulting synthetic spectra show errors of less than 0.5% for all SZAs and all surface albedos.
When considering a profile with arge amount of N®in the lowermost layer (e.g.
representative of a heavily polluted scenario), total ozone errors increase slightly but are still
less than 0.5% for low surface albedo (0.05). The errors are slightly larger than 1% when the
surface albed® high (0.8), but the likelihood of such a high N®@ncentration above a bright
surface is very small. Similar sensitivity tests have been carried out for BrO antie@rrors

due to their neglect are generally negligible, except for a major voleauption scenario with

SO column amounts exceeding-300 DU. In this case, total ozone errors may reach a few
percent.
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Error on the total O, column due to NO, - O, column=400 DU
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Figure 2.3: (a) NO2 vertical profiles used for generating synthetic radiances. (B)otal ozone error (%) due
to neglect of NO2 in the retrieval scheme, as a function of SZA. For the two profiles shown in (a), ozone
errors are plotted for low and high surface albedos (0.05 and 0.8) and for a total ozone column of 400 DU.

The same closelbop approach has been adopted to estimate the ozone error due to neglect of
aerosols in the forward model. A number of scenarios were considered, including a background
aerosol case, a heavily polluted scenario with a large amount of absorbing aerbsol in
lowermost layer, a dust storm scenario with a large amount of scattering aerosol in the
lowermost layer and finally, two scenarios representing major volcanic eruptions with
stratospheric injections of absorbing or scattering aerosols. Optical prppgiitgs for these
scenarios are plotted Figure2.4(a-b). The associated total ozone errors, plotted as a function

of SZA in Figure 2.4(c), are generally within 1%. This small impact is mainly due to the
simultaneous fit of the effective surface albedo. As sedrigare 2.4(c) for the pollution
scenario, total ozone errors are much larger (up to 4%) if the surface albedo is fixed to a
climatological value. This nicely illustrates the addeatue of the internal closure mode of
GODFIT, whch implicitly accounts for tropospheric absorbing and scattering aerosols and
avoids relying on the ingestion of highly uncertain external aerosol optical property
information. For a scenario with a strong injection of stratospheric aerosols due tora majo
volcanic eruption such as Pinatubo, the total errors may reachFigetg2.4(d)).
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Figure 2.4: (a) Aerosol opticd depth and (b) aerosol single scattering profiles used for generating synthetic
radiances for a variety of scenarios (see inset and text for more details). (c) Total ozone error (%) due to
neglect of aerosols in the retrieval scheme, plotted as a functiof SZA for the background, polluted and
dust storm scenarios. The red dashed line shows the much larger errors obtained when a fixed (+iitted)
albedo is used. (d) Same as (c) but for strong volcanic eruption scenarios.

Other uncertainty estimates fealveen derived from similar sensitivity tests studies carried out
within previous projects (GODFIT A/B, GDP4 and GDP5) or extensively described in Lerot et
al. (2013).Total errors are computed assuming all contributions are mutually uncorrelated. The
totd random errors are estimated to be 1.7 and 2.6 % for the low/moderate and high SZA
regimes respectively. The corresponding total systematic errors are about 3.6 and 5.3%.

Edited by N.RahpoeUBR

Page33-127



Title: Ozone CCI ATBD

Issue0 - Revision00 - Status: Final

Date of issueDec 7, 2017
ReferenceOzone_cci_ ATBD_Phase2_V2.docx

Table 2.2 : Estimation of the error sources of the directfitting total ozone retrievals (single pixel retieval).
Blue fields indicate random errors, and red fields systematic errors. The errors due to the cloud parameters
(orange) are random or systematic depending on the time scale.

Err or source Per cent error
SZA <80° | SZA > 80°

Instrument signalo-noise <0.5 <2
Soft calibration: Absolute recalibration <15 <15
structures removal
Oz absorption crossections and its atmosphe <25 <25
temperature
Interferences witlother species (except in case

. . <15 <1
volcanic eruption)
Aerosols (except in case of volcanic eruption) <1 <15
Inst_rumejnt spectral  stability (wavelend <05 <05
registration)
Solar b-effect <0.2 <0.2
Ring effect (Rotational Ramé&®cattering) <0.1 <05
O; profile shape <1 <4
Cloud fraction <05 <0.5
Cloud top height <15 <15
Total random error (including cloud fields) <17 <2.6
Total systematic error <3.6 <5.3

2.2 Total ozone column merging algorithm

An inter-satellite calibration approach is used to create the merged total column product
from GOME/ERS2, SCIAMACHY/ENVISAT, and GOME2/METORA. In order to
minimize the differences between the individual sensors, SCIAMACHY and GDNHEa are
adjusted to ta GOME measurements during overlap peri@isLoyola, et al. 2009jLoyola
und ColdeweyEgbers 2012)The production of the GTECV_V2 monthly mean gridded total
ozone data record from April 1996 to June 2011 is as follows:

Individual GOME, SCIAMACHY, and GOMR level 2 total ozone data, processed
with GODFIT v3.0 retrieval algorithm, are the input to the level 3 processing. Level 2 data are
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first projected onto a regular grid of 1°x1°. Then, daily averages for each indigehsor are
calculated for this grid, taking into account all available measurements per day and using as
weighting the normalized areas of the satellite ground pixel and the regular grid intersecting
polygons.

1° latitudinal monthly means are computed G@OME and SCIAMACHY based on
common daily gridded data only. The correction factors for SCIAMACHY with respect to
GOME are derived using the ratios of these monthly means. They comprise of two parts: (1) a
'basic' correction for each month of the yearetaged over all years from 2002 to 2011) in
terms of polynomials as a function of latitude, and (2) an offset for each individual month,
which is added to the 'basic' correction. This offset does not depend on latitude, but it accounts
for the timedependace in the differences between SCIAMACHY and GOME. The correction
factors are then applied to the SCIAMACHY daily gridded data by linear interpolation in time.

In preparation for the GOME adjustment, an intermediate product of averaged GOME
and corread SCIAMACHY daily gridded data is generated for the overlap period with
GOME2 from January 2007 to June 2011 (Y GS_ME

The 1° latitudinal monthly means are computed for GS_MERGED and GDhdsed
on common daily gridded data onlyhe correction factors for GOME with respect to
GS_MERGED data are derived similar to the SCIAMACHY correction: polynomials as a
function of latitude and month plus a tirdependent offset. They are applied to GORI#aily
gridded data by linear interfation in time.

The 1°x1° monthly mean gridded data are computed for GOME, adjusted
SCIAMACHY, and adjusted GOME. Cutoff values for latitude as affigtion of month (see
Table2.3: Latitude coverage of theT®-ECV_v2 total ozone data record for each mgritaye
been defined so that only representative monthly means are provided that contain a sufficient
number of measurements equally distributed over time.

The mergedGTO-ECV_V2 data record then contains GOME data from 04/1996 to
03/2003, adjusted SCIAMACHY data from 04/2003 to 03/2007, and adjusted GOdaiEa
from 04/2007 to 06/2011.

Table 2.3: Latitude coverage of the GO-ECV_v2 total ozone data record for each month,

Month Latitudes Month Latitudes

January 60.0° N7 90.0° S July 90.0° NT 57.5° S
February 70.0° N7 90.0° S August 90.0° N7 62.5° S
March 80.0° N7 80.0° S September 82.5° NI 72.5° S
April 90.0° Ni 65.0° S October 72.5° Ni 85.0° S
May 90.0° Ni 60.0° S November 65.0° Ni 90.0° S
June 90.0° NT 57.5° S December 60.0° N7 90.0° S

2.2.1 Assessment of URD implementation fototal ozone data

Table2.4is based otthe fable 5 from(O3_CCIURD 2011)and iscompleted with information
what is currently achievable as of the date of today.
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Table 2.4: Assessment of product requirements implementation for total ozone.

Requirements as stated in URD

Compliance
of the product
with these
requirements

Geographical Zone

, Driving .
Quantity . : Mid - Polar
research topic Tropics latitudes Region
A resolution of
100km is
_ achieved from
- Evolution of the 2002. Before, it
ozone layer is coarser due to
Global (radiative forcing); the poorer
horigoﬁtal - Seasonal cycle 201 100 km | 20-50/100 | 20i 50/100 | resolution of
_ and |n§¢ra}nnual Km km GOME (~300 in
resolution | variability; Tropics; ~100 in
- Shor?t.er.m Polar regions). A
variability: _ resolution better
exchange of air than 20 km will
masses, streamers be achieved with
regime studies future sensors.
Observation .
frequency 3 days 3 days 3 days Compliant
From 1995 until
_ _ if focus is
Time period 19802010 | 19802010 | 19802010 | MOW!
P Evolution of the only on European
ozone layer SENSOrs.
(radiative forcing)
Accuracy 2% (7 DU) 2% (7 DU) 2% (7 DU) Compliant
- Seasonal cycle
and interannual
variability;
Accuracy Vasrt‘;’gﬁfte;m 3% (10 DU) | 3% (10 DU) | 3% (10 DU) |  Compliant

exchange of air
masses, streamersg
regime studies

Evolution of the
ozone layer (1980

3% is OK in the
current status. 1%

. . 20 20 20
Stablllt%_(after 2010 trend 1dl 3/3/ ldl 3/3/ ]d 3A)d/ should be reache
corrections) detection; radiative ecade ecade €cade | after corrections

forcing) and merging.
41n this context: total error of the retrieval.
Sidem
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3 Nadir profil alBg®MUsirtehtnr i ev al

Both KNMI and RAL have developeagorithms for ozone profile retrieval from nadir looking
instrumentsAfter completion of the RounBobin intercomparison exercise in summer 2013,
the RAL algorithm has been selected as CCl bas&inthe generation of the first version of
the Ozone_cdCRDP In this section, botKNMI and RAL algorithmsaredescribedince work

is still ongoing in CCI Phask to incorporate elements of the KNMI algorithm in a revised CCI
ozone profile algorithm baselin€he last two paragraphs describe the merged 3eaed level

4 data.

3.1 OPERA (KNMI)

The OPERA Qzone Profile Retrieval Algorithjnis developed at KNMI to retrieve ozone
profiles from nadir looking instruments. It can retrieve profiles from GOME, G&viaMI.
and SCIAMACHY.

3.1.1 Basic retrieval equations

Whenthe number of profile elements to be retrieved exceeds the number of independent profile
elements that can be retrieved, a naive least squares fitting produces meaningless results for real
and noisy spectra. Smaltale variations in atmospheric quansitibat are poorly constrained
by the measurement will cause noise amplification, resulting in spurious retrieved values often
showing strong oscillations. Two methods for circumventing this ill conditioning can be
distinguished: (i) limiting the number pfofile elements to be retrieved, and (ii) regularising
the inversion problem. The first option can be realised by fitting profile elements at a limited
number of carefully chosen levels in accordance with the restricted profile information in the
measurerant. This would require a specification of the shape of the profile between the layers.
The use of a fixed vertical grid would be roptimal for most cases.

Regularisation suppresses noise amplification by using information from a source other
than the ,rasurement. Regularisation is achieved by adding a second term to the least squares
cost function J to be minimised:

J=(yp- FX) Sy - FO))+RX) Eq.3.1

Here,ym is the measurement vector of radiancess the state vector of parameters to be
retrieved,F(x) is the radiance calculated by the forward model and Sy is the error covariance
matrix. R(x) is some function of the state that returns a large amplitude for 'undesirable’
solutions. Two choices for the regularisation are commonly used for atmosptigaeals;

these are the PhillipSikhonov (Hasekamp und Landgraf 2004nd Optimal Estimain (OE)
methodgC. D. Rodgers 2000)n OE, theR(x) term is derived from the application of Bayes'
theorem. This states that the probability density function jRIDEhe state is proportional to

the PDF of the measurement given the state, multiplied by the PDF of the state prior to the
measurement. The measurement changes the likely outcomes for the state vector elements, since
it provides extra information on tay that already available from prior information. When the
PDFs are all Gaussian distributions, the most probable state (the Optimal Estimate) minimises
the cost function EqlL with the regularisation ternR(x) = (X-Xa)"Sal(x-Xa). Herexa is the a

priori state vector anda.3he prior covariance matrix.
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3.1.1.1 Iterations and convergence
The solution to equation 1 cée found by iteratively applying:

X =X, + Dy[ym -y, - K (x, - x)] with D, =S.K'S," and s
q. 3.

Sa= (KiTSy_lKi + Sa_l)-l

whereK; = (UF/px)i is the Jacobian at statg K™ the transpose of the Jacobign= F(x) and

Xi+1 IS the updated state vector. The maixs known as the matrix of contribution functions;

the solution error covariance is given 8y:. The iteration starts with some initial estimate of

the state, rad terminates when convergence has been reabth@PERA,two convergence
criteriacan be appliedaccording tdC. D. Rodgers 2000)The primary criterion is that the
difference between the errareighted lengths of two consecutive state vectorsSEE(x; i

Xi-1), should be below a fixed threshold. Investigations have shown that a maximum difference
of 1% in gives good results for all cases. The second convergence criterion to be met is that the
change in the cost function between two consecutematiobns should be less than some
predefined valu¢for example 1%)These two criteria combine convergence tests in both state
space and measurement space. The final value of the solution error covariance matrix is the
main source of diagnostic informatidor the retrieval

3.1.2 Forward model

The forward model consists of a radiative transfer model (RTM) that computes the radiances at
the entrance of the instrument, and a slit function convolution that simulates the level 1 radiance
values. The RTM has two gar The singlescattering component and its Jacobian are computed
separately using high vertical resolution ozone profiles. The multiple scattering component is
computed at lower vertical resolution using the radiative transfer model LIDORTA or LABOS.

In the following we describe the atmosphericgetfor the RTM, followed by a description of

the single scattering RTM and the LIDORTA RTM.

3.1.3 Atmospheric state input to the RTM

For input, the RTM requires the following: a pressure grid, atmospheric profilesrassl

sections of trace gases (ozone and interfering species such as NO2 and SO2), aerosol profiles
and optical parameters, surface reflection parameters, cloud parameters, solar and viewing polar
and azimuth angles, the wavelength grid and the solalianmee at these wavelengths. The
vertical grid is based on user input, butefauls to a gridof 40 layers between 41 fixed
pressure levelgcurrentlyfrom 1000 to 01 hP3, where the levels in between have a fixed

ratio. The actual surface pressugplaces the nominal 1000 hPa level. For cloudy and partially
cloudy scenes, the clottdp pressure replaces the nearest pressure level.

3.1.4 Radiative Transfer Model (RTM)

Given the atmospheric profiles and the cross sections, a set of optical parameters is defined for
each layer; this set constitutes the basic input to the radiative transfer model for a single

wavelength. These optical parameters are: layer optical thelamessingle scattering albedo,

and a sufficient number of phase function expansion coefficients and the exact phase function
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evaluated at the scattering angle for the single scattering contribution. The RTM further requires
the solar irradiance at each wedength to compute the earth radiance. The radiative transfer
problem is solved using separate models for the single and multiple scattered components.

The singlescattered radiance at TOA and the associated Jacobian is computed using an
analytic solutim that includes the attenuation due to the spherical shell atmosphere along the
photon path(Van Oss und .Spurr 2002)he phase function is specified to high accuracy by
using its exact value at the scattering angle.

The LIDORTA (Van Oss und .Spurr 2002)iscreteordinate RTM is used for the
multiple scattering computations. In an atmosphere divided into a number of optically uniform
adjacent layers, the radiative transfer equation (RTE) is first solved for each layer; this is
followed by the applicatiorof boundary conditions to match the radiation field at layer
interfaces.

3.1.5 Error description

A general description of error theorygen in sectiorfiData ancError Characterizatiah In this
section we provide the results from an error computation done on a test dataset.

3.1.5.1 Test data set: Input configuration
The error computation is performed for a number of cases that cover the full range of possible
measurements. We hav
two latitudes 15N and 45N
two cloud fractions 0.0 and 1.0,
two solar zenith angleg (30, 75)
two relative azimuth anglég0 , 180) and
two viewing angleg| (10, 50). )
two seasons: summer and winter (i.e.: to two differgmti@i ozoneprofiles)
The following parameters are the same for all scenarios:
1 surface albedo (0.05),
9 cloud top albedo (0.8),
9 cloud top pressure (700 hPa) and
1 wavelength range (265330 nm).
This constitutes a total of 64 scenari@spriori ozone profiles areetected from the ozone
climatology fromMcPeters, Labovend Logan 2007

= =4 =4 -8 8 9

3.1.5.2 Error analysis results

The calculations are done on 40 layers, but these are aggregated to 12 layer intervals in the
tables. The errors are RMS values for all scenarios combinednay&tesrrors are computed

by mapping the error in the spectrum to a profile error using the contribution function (gain
matrix).

Table3.1 gives the RMS of the aprioand the smoothing errors using the ozone climatology
from (McPeters, Labow and Logan 20@&f)d(Fortuin and Kelder 1999)

Table3.2 shows the resulting errors on the ozone profile as a result of several anticipated errors
in the GOME2 Level 1b Earthshine spectrum. These measurement errors are:
A wavelength calibrationreor of 1/30" pixel, both for the short [270300 nm] and the
long wavelength region [36830 nm]. §ystematit
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1 An offset error in the radiance with a magnitude of 2% of the radiance at 270 nm.

(systematiy

1 A multiplicative error of 1% in the radiancealt wavelengths.qystematig
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Table 3.3: Profile errors due to systematic model parameter errors. Errors are given in percent. The
columns refer to layers bounded by the pressure levels indicated in the first row.
shows the errors in the profile duedgstematicerrors in parameters of the Forward Model.
We consider:
1 An error in the Rayleigh cross section of 1% at all wavelengths
1 An error in the ozoneross section of 1% at all wavelengths
1 An error in the temperature of 5K at all layers
1 An error in the cloudop of 100 hPa

Table3.4 gives the profile errors due torers in the radiative transfer model:
1 the 4 stream approximation in the LIDORTA model compared to the 6 stream model,
1 neglect of Rotational Raman scattering (Ring effect), excluding effect of RRS on
atmospheric absorption.
1 neglect of polarisation

Figure 3.1 shows the apriori, total, noise and smoothing errors for two different solar zenith
angles (30.0 and 75.0 degrees), and two surface albedo values (0008®@ndhe other input
parameters are fixed: a clear sky, summer season at 45N, LOS 10.0, relative azimuth 0.0 and,
when not varied, the SZA 30.0 and surface albedo 0.05.

Table 3.1: List of apriori and smoothing errors for indicated layers. Errors are given in percent. The
columns refer to layer intervals bounded by the pressure levels indicated in the first row.

1000-700 700- 500- 300- 200- 100- 70- 30 10 5 1- 0.3

500 300 200 100 70 30 10 5 1 0.3 0.0

Apriori error ML O3 clim 23.2 |22.9/30.2|46.7|34.4/23.7{10.7| 7.3| 7.9| 9.1 |10.616.1

Apriori error FK O3 clim 28.4 |24.4135.3/49.9/44.8/28.9{13.910.913.913.913.814.9
Smoothing error ML O3 clif  19.2 |17.4/21.5(30.2{21.1{12.6/ 5.2| 3.3| 3.0| 2.4| 5.2|12.1]
Smoothing error FK O3 clin  24.5 |19.2/24.8/31.3|25.5{14.2| 6.3| 4.1| 3.9| 4.0| 5.8|9.77

Table 3.2: List of measurement errors for indicated layers. Errors are given in percent. All errors are
regarded assystematic. The columns refer to layers bounded by the pressure levels indicated in the fii
row.

1006700 700- 500- 300- 200- 100- 70- 30 10 5 1- 0.3
500 300 200 100 70 30 10 5 1 0.3 0.0
| -scale [276300 nm] 1/30 pif 0.2 ]0.2]0.2[0.2]0.2]0.2[0.1]0.1] 0.1][<0.1]<0.1[<0.1

| -scale [306830 nm] 1/30 piy 0.4 0.5{05|05(/05[04(0.1/0.1|0.1|<0.1{<0.1/<0.7f
Radiance offset 2% at 270 <0.1 |<0.1/0.1]0.2|0.2|0.2|<0.1/<0.1|<0.1{ 1.2| 2.3| 2.9
Radiance multiplicative 1% 6.1 6.5(64|63(23[1.7({1.2(06|1.0|15(13|1.2
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Table 3.3: Profile errors due to systematic model parameter errors. Errors are given in percent. The
columns refer to layers bounded by the pressure levels indicated in the first row.

1000 700- 500- 300- 200- 100- 70- 30 10 5 1- 0.3
700 500 300 200 100 70 3010 5 1 0.3 0.0
Rayleigh Cross sect. ] 2.8 [ 2.8(2.6]2.5| 1.3 1.3]|0.6(0.5(1.0/1.5] 1.3| 1.2

Ozone Cross sect. 1% 0.8 [ 1.0| 1.6| 2.6 2.5| 2.5(1.3/0.8]0.9|1.0] 0.9 0.8
Temperature 5K 9.4 |10.4/11.2{10.4 7.1| 8.7|3.3|1.5/1.4{0.6( 0.2] 0.2
Cloud-top 100 hPa 3.8|4.2|50(6.4]|3.4(1.5|0.5/0.2/0.2/0.2{<0.1}<0.1]

Table 3.4: Profile errors due to forward model errors. Errors are given in percent. All errors are
regarded as systematic. The columns refer to layers bounded by the pressure levels indicated in the f
row.

10006 700- 500- 300- 200- 100- 70- 30 10 5 1- 0.3
700 500 300 200 100 70 30 10 5 1 0.30.0
4-stream error 4.0 |43[4.6|54]|26|1.6(0.9/0.30.30.1/0.0,0.0

Neglect of Ring 3.4 |3.7|34|46|55|6.0(2.0[0.8/0.4/0.3/0.3/ 0.2
Neglect of polarizatio| 28.3|29.5(29.9/32.5(14.8| 4.6 |3.4/1.7|1.1/0.5/0.3/ 0.3
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Figure 3.1: Covariance errors in DU andpercent, for two SZA angles and two surface albedo values. Green:
apriori error, blue: total error, black: smoothing error, red: noise error
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The results indicate the following dominant error sources exceed the 5% level:

Spectral calibration,
Rayleighcross section,
Temperature

Cloud top pressure
4-stream error,
Neglect of Ring,
Neglect of polarization.

= =4 =4 -8 8 -9 9

Some of these error sources can be reduced by:

1 Incorporating accurate data of optical properties in the atmospheric forward model.

1 Using information orthe temperature of the atmosphere from NWP models

1 Using 6streams instead of 4.

1 The treatment of Raman scattering as follows. The detected radiance is separated into a
contribution from elastic scattering only (Cabannes) and a contribution from radiation
that has been Ramamelastically scattered once or more. In turns out that the fraction
that has been inelastically scattered twice or more is negligible for the relevant
wavelength range. The consequence of this approach is that the RTM now has to run
twice for every wavelength, a more exact treatment of Raman scattering would,
however, cost much more.

1 Using a lookup table containing polarisation errors

3.1.5.3 Output product description
Opera generates one or more output files per orbit: a full HDF5 produdftiioe distribution
and a file containing limited information in BUFR format for Near Real Time (NRT).

The full product contains the retrieved profile (partial columns, in DU), the full error
covariance matrix, the retrieval noise covariance matrix,athgori profile the averaging
kernels and the retrieved auxiliary parameters, like surface or cloud albedo. Also included are:
geolocation, spectral windows used and retrieval diagnostics, like number of iterations, spectral
fit indicators.

3.2 RAL nadir prof ile ECV retrieval algorithms

The RAL profile scheméMunro, et al. 1998)Siddans 20033cheme differs from OPERA in
a number of important respects. The most significant difference is the treatment of the Huggins
bands which are fitted to to a precisidnbetter than 0.1% (close to the noise level) to allow
the ozone absorption cresection temperature dependence to be exploited for tropospheric
information. This is achieved by fitting the differential absorption spectrum (log of sun
normalised radiancevith polynomial subtracted) in the Huggins range rather than the
absolution sumormalised radiance, which it is necessary to fit in the Hartley band in order to
obtain information at higher altitudes. This distinct treatment of the two spectral rangdges lea
to the formulation of the retrieval problem in 3 steps:

1) ABl fito: Fit omroonalised mdiamde inkhe Hatley bahdh(ie GGME n

Band 1) from 26807nm.
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2) AAl bedo fito: Fit effective surface al bed
regon (where ozone absorption is low) around 334nm (assuming the B1 ozone to be
correct).

3y AiB2 fito: Add information on ozone from
Huggins bands. l.e. retrieve the ozone taking the B1 result to define the peairsiat
errors.

Methods to improve the characterisation of-pisel cloud in the GOME fielef-view using
vis-nearir imagery (ATSR and AVHRR) have been implemented in the RAL GOME scheme.
The potential benefit of using docated imagery in this way to impve the O3 ECV will be
tested, providing a significant link to the cloud / aerosol ECV projects, which are planned to
involve the application of the Oxfofl@AL aerosol and cloud scheme to AT2Rind AATSR.

3.2.1 Basic retrieval equations

Each step of the RlAretrieval is performed using tmal estimation(C. D. Rodgers 2000)
The standard equations apply.

However the linear error analysis is somewhat complicated by ibie3 retrieval approach.
Particularly as the ozone prior covariance used in step 3 is not identical to the solution
covariance output from step 1. This is handledihgarizingeach step and pragating the
impact of perturbations in parameters affecting the measurements through to the final solution.

The following equations defined the averaging kernel, For thee3 process, the averaging
kernel is:

A = D, K, D, (MA M +MA,M})
) Eqg. 3.3

Where the sulscripts denote the matrices for each retrieval step and M is the matrix (consisting
entirely of i0Gs andfilos) which maps the elements of the state vector at one step into the
corresponding element of the state vector for a later step. 8ymite impacs of perturbations

in a forward model parameter are propagated via.

Ab,)M3")

Ax, = D (M3(D o

adh

Ab, + D Ab M3’ + M3(D

R N

Eq. 3.4
The estimated standard deviation of the final retrieval (ESD) is taken to be thesoptark

the step3 solution covariance (which includes the tridnution from the other steps, in the step
3 a priori covariance).
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3.2.2 Assumptions, grid and sequence of operations

3.2.2.1 Spectral ranges

In the region between 240 and 3if there is a relatively large spectral variation in optical
depth and consequent uncertgim the fractional polarisation, which can lead to errors of the
order of a few percent in stmormalised radiance. There is a traude between the
improvement in ESD from including as much of this range as possible and the mapping of
polarisation erra (also quasiandom due to the variability of the polarisation state introduced
by cloud). These errors might be mitigated by including additional retrieval parameters, but the
polarisation signature is likely to correlate to the badabrption in trs range. Similarlythe

benefit of including channels towards the short wave end of the range is offset by increasing
measurement errors, including noise and those due to imperfect modelling-otidark and
straylight. The range 26507 nm is selecteds the best compromiserom this rangethe
following sections are ignored to avoid strong Fraunhofer lines (particularly sensitive to errors
in modelled leakage current, wavelength calibration and Ring effect) and the NO -tpamdsa
265269, 278.2280,284-286.4, 287.288.8nm.

In order to fit the Huggins bands to the required accuraisynecessary to model thi&ing

effect and undesampling A pre-requisite of such a model is an accurate knowledge of the slit
function and the wavelength registration relative to the solar reference spectrum used in the
model. For GOMEL Preflight spectral calibration of the instrument was insufficient fos thi
purpose and the scheme developed here attempts to derive the required parameters, together
with a better estimate of the wavelength calibration in the region by fitting the GOME measured
solar spectrum to a higtesolution solar reference spectrum.

Thefitting region is restricted to 322t6 334nm: kelow this range the fit to the solar reference
spectrum shows gross changes in spectral resolution and wavelength calibration. Fit residuals
are also larger.

Since B2 is primarily of interest for the réleely fine-scale temperature dependent structure,

the measurements in B2 are treated in a manner analogous to DOAS. The logarithm ef the sun
normalised radiance is taken and a polynomial subtracted. This removes, to a large degree,
independent informatioon the surface reflectance which modulates the mean layer photon
path profile. It is therefore important to specify (not retrieve) an accurate surface albedo as a
forward model parameter in this retrieval step. This is obtained from a separate reti@val f
measurements in the Huggins absorption minima betwee348®%m. It is assumed that this
range is close enough in wavelength to the B2 range usedefoeval that the albedo is
appropriate, while being sufficiently insensititeeabsorption thiathe B1 fitted profile can be
assumed for the Huggins band albedo fit.

After restricting the spectral range and adopting the ¢D@#AS approach above, systematic
residuals remained at the 0.2% level (in -smonmalised radiance). For GOME and
SCIAMACHY, the mean residual over a single orbit was determined. The retrieval and FM
were then modified to allow this pattern to be added to simulated measurements, scaled by a
retrieved parameter. For GOMEa similar approach is applied, but this is currentiyndpe
refined to further improve the fit.
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The B1 and B2 retrievals both make use of the estimated random error on measurements
provided by appropriate photon noise model. In both cas@ssumed diagonal. However, in

both steps nois#oors (upper limis on the fitting precision) are imposethe noisefloor

values are arrived at empirically by inspection of fitting residuals and comparison of retrievals
with climatology and validation data. In B1 the noise floor is set to 1% imetmalised
radiance ait. In B2 the value varies with solar zenith angle, but is typically 0.05% (0.0005 in
units of the natwal log of the sumormalised rdiance).

Since the absolute stmormalised radiance is used in the B1 fit, and this is subject to
degradation over timé@wvhich varies from instrument to instrument). An engail correction

scheme is used to correct the L1 data in the B1 range used. This is based on modelling observed
radiances based on climatological ozone distributions and fitting a polynomial in time
(sufficient to capture seasonal variations) and wavelendtho(der over the band) which
captures the deviations of the observations from the climatological predictions.

3.2.2.2 Vertical grid

Vertical grids are defined for the retrieval state vector and forRhk! finite-difference
computationalevels. To minimise changes in the scheme as it is applied globally, the same sets
of levels are always used. The levels are defined in terms of pressure, so as to follow the
meridional variation in tropopause height marlosely than geometric altitude. They are
referred to in terms of a scaeight in km, referred to asZ

Z* /km 16(3.0 — log,y(p/hPa))

where p is pressure in hPa. This gives a value comparable to geometric height (within about
1km)

3.2.2.3 Ozone state vector

The state vector elementsr ozone arghe logarithm of the volume mixing ratio. Retrieval
levels are defined to & 6, 12 km, then at 4 km intervals up to 80 km (corresponding always

to the same pressure levels of approximately 1000, 422, 177, 100.000, 56, 32, 18, 105.6, 3.2,
1.8,1.0,0.56,0.32,0.18, 0.10, 0.06®32, 0.018, 0.01 hPa). Thesesrsample the resolution
expected on the basis of averaging kernel analysisa fin@ri covariance is used tmnstrain

the profile shape.

Anaprioic or r el at i ocnb6kmh is mgasdd footlie Hapley band fit (stepl) l.e. the
elements of Sare given by:

(S.)ii = AwglAx,e (%)_

a ./t

Eq. 35

The values ofthaprioriand cor r e s p oapad eachdeveki ratratitude are tagen
from the McPetertabouw or Fortuin climatiogy interpolated in altitude to the retrieval grid.

For the B2 fit, thea priori is taken from the B1A retrieval, on the same levels. Instability in the
retrieval at UT/LS altitudes was encountered when the full solution covariance, from the B1A
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retrieval was taken to define for the B2B retrieval. This instability was reduced by using a
Gaussiara priori covariance with 8km correlation length amgriori standard deviation equal
to B1A ESD.

The following deviations from the Fortuin climatology are osed:

1 At the surface and 6 km levels, the volume mixing ratio is set to the larger of the
climatological value and a value corresponding to a number density?of 10
molec/cm3. In practice, both levels are always set to this valueexcept at very high
latitude where the climatological value is greater on tkendevel. l.e. there is no
horizontal structure in the priori at these levels. This approach is intended to
minimise the appearance of spurious spatial/temporal patterns in retrievals at
tropospheric altitudes due #opriori influence

1 To avoid too tight am priori constraint, and to avoid spurious effects in theaeal
due to the imperfect sampling of the tropospheric variance by the climatology, the
relativea priori errors were set to the larger of the climatological standard deviation
and the following:

0 0-12km: 1 (in logarithmic units corresponding to 100%rattional terms).
o 6km: 0.3

0 20-50km: 0.1

0 56km: 0.5

o 60-80km: 1

3.2.2.4 Other state vector elements: B1 fit

Leakage Current A leakage current in binary units is fitted in B1, to correct for imperfect
prediction of this at L1. A single parameter is fit for tveend, unless the B1A/B1B boundary
occurs below 307nm, in which case one parameter is fitted for eadaadb The leakage
current in BU is assumed constant with wavelength.

Lambertian effective surface albedd single, wavelength independent albedcetsieved.

Ring effect Two parameters are fitted, namely (i):

Scaling factor for the singlscattering Ring effect fillingn factor (as modelled &i the
approach ofJoiner, et al. 1995)ii) Wavelength shift of the pattern relative to the nominal
wavdength calibration.

Wavelength shiftof the absorption crossection: A single parameter represents a shift of the
GOMETRAN modelled spectrum (before Ring effect or-&litction convolution are
simulated), with respect to the measured-sammalised radince. The magnitude of the
retrieved shift is such that it can be considered to pertain effectively to theyrmedsorption
cross sections, since the scattering coefficient varies relatively weakly with wavelength.
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3.2.3 Other state vector elements: B2 fit

Ring effect A single scaling parameter is fitted (to represent approximately the expected
number of scattering events). No wavelength shift is fitted in this case; thegisgation /
undersampling correctiomakes the shift of the fillingn spectrunredundant.

Wavelength shiftof the absorption crossection: The parameter has the same meaning as the
corresponding B1A stateector element. In this case a 2nd order polynomial fit to the
wavelength shift is fitted across the measurement vector range.

Wavelength migegistration between solar and baslcattered spectrum: Parameters in 3rd
order polynomial expansion (as above) of the wavelength shift between the GOME solar
irradiance and baekcattered spectra used to form the-sarmalised radiance.

Column amountsf NO, formaldehydeandBrO.
Residual scaling factarA single scaling factor for the systematic residual.

3.2.3.1 lterations and convergence
The standard Marquarilievenberg approach is used.

Convergence is judged to occur if (a) the dasction (absolute value, not normalised by the
number of elements in the state vector) changes by <1 (b) at this point a Newtonian iteration
(i.e. a step without applying the Marquatdivenberg damping) also results in a change in cost

of <1. This 29 criterion ensures retrievals do not appear to converge due to a high value of the
MarquardtLevenberg damping parameter.

3.2.3.2 Forward model

3.2.3.2.1 Atmospheric state input to the RTM
Temperature and pressure profiles and taken from meteorological analysis. UsuallyFECM
profiles are used, though Met Office stratosphanalysis hadeen used in the past.

A background aerosol profile taken from MODTRAN is assumed.

Cloud may be ignored (in which case it is fitted via the retrieved surface albedos) or modelled
according to information either from GOME {@-band retrieval) or ctocated imagery
(AATSR for GOME1 and AVHRR for GOME2).

3.2.3.2.2 Radiative Transfer Model (RTM)
The scheme uses a version of G®@METRAN++ (Rozanov, Diebel, et al. 199But with a
number of pocessing speed improvements implemented at RAL).

3.2.3.3 Error description

A quite complete study of the errors pertaining to thadilerretrieva is reported in(Siddans
2003) This was based on performing retrieval simulations for a set of basiphysccal
scenario which had been defined for the GORIError Study(Kerridge 2002) which also
containsa detailed error budgefor these conditions basic retrieval diagnostics such as
averaging kernels (e.g. seigure3.2) and solution covariances were computed. A large number
of additional error sources were also considered.
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Figure3.3 showssome results fror{Siddans 2003)ollowing errors are considered

T

Aerosol: Errors in retrieved ozone introduced by deviations in the aerosol profile from
the background case assumed in the FM are simulated by mapping measurement
perturbations based on the following cases: [HIGH] represents a maximum boundary
layer / tromsphere optical depth case from the MODTRAN scenarios, with a moderate
volcanic stratosphere. [BL10], [SUM] and [MODVOL] are close to the background case
except in the boundary layer, troposphere and stratosphere respectively, where they are
close to thelIGH] scenario.

[PRESSURE]: Effect of a 1% perturbation in surface pressure on scattering profile and
hence retrieval (absorber number density not perturbed).

[TEMP-2KM)]: Effect of 1K error in assumed temperature profile on 2km grid. Both
temperature errs are propagated through the absorption esestion only (i.e. not via
number density profile).

[TEMP-10KM]: As, above but assuming a Gaussian correlation with 10krwdii.
[TEMP-FCBKG]: As above, but taking the covariance matrix from a numericathee
prediction background error covariance matrix.

[TEMP-IASI] As [TEMP-FCBKG], but using the estimated covariance after
assimilation of IASI information.

[MIRROR]: Errors due to the incidence angle dependence of the-nsiceor
degradation.

[POLERRG1]: Estimated effect of error in polarisation correction given GOME
correction scheme (and PMD data).

[RADCAL]: 2% Gain error. l.e. mapping of a 2% of the nominal bac#ttered radiance
is mapped as a systematic error, to represent radiometric calibratos.

The most important findings of the error assessment described here are summarised as
follows:

The retrieval provides useful information on the ozone profile below 50km.

Retrieval precision, accounting for measurement noise and otheirgndsim erors is
expected to be generally in the f@&rcent range in the stratosphere increasing to a few
10s of percent in the lowest retrieval levels.

Retrieved quantities should be interpreted as estimates ofdageaged number
density, taking into accouthe shape of the averaging kernels, and the influence of the
a priori.
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1 The instrumental and RTM errors are generally relatively small, compared to the
climatological variance and, in most cases, the ESD. Exceptions are radiometric gain
errors including saamirror degradation (which has most impact abovekd() and
possibly imperfect knowledge of sfiinction shape (expected to cause a significant
negative bias in the troposphere, though the magnitude is difficult to quantify). These
errors are currentlydaressed in the real schemethyempiricaldegradation correction
factor, but still represent a significant issue for kbegn quality of the retrieved
profiles.

1 High perturbations in aerosol and errors in the assumed temperature profile give rise to
retrieval errors in the troposphere of order2@%. (The temperature error is larger at
high solar zenith angle.)

1 Radiative transfer model approximations in the retrieval scheme are seen to be adequate.

f It was also noted that for GOME a significant errosource was lack of pright
measurement of the shtinction. Preflight characterisation of GOME has much
reduced uncertainties for that instrument at the beginning of life butihchanges
may mean this source of error is important for GORM&swell.
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Figure 3.2: Averaging kernels (in units of retrieved number density / unit perturbation to true number
density) for a range of geophysical conditions typical of given months (top to bottom) anatitudes (left to
right). From (Siddans 2003)
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Figure 3.3: Retrieval ESD and basdine mapped errors for GOME-1 and the April 55°N scenario.

Dashed and solid lines refer to the 80% and 5% surface albeadases respectively. Colours distinguish results
for the 3 acrosstrack ground pixels in B1 (the legend shows the pixel mean effadir angle in degrees;
positive angle are East of nadir). Dotted lines in each panel other than the topleft show (for compatigdahe
ESD where the scale permits. The black dastiot curve is the a priori error input to the B1 retrieval. (ESD
and a priori are also plotted as negative values for comparison with negative mapped errors.)
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3.2.3.4 Output product description

Retrieval resultare output in ncdf format following CF convertions.

The product contains the retrieved profile (values on the retrieval levels), partial columns
(integrated between retrieval levels), the full error covariance matrix, the retrieval noise
covariance matrixthe apriori profile the averaging kernels and the retrieved auxiliary
parameters. Also included are: geolocation, spectral windows used and retrieval diagnostics,
like number of iterations, spectral fit indicators. Each file contains results for a gibgle

3.3 Combined nadir profile ECV retrieval algorithms

A third option for the main prototype ECV processor is the combination of both OPERA and
RAL retrieval schemedn this case OPERA would provides an initial ozone profile fitted from
absolutesunnormalised radiancm the wavelength range up to 322 nm. The B2 step of the
RAL algorithm would then be applied fid the Huggins structure between 3224 nm with

the OPERA results asgiori. This approacls to be tested during the RR exercisetdils of

the resulting algorithm (if selected for furthdvelopment) will be provided in ATBD v1.

3.3.1 Merged level 3nadir profile ECV retrieval algorithms

Input: level two data from the merged ozaree retrieval algorithm

Output: 3D monthly mean ozoneslkis for all instruments. The mean field will be a weighted
average based on the lexzérrors.

3.3.2 Merged level 4nadir profile ECV retrieval algorithms : data assimilation

The data assimilation algorithm will take the leRetlata produced by the merged imtal

algorithm as input. Besides the profiles themselves, other important data weato hiae

provided inthe level2 product are the averaging kernel (AK) and the covariance matrices. The

data are assimilated using the Kalman filter technique thatlinediin (Segers, et al. 2005t

is basically a form of optimal interpolation to find the weighted average between model results

and measurements Required for this approach are a
(covariance matrix) and the measments with uncertainties and the averaging kernel. The
usedmodel is TM5(Krol, et al. 2005)

3.3.2.1 Basic assimilation equations

The equations for the stateveckaand the measurement vecyoare given by:
Xy =M (Xi)+Wi , w; ~N (OiQi) Eq. 3.6
yi:H(Xi)+Vi , Vi~N(O’Ri)

whereM is the model that propagates the statevector in time. It has an associated uncertainty

w, which is assumed to be normally distributed with zero mean and covariance @akhe

observation operatd gives the relation betweerandy. The uncertainty is given by which

is also assumed to have zero mean and covariance Ratrix In matrix notation, the
propagation of the stat &vaegiteoby: and itbds cova
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Eq. 3.7
Xy =M (Xia)
Piil =MPM T +Q,
wherex? is the statevector at time t=i, after assimilation of the observations. The observations
are assimilated according to:

X} =x/ +Ki(yi - Hil_XifD
P :(I } KiHi)Pif
K, =P'HT(H,P'HT +R,)* Eq. 3.8

whereK is called the Kalman gain matrix.

The covariance matriri s t oo | arge to handl e, itds size
vectorsquared For TM5 this amounts to nearly 226 billion elembs. To reducP to something
more manageable t gammeterizé into a time dependent standard deviation field and a
constant correlation field.

We cannot apply the forecast equation for the covariance matrix directly because of two
problems. First, because you have to @ddhe original parameterization is not conserved and
Pwi I | of i | | PumlldecomE toe largeut@Hamdle., Secoedors in the ozone
chemistry should also be taken into account. Therefore, the Kalman covariance propagation is
replaced by an approach where we first appl
deviation field, and then model the error growth.

In the analysis equations, the number of elements in a ozone profile (40 for OPERA) is
generally much larger than the degrees of freedom (about 5 to 6). We therefore reduce the
number of datapoints per profile by taking the singular value decomposititie @&k, and
transform the profiles accordingly. Since it is too costly to assimilate each OPERA pixel one
by one, we assimilate a whole track at once. And finally, we use an eigenvalue decomposition
to calculate the hph+r matrix inverse in the Kalman fétguation. We truncate it at a number
of eigenvalues representing about 98% of the original trace.

3.3.2.2 Combining different instruments using data assimilation

Different instrument data can be assimilated at the same time withittesit assimilation
algorithm. Due to computational constraints itnist practical to assimilate all pixels, so a
selection is made. In tHature it will be considered to combine all L2 data in a model grid cell
into so called 'super obeservations' which can subsequerdabsheilated.

Assessment of URD implementation for nadir ozoneTdsite3.5 the assessment is made how

well the nadir ozone profiles fulfill the requirements as giv&able 7 of the URPO3_CCl}

URD 2011). The assessment is done for level 2 (L2, satellite retrievals), level 3 (L3, merged
monthly mean), and level 4 (L4, assimilated) data sets. The data requirements as given in Table
8 of the URD will be fulfilled for he nadir ozone profiles, except for the data format of the L2
profiles, which will be HDF.

On the other hand the L3 and L4 profiles will be given in netCDF.

Table 3.5: Assessment of the product requirementsnplementation of nadir-based ozone profiles
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Compliance of the
User Requirements as stated in URD product with these
requirements
o Height range
Driving :
Quantity | Research | Tropo- Middle L2 a?_? L3 LfA-'l
topic UT/LS | Atmospher |  Profiles protiies
P sphere o
'Regional This Compliant
differences in requirement is
evolution of only fulfilled
the ozone layel for the
and satellite
tmposghe(;'c instruments
. ozone burden
Horlzoqtal (radiative 100200 | 100200 100200 km | SCIAMACH
resolution forcina): km km Y. OMI. and
g)! 1 i)
Seasonal cycle GOME-2.
and GOME has a
interannual resolution of
variability; 320x 80 km
Shortterm
variability*
Height Compliant Compliant
dependence of except maybe
evolution of the UT/LS
the ozone layel i
and the region
tropospheric 6 kmi
; ozone burden
Vertlcgl (radiative Troppsph 3-6 km 3-10 km
resolution forcina): eric
9);
Seasonal cycld column
and
interannual
variability;
Shortterm
variability*
Evolution of Only for Yes
the ozone layel GOME, OMI
and the - and GOME?2.
tropospheric The L3
ozone burden : ;
Observatio| (radiative groflles W”tl q
n forcing); 3 days 3 days 3 days € presente
frequency | Seasonal cycle as monthly
and means and pe
interannual definition do
variability; not fulfill this
Shortterm requirement.
variability*
Evolution of (1980 (1980 The period Depends
. the ozone layel (198G 19962010 is | on the L2
Time 2010} 2010} )
period | andh | (1996 (1996 (192906}3310) covered with | data
ropospheric
ozone burden 2010) 2010) the European
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(radiative satellites. The
forcing) period 1980
1996 might be
partly covered
by adding the
US satellite
SBUV
Evolution of Probably only | Yes
the ozone layel for the middle
Accuracy tropgggheric 10% 8% stratosphere
0 0
ozone burden 8% (TBD)
(radiative
forcing)
Seasonal cycle Yes Yes
and
Accuracy '\:‘;‘flfbr:{l‘t‘;a' 20% 15% 15%
Shortterm
variability*
Evolution of Unknown yet | Depends
the ozone layel on the L2
and data
Stability tropospheric 1-3%/ 1-3% 1-3%/
ozone burden| decade | /decade decade
(radiative
forcing);
trends

3.4 1ASI FORLI Ozone profile retrieval algorithm

The IASI ozone profile data product is a new product of Ozone_cci #hidtsie based on the
FORLI (Fast Optimal/Operational Retrieval on Layers for |A8dorithm. FORLIis a lineby-
line radiative transfer model capalof processing in neaeattime the numerous radiance
measurements made by the hgpatial and higispectral resolution IASI, with the objective to
provide global concentration distributions of atmospheric trace gases.

This part describes the methadsed for FORLI. Most is extracted from Hurtmans et al. (2012).

3.4.1 Basic retrieval equations

For the inversion step, it relies on a scheme based on the widely used Optimal Estimation theory
(C. Rodgers, Inverse methods for atmusyc sounding: Theory and Practice, Series on
Atmospheric, Oceanic and Planetary Physig¢sl. 2 2000)

The forward model equation can be written in a general way as:

y=F(x;b) #

8 In this context: the total error of the retrieval.
7idem
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Eq. 39

where Y is the measurement vector containing the measured radi¥ndg the state vector

containing the molecular concentrations to be retrievdad represents all the other fixed
parameters having an impact onetlmeasurement (temperature, pressure, instrumental
parameters...)f7 is the measurement noise akd is the forward radiative transfer function.

The goal of the inverse problem is to find a state vestqrapproximating the true stat§ ,

which is most consistent with the measurement and with a certain prior knowledge of the
atmospheric state. Specifically, the measured radiaycesecombined with ama priori state

X,, and both are weighted by covariance matrices representative of their statistical variations,

S, and S,
For a linear problem, the retrieved statgution of the Optimal Estimation, is given by
x=x, 4K'S;')K S *K'S (y Kx,) Eq. 310

whereK is the Jacobian of the forward model, the rows of which are the derivatives of the
spectrum with respeab the retrieved variables.

3.4.2 Assumptions, grid and sequence of operations

3.4.2.1 Spectral ranges
FORLI-O3v20100815 uses the LevellC radiances disseminated by EumetCast. A subset of the

spectral range, covering 102875 cm *, is used fothe Q retrieval. The spectral range used
in the forward model is 960075 cm' and the spectral oversampling is 100.

3.4.2.2 Vertical grid
FORLI-O3 uses a vertical altitude grid in km.

3.4.2.3 Ozone state vector

The ozone product from FORLI is a profile retrieved on B&-thick layers between surface

and 39 km, with an extra layer from 39 to TOA.

Thea priori profile xa covariance matrixSa are constructed from the McPeters/Labow/Logan
climatology of ozone profiles (McPeters et al., 2007), whaimlzines long term satellite limb
measurements (from the Stratospheric Aerosol and Gas Experiment Il and the Microwave Limb

Sounder) and measurements from ozone sondesa Phieri profile X, is the mean of the

ensemble. Fig. 1 ilstrates this priori information: thea priori profile X, has values slowly
increasing from around 25 ppbv at the surface to 100 ppbv at 10km, reaching a maximum of
7.3 ppmv in the middle stratosphere. The variability (taken herea$ the square root of the
variance, i.e. of the diagonal eIementsSai) is below 30% in the boundary layer and the free

troposphere; it is maximum in the upper troposphereer stratosphere, between 10 and 20
km, where it isof the order of 60%. There is significant correlations between the concentrations
in the layers 010, 10 25 and 2540 km, but weak corration between these three (Fig.8

3.4.2.4 Other state vector elements
Besides the ozone profile, surface temperature andatex wapour column are retrieved.
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3.4.2.5 Measurement covariance matrix

S, is taken diagonal. The value of the noise is wavenumber dependent in the spectral range used

for the retrieval, varying around 2 x 80W/(cm? cm™* sr).
Profile + Variability Correlations
70 T T T T 40 - +1.00
+0.62
— 30 F
60 £
= +0.24
S 20
50 - -0.14
< i
10 -0.52
£ . i
2 40 0 -0.90
(]
- Covariance
2 40 +0.60
= 30
<
55 +0.44
£
20 4 +0.28
S 20
2 +0.12
10 x
<
10 -0.04
0 1 1 L L 0 ‘020
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(

| a

VMR [ppmv] Altitude [km]
Fi g4 & e fxtd: pp mv, blueline) and associat ed3varTihence
dashed red Iine indicates the top altit8darofantclee
covariance matrices in unitlesst mal.ti®»012gnti ve

3.4.3 lterations and convergence
We assume a moderately nlimear problem, where equatidtg. 311 is iteratively repeated
using a Gausblewton method until convergence is achieved. For itergtian

X =%, -(KTS;}KJ. 951) lKJ.TS h]['y F(—Xj) K()d-J X,)]- Eq.3.11

The gain matrixG is the matrix whose rows are the derivatives of the retrieved state with
respect to the getrd points. From equation Eq.13., it can be shown that:

G=(K'S;')K 8 *K'S - Eq. 312
Convergence is achieved when
d*=[F(x.) FOOI'STH% ) H¥)I m Eq. 3.13
whereS,; =S (IESJ‘ET +S’)'1 Sand M is the degrees ofdedom.
Eq. 3.11
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3.4.4 Forward model

3.4.4.1 Atmospheric state input to the RTM

3.4.4.1.1 L1C radiances
FORLI-O3v20100815 uses the LevellC radiances disseminated by EumetCast. A subset of the

spectral range, covering 102875 cm *, is used for the Eretrieval.

3.4.4.1.2 Temperature and humidity profiles

Profiles of temperature and humidity are frone IASI L2 PPF (August et al., 2012). The
atmospheric temperatures are kept fixed whereas the water profile is used as a priori and further
adjusted.

3.4.4.1.3 Surface temperature
Surface temperatures (land and sea) are fromAiBeL2 PPF. Surface temperaturepart of
the parameters to be retrieved.

3.4.4.1.4 Cloud fraction
v2010@15 uses the cloud fraction from thSI L2 PPF. All pixels with a cloud fraction equal
to or lower than 13 % are processed.

3.4.4.1.5 CO profile
A constant vertical profile at 380 ppm is assumed fos.CO

3.4.4.1.6 Orography
Orography is from the GTOPO30 global digital elevation model and is integrated in the entire
IASI FOV (http://eros.usgs.gov/#/Find_Data/Products_and_Data Available/gtopo30 info

3.4.4.1.7 Emissivity

A wavenumbeidependent surface emissivity above continental surfaces is used while for ocean
a single standard emissivity is considered. For continental surfacesstaglthe climatology

of Zhou et al. (2011). In cases of missing values in the Zhou et al. climatology, the MODIS
climatology of Wan (2008) is used. It is available on a finer 0:08:05° grid but is restricted

to only 12 channslin the IASI spectral range. In order to deal with this, the spectrally resolved
mean emissivity of the Zhou climatology is scaled to match as closely as possible the values in
these 12 channels and it is this resulting emissivity that is considerelty Fiteen there is no
correspondence between the IASI FOV and either climatologies, then the mean emissivity of
the Zhou climatology is used.

3.4.4.1.8 Lookup-tables

Tabulated absorption craesgctions at various pressures and temperatures are used to speed up
the ladiative transfer calculation. The spectral range for the LUTs used in v20100® is
1075cmt and the spectral oversampling i01The absorption crossections are computed on

a logarithmic grid for pressure from> 10° to 1 atm with agrid step 0f0.2 for the logarithm

of pressure, and on a linear grid for temperature (182386 K with a grid step of 5K). Relative
humidity is also introduced in the LUT, varying linearly between 0 and 100%, by steps of 10%.

3.4.4.1.9 Spectroscopy

Line integrated absorptiooross section, air broadening, setbadening, line shifting and
absorption cross section data are taken from the widely used HITRAN spectroscopic database
version 2008 (Rothman et al.,, 2009). Continuum formulations are taken fror@HKDT
(Clough et al.2005).
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3.4.4.2 Radiative Transfer Model (RTM)
3.4.4.2.1 General formulation

3.4.4.2.1.1 Ray tracing for upward flux

The Raytracing defines for ofhadir geometries the pathversus the altitude. This path
depends on the zenitiingle of the beamdy) as seen from the surface, which, under the
approximation of a flat atmosphere, is equal d¢ecg ). Although the plangarallel

approximation could reasonably be applied for IASI at meatlir, it is not adapted arger
viewing angls. The spherical shap# the Earth is explicitly accounted for in FORLI by
including a local radius of curvature for the EaR-h and the index of refraction of air. The
elementary path is then written as
ds= n(z2(z+ R) dz
J*(9(z+ R)* - R A Psin@q)
Wheren( Z) is the index of refraction of air at altitude . The altitude dependency is expressed

through the variation of temperature, pressure and humidity and idletbdsing the Birch

and Downs formulation (Birch and Downs, 1994). The index of refraction is considered
constant in the IASI spectral range.drder to calculate the patilong the line of sight, Eq.
3.14is integrated using a numerical method, as no analytical closed form exists.

Eq.3.14

3.4.4.2.1.2 Radiative transfer
Local thermodynamic equilibrium is assumed. The monochromatic upwelling radiance at TOA
is then alculated as

U@ qz)= L(Cin, 0 Cit,0m)aff ICa 20 (. zap a Eq. 3.15
HZi

where L'(77; ¢0) is the radiance at the start of the light path (i.e. that of the emitting surface)
at wavenumber7 with a ground zenith angle afy , ¢ ("n , 7, 2) is the transmittance from

altitudes Zi to Z , and J(7,q,z) Iis the atmospheric source term which depends on both

thermal emission ahscattering.

For FORLI, only clear or almostiear scenes (cloud fraction in the fielaf--view (FOV) lower
than typically 20%; see specific documents for C@,a8d HNQ for threshold values) are
analyzed and the atmosphere is therefore consideredassaattering medium. In that case
J becomes independent on geometric angle, thus simplifying to the-tibagkemission

functionB(ﬁ,T) :
The transmittance ("7 , i, 2) in equation 3.13s relatedo the absorption coefficierk by:

- e 7. . (g, Z) i
t("n 7, 2 = expé kizhi(z dz Eg. 3.16
(n.m9=expe 8, Gz i(2r— 1

where j refers to a given gaseous specrqi,zi) Is the molecular density of that species at

altitude zj , and s(g, z) is the curvilinear path determined by the ray tracing. The absorption

coefficient K contains absorption features described by single spectral lines; regions affected
by absoption of heavier species (where cr@gstions would need to be used) are avoided. Also

absorption continua are explicitly considered in the calculatiof§ of
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A precise calculation of the Earth's source functibr{/7; ¢0) in Eq.3.15 has to be achieved

to properly model the spectrum recorded at TOA. That term is basically governed by the black
body emission of the ground surface, modified, however, by the emissivity and reflectivity of
that surfaceConsidering a surface of emissivity):

L@ 0=, OB(,) € () nELE™ Eq. 3.7
where B(T;,) is the ground blackody Planck function at the ground temperatlyg, :
'—o®£‘(ﬁ)=%|§2pd fopf’ﬂ b; psim( )cosf | Eq. 3.18

is the mean radiance associated to the total downward flux reaching the surface, integrated upon

all the geometries considering a Lambertian surfafefJLs (") is the fraction of sun light

that is retrereflected in the direction of the sounding beam, which depends on the sun azimuthal
angle and the surface effectiveflectivity a (7). In FORLI both contribution from Lamberha

and specular reflections are explicitly taken into account, following:

a(N=(L W om+ 4 f)&TI95 19 Eq. 3.19
With
Ccosg"
My = ;q Eq.3.20

cosg + cos g
\/2[1+ sing™ sin gcos( £ " ¥ -cos cgs ”

My = Eq.3.21

whereq@ , g , ¥ and ™ are the sun and satellite zénitnd azimuth angles respectively,
and where/ in equation 3.2 is the effective reflectivity for specular reflection; the last factor

on the right hand side of that equation is the sun solid angle. Not%®1(ﬁh) in equation 3.1
is modéled by a Planck blackbody function at 5700 K, withoutudahg spectral lines.

3.4.4.2.2 Numerical approximations

In order to perform the radiative transfer calculation, a discretized layered atmosphere has to be
considered. Typicallya 1 kmlayered atmosphere is assumed. The convention adopted here is
to label the leva from O to N for altitudes starting from ground to the TOA, with an

atmospheric layer bounded by two levels. The layer index is then ranginglftoN . Far
each layer, average parametéesg. T, P,» ) are computed.

3.4.4.2.2.1 Ray tracing

Equation 3.13s integrated for each layer using a Gakissnrod quadrature scheme. For each
layer, the partial column of each molecuje is also computed using

Z

PC =rj+1f,-(2)—dz(zz) dz Eq.3.2

where fj(Z) is the molecular density (in molecule/én

3.4.4.2.2.2 Radiative transfer
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Assuming clear sky, equation 8.1s disaetized using a recursive representation evaluated
successively for each layer1 »N :

=B <L, B) Eq.3.3
where E is the average constant Planck function for layecomputed at the average
temperature'lTi of that layer ancfi = (‘~; 7,7 1) is the effective transmittance of that layer.
L, is evaluated using successively tvazursions similar to equation13, the first being to

approximate the downward fluko@(ﬁ). The evaluation of this equivalent doweard flux
integral in equation 38Lis simplified by computing an effective waward radiance with an

zenithangle of53.5_, which approximates the integral within a few percen0f8fs (Elsasser,

1942; Turner, 2004). Accordingly, the computational cost gain is made at a minor error cost in
most situations.

Effective transmittances are computed fackelayer using a formulation clogsethe analytical

form equation 3.1,7but using the average parameters:

e .. . - =
fi=expga PG, a k (C:#.P) Eq. 3.24
e i I

where | refers to the layer;j , to the molecular species; amd to the spectral line when
relevant. For water vapio, the water concentration enters in the line shapes definition, and we

should rigorously writé, (4T, TP,VMR]--L ).
A special feature of GRLI is to work with unit less multiplying factorMi,,- instead of the

partial cqumn?CH- themselves. The multiplying factors are calculated with respect ta the

priori profiles, except for water vapo for which the level 2 first guess retrieved at
EUMETSAT CAF (August et al., 2012) is us@nstead. Therefore equation 812comes:

f :expg -4 M PG, A4CE.P) - QPG & £:TpP) Eq.3.25

@ j=fitted i dixed
where the sum runs over the fitted molecules andjthdixed molecules.

The total state vector ends up to be all the multiplying fanrsand all the nommolecular

parameters (ground temperatur&kin, emissivity or spectral/radiometric calibration
parameters) that have be adjusted. Specifically in FORLI, OIM/M i (the trace gas profile and

the water vapar column) andekin are retrieved.

3.4.5 Error description

The fitted varianceovariance matrix &, representing the total statistical error after the
retrieval, is written:

§=(K's'’K 8 * Eq.3.26
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It includes the contribution from the smoothing error and the measurement error, which can be
decomposed according to Rodgers (2000).

Averaging kernels are calculated as

A =GK Eq.3.27

whereG =(K'S;'K 8.1 *K'S . Eq.3.28
Typical averaging kernels are represented in Fi§ure

3.4.6 Output product description

3.4.6.1 Formats
The FORL}IOsretrieval resultsvill be delivered in NetCDF.

3.4.6.2 Ozone profile and characterization

The ozone product from FORLI is a profile retrieved on 39 layers between surface and 39 km,
with an extra layer from 39 to TOA. It is provided along with averaging kernels and relative
total eror profile, on the same vertical grid.

3.4.7 Retrievals and Quality flags

Quality input flags:

-Missing T, Q, Cloudinput values
-Negative surface altitudes
-Unrealistic skin temperature
Quality processing flags:

-Overall Convergence was reached (indicatexcessful retrieval)
-Convergence not reached after maximum number of iterations
-Too high values for Chi Square

-No retrieval done! (due to incorrect inputs or other reasons).

-Residual s fAbiasedo or fAsl opedo or | arge RMS

-Fit diverged
-Unrealisticaveraging kernels
-Total error covariance matrix ill conditioned
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Figure 3.5: Example of averaging kernels for FORLIO3 retrievals.

4 Linbrofile ECV retrieval al

4.1 MIPAS IMK -Scientific (KIT)

TheMIPAS retrieval baseline has been selected in a R&Rwiain exercise (Laeng et al., 2014).
It is based on the IMK/IAA algorithm. Th®&K/IAA Scientific Processor design description
figures in more thab0 peer-reviewed publications. More details abascripton below can
be found in(von Clarmann, Glatthor, et al. 2008yon Clarmann, Hoepfner, et al. 20G8)d
(Glatthor, et al. 2006)

gor i

4.1.1 Basic Retrieval Equations

In the retrievals performed with the IMK\A data processor, MIPAS levdlB spectra are
inverted tovertical profiles of atmospheric state parameters

After linearization of the radiative transfer problem and afteting the solution into the
context of Newtonian iteration in order to take nonlinearity into account, the estimation of state
parameterss perbrmed iteratively as following

xiy1 =%+ (KIS K+ RAM) T (KTSS ! [Yonews — ¥ (53)] — R(xi — x,)).
Eq. 4.1

The retrieval is performed bgonstrained notinear least squares fitting of modelled to
measured spect(&€. D. Rodgers 200)y minimising theobjective function

1= (x—x,) " R(x—x,)+ (y—£(x))"S;  (y —f(x))
Eq.4.2
Here:
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1 X is the maxdimensional vector of unknown parametestimated om-th iteration
1 y andf(xi) arethe measurednd the modelledpectral radiances,

1 Kiis the mhax X nmax Jacobian, containing the partial derivatives of alknsimulated
measurementg under consideration with respect to all unknown paramgters

Ki' denotes the transposed matfix

Sy IS MmaxX Mmax COVariance matrix of measurement noise,

R is nmaxX Nmax regularizatiormatrix (see Sectiod.1.5

Xa IS the related a priori information (see Secth.H

YmeasiS the mhaxdimensional vector of measurements under consideration,

at IS NmaxX Nmax LevenbergMarquardt tern{see Sectiod.1.9

4.1.2 Diagnostics

IMK -IAA MIPAS results are characterized by error estimates, as well as vertical and horizontal
averaging kernels. The latter two are used to estimate the spatial resolutiemadfievals.

The gain function is calculated as follows:

G=(K'S,'K+R)"'K"S, '
' : Eq. 4.3

The covariance matrices of the state vector and of the measurement are linked by

- T
5, =G8,G". Eq. 4.4

The averaging kernel matrix, reflectitiye sensitivity othe retrieved profiléo the change of
state parameters is

A=GK=(K"S;'K+R) 'K'S 'K
Eq. 45

In addition, the horizontal smoothimgformationis calculated for sample cases on the basis
of the 2dimensional averaging kern&bo=GK2p whereK is the2-dimensionalacobian.
The random error covariance mat8xndomOf theretrieved quantity is calculated as

Suanion = (KTS;'K+R) T KTS;'K(K”S;'"K+R) .
Eq. 4.6
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and the linear mappingy; of the uncertainty; of parameteb; is

1
Ax; = (KTSL 'K + RJ K'S ' x [v(x,b; + Ab;) — y(x. b))]
: : Eq. 47

Two additional criteria are usually appliezithe retrieved data in order evaluate the quality
of the profile:
1) results where the diagonal value of averaging kernel is less (in absolute value) than 0.03
areconsidered noitrustful.

2) results related to parts of the atmosphere-semsed by MIPAS (i.e. below the
lowermost used tangent altitudale considered netnustful.

4.1.3 Assunmptions, grid and discretization

IMK/IAA  Scientific Processor retrieves the stratospheric Ozone Profiles from
MIPAS/ENVISAT limb emission spectrahe retrieval strategy is based on constrained-#gve
modelling of limb radiances.nlstratospheric/tropospheri@trievals,local thermodynamic
equilibrium (LTE)is assumed

The retrieval igperformedon a discrete altitude grid-m grid width from 4 44 km altitude,

2-km gridwidth from44i 70 km, 5km gridwidth from 70120 km, with some addition&vels

for temperature and4@). This grid is a compromideetwea accuracy and efficiency and has
been developeduring numerous test retrievalhe retrieval quantity iezone volume mixing

ratio (vmr). Ozone mixing ratio is assumed horizontally homogenous, while temperature is
assumed not to be soosidering théorizontaltemperature gradiengenerally diminish the

total errorof the retrievd by reducing the number of convergence failurastiqularly near the
polarvortex boundary

4.1.4 Sequence of operations

The processor is designed so thatrttagor contributes to the infrared spectrum ateefirst
to be retrievedbeforethegases with tiny spectral features.

First, thespectral shift of the measuremeidsdetermined Then temperatureand altitude
pointing information (i.e. the elevatiangleof the lineof sight of the instrument) ajeintly
retrieved. Thesequence ofetrieval operations isH>O, O; and thenother trace gase#é\s a
general rule, resultsf preceding steps are used as input for the subsepigaval steps, i.e.
the HO rdrieval uses retrieved temperatueesl pointingnformation, and the subsequerg O
retrieval uses retrieved ¥D abundances, etcBeside each target species, microwindow
dependent continuum radiation profiles and microwind®pendent, buteightindependent
zero level calibration corrections are jointly fittétbO is retrieved in théog domain.
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4.1.5 Regularization

The IMK -IAA processor performs regularized retrievals oma#itude grid(spacing of 1 km
up to 44 km and of 2 km between 44 aftdkm), which isfiner than the spacing dflIPAS
tangent altitudesvhich is3-km for reduced resolution measuremeiitisis implies thatstable
solutions can only be obtained by regularizatibhe processouses a smoothing constraint,
which operates by vighted minimization of the squared ficgder finite differences of adjacent
profile values, using dikhonov (1963) formalism. The intent of this choice isniake the
resulting profiles less dependent on the a priori profiles.

The first order difference operatbt applied to profile is looks like

—1 1 0o .- 0 0

o -1 1 --- 0 0
x=L1x

0 o o0 - =1 1

To run theleast square method, we extehd cost functioty component of

{1 -1 0 0 .- 0 0 0)
-1 2 -1 0 - 0 0 O
o ]l o -1 2 -1 .. 0 0 0
x!LfL|x=x‘I , X,
o 0 0 0 . -1 2 -]
\ 0 0 0 0 .- 0 -1 1)

The goal is to mininze the cost function

2= (y—f(x))" 87 (y—f(x)) + =" LT Lix
Eq. 4.8

which is achieved when

&= x0+(K'S; 'K +9LTL1) " K’S; ! (y — f(x0))
Eq. 49

The regularization term in the IMK/IAA MIPAS retrieval thus is

R =Tib.L
As a priori in 0zone processing we use0, which means that the retrieved profile can be seen
as a smoothed version of the true profile.

All trace gases areegularized against aaititude.constant a priori profilelts actual value is
meaninglesssincein this casahe smooting regularization appliedffectsonly the shape of

the profile anchot the actual values. Tladtitudeconstant choice of the a priqarofile avoids
artefactavhen the altitude of a stratospheric peak or a sharp benthedavpopause is located

at a different altitude in the a priatata compared to the true atmosphere. This approach implies
that the resulting profile is, apart frodeviations due to measuremepdrameter or model
errors, a smoothed version tife true profile without bias or further distortiofihe only
variables regularized by maximunpasterior approach are the elevationtbk lines of sight

(von Clarmann, Gitthor, et al. 2003nd the horizontal temperature gradiefitse latter (but
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not the temperatures themselves!) are constrainttda zero ordeECMWF Tikhonowtype
regularization towarddata, which is equivalent to a maximunpaseriori formalism(C. D.
Rodgers 2000yith a diagonal ad hoa priori covariance matrix. The latter was set such that
for high altitudes, where ECMWEF analysis data are thougbe tiess reliable, the information
on the horizontal temperatugeadients is extracted mainly frotine measurementshile for
lower altitudes, where a single limb scan contalittse information on the horizontal
temperature distributiobut where ECMWF analyses are more reliable, the retriggalongly
constrained towards the a priori.

4.1.6 Iterations and convergence

The minimization of the cost function is done with Newtonian iteration scheme where the
JacobiarK; and modded spectrd(xi) are updged within each iteration In order to avoid

divergence due txi+1 - xi) being so large that the ieg where the linearization &¢x) is valid

is left,theLevenbergMarquardtmethod is usef(l.evenberg 1944 Marquardt 1963)Namely,

the opt i olntaning dcaar timesaunity) damps the step width: ¢ xi), bends its

direction toward the direction of the steepest descent of the cost function in the parameter space
and prevents a single iteration from causing a jump of paramelenygond the linear domain

around the current guess(LevenbergMarquardt sh e me ) . Usually @& is se
LevenbergMarquardt term is activated only if otherwise the retrieval tends to diverge.

The iteration is considered convergedaich of the following criteria is fullfilled
1. Linearity: ectral convergence &chieved in two subsequent iterations according to
the criterionbelow:

| £(3¢:) + K(xip1 —xi) —Fxip1)| cli
| fix) +K(x 1 —x;) +HF(x00) | £ Eq. 4.10

with two dif fin&inévw subsequentdterdtians rdust hdld foryall
2. Parameter convergence
forall n, knj- Xni1|  csnverghh
3. Penalty function convergence:
G|2 <1 .0 212 * G
4. LevenbergMarquardt term is desactivated:
=0
4.1.6.1 Microwindows

Microwindows are narrow spectral intervals suited for retrieafatemperature or species
abundances profiles. Thaptimal boundaries are fouily minimization of the estimatddtal
error(von Clarmann, T; Echle, G. 1998he altitudedependent selection of microwindows is
stored in secalled occupation matrices (OM$tartingfrom a set of automatidgl generated
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microwindows(Echle, et al. 200) the microwindow selection used here was modiiredrder

to better remove impact of ndiTE which might have been underestimated in the initial
microwindowselection, reduce the impact of further interfering speciegatabnsidered then,
and avoid pectral lines whose spectroscogdata prove inconsistent with those of the majority

of lines.

Table 4.1: Microwindows for MIPAS IMK/IAA ozone retrieval .

4.1.6.2 Error budget

This section is
LA

Microwindow Altitude coverage
em™! 6—68 km
00111222333344566
69258147036927208
741.675-741.825 ====T====TTTTTITT=
744.950-745.125  =TTTTTTITTITTITITIT
757.900-758.000 ==TTTTTTTTITTT===

759.225-761.650
764.800-764.950
798.450-798.650
1062.325-1062.475
1081.500-1081.600
1090.350-1090.475
1108.000-1108.350

TTTT==TTTTTITTITT
T==TTTTTT==TT=TTT
===TTTTTTTTTTITTT

T TTT
TTTTT=TTTTTITTTTIT
TTTTT=TTTTTTTTTTT
TTT=T===1T=T=====

based ¢Bteck2007)
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Figure 4.1: Estimated ozone error budget of MIPAS averaged over selected locations (4 seasons, 5 latitude
bands, night and day). Left: absolute, right: percentage errors.

Error! Reference source not found. shows the MIPAS ozone error budget averaged over
selected locations (4 seasons, 5 latitude bands, niglleghd heestmated total random error
(Error! Reference source not found, right, solid black) variebetween 4 and 7% between 20
and 52 kmcorresponding towvaluesin volume mixing ratiogError! Reference source not
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found.10, left, solid black) of0.15 parts per million by volume (ppmv) and 0.35 ppmthia
altitude region. The percentage errors are slightly increasimards 60 km (12%) and dow

to 15 km (10%)Below 15 km the percentage errors are rapidly increasingites in the order

of 25% for polar and midlatitude conditions more than 50% for tropical conditions, where
thevmr is small. The error in vmr remains below 0.1 ppfive esimated random error is
dominated by the instrumentabise above 14 knmEfror! Reference source not found10,

left, solid blue). Below 14 knthe error due to uncertain water vapor concentration becomes
dominant(Error! Reference source not found.left, solid beige). The reason for that is the
exponentially increasing water vapor with decreasing altiuueh leads to a dominant water
vapor signal in MIPASspectra. These strong water vapor lines are slightly interfevitig
ozone lines leading ta dependence of the retrievedone on the preetrieved water vapor
amount. Also errordue to uncertain gain calibration, N205, Holesight (LOS)pointing, and
temperature contribute noticeablihe estimate total systematic errorE¢ror! Reference
source not found, right, dashedblack) is mainly between 4 and 14% (corresponding taddl

0.8 ppmv,Error! Reference source not found, left, dashed black) with maxima near the
ozone maximum and in the lowermost stratosphere and below.

The error is dominated bynagertainties in spectroscopilata Error! Reference source not
found.10, right, dashed blue). The altitudiependence of errors due to spectroscopic data is
due to the fact that the microwindows used in the retrieval are varying with altitude. Errors
caused byincertainties in the ILS (instrumental line shape) are in the order of 1 to 4% and thus
nearly negligible compared to spectroscopic uncertainties.

4.2 SCIAMACHY IUP V3.5 (IUP Bremen)

4.2.1 IUP SCIATRAN Retrieval

The IURscientific retrieval processor is based tbe software package SCIATRAN
Version 3.1(Rozanov, et al. 200ZRozanov, et al. 2014Yhe ozone profile retrieval is done
using the Optimal Estimatioi®©E) approackiC. D. Rodgers, Inverse Methods for Atmospheric
Sounding: Theory and Practice 20Q@ith first order Tikhonov constraints. The following
eqguation has to be solved by this method:

R &Kx&U Eqg. 4.11
where R is defined as foll ows:
REy-Yo Eq. 4.12

and is the difference between the logarithms of measumgdimulated retrieval vectors, which
are determined from the limfadiance pofiles as described in sectioril4 The linearization is
achieved by forward model operatdmwhere the weighting functions are the elements of the
matrix K. The state vectoxsis the difference between the a priori and retrieved vertical
distributions of ozone concentration:

X'=X-X0 Eq.4.13

with the errors denoted as EqJ4.1litheeretrievall Thai | at i c
unknown parameter or profilecan be retrieved using the OE method of inversion:
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x=Xo+SK'S, }(y-yo) Eq. 4.14

whereS s the solution covariance matrix aBdis the noise covariance matrix. The solution
covariance matrix can be calculated as follows:

S=(K'S’ K+S4 ¥ 1! Eq. 4.15

where S is the a priori covariance matrix. The theoretical precision of the retrieval is then
defined as the square root of the diagonal elements of the 18alrhe vertical resolution of

the retrieved profiles can be quantified using the FWHM of the averkgmgls, i.e. columns

of the averaging kernel matrix A is given by the following expression:

A=SK'S/ K Eq. 4.16

By using the equationd (11), (4.12) and 4.16) we can simplify equatio(14) into the
following:

Xre=Aruet (E-A)o+AK U Eq. 4.17

From this equation it is trivial to see that the retrieval vector equals the true profile if the
averaging kernel matriA equals the identity matriEwi t h zero noise U=0.
averaging kernels for SCIAMACHY is plotted in Figurg 4 with coresponding FWHM of
AKs (Error! Reference source notfound)f or averaging kernels betw

Ozone Averaging Kernels FWHM of Averaging Kernels
40 40[ . B

30 30

20

Altitude [km]

Altitude [km]

0 " " 1
0 0 5 10 15
0.0 02 04 06 08 10 FWHM [km]

Figure 4.2: Example of SCIAMACHY O3 Figure 4.3: SCIAMACHY FWHMs for the altitude
Averaging Kernels. range of 14- 48 km.

4.2.2 Discrete Wavelength Methodn V2.X

In order to retrieve ozone concentration profiles from limb scatter observations the discrete
wavelength method has been ugEtittner, Bhartia und Herman 200Qyon Savigny, et al.
2005)(Sonkaew, et al. 2009In the first step the normalized limb radiance profil@sTH) are
calculated for each wavelength, by dividing the limb radiances at tangentfidigithe limb
radiance at a reference tangent height.{H5ee Table 1). For the Chappuis band normalized
radiance profiles at three different wavelengths are selected and combined. The three
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wavel engb®)s(28nme 590 1(me-675 nm). These wavelengths are combined to the
Chappuis retrieval vectgr as follows:

ye=In[ I( ®TH)/Square Rootl( &TH) I( £TH)] Eq.4.18

In addition to the Chappuis wavelengths the normalized limb radiance pratfiieUV
wavelengths are used in the retrievable shows the wavelengths, tangent height entries and
the assumed signéd-noiseratios (SNR). The tangent height eaesi(1824) correspond to 50
70 km for the 264 nm and40 km (515) for the675 nm wavelength in 3 km steps respectively.

Table 11. The wavelengths used with corresponding lowest Tiblv and reference THef tangent height
entries and SNR.

> [ n264]267.5|273.5| 283|286 | 288 | 290 | 305 | 525 | 590 | 675
THow | 18 [ 18 18 16 |16 [16 |16 |13 [5 |5 |5
THet |24 [ 24 24 23 [22 [22 [21 |19 |15 |15 |15
SNR [15 |15 15 30 [30 [30 [30 |50 [140]140] 140
The final measurement retrieval vectprcontains the natural logarithms of the
normalized UV limb radiance profiles as well as the Chappuis retrieval vEbtocloud optical
thickness and cloud extinction coefficient have the strongest effect on the retrieved ozone
profiles (Sonkaew et al.,009). The retrieval is rather insensitive to changes in cloud water
droplets size, solar azimuth angle (SAA), cloud geometrical thickness and cloud top height for
constant cloud optical thickness.
The following danges of the IUP Bremen Lintbzone (STRATODNE for version
2.1)as reporte@Mieruch, et al. 2012have been implemented

Version 2.2:addAlbedo data bag@atthews 1983)
Version 2.3useECSTRA Aerosol data base has been adBadsen und Bingen 1999)
Version 2.4: Level 1 V 7.03.04 scia data instead of Level 1V 6.03

Version 2.5: Four State(horizontally)Limb measurements, instkaf an average over
all states

1 Version 2.9: Level 1 V7.04 consolidation grade W

= =4 =4 -4

4.2.3 Polynomial Approach in V 3.X

A new algoithm has been developed for limb measurements in order to solve issues, mainly to
address the drift, bias, and insufficient quality of ozone in the UTLS region, present in the limb
ozone V2.9.

The new approach is using the spectral information from KaHlegginsand shorwave wing
of the Chapuis band.

The spectral informationsed to establish the memsment vector is dependent on the altitude
of interest. Foexample, athe altitudes levebf 61 and 58 km, the spectral interval of 264
273.8 nm has been used by excluding the two windows of Z&%.5 nm and 267.6272.5
nm, with no polynomial subtraction
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This stepwise selection tiespectral intervals is proceeded to build up the toasurement
vector from which the differaraltitudes of the ozone profile is thestrieved. An overview of
the spectral intervals of thdogarithm of the normalized radiancegth k-th order of

polynomiak subtraction, normalization scheme, and regédeaibedas shown in Table 12.

Table 12 Retrieval scheme for different spectral intervals, by using the polynomial approach in
SCIAMACHY IUP V3.5.

Altitudes | TH_ref. | Spectral Excluded | K"-Order | Normalization | Albedo
[km] [km] interval interval of
[nm] [nm] Polynomial
5871 61 68 2641 265266.5 - Tangent -
273.8 & 267.5 Height
272.5
51-55 64 276.51 2781 282.5 Oth Tangent -
284 Height
38-55 58 2891 - Oth Tangent -
309.5 Height
32-38 - 325.5- 331 - 1st Solar Surface
9- 32 - 495- 576 2nd Solar Surface

The retrievedozone concentrations are retrieved at measurement tangent heights, with the
surface albedo in the UV and visible range along with auxiliary parameters ohiNber
densities at measurement tangent heights, artdt@ column.Clouds and strongly increased
aerosol in the field of viewby using the SCODA algorithm (Eichmann et al., 208n be
detected. Measements at thegangent heiglst and belowarerejected

4.2.4 lterative approach

An iterative approach is applied to account for the-lmoearity of the inverse problem. The
iteration is stopped when the convergence criterion is reached. A-Sawsdsn iterative
scheme is used to find a soluti@@. D. Ralgers, Inverse Methods for Atmospheric Sounding:
Theory and Practice 20Q0)

Xi+1=X0+SK'S' ty-yi+Ki(Xi-X0)) Eq. 4.19

The iterative process, which is limited to a maximum of 40 steps, is stopped after one
of the following convergence criteria is reached. The first criterion is that the relative change of
the root mean square (RMS) of the fit residBMS./RMS-1 is lowe than 104 The second
criterion is the relative change of the retrieved parameters with a threshold of 0.01, which is
defined as the maximum change in the number densities between 10 km and 40 km. A spectral
point is considered as an outlier if tlemaining residual is larger than six times the RMS.
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4.25 Regularization

For the regularization procedure two covariance matrices are important: the measurement
covariance matriX§ and the a priori covariance matrix $he values for the elements of the a

priori covariance matrix are set as relative variances. The diagonal elements of the measurement
covariance matrix are determined as 1/SNRe diagonal elements of the a priori covariance
matrix, S, are defined as variances with typical values DflD. The predefined SNR for the

eleven wavelength segments are usedTab&el1l) for all altitudes. The oftliagonal elements

of the a priori covariance matrix are defthas follows:

T zit|zj|/rc

Si=0%e Eq. 4.20
where @ i s zandzarevhe rltitedescaresponding to the element (i,j) of the
covariance matrix, andd 1.5 km is the correlation radiu

profiles is done by applying the Tikhonov regularization scheme.
The Tikhonov matrix is added to the a priori covariance m&trand thenew solution
covariance matri6* is then calculated as follows:

S=(K'SK +S1+5'9)? Eq. 4.21
whereS is a first order derivative matrix weighted by an appropriate Tikhonov parantatr w
linearly increases withltitude from 3 at 7 km to 9 at 75 km.

42,6 Auxilliary Data

The temperature and pressure profiles for the location, date anatt@aeh limb measurement
are taken from the ECMWoperational data base (ECMYVHhe ground albedo distribution
is extracted from the seasondtbedo data bas@Matthews 1983)High precision integrated

Albedo data of resolution of 1°x&re available fodifferent seasons.

The aerosol extinction profile has been taken from the ECSTRA (Extinction Coefficient
for STRatospheric Aerosol) model which depends on altitude, latitude and wavelength
parameters and can be used as input in the retpeveddurgFussen und Bingen 19997 his
empirical model of aerosol extinction profiles is based on SAGE Il solar occultation
measurements.

4.2.7 Error Characterization

A detailed account of the errbudgetfor V 2.9 can be found irfRahpoe, et al. 2013)A full
error budget estimation &f3.5 is not available yet, and has to be characterized ingbe
future. The random erroex-ante) for the V3.5 ozone is in the range & %.

4.3 GOMOS ESA IPF v6and ALGOM2S v1.0(FMI)

The GOMOS (Global Ozonlonitoring by Occultation of Stars) instrument BXIS-IR
spectrometers for monitoring of ozone and other trace gases in the atm{Behenex, et al.
2010; Kyrdla et al., 2010. Ozone is retrieved from UVIS measurements. The niglirine
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measurements Wibe used in the OzoreCl project. The GOMOS IPF v.6 processing is
described in detail ifKyrola et al, 2010) the new feature of v.6 processing (compared to the
previous vercevarantenpi ri ke i hwllr gSoenmaetal, 801 r es en
Below we present the brief summary of GOMOS retrieval algorithm and data characterization.

4.3.1 GOMOS retrieval strategy

The GOMOS processing starts with various instrumental corrections, whichsargdd in
detail in (Kyrdla et al, 2010) First, the mean dark current is subtracted from the recorded

spectra Sobs. Second, the reference star spectrum is averaged from sufficiently many

measurements above the atmosphere, thus giving an accurate estimate of the star§pectrum
Then the spectrum observed through the atmosphere is divided by the reference spectrum,
yielding the atmospheric transmission function:

S
Tom = =22 Eq. 423
Sstar
The component due to refractive effects is estimated and removed from the transmission data:
T
Tex = Tatm- Eq. 424

ref

The component Tref includes estimates of both regular refractive effects (refractive
attenuation, or dilution) and scintillation®alaudier et al., 2001jSofieva et al., 2009 he

transmission spectrd,,; provide the basis for retrieval of atmospheric constituent densities.

The collection of transmission spectra at different tangent altitudes constitutes the GOMOS
measurements written in matrix form™MsThe transmission spectra can be modelled by using
the weltknown LamberBeer law

T =€, Eq. 4.25
where the optical depth is given by

t(¥=an & mME)) (TLs)ds Eq. 4.26

Here the/;6 s are constituent dendiandite§ o s epereditme

temperaturalependent absorption or scattering cross sectfbnbeing wavelength) The
integration is performed along the optical path joining the instrument and the source.

Ozone, NQ, NGOz and aerosol optical depth are retrieved from the\JS spectrometer
measurements. Since aerosol extinction spectrum is not known a priori, a-degoeel
polynomial model is used for the description of the aerosol extinction. The aerosol number
densityand two parameters that determine the wavelength dependence of aerosol extinction
spectra are retrieved from GOMOS data. Due to-eonimogonality of crossections of
Rayleigh scattering by air with the considered polynomial model of aerosol extinceaar th
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density is not retrieved from UVIS measurements by GOMOS. It is taken from ECMWF
analysis data corresponding to occultation locations.

The GOMOS inversion from UWIS spectral measurements is split into two steps
(Kyrdla et al., 1993; Kyrolét al, 2010) First, atmospheric transmission spectra are inverted
into horizontal column densitids for gases and optical thickness for aerosols, for every ray
perigee (tangent) altitude (spectral inversion). Then, for every constituent, the collection of
the horizontal column densities at successive tangent heights is inverted to vertical density
profiles (vertical inversion). The use of the effective cross sectiihsola, 1994; Kyrolat
al.,, 2010) allows the separation of the inversion problem into parts. The two parts are,
however, coupled together by the unknown effective cross sections. In order to take into account
the coupling effect, the processing makes use of an iterative loop over spectral and vertical
inversions.

4.3.2 Spectral inversion

The GOMOS spectral inversion problem can be written in the form:

T =eXp(EN) ©, Eq. 427

where T, are measured transmittances after the correction of refractive effects at &l{jtude
Tex: are the columns of the measurements matjiXN are horizontal column densities at this
altitude, Sis the matrix of effective crossections, ang, represents the error term (noise and
modeling errors).The spectral inversion is germed for each tangent altitude separately (i.e.,
independently of other tangent altitudes). It relies on the standard maximum likelihood method,

which is equivalent to minimization of the statistics under the assumption of a Gaussian
distribution of the measurement errors:

¢ =(Toe TrodN)) CHTexe FuokN)). Eq. 4.28

where Text IS @ vector of observed transmission specifia@eqd iS a vector of modeled
transmittances, an@ is the covaance matrix of transmission errors. The minimizatiorc®of
is performed usinghte LevenbergMarquardt algorithm(Press 1992) which provides both

horizontal column densitieBl and a covariance matrix of their uncertainti&,\,. In ¢

presentationthe covariance matrix of the transmission er@ns presented as a sum of two
matrices:

C= Cnoise € moc Eq. 4.29

where the diagonal matri@nsise COrresponds to the measurement noise@sngd corresponds

to the modeling error. The incomplete scintillation correction is the dominating source of
modeling errors in the stratosphere. The scintillation correction errors are not correlated at
different tangent altitudes, thus allowing w@itting of C into Cnoise andCmod. They result in
wavelengthdependent perturbations in the transmission spectra, the@faiés essentially
non-diagonal, its parameterization is presente(®ufievaet al, 2009) The efficient numeral
solution of theproblemto minimize thec? with the modelling error included is presented in
(Sofievaet al.,2010) It has been shown that the normalizédalues are close to uni(@ofieva
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et al., 2010) This ensures that the applied parameterization of scintillation correctias erro
adequately describes the main source of modeling errors for altitudé&g+20. At the same
time, this allows us to expect that the uncertainties of retrieved profiles are characterized

properly.

4.3.3 Vertical inversion

The vertical inversion aims to determine a vertical profi(e) that fulfils the equation

N(9 =19 d Eq. 4.30

whereN is any of the horizontal column densities inverted in the spectral inversibthan
integration is performed along the ray path. The problem is discretized by dividing the
atmosphere into layers (the number of layers is set equal to the number of measurements in the
occultation processed) and assuming the local densities to be fimedions of altitude
between two successive GOMOS measurements. The vertical inversion in the matrix form can
be written as

N=Kx 4], Eq. 431

whereK is the forward model (kernel) matri¥ is a vector of measurements (horizontal
column densities)x is a vector of unknowns (profile) amx is a vetor of horizontal column
densties uncertaintiesThe vertical inversion is stabilized by Tikhontype regularization
according to the targetesolution (Sofieva et al. 2004 Tamminenet al., 2004 Kyrola,
Tamminen, et al. 2010yvhich makes the vertical resolution practically independent of angles
between the orbital plane and the direction to the star.

The targetresolution Tikhonov solution oN =KX 4J; is given by

E=(K'K sHHYK N . Eq. 4.32

where the regularization matrx is:

@O O o .. O
.1 ;1 21 .. 0
e
H:diagéF 8. Eq. 433
et «a
e - 1 -2 1
o o0 .. O
el

Here ¢— is shorthand to dividing all matrix elements by the square of the local altitude
difference. The regularization parametehas been selected in such a way that the retrieved

profiles have the desired target resolution. For ozone, et taasolution is 2 km below 3@n
and 3 km above 4km (with smooth transition between 30 andk#).
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Since the vertical inversion is linear, the uncertainty of the retrieved plE)iE’seestimated
through the standard error propagation.

4.3.4 GOMOS Level 2 ozone profiles and their characterization

The Level 2 GOMOS files provide ozone number density profiles on taafjgatle grid.
This grid depends of obliquity of occultation: the largbliquity, the denser grid. Thectual
vertical resolution o6GOMOS ozone profiles is the same in all occultations: 2 km below 30 km
and 3 km above 40 knExemplary averaging kernels are showrrigure4.4. Difficulties in
retrievals (absence of convergence etc) are indicated by flags (zero when the data are valid).
The quality of the retrievals is indicated also by the normaliZestatistics and residuals

writeni n t he AResi dual extinctionidi products.
90_ ..... e .. .. - o 895 P L EEET TR PP ..
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ol é—-_-_-— . 738
e
H 65.9
= . 57.9
< é\ 420 :
R e e P
343
ol = T
- ‘ - 27.3
200 6
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Averaging kernels

Figure 4.4. Examples of averaging kernels for ozone. The averaging kernels peak at the altitude they
correspond (given in the figure in km). Note that only every th averaging kernel is plotted.

4.3.5 Error characterization

The error estimates (square roots of the diagonal elements of the covariance matrix) are
provided in the Level 2 files and the part of the covariance matrix {@iafonal elements).
The covariance ntax of retrieved profiles uncertainties is obtained via Gaussian error
propagation through the GOMOS inversion (§8amminen et al., 2010fpor details).As
indicated above, both noise and the dominating random modelling error are taken into account
on GOMOS inversion. Thus, error estimates provided in Level 2 files, represent the total
precision estimates. The precision of GOMOS ozone profiles dependsllan lsrightness,
spectral class and obliquity of occultation. Typical values of ozone precision values based on
real GOMOS data are presentadrigure 4.5.
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bright stars (mv<0.8) medium stars (0.8<mv<2.0)

=

alitude, km
altitude, km

relative error estimate, % relative error estimate, % relative error estimate, %

|
Figure4.5: GOMOS precision estimates of ozone for representative cases: bright star (first column),
typical star (middle column) and dim star (last column). The dashed lines correspond to oblique
occultations (O) and the solid lines to vertical (in orlt).

W, cool W, medium W, hot ===0, cool Q, medium ———O,hot‘

Other sources of systematic errors are imperfacidelling of the aerosol extinction,
uncertainties in the absorption cross sections and temperature. Uncertainties of air density
profile, ray tracing and potéally missing constituents have a negligible impact on ozone
retrievals. The characteristics of GOMOS ozone profiles together with the random and the
systematierrors are summarized Trable 16.

Table 16 GOMOS ozone profiles characteristics and error budget

Altitude range 15100 km

Vertical resolution 2 km below 30 km, 3 km above 40 km
Random errors
measurement noise and scintillatioy 0.4-4% stratospher®-10 % MLT, ~10% at 15 km
Systematic errors:

Uncertainty in crossections ~1 %

Aerosol model selection ~20% below 20 km,-5% at 2025 km, <1% above 25 km
Temperature uncertainty <0.5% at 3660 km, negligible elsewhere

Air density uncertainty <1% below20 km, negligible elsewhere

4.3.6 GOMOS ALGOM2s v1.0 processor

The ALGOM2s v1.0 processBofieva et al., 2017a) is developed at FMI in the framework of
ESA project ALGOM (GOMOS Level 2 evolution studipsThe ALGOM2s processing
algorithm is optimizedh the UTLSand uses IPF V6 advantages in the middle atmosphieee

ozone retrievals in the whole altitude range from the troposphere to the lower thermosphere are
performed in two steps, as in the operational algorithm: spectral inversion followeé by th
vertical inversionThe spectral inversion is enhancedusyng a DOAStype method at visible
wavelengthsfor the UTLS region.This method uses minimal assumptions about the
atmospheric profiles. The vertical inversion is performed as in IPF v6 withikhenowtype
regularization according to the target resolution.

The GOMOS ALGOM2s dataset not only has improved data quality in the UTLS compared to
IPF v6, but it is also expected to be more stable in the whole atmosphere due to an advanced
screening otinreliable data (Sofieva et al., 2017a).
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4.4 OSIRIS/ODIN 5.01 (University of Saskatchewan)

The Level 2 Odin/OSIRIS 5.01 processor retrieves ozone number density profiles from Level
1 limb scattered sunlight as measured by the Canadian built OSIRIS instrloard ¢he
Swedish spacecraft Odin. Data is available from November 2001 to present and details
concerning the processor may be foun(Degenstein 2009)

4.4.1 Basic Retrieval Equations

The processor employs the SaskMART iterative solution outlined in detéiddgenstein
2009) This algorithm finds thet1 estimate of the state parameter from the previous estimate
following the equation:

: ‘ : W j
W K O W R
h i hh,‘Qﬁ o0
Eq. 4.34
Here:
1 g is thej™ element of avector of unknowrparametergstimated orirth iteration
1 & p,is thel™ element of then™ vector of dimensionless observation parameters defined
below. Each vector is constructed from the OSIRIS radiances at a specific set of
wavelengths meant to be sensitive to the state parameter at different altitudes.

T "Qp efv , is thel™ elementof the m™ vector of simulated dimensionless observation
parameters obtained through the forward model SASKTRAN.

 ® {p is an element of thei" weighting matrix defining the influence of tHeéelement
of them" observation vector on th& element of the state parameter.

The initial estimate ok is taken from a standard climatology.he retrieval vector, and
simulated retrieval vector produced by the forward model can be calculated with the
following equations:

0 K Rl TdRTO

Eqg. 4.35
Here:

f | 5 is a coefficient corresponding to a wavelengthat contributes to the frvector
whereB | 1

1 5, is thel™ element of the OSIRIS radiances at a wavelength
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1 "Q, is thel™ element of the simulated radiances produced by SASKTRAN at a
wavelength_

1 & {andQ j are the radiance values at a reference altitude.

4.4.2 Diagnostics

The Level 20din/OSIRIS 5.01 ozone data product is currently not accomgdry error
characterizationtHowever the error due to measurement noise is being generated and will be
included in version 5.0x slated for release in 2011. It is anticipated that the ofetlaidserror
characterization will be published shortly and they are summarized below.

A covariance matrix for each retrieval vectpr, , is calculated from the OSIRIS measurement
noise using standard error propagation techniques, resulting infadsegonal matrices.

A kernel matrixKm serves to map the error in the state parameter to the error mthe
observation vector. This is approximated by perturbing the retrieved state parameter by a small
amount]( gvand using it as a forward modeput. Each element of a kernel matrix is defined

as

Lo Eq. 4.36
[ I:Mﬁw Eq. 437
Wherewe define a perturbation array as

1e 1 W @

_ _ me®Mi 0QI Q
The inverse of a kernel matrix then will map tm¥ o b s e
covariance irx attributed toym:

rvation vector o6s

‘”o\:! L ‘”1 Tt 1 Eq. 4.38

The covariance contributiorfsom each vector are combined using the weighting matrices
following the equation:

{oim Bog Fonm . cme Eq. 4.39

In addition to this error characterization, version 5.0x of the Odin/OSIRIS data products will
flag andremove profiles where circumstances are likely to invalidate the retrieval. For example
profiles are flagged where radiation hits were detected on relevant pixels of the OSIRIS CCD,
where high altitude clouds seem to be interfering with the retrievdilybare unphysical values

have been retrieved.

Errors due to modelling parameters like neutral density and temperature are all on the order of
a few percent. Because Odin was designed to serve as an astronomy experiment as well the
pointing is quite goo@nd with the latest corrections from the Swedish Space Corporation the
largest pointing errors are likely a couple hundred metres. As described belamdN@bedo

are model parameters for the ozone retrieval, but these are themselves retrieved Eitld pose
concern.
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Version 5.0x, for release in 2011, will also have an improved estimate of the OSIRIS spectral
point spread function, decreasing its associated parameter error. Future versions of the
Odin/OSIRIS ozone data products will also make useare accurate scattering properties of

ice crystals and sulphate aerosols. This will improve retrievals where high altitude cirrus,
volcanic activity, or other issues may be affecting aerosols in the UTLS region.

4.4.3 Assumptions grid and discretization

The Adin/OSIRIS 5.01 processoetrievesozone profiles from Odin/OSIRISlimb scattered
spectraThe retrievaklgorithmis based omorward modelling of limb radiances

The forward modelSASKTRAN, constructs an atmosphere of spherical shells of variable
thickness, typically with 1km vertical spacing, from 0 to 100km in altitude. Ozone is retrieved
between 1&m, or the altitude of the cloud top if this is higher, to 60Krhe retrieval quantity

is ozonenumber densitynd).

SASKTRAN uses successiveders of scattering propagating rays in discrete directions from

a set of points distributed throughout the atmosphere. The resolutions of all of these
discretizationare customizable and in the Odin/OSIRIS 5.01 processor the resolutions are all
sufficiertly high such that increasing the resolution does not produce significant changes in
either the simulated OSIRIS observations or the retrieved ozone profiles.

4.4.4 Sequence of operations

Interfering variables are first retrieved to remove their influence. eledude sulphate
aerosol, effective albedo, and BNOEach set of retrieved parameters is used in subsequent
parameter retrievals for a given scan. The sulphate aerosol profile is available as an
Odin/OSIRIS Level 2 data product and the retrieved alledacluded with both ozone and
sulphate aerosol data as ancillary information.

4.4.5 Regularization

The Odin/OSIRIS 5.01 retrieval processor imposes no smoothness or regularization criteria
during the retrieval.

4.4.6 lterations and convergence

The SaskMART retrieal algorithm is iterated 15 times and has no convergence critehas It
been observed that for wélehaved data SaskMART easily achieves convergence by then as
demonstrated ifRoth, et al. 2007)

4.4.7 Ozone Retrieval Vector Definitions

The ozone retrievalses sets of 2 or 3 OSIRIS pixels to construct the retrieval vectors, using
the Chappuis band at low altitudes and Huggins band higher. These vectors are sensitive at

Edited by N.RahpoeUBR PageB2-127



Title: Ozone CCI ATBD

Issue0 - Revision00 - Status: Final

Date of issueDec 7, 2017
ReferenceOzone_cci_ ATBD_Phase2_V2.docx

various altitudes and are applied at different altitudes. The wavelengths correggoritiie
pixels in use at varying altitudes are shown in the table below:

Table 17: wavelengths corresponding to OSIRIS pixels in use at different altitudes.

Definition Triplet Pair Pair Pair Pair Pair Pair Pair
Absorbing Wavelength [nm] 602.39 292.43 302.17 306.06 310.7 315.82 322.00 331.09
Reference Wavelength 1 [nm]  543.84 350.31 350.31 350.31 350.31 350.31 350.31 350.31
Reference Wavelength 2 [nm]  678.85 - - - - - - -

Minimum Altitude [km] 1 47 42 40 37 31 24 18
Maximum Altitude [km] 28 57 53 49 46 44 40 37
Normalization Altitude 29 58 54 50 47 45 41 38

4.4.8 Explicit Error Budget

To estimate the OSIRIS ozone error budget a random sampling of scans were chosen and the
ozone was repeatedly retrieved wigmdomly perturbed inputs. The inputs were adjusted by a

random factor chosen from a nor mal di stribu
performed in turn for the aerosol profile, albedo, neutral density profile, angidéfle. For
the altitudee gi stration a 30 of 300m was used. The

described by Dr. A.E. Bourassa in a forthcoming JGR paper using the uncertainty in the OSIRIS
radiance measurements. The total error shown in the figure above is calculajelisian in
guadrature of the error components.

Error! Reference source not found.illustrates the dominance of the precision over the total
error budget, which peaks around 7% at approxepdiskm. This is followed by contributions
from potential errors in altitude registration, which provides about 2% uncertainty above 35km
and below 20km. Errors in the neutral density potentially contribute up to 2% uncertainty at
the lowest bounds ofié retrieval and are negligible above 30km. Errors from the other sources
are much less than 1% at all altitudes.

DSIRIS Czone Error Budget

Precision
Aerosnl

Alb=do

Meutral Density

Aftitude [km]

--------- Altitude Registration
voor o Tofal Errar

Percent Error
Figure 4.6: Dominance of the precision over the total error budget of OSIRIS.
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4.5 SMR/ODIN (U. Chalmers)

4.5.1 Ground segment processing

The SubMillimetre Radiometer (SMR) on board the Swedisi Odin satellite makes
vertically resolved ozone measurements since 20ittagh, et al. 2002)The instrument and
technique is described [fifrisk, et al.2003) Calibrated spectra (levé&b) are produced from

the SMR raw data and the reconstructed attitude data of the satelliteOjleatelhe Onsala
Space Observatory of the Chalmers University of Technology (Gothenburg, Sweden). Detailed
information on leel-1 data processing is given K@lberg, et al. 2003)The Chalmers
University of Technology (Gothenburg, Sweden) is also in charge of the operativiealal

of vertical profiles from the spectral measurements of a limb scan-@guelcessing)(Urban,

Lautié, et al. 2005{Urban, Murtagh, et al. 2006Ddin/SMR level2 data are made available

to the user at http://odin.rss.chalmers.se.

4.5.2 Forward and retrieval models

Vertical profiles are retrieved from thpextral measurements of a limban by inveihg the
radiative transfer equation for a neoattering atmosphere. Retrieval algorithms based on the
Optimal Estimabn Method (OEM)(C. Rodgers 1976)a linear inversion method using
statistical a priori knowledge of the retrieved parameters for regatimn, were developed for
the ground segment ofdi/SMR (Urban, Baron, et al. 2004friksson, Jiménez und Buehler
2005)

The Swedish level 1b to lev8lprocessor Qsmr is aiming at fast operational data analysis.
The employed retrieval mobd@pack(Eriksson, Jiménez und Buehler 20@5built around

the Atmospheric Radiative Transf& mulator (ARTS), developed conjointly at the Chalmers
University of Technology (Gothenburg, Sweden) and the University of Bremen (Germany)
(Buehler, et al. 2005)rhe forward model includes modules fgpectroscopy (lindy-line
calculation, watevaporand dry aircontinua) and radiative transfer (including refraction). It
also allowsthe computation of differential weighting funmtis (&cobians) needed fdne
inversions. Sensor characteristics (antenna, sideband, spectrometer) are taken into account by
a separate module following the forward calculatigrsksson, Ekstrom, et al. 2006)he
forward model, the sensor model, and an inversion module baskd Gptimal Estimation
Method are implemented within a Newton Levenbigl@rquardt iteration scheme.

In addition to Qpack/ARTS, the Qsmr lex@processor includes also timodular 1d forward

and retrieval code for the millimeter and smillimeter waveleagths range MOLIERE
(Microwave Observation LIne Estirian and REtrieval, version 8Jrban, Baron, et al. 2004)

which is based on the same methods and piexgs Qpack/ARTS. A systematicmparison

of the forward models ART&nd MOLIERES5S used withn theOdin/SMR level2 processors
resulted in an excellent agreement of the different modules for spectroscopy, radiative transfer
and instrument nateling (Melsheimer, et al. 2005)

4.6 ACE-FTSV3.5 (U. Toronto)

The retrieval methods used for the Atmosph&temistry Experiment Fouridiransform
Spectrometer are explained in detail(Bpone et al.2005) Retrieval methods relating to the
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version 3.0 ozone pfiles have been described (Booneet al.,2013) ACE-FTS version 3.0
ozone profiles were restred to dates between March 2004 and September 2010 due to
problems with the priori pressure and temperature. This is alszussed byBooneet al.,
2013)along withthe plans for theversion 3.5 reprocessing.

4.6.1 Retrieval

The ACEFTS v3.5 temperature and VMR retrievals are described in det&ébbye et al

(2005; 2013). The following description is taken from those papers. For-&TE processing,

CQOqis analyzed to determine pressure. A crucial aspect of the presdussrgperature retrieval
process is pointing knowledge. No information from sensors onboard the satellite (other than a
clock) is used in the computation of tangent altitudes. The current approach treats tangent
altitudes as unknown parameters in the pneggemperature retrievals. Rather than fitting the
entire spectrum, we analyze microwindows that contain spectral features from a molecule of
interest with minimal spectral interference from other molecules. For some molecules it is not
possible to find @omprehensive set of microwindows free from significant interferences. Thus
the VMR retrieval software allows for retrieval of multiple molecules simultaneously. All
retrievals employ a modified global fit approac@arlotti, 1989, in which all parameterare
determined simultaneously with the Levenbdigrquardt(Presset al., 1992 nonlinear least
squares method. The wavenumber calibration for the -AT& is not reliable, and cross
correlation is used to align the measured and calculated spectra. Watlstnong spectral
feature to guide the cros®rrelation process, spectral features near the noise limit can end up
being aligned with a strong noise feature. Where no strong interfering line was available for
microwindows containing weak spectral feaiof the target molecule, the wavenumber shifts

at the highest altitudes within tmeicro windowwere constrained to match the wavenumber
shifts determined at lower altitudes within that samero window where the signal from the
target molecule was singer, thereby allowing an accurate determination of wavenumber shift
via cross correlation.

4.6.2 Spectral analysis

Calculating spectra (forleastqu ar es fi tting) must invoke a
atmosphere. For the effective sea level as a function of latitude we adopt the ellipsoid model
from the World Geodetic System 1984 (WGS ®4GS 84(1998). The acceleration due to
gravity at sea level as a function of latitude is derived from the WGS 84 model. In order to keep
calculations analytical (including derivatives for the lesgiares process), the variation in
acceleration due to gravity with altitugeapproximated as a linear function, accurate to within

a tenth of a percent in the altitude range of interest. By virtue of its long atmospheric lifetime,
COe is well-mixed and has a nearly constant VMR over much of the middle atmosphere. At
high altitides, photodissociation and diffusion reduce the VMR. The altitude above which the
CO: VMR drops offvaries with season and locatidypically 80' 90 km but extending below

60 km during the polar winter at extreme latitudes. To account for the increa®e WMR as

a function of time, we adopt the equation used by the Halogen Occultation Experiment
(HALOE):

AEREART T 8 8 < <«h« gHT Eq. 4.40

Edited by N.RahpoeUBR PageB5-127



Title: Ozone CCI ATBD

Issue0 - Revision00 - Status: Final

Date of issueDec 7, 2017
ReferenceOzone_cci_ ATBD_Phase2_V2.docx

in whicho 0 is time in years. No provisits are made for variations with location or season.

At high altitudes the COVMR cannot be readily determined from a priori information.
However, there are no features (such as significant refraction or optically thick clouds) that
affect instrument pointing in this altitude region, and so tangent heights can be reliably
calculatel from geometry, from knowledge of the relative positions of the Sun, Earth, and
satellite. This requires an accurate <charac
measure of time. Note that there is a known systematic problem withFAGHENneasrement

times. The absolute values for time stamps are not considered reliable, but differences between
time stamps are presumed accurate. As a consequartigehe spacing between calculated
tangent heights is reliable. Absolute tangent heights in ttitad® region are determined
through the registration procedure described below.

A crossover measurement is taken as the third measurement greater than 43 km and is typically
around 50 km. An analysis extends from the crossover to as high as120 kreadror
measurement there are four potential variables (P, T, VMR, and tangent height z) that must be
either fixed or fitted. The data support at most two unknowns per measurement feqleasts

fitting (two because there is information from both the alischnd relative intensities of the

lines). In the higkaltitude region the set of fitting parameters includedy fdr each
measurement. However, the region requires only one parameter for préssheepressure at

the crossover measurement. Frons thingle parameter (and values for tangent height and
temperature at each measurement) the pressures for all other measurements in this region are
calculated by integrating upward from the crossover measurement, using

Eq. 4.41

A

where"Q is acceleration due to gravity at sea le\@l, s Bol t zmamn Gdstheonst ar
atomic mass foair, and’Y is the effective radius of the Earth at a given latitude (determined

from the WGS 84 model). In the altitude range between the crossover and ~70 kmythe CO
VMR is fixed. Above this the COVMR is fitted. CQ VMR for the highest analyzed
measurement is determined by using a lespiares fitting with P and T fixed NRL-MSISE-

00 (Picone et al., 20Q2ralues. With the expectation that €@MR at high altitudes does not

exhibit sharp structure, an empirical function is used to reduce the number of fitting parameters:

RE § Ef» URERNE: SO SN LN , Eq. 4.42

where6 -2 is the assumed stratospheric value fop@Qlg is taken as the highest tangent
height for which CQ VMR is assumed constant. The £@VIR is assumed constant as high
as 75 km for latitudes less than 60° and 65 km for latitudes greater than &@fé Agproximant
form (the ratio of two polynomials) is used in Eg42because it requires fewer parameters
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than a straight polynomial, and the extrapolation beyond the fitting region is betteV MFO

at the first measurement below the crossover is ialdaded as a fitting point in the least
squares analysis, in order to ensure the slope near the crossover is at least roughly correct,
generating a smooth transition between the fixed portion and the retrieved portion ofzthe CO
VMR profile. The portionof the CQ VMR profile above the highest analyzed measurement
(i.e., between ~125 and 150 km) is fixed to a constant, to the value calculated from the empirical
function in the tangent layer of the highest analyzed measurement.

4.6.3 Retrieval grid

The calculabn grid adopted for the ACGETS analysis is divided into 150 layers of 1 km
thickness. Each layer is assumed to have a constant temperature, pressure, and VMR for a given
molecule with no consideration of horizontal gradients within a layer. Diurnalctioms are

not currently applied, although diurnal effects are likely to be significant for photosensitive
molecules such as NOThe raw wavenumber spacing for the AEES spectra is 0.02 chn

To achieve accurate results for the narrow lines fouhdgattangent altitudes, forward model
calculations are performed on a much finer grid, with a wavenumber spacing reduced by a factor
of 16. The forward model for ACETS is the same radiatiteansfer model used for ATMOS

with some notable exceptions: ALCE-FTS forward model calculations employ the HITRAN

2004 line list and cross sections (with updates note@aone et al (2013). (2) Partition
functions for the ACE-TS forward model are calculated from the total internal partition sums
(TIPS) approackiFischer et a) 2003. (3) The Voigt lineshape function is calculated from the
Humlicek algorithm(Kuntz, 1997; Ruyten 2009 rather than from a lookup table. (4) No
apodization is used for the AGETS instrumental line shape (ILS). (5) The ILS for theEA

FTS requires an empirical adjustment to account foragmitlization effects beyond the normal

field of view contribution.

The finite scan time of an FTS imposes a lower limit on the width of spectral features measured
by the instrument. The instrumelime shape (ILS) of an FTS is primarily governed by this
finite scan time but will also include the effects of any deviations from an ideal instrument, such
as oftaxis rays from a finite field of view or changes in the modulation efficiency of the FTS
mirrors as a function of optical path differen(@avis et al., 200[L The ILS is defined as the
Fourier transform of the modulation functian [, which can be written as follows:

i ¥Zeh e

Zrhe

I3 hhe g4 et hbe Eq. 4.43

whereis optical path difference in crhjis wavenumbers in ciy andi is the radius in radians

of the instrumentds c iO dswlregtangufai fenttion assbciatedi e w.
with the finite scan time of the instrument. It is 1 dabetween + 25 cm (the maximum optical

path difference for the AGETS) and 0 otherwise. The third term in B3 with the form

sinx/x, represents the effeat a finite field of view, accounting for the broadening of spectral

lines that arise from oféxis rays in the instrument. The middle term in E434-, represents

any apodization applied to the measurements (other than the sinx/x term associatétt with
axi s rays). The finite scan time I mparts a i
FTS, generating sidebes when the width of a spectral feature is less than the width of the ILS.
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Apodization is a process that reduces the abruptnesg dfansition near + 25 cm i© ,

which decreases the amplitude of the side lobes at the expense of a broader ILS. There are also
inherent instrumental effects that can cause the modulation function to vary with optical path
difference. This is Rown as selapodization.

The ACEFTS suffers from major sepodization of unknown origin. It is necessary to include

an empirical function it in the equation above in order to properly reproduce the-AT&E

ILS. Otherwise, it is impossible to deriaecurate information on the atmosphere from the
ACE-FTS measurements. For this data version, a study of theFAGHLS determined that a
particular shape of the empirical function for smbodization provided a significant
improvement in fitting residus: a gradual decrease in the modulation function with increasing

loJ (i.e., increase in the absolute value of optical path difference), combined with a sharp
decrease of the modulation function for optical path difference near maximum path difference
(= 25 cm). An expression was selected that reproduced this behaviour with a minimum number
of parameters:

Ho 'l "HO'l e -—+.H* e Eq. 4.44

There is nothing intrinsic about the form of Eg44 it is simply the form that gave the best
residuals in the analysis of AGEETS spectra.

The ACEFTS instrument has two detectors, a mercury cadmium telluride (MCT) detector that
measures from 750810 cm', and an Indium Antimonide (InSb) detector thratasures from
18104400 cmt. These two detector regions were treated separately. Variation of the self
apodization effects with wavenumber was treated by using an effectivefielew rather than

true, physical internal fieldf-view for the instrumen{6.25 mrad diameter). The values of the
empirical parameters were determined by performing alinear leastsquares fitting using a

set of microwindows that spanned as much of the wavenumber range as possible and were
restricted to high altitude (aboabout 40 km), where the spectral features were narrow enough
that the shapes of the measured lines were close to the ILS. The fitting was performed for more
than 400 occultations, and average values were then calculated. For the MCT detector, the
parametes weret= 4.403x10'%, 0= 9.9165x10°, co= 0.03853, and an effective field of view

of 7.591 mrad diameter. For the InSb detector, the parametersiwe®762x106 b =i
1.009x10", ¢ = 0.0956, and an effective field of view of 7.865 mrad diamet

4.6.4 Ozone profiles

Ozone profiles are retrieved between altitudes of 5 and 95 km using 33 microwindows between
1027 and 116@m? (Hugheset al., 201} Additional microwindows at 829, 923, 1105, 2149

and 2566 to 2673 cfrhave been included to improesults for several interfering species and
isotopologues below 285 km(Hugheset al., 2013 The tables below list the microwindows
used for both ozone and the interfering species in-AT& version 3.5.

Table 4.2: Microwindow list for O 3
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Centre Microwindow Lower Upper
Frequency (cm%) Width (cm-t)  Altitude (km) Altitude (km)
829.031 0.50 5 21
923.16% 0.80 5 25
1027.00 0.60 60 95
1028.62 1.20 60 95
1029.98 0.50 55 95
1030.75 0.80 55 95
1032.10 0.80 60 95
1033.15 0.60 60 95
1034.55 0.80 60 95
1049.38 0.80 55 95
1050.30 0.60 70 95
1051.20 1.00 60 95
1053.25 1.20 55 95
1054.15 0.60 70 95
1054.92 0.50 45 95
1056.75 0.50 45 60
1057.75 0.50 45 55
1058.12 1.20 55 95
1058.56 0.30 45 55
1059.58 0.60 45 60
1063.05 0.50 45 60
1063.90 0.45 40 60
1093.20 0.90 5 45
1097.58 0.85 5 45
1103.85 0.95 5 45
1105.208! 1.22 8 20
1113.70 0.60 5 45
1123.00 0.60 5 40
1124.93 0.85 5 50
1125.80 0.80 45 55
1128.44 0.35 5 40
1129.10 1.00 35 55
1139.00 1.00 5 50
1142.17 0.70 5 50
1145.34 0.90 10 50
1168.35 0.50 5 45
2149.754 0.60 5 15
2566.22° 0.26 12 21
2623.9506] 0.65 5 21
2672.6l"] 0.40 12 21

[1'Included to improve results for interferer HCFRR2 (CHRCI)

1 Included to improve results for interferer CA@ (CCLF2)

Bl Included to improve results for interferer HCOOH

[l Included to improve results for interferes® isotopologues 1,2 & 3 69, N'*NO & 1SNNO)
Bl Included to improve results for inferer NeO isotopologue 2 (NNO)

61 Included to improve results for interferer ¢@otopologue 3 (OE0)
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[l Included to improve results for interferee® isotopologue 4 (HDO)

Table 4.3: Interfering Molecule(s) for Os

Molecule Isotopologue No. Lower Upper
(Molecular Altitude Limit  Altitude Limit
Formula) (km) (km)
CCLF 0 (CCbkR) 5 25
CHRCI 0 (CHRCI) 5 21
CClsF 0 (CCkF) 5 25
N20 1 (N:O) 5 40
CHa 3 (CHsD) 5 25
CHs 1 (CHy) 5 35
N2O 4 (NL*%0) 5 21
N2O 3 *°NNO) 5 22
N20 2 (N*NO) 5 21
HCOOH 0 (HCOOH) 5 20
H20 4 (HDO) 5 21
CO, 3 (0C®0) 5 21
0] 1(COy) 5 45
O3 2 (&,'%0) 5 35
Os 3 (0**00) 5 30

4.7 GOMOS Bright Limb V1.2 (FMI)

The GOMOS bright limb (GBL) ozone profiles are derivern the daytime measurements of
scattered solar light by the GOMOS instrument on Envisat. The currect GBL Level 2 version
1.2. The data covers the years 2@0A4 2. Details about the retrieval method and the data quality
can be found in Tukiainen et alQP1 and Tukiainen et al., 2015.

4.7.1 Retrieval strategy

The vertical profile is retrieved using the onion peeling principle. The model atmosphere is
discretized so that each GOMOS radiance measurement (at the current tangent point)
corresponds to the centeratayer. Then, the spectral measurements are normalized with the
first measurement below 47 km. These ratios are modeled with

1 %‘ 1

Eq. 4.45

whereY is the total scattering to single scattering ratio (fromdopkable) at layefQ Ois the
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single scattering radiance, ai@ is the modeled reference spectrum. The Mtlepends only

weakly on the trace gas concentrations allowing us to keep it fixed in the retrieval process. The
same is assumed fd@® . Thus, the modelethtio “Ydepends only on the trace gased in the
single scattering term, the unknowns in the inverse problem. In the GBL retrieval, the fitted
parameters are the number densities of ozone, aerosols and air. The single scattering term is
calculated using straightforward numerical intergration of the radiative transfer equation. For

the calculation ofO , we use ECMWEF air density and climatological values for the trace gases.

The multiple to single scattering loalp table is calculated using the MerCarlo radiative
transfer model Siro. The loekp table is a function of solar zenith and azimuth angles,
wavelength, altitude, albedo, and latitude (tropics, -laidudes winter/summer, Arctic,
Antarctic). Linear interpolation is used.

At each layerve minimize the chi square

L0 4
hls . e

Eq. 4.46

Where0 is the measured and normalized spectrum, "afglthe corresponding modeled
spectrum as explained above. The measurement error covadias@ssumed diagonal (see
detailsin Tukiainen et al., 2011). The resulting weighted-&zgiares problem is solved using
the iterative Levenberlylarquardt method. The GBL ozone profile is retrieved between 18 and
60 km using the radiances from the lower band (there are three bands in& Qkitral band
that also measures the star signal, and one band below/above the central band).

4.7.2 Saturation and stray light

GOMOS daytime radiances are heavily affected by saturation and stray light issues. Saturation
corrups significant proportion of tteOMOS pixels at altitudes below 25 km. Saturated pixels

are not used in the retrieval, but if they are not correctly detected in the Level 1, they may affect
the retrieved profile at the few lowermost altitudes.

Stray light is even larger problem thanwsation in the GBL data. Currently, we estimate the
stray light using the mean spectrum from above 100 km and subtract it from the rest of the
spectra. This operation is done individually for each scan. The-dtifide estimate
sufficiently removes thstray light from the visible wavelengths but it will not correct the UV
band which is also affected by the stray light. We have no good understanding of the UV stray
light in GOMOS, and hence we try to avoid using mostly corrupted pixels in the retgeeal (
details in Tukiainen et al., 2015). However, this leads to small discontinuity in the ozone profile
at around 40 km where the information about the ozone concentration gradually changes from
the UV to the visible band.
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4.7.3 Error characteristics

The erros of the retrieved profiles are estimated from the spectral fit. The error covariance of
the retrieved gases is estimated with:

|
_r-

ool

Eq. 4.47

wherelis the Jacobian at the optimurais the number of pixels in the spectral fit, ayid the
number of fitted parameters. The term on the right hand side is the reduced chi square,
correcting the error bars to be more realistic (ideally, the reduced chi square is unity). The error
estimates of the trace gases are the square roots of tbealiégrms ofo .
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Figure 4.7: Example of the mean relative error in the GBL profiles (left) anc
the mean reduced chi square (right).

The vertical resolution of the GBL ozone profiles is approximateByKIin. The averaging
kernels are not provided currently.

4.7.4 Regularization

The GBL profile retrieval does not apply any regularization, and uninformative prior is
assumed for the profiles the retrieval. Thus, the retrieved point estimator is the maximum
likelihood.

4.8 U.S. Sensors

In addition to limb/occultation sensors involved in the first phase of ozone cci, four additional
satellite based measurements are added, i.e., MLS on Aura, SAGERBS, SABER on

Edited by N.RahpoeUBR Paged2-127



Title: Ozone CCI ATBD

Issue0 - Revision00 - Status: Final

Date of issueDec 7, 2017
ReferenceOzone_cci_ ATBD_Phase2_V2.docx

TIMED, and HALOE on UARS. We give a short description of the filtering process applied
before harmonization. The retrieval methods are

48.1 MLSV4.2

For harmonization the curreNLS V 4.2is usedfrom L2GP at JPL.Current filtering method
is used foHARMOZ_MLS profiles as recommended by the data provider:

Only using positive precision data

Only using datavith Status= even number
Only using data with Quality > Threshold=0.6
Only using data with Convergence > Threshold=1.18

= =2 =4

Because of the drift in th@PH, the calculation of the ozone number density and the geometrical
grid has been performed by using the ECMWF pressure grid and temperature profiles to convert
the VMR into number densitiégsr HARMOZ_MLS. Therefore tke currentemperature profiles
andgeometrical altituden the HARMOZ MLS are not derived frororiginal MLS data

Theoriginalretrieval method with the documentation can be found by using the following link:

MLS PRODUCT

with the documentation:

Document MLS V4.2

4.8.2 SABER V2.0

For harmamization the current SABER V2.0 (LeveAZustomized O3/Temperatyres used
from GATTS at NASA. No filering methodhave been applied for HARMOZ_SABER, except
of gposteriori screening of large ozone and temperature values. Only profiles feamelB6
micron have been us&dth the lowest geometrical altitude of 20 km

The original retrieval method with the documentation can be found by using the following link:

SABER PRODUCT

with the documentation:

Document SABER
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4.8.3 SAGEIl V7

For harmonization the current SAGE Il V 7 is used from L2GP at NASA. Current filtering
method is used for HARMOZ_SAGH#ofiles as recommended by the data provider:

1 Exclusion of all data points at altitude and below the occurrence of an aerosol
extinction (386 nm and 452 nm)lua of greater than 0.006 kri?

1 Exclusion of all data points at altitude and below the ocoug®f both the 525nm
aerosol extinction values exceeding 0.001 Kimrend the 525/1020 arttion ratio
falling below 1.4.
1 Exclusion of alldata points below 35km wit200%or larger uncertainty estimate.
1 Exclusion of all profiles with an uncertainty greathan 10% between 30 and 50 km
Exclusion of all data points with an uncertainty estimate of 300% or greater

The original retrieval method with the documentation can be found by using the following link:

SAGE Il website

Overview:

SAGE Il V7 document

4.8.4 HALOE V19

For harmonization the current HALOE V 19 is used from HALGETS. No filtering method
applied.

Theoriginal retrieval method with the documentation can be found by using the following link:

PRODUCT HALOE

The documentation with potential problems in profiles:

HALOE Document
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5 Linmdbnd occaoazdme iarag ian gn

The followingECV datasets using limb and occultation measurements have been created:

1 HARMOonized dataset of OZone profilddARMOZ (Level 2)
1 Monthly zonal mean data from individual instruments (Level 3)
1 Merged monthly zonal mean data (Level 3)
1 Monthly mean datetwith resolved longitudinal structure (Level 3).
In addition, special UTLS and mesospheric datasets have beemlcreate
An overview of the datasets and the methods for their creating is presented below.

5.1.1 HARMonized dataset of OZone profiles (HARMOZ)

The HARMonized dataset of OZoneofiles (HARMOZ) is based on limb and
occultation measements from Envisat (GOMOS, MIPA®d SCIAMACHY) Odin(OSIRIS,
SMR) and SCISAT ACE-FTS)satellite instruments. HARMOZ consists of original retrieved
ozoneprofiles from each instrument, which asereened for inva data by the instrument
teams. While the original ozone profiles presented in different units and on different vertical
grids, the harmonized dataset is givana commonvertical grid in netcdf4 format The
Ozone_ccpressure grid corresponds to vertical sampling of ~1 km below 20 km-arkain2
above 20 km. The vedal range othe ozone profiles is specific for each instrument, thus all
information contained in the originalath is preserved. Provided altitude and temperature
profiles allow the representationf ozone profiles in number density amixing ratio ona
pressure oaltitude vertical grid. Geolocation, uncertainty estimates and vertical resolution are
provided for each profile. For each instrument, optigga@hmeters, which are relatedtie
dataquality, are also included.

For convenience of usersbles of biases between each pair of instrumintsach
month, as well asias uncertaintiesare provided. These tables characterize the data
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consistency and can be used in various bias and drift analyses, whigedesl, for instance,
for combiningseveral datasets to obtain a ldegn climate dataset.

The detailed description of the HARMOZ data canfduend in (Sofieva, Rahpoe, et al.
2013) The dataset is available at http://dx.doi.org/10.5270/esazone_cci
limb_occultation_profile2001_ 2012/ 1-201308.

The information about the datasets included in the original version of the HARMOZ (2013) is
collected in Table 5.1.

Table 5.1 Information about the original (2013) HARMOZ dataset (pressuregridded).

Instrument/ satellite | Level 2 processor Vertical range

MIPAS/Envisat KIT/IAA 20052012 | 4007 0.05 hPa
V5R_03 220/221

SCIAMACHY/Envisat| UBr v2.9 20022012 | 2507 0.05 hPa

GOMOS/Envisat IPF v6 20022011 | 2507 10%hPa

OSIRIS/Odin USask V5.7 20012013 | 4507 0.1 hPa

SMR/Odin Chalm. v2.1 20012013 | 3007 0.05 hPa

ACE-FTS/SCISAT | UoT v3.5 20042013 | 450i 20 hPa

In phase 2, In Phase 2he new version of HARMOZ is available: altitugedded
(HARMOZ_ALT) and pressurgridded (HARMOZ_PRSpzone concentration datasets. The
new HARMOZ dataset contains the new reprocessed data from the abovementioned
instruments. In addition, OMPS/SuomiNPP data and GOMOS bright limb data are included in
the HARMOZ_ALT and HARMOZ_PRS datasetslso HARMOZ datasts for MLS/Aura,
SABER/Timed, SAGE I/ERBS, HALOE/UARS are created, they can be provided on request.
The information about the new datasets is collected in Table 5.2.

Table 5.2 Information about the HARMOZ_ALT and HARMOZ_PRS dataset

Retrieval
Instrument/ Level 2 : :
: Years Vertical range vertical
satellite processor ;
coordinate

MIPAS/Envisat KIT/IAA 20022012 | 6-70 km/400 0.05 hPa | altitude
V7R_03 240

SCIAMACHY/Envisat| UBr v3.5 20022012 | 5-65 km/250i 0.05 hPa | altitude
GOMOS/Envisat ALGOM2s v1 20022011 | 10-105 km/250 10“ hPa| altitude
GOMOS bright limb/| GBL v1.2 20022011 | 1059 km/70i 0.2 hPa | altitude
Envisat

OSIRIS/Odin USask v5.10 2001-2017 | 10-59 km/450i 0.1 hPa | altitude
ACE-FTS/SCISAT UoT v3.5/3.6 20042017 | 6-94 km/450 2@00* hPa | altitude
OMPSLP/SuomiNPP | USask 2D v1.0.2| 20122016 | 6-59 km/ altitude

5.1.2 Monthly zonal mean data from individual instruments (MZM)

For creating monthly zonal mean data from the individhsttuments, 10latitude bands
from 90 S to 90N are used. For all sensors, the monthly zonal average is computed as the mean

of ozone profilesx, (2):
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r@=<ax02, £q.5.1

whereN is the number of measuremerlis-(0). The uncertainty of the monthly mead can
be estimated as the standard error of the mean:

,_S
si==, Eq. 5.2
N

where 32=<(>& —r)2> is the sample variance. E¢.2) is valid for random samples of

uncorrelated data. As shown Bgoheyand von Clarmann (20133ome deviations of the real
standard error of the mean from that calculated usingd2). ¢an be observed for satellite
observations. In our study, E&.Z) is used as an approximate estimate of the standard error of
the meansince no estimates considering the impact of the correlations caused by the orbital
sampling are currently availableln Eq (5.2), we used aobust estimatofor the sample
varianceis=0.5 (®, R,), wherePgsandPisare the 8% and 18 percentiles of the distribution,

respectively. Monthly zonal mean, sample variabgignd standard error of the mean from 15
to 50 km altitude in January 2008 are shown for the Ozone_cci instruménggiie5.1. The
ozone distributions shown irigure5.1 are very similar for all datasets. Due to large number
of data available for averaging, the standard error of the mean is ugsallthan % in the
stratosphere.

Edited by N.RahpoeUBR Paged7-127



Title: Ozone CCI ATBD

Issue0 - Revision00 - Status: Final

Date of issueDec 7, 2017
ReferenceOzone_cci_ ATBD_Phase2_V2.docx

ozone number density, cm-3 ozone std, % standard error of the mean, %

altitude

GOMOS

MIPAS

altitude

fo2l
o
w
o
o
W
o
[0
=]
©
o

altitude

SCIAMACHY

©
<]

-60 -30 0 30 60

©
o

altitude

OSIRIS

60 90 -9

50 50 50
@
8 40 40 40 w
b= 1
= L
© 30 30 30 Q
<<
20 . 20 . 20
e |
9 60  -30 0 30 60 90 -90 60 -30 0 30 60 90 90 60  -30 0 30 60 90

latitude latitude latitude

Figure 5.1: Left: monthly zonal mean ozore profiles for January 2008 for Ozone_cci instruments, center:
sample variability in %, right: standard error of the mean calculated using Eg. (5.2).

Satellite measurements sample a continuous ozone field at some locations and times. To
characterize theam-uniformity of sampling, we computed inhomogeneity measures in latitude,

H.., and in time,H, . (Sofieva et al., 2014aFach inhomogeneity measuteis the linear

combination of two classical inhomogeneity measures, asymmetipd entropyE (for
definition of these parameterseeSofieva et al., 2014a)

H=1(A €1 E)). Eq. 5.3
The inhomogeneity measureranges from 0 to 1 (the more homogeneous, the sniglleFor
derse samplers (MIPAS, SCIAMACHY, OMPS), the inhomogeneity is close to zero for nearly
all latitude bins. For other instruments, inhomogeneity measure can be large for some latitude
time bins.

The mean of individual error estimates:

R
e=— : Eq. 5.4
Na%
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are also provided in the MZM data files.

The monthly zonal mean data are structured into yearly netcdf files, for each instrument
separately. The sedixplaining name indicates the instrument aredytbar.

5.1.3 Merged monthly zonal mean dataf MMZM)

The merged monthly zonal mean dataset of ozone profiles, which is also referred to as the
SAGE-CCI-OMPS dataset, is created using the data from several satellite instruments: SAGE
I on ERBS, GOMOS, SCIAMACHY iad MIPAS on Envisat, OSIRIS on Odin, AGHS on
SCISAT, and OMPS on SuorhiPP. The merged dataset is created with the aim of analyzing
stratospheric ozone trendgne information about the used individual datasets is collected in

Table5.3.

Table 5.3. Information about the datasets used in the merged dataset

Instrument/ Processor, Time period | Local Vertical Estimated Profiles
satellite data source time resolution | precision per day
SAGE Il ERBS | NASA V7.0, Oct 1984 sunrise, | ~1 km 0.55% 14-30
original files Aug 2005 sunset
OSIRIS/ Odin USask v 5.10, Nov 20111 6am., |2-3km 2-10% ~250
HARMOZ_ALT July 2016 6 p.m.
GOMOS/ ALGOM2s v 1.0, | Aug 2002i 10 p.m. | 2-3 km 0.55% ~110
Envisat HARMOZ_ALT Aug 2011
MIPAS/ Envisat | KIT/IAA Jan 2005 10 p.m., | 3-5km 1i 4% ~1000
V7R_03_240, Apr 2012 10 a.m.
HARMOZ ALT
SCIAMACHY/ | UBrv3.5, Aug 2003 10 a.m. | 3-4km 1-7% ~1300
Envisat HARMOZ_ALT Apr 2012
ACE-FTS/ v3.5/3.6, Feb 2004 sunrise, | ~3 km 1-3% 14-30
SCISAT HARMOZ_ALT Dec 2016 sunset
OMPS/ Suomi | USask 2Dy1.0.2, | Apr 2012 1:30 ~1 km 2-10% ~1600
NPP HARMOZ_ALT Aug 2016 p.m.

Monthly zonal mean data from individual instruments, which are described above, are used as

an input for creating the merged monthly zonal mean data.

For each instrument, latitude band and altitude level, the deseasonalized anomalies are

computed as:

Eq.55

o) b

where 7 (t.) is the monthly mean value at a certain altitude and latitude band corresponding to
: . : 1 :
timet and r  is the mean value for the corresponding manthe., 7, =—a@a #, Nmbeing

m j=1

the number of monthly mean values in a given monttm available from all yearsThe

uncertainty of the seasonal cycle vakliefor each montimis evaluated from uncertainties of
individual monthly mean values ; :
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1
2 — -n

gm_va__ §‘j Eq. 56

It describes the propagation of the random uncertainties to the mean value.

For theOzone_cci instruments, the seasonal cycle is evaluated using the overlapping
period 20052011. The seasonal cycle for SAGE Il is computed using years2(i8band for
OMPS using the years 20PD16. In computation of deseasonalized anomalies, we ignored
data from those latitudeme bins with the mean inhomogeneaity, =0.5H,, H,..) 6.€

(for all considered satellite instruments, longitudinal inhomogeneity is negli§iblieva et al.,
2014a)

After the removal of the seasonal cycle, the SAGE Il deseasonalized anomalies are
offset to the Ozone_cci mean anomalies in the years-2002. The OMPSleseasonalized
anomalies are offset to the mean Ozone_cci anomalies (which are based on OSIRIS -and ACE
FTS measurements in this period) in the years Z0DNA

Before merging, the deseasonalized anomalies of the individual instruments have been
extensivey intercompared with each other by computing and visualizing the time series of
difference of individual anomalies from the median anomaly. This method turns out to be a
sensitive method for detecting an unusual timeseries behavior of the individuaadeaitks. In
particular, it was found that SCIAMACHY anomalies are larger in the beginning of the mission,
for nearly all latitude bands and many altitude leyBlsfieva et al., 201y, Supplement)This
might be attributed to possible pointing problemghimbeginning of the mission; therefore we
decided not to use the SCIAMACHY data before August 2003 in the merged dataset. Similarly,
OMPS anomalies are lower in the first three months of the misSiofie¢a et al., 201y,
Supplement this might be rela&d to relatively coarse sampling of OMPS in the first three
months of the mission and possible problems with pointing. Therefore, OMPS data were
included in the merged dataset starting from April 2012, when the instrument operated in its
full capacity.

We computed the merged anomaly as the median of the individual instruments anomalies,
for each altitude leved and for each latitude bangand month:

Dierged(@> 2:1) =median( P(gz 1), Eq. 57
where D, indicatesthe individual instrument anomallfigure5.2 illustrates the data merging:

the upper panel shows the monthly zonal mean data, while the bottom panel shows individua
anomalies and the merged (median) anomaly.

As observed irFigure5.2, the biases between the individual data records are removed by
computing the deseasonalized anomalies. In the merging, we filtered out individual anomaly
values (locally for each latitude kchand altitude level), which differ from the median anomaly
more than 10% at latitudes 4840 N and more than 20% in othiatitude bands. This filtering
does not affedhe absolute majority of cases; it removes only a few exceptional anomalies from
GOMOS and ACEFTS, which are due to lower sampling.
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Figure 5.2: Top: monthly zonal mean ozone at 35 km in the latitude band 4660 N. Bottom: individual
deseasonalized anomalies and the merged anomaly (grey lded line).
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Figure 5.3 Examples of merged dseasonalized anomalies (colofs), for several 10 latitude bands, centers
of which are specified in the legend.

Examples of merged deseasonalized anomalies for several latitude bands are shown in
Figure5.3. In the upper stratosphere at pditudes a decrease from 1984 to 394999 is
observed, and then a gradual increastngopresentin the tropicsguastbiennial oscillation
(QBO) is observed.

The uncertainty of individual deseasonalized normalized anomalies (for each month)

and each latitudaltitude bins can be estimated as
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Sy :ri/ 5§, +5, Eq. 5.8

where S, ; is the uncertainty of the monthly zonal mean vdlige 51, and s, is uncertainty

of the seasonal cycfeom Eq. 5-6. We estimatethe uncertainties of the merged deseasonalized
anomalies (which correspond to median vg)laes

! 1 N 1 N >
S b.merged = mlngsD heg? \/Nal 3%]- W ?( p -me,ggd) , Eq. 5.9
g 1= J

wheres,; is the uncertainty of the anomaly of the instrument corresponding to the median

value.An explanation and discussion of Exj9 can be found in (Sofieva et al., 2@).7

The uncertainty of the merged dataset is illustratefeignre 5.4 for the same latitude
bands as shown Figure5.3. As expected, the uncertainties in the time period when only SAGE
Il data were available are larger than uncertainties for time periods when several instruments
havecontributed. The averagemeertainty is usually less tha®elbefore 2001 and below 1%
for the years 2002017. In the UTLS, uncertainties are larger than in the stratosphdege
in the range of ® %. At midlatitudes, uncertainties are larger in winter than in summer due to
larger ozone variability during winter; this is observed clearly in the period before 2001.
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Figure 5.4: Uncertainties of the merged deseasonalized anaosnalia %,
EqError! Reference source not found, for several 10latitude bands, centers of whi are
specified in the legend.

The merged SAGECI-OMPS dataset consists of deseasonalized anomalies of ozone in 10

latitude bands from 9& to90 N and from 10 to 50 km in steps of 1 km covering the period
from October 1984 to July 2016

For trend analyses, it is recommended using the deseasonalized anomalies. According to the

merging principle, the best quality of the merged dataset is irsttheosphere below 60
latitude. For the purpose of other applications (e.g., comparisons with models), we presented
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also merged ozone concentration profiles. The details of computing merged number density
profiles from the merged deseasonalized anomatfiepresented ifSofieva et a).201D].
An example of merged SAGECI-OMPS number density profiles is presente&igure5.5
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Figure 5.5: Ozone number density (color: cr¥), for individual datasets and the merged SAGECCI-OMPS
dataset, for the latitude band 50-60 N.

All data areincluded into one netcdf4 filavhich includes both merged data and the data from
individual instruments.

5.1.4 Monthly meanozone profileswith resolved longitudinal structure

The monthly zonal meegridded ozone profile datasstprovided in the altitude rge
from 10 km to 50 km. It covers the time period from late 2001 until now. The data are gridded
monthly in the 10 latitude x 20 longitude zones. Since the sampling of solar occultation
measurements is rather low, they are not included. The gridded ozone profiles are presented for
GOMOS, MIPAS, SCIAMACHY and OSIRIS separately and also merged into one dataset. The
information abouthe individual datasets can be foundmor! Reference source not found.
The principle of creating the Level 3 gridded data for individual datasets, as well as data
merging is the same asrfthe monthly zonal mean dataset (see Section 5.1.3).
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5.1.5 Merged mesospheric Ozone_cci dataset

5.1.5.1 Dataset description

The merged dataset of mesospheric timeseries and anomalies, for daytime atichejght
created out of daytime and nigfithe ozone profiles from the following instrument: MIPAS instrument
in nominal mode (MIPAS NOM), MIPAS instrument special modes @M8FSM), SCIAMACHY and
GOMOS instruments. Day dataset is obtained by merging MIPAS SM day, MIPAS NOM day, and
SCIAMACHY, where MIPAS day measurements are MIPAS measurements with solar zenith angle <
90 degrees. Night datasets are obtained by merging MIBASight, MIPAS NOM night, and
GOMOS, where MIPAS nighime are MIPAS measurements with solar zenith angle > 108.

Measurements from MIPAS SM are used as the referencehéornterging. Merging
methodology: the anomaliésom all instruments are calculateding their own seasonal cycle in the
20052012, which is the common period with MIPAS SM. The anomalies are then merged as the mean
of what is available, this is justified by a good agreement between anomalies of parent datasets. Merged
time series is rstored from the merged anomalies, using the seasonal cycle from MIPAS SM. Dataset
contains merged anomalies (in %) and merged @ewes (in humber density). Uncertainties are
calculated from uncertainties of monthly zonal means of the parent dataseaussian error
propagation.

The dataset is delivered with uncertainties, at vertidahlaltitude grid between 50 km and 100

km, in [90S,60S], [60S,40S], [40S,20S], [20S,20N], [20N,40N], [40NJ]6[60N,90N] latitude bands,
covering time period from Janya2005 to April 2012.

5.1.5.2 Data participating in the merging

MIPAS special modes: MA and UA as one single dataset

In theMIPAS middleatmosphereM|A) mode, the spectra are available at limb tangent
heights from about 20 up to 102 km with a vertical samping km. Theupper atmosphere
(UA) mode ranges from about 42 to 172 km, had a vertical sampling ofk3n up to 102 km
height and 5 km abovthis altitude.

Figures 56 and 57 show examples of daily means from night and day measurements
of two modes; good agreement between them is observed at all heights and all latitudes bands.
This allows taking the measurements from these two modes together, as one single dataset.

Ozone daily means in [60,70] at 80 km, day
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Figure 5.6 Example of daily means fdaytime measurement of MIPAS UA and MA modes
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Ozone daily means in [60,70] at 80 km, night
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Figure 5.7 Daily mean night-time MIPAS UA and MA measurements.

Temporal andaltitude coverage

Most measurements of special modes of MIPAS instrument tock pta20052012
period, which reduces the temporal coverage of mesospheric merging, and makes us to ignore
20022004 data from MIPAS NOM, SCIAMACHY and GOMOS. Ozone data from nominal
mode of MIPAS (MIPAS NOM) and SCIAMACHY have altitude coverage goingougbtkm
only. Due to their measuring geometry, SCIAMACHY instrument took measurement of ozone
in the daytime only, GOMOS instrument (stellar occultatioduring night time only. These
considerations bring us to the following table of merging opporasmiti

Table 5.4 Mesospheric merging opportunities of Ozone_cci data.

Day time Night time
GOMOS
651 100 km
SCIAMACHY GOMOS
507 65 km MIPAS NOM MIPAS NOM

Note that athe time of the production of the dataset, MIPAS special modes data available
were produced out of the version 5 of Level 1 MIPAS data, while MIPAS _NOM data are
produced out of the version 7. Version 5 of Level 1 data is known to contain some drtfis (ref
MK), which are corrected in the version 7 (ref to AL). These could introduce some drifts in the
merged data record. We therefore recommend not use the record for theumesl(g is just
7 years lonyy

5.1.5.3 Agreement of timeseries, seasonal cycles amhomalies from participating datasets

At all height in all latitude bands, a good agreement is obséoveiine series, anomalies and
seasonatycles of partigpating datasets, as demonstdadie the figures below.
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. Ozone timeseries in [40,60] at 50 km, day
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Figure 5.8 Example of daytime time series (upper panel), seasonal cycles (middle panel) and anomalies
(bottom panel) of the datasets participéing in the merging

This allows simplification othe merging procedure, but first the biases betvpaeticipating
datasets should be evaluated.

5.1.5.4 Biases between datasets participating in the merging

It can be observed at the Figure that the differences do not evolve with time, i.e. no drift between
the dataset, which allows take MIPAS SM data asference for the merging. However, the

differences have the seasonal component, which is an obstacle to do the debiasing in the
merging procedure.
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(COMOS - MIPAS_SM)/MIPAS_SM in %, night n [-60:-40)

(SCIA - MIPAS_SM)/MIPAS_SM in %, day in [60;90]
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Figure 5.9 The evolution of the difierences between the parent datasets and MIPAS SM with time, in

percent.

5.1.5.5 MIPAS SM anomalies: day \ersus night

For trend

cal

cul at

on

, anomal

e s

are often

way to perfom the merging would be to merday andhight anomalies in one dataset. This is

however not allowed, because the day and night anomalies are in partial agreement only: they
are the same up to 60 km, than they differ.
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Figure 5.10 Tropical (left) and northern mid-latitudes anomalies (right) from daytime (red) and nighttime
(bleu) at heights 50km (top), 55 km, 60 km, 65 km and 70 km (bottom). The daytime and nighttime
anomalies are in good agreement at heights below 60 km, they differs at upgezights.
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5.1.5.6 Merging approach and resulting dataset

The merging is performed in a following way. The anomalies from all instruments are
calculated using their own seasonal cycle 8120052012, which is the comrmn period with
MIPAS SM. Then the anomalieseamerged by taking the simple mean of what is available at
each height in each latitude band. Merged serges is restored from the merged anomalies by
using the seasonal cycle from MIPAS SM day / night. Examples of resulting merged anomalies
and timesaies are giva in Figure5.11.

Ozone anomalies in [40,60] at 50 km, day Ozone anomalies in [-20,20] at 63 km, night

MIPAS|NOM

anomanes v
anomalies / %

10" Ozone timeseries in [40,60] at 50 km, day

- « Y 10,onne timeseries in [-20,20] at 63 km, night
= 145 r £ x ; i . i . i .
___(i E MIPAS NOM k. ‘_?_ 14 MIPAS NOM
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% 100 A\ - £ 1 5 10 3
S 87 i 5 s&f
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‘%ég,\ %5‘ '%b) %‘% %0‘9 %’0 <o, ., %,;3 @%& % %) % ’% % 7, ‘:b;t.’

Figure 5.11. Examples ofmerged anomalies in the mesosphere.

5.1.5.7 UTLS datasets

The new FARMOZ_ALT datasets include the information important for the UTLS
research: the tropopause height. The tropopause height is computed according to the classical
definition of lapserate/thermal tropopause definition (WMO, 1957). Single and double
tropopauss are detected using either temperature profiles retrieved by an instrument of using
the ERAInterim data.

Many Level 3 monthly zonal mean datasets from individual instruments cover ti& UTL
region.Themerged SAGE 110zone_cdiOMPS datasedind merged dasat with the resolved
longitudinal structure also include thE'LS.

In addition, seasonal {@onths average, for each year) ozone distribution at several
pressure levels in the upper troposphere and the lower stratosphere are created for four
Ozone_cciinstruments with sufficiently dense horizontal sampling: MIPAS, SCIAMACHY
and GOMOS on Envisat and OSIRIS on Odin. For MIPAS, data from-2008 are used. For
other instruments, the seasonal distributions are provided for all availabld datdata are
gridded in the 5 latitude x D longitude bins, for several pressure levels: 200, 170,
150,130,115,100, 90, 80, 70 and 50 hPa.
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5.1.6 Assessment of URD implementation for limb and occultation data

The input of limbinstruments data into ozone EQWIl be a poduct that wl result from the
mergingof4 nstrument so6 dAMACEYE GOMOSMMdROAIRISThSVErl

principle of the data merging understartdat the data can only be ameliorated: every-non
compliant characteristic of a participating datag#ltbe translated into error termigading to

the smaller weight to nereliable measurementis other word, if at least one of participating
dataset is compliant in one characteristic, one can arrange to have the merged data product being
compliant inthis characteristic as well.

The

Table18 belowrecapitulates the compliance with DRor each of fouparticipating
datasets, and gives estimatifor the potential compliance of the merged data prod@utt.S
stays for fl ower strat os p hRemakahatoriinbAo f
instruments, the ¢ on cieambiguau$Oné ik therintunsiai t a
horizontal resolution caused by limb geometry. It can be estimated asvefleatjth of
interaction with atmosphere that provides sweaments at given altitud€his effective
length ismeasure@longtheline of sight. Anothermeaningmight be related to density of
measurements in horizontal direction. But then the questimmtise corresponding time
interval (because these measurements are not simultanBloesg. considerations drove us to
put Auncertaino in the corresponding row

0
or fi
| reso

Table 18: Assessment of the product requiremets implementation for limb and occultation ozone profiles

Potential
. L compliance
Requirements as stated in URD Compll'ance of mdw@ual products of the
with these requirements
merged
product
Driving Height range (O Merged
Quantity | research MIPAS | GOMOS | SCIA | IRI g
! LS MA product
topic S
- Regional
differences
in the
evolution of
the ozone
layer
(radiative Uncertain
fos“;'ggc));nal Uncertain but a Uncertain
Horizontal | cycle and 1007 100- I(:rlnlSIS%]S Uncertain rt?#]gg n Urr;C I(inmbl i
resolution | interannual | 300 km | 300 km along certa estimation erta |- applicable to
variability: the_lme of is 240 km | in . limb
- Short sight) in LS, 960 instruments)
term km in MA
variability:
exchange of
air masses,
streamers,
regime
studies
. - Height
?le(asréllfjiiilon dependence| 1-3 km | 1-3 km |nl|_582 I;n; compliant 4 km tbd compliant
of evolution 1O
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of the
ozone layer
(radiative
forcing);
-Seasonal
cycle and
interannual
variability;
-Shortterm
variability

5kmin
MA

Observati
on
frequency

Seasonal
cycle and
inerannual
variability;
Shortterm
variability

3days

3 days

3 days

compliant

6 days

tbd

compliant

Time
period

Evol. of the
ozone la
yer
(radiative
forcing)

(1980
2010)

(2003
2010)

(1980
2010)

(2003
2010)

2002
current

compliant

20022010

tbd

compliant

Accuracy
in height
attribution

Evolution
of the
ozone layer
(radiative
forcing);

- Seasonal
cycle and
interannual
variability;
- Short
term
variability:

+ 500
km

+ 500
km

60-150 m

compliant

+200m

tbd

compliant

Accuracy
for mixing
ratio

Evolution
of the
ozone layer
(radiative
forcing)

8%

8%

compliant

compliant

10 %

tbd

compliant

Accuracy
O for
mixing
ratio

- Seasonal
cycle and
interannual
variability;

- Short
term
variability:
exchange of
air masses,
streamers,
regime
studies
(radiative

forcing)

15%

15%

Compliant

compliant

<15%

tbd

Compliant

8 In this context: the total error of the retrieval

9idem
10jdem
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6 Tropospheric ozone column ECV

To retrieve TroposphericOzone Column (TOC), different methods are used within the
Ozone_cci projectLimb Nadir Matching LNM (SCIAMACHY UBR), CCD method (DLR)
and InfrarecEmission(IASI).

6.1.1 Limb Nadir Matching Method UBR

Zenith

Subscolar
TCFoV
P
IFoV

Flight Direction

Limb
TCFoV

Moon left
occultation

(SH oniy) »
¥ = un
o occultation
{(NH o

wide swath

Sl
Moon right
: -~ occultation
Nadir > = > {SH only)

wide swath/

Figure 6.1: SCIAMACHY viewing geometry for Nadir and Limb (DLR -IMF).

Thelimb nadr technique for derivation of the troposphaeone column is used by combining
matchedhadir and limb profilegEbojie et al. 2014)The nadir viewing geometry delivers the
total ozone column with high precision depending on the cloud ageaf the nadpixel. The

limb profiles are vertically resolved ozone profiles, that covers mainly the stratosphere and
mesosphere (See Chapter 4). The SCIAMACHY limb ozone and nadir ozone profiles and
combination of them are used here to derive the SCIAMACHY LimbirNaapospheric
Ozone Columns (LNTOC).
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The SCIAMACHY instrument was designed to alternate between limb and nadir geometries so
that the region probed during the limb scan can be observed about 7 minutes later during the
nadir scar{Figure6.1). The limb measuremedetlivers the stratospheric column over the same
area as the nadir measurement of thd tmshumn. The matching iperformed by usig the

same air mass from the two viewing geometries. The tropospheric column is then derived by
subtraction of the two columns. For this purpose the knowledge of the tropopausé€Tigight

which is the boundary between the defined troposphere andsgtnate is crucial. In the
tropical band the tropopause is well above the lowest altitude of the limb measurement. This is
not the case for the higher altitudes, where the tropopause can be lower than the minimum height
of the limb ozone profile. In thisase, interpolation of the stratospheric ozone has to be
supported by the use of the ozone sonde climatol¢Blasjie 2014) The groud pixel of limb

is 400km x 248m. For the nadir viewing the ground pixel is of the area 30 km x 60 km. This
leads to thematched nadir limb ground pixel in the order of 60 x 240 km for the single
tropospheric colum(SeeFigure6.2).

I

Figure 6.2: Comparison of ground pixel sizes. Nadir pixel as yellow square (30km x 60 km), limb pixel as
blue area (400km x 240 km) thatesults into a tropospheric pixel of 60km x 28km.

Only cloud free limb scenes and nadir pixels valibud fractioncf < 30% of cloud coverage
were used. In additigithe analysis has beerstected to solar zenith angléSZA) lower than
SZA <80° from the descending part of the ibdue to higher sensitivity of nadir measurement
to ozone for higher SZAs.

6.1.2 Matching Algorithm

The Limb Nadir matchingechniquas based on the crossing number (CN) algorithm of dord
Curve Theorem (Jordan 1887, Hales 2007). From this general mathematical formulation, the
counting of the number of crossing points for a given polygamlea to the detection of the
position of the point souraelative to the polygan

The theorem proves for theuBledian space the following relationshpdd numbersof CN

are comingfrom a pointQ inside the polygon and even Gffom a Qoutside ofthe polygon
respectivelyFigure 5-3).
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Figure 6.3: The position of the point source Q determines the number @&Nsfor a given polygon(Adopted
from F. Ebojie 2014)

Following steps are performed for the limb/nadir pixels to match or lie within the area of each
other (Ebojie 2014):

O0rhe matched data was derived by first checking the best possible orientations of the limb box
(four corners of the limb scan close te ttangent point) with vertices4, which represent the
latitude/longitude coordinates af single limb scanThe orientations include from3 or 24

or vice versa, as well as from4&or 2-1 or 2-3 as shown in Fig.-8.

In the next step, an iteratiayver the corners of the nadir box (four corners of the nadir scan)

is performed to find the minimum and maximum x and y coordinates of each corner, which is
checked against the corners of the limb scan box. If the nadir box is confirmed to lie in the limb
box, then the Total Ozone (TOZ) that meet cloud fraction threshold is averaged within a

box. For the nadir statesyhich are only partially within the limb state, the nadir pixel is
weighted based on the distance of its centre to nearest cornerslohthpixel. The process is
iterated for all nadir pixels measured at about 7 minutes later after the limb sgan
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Figure 6.4: Order of the four corner pixel for nadir limb matching algorithm (Adapted from Ebojie 2014)

H

6.1.3 Error sources

For derivation of Tropospheric Column (TOC) from Total Ozone (TOZ) and Stratospheric
Ozone Column (SOC) we utiee following simple formulation:

YOO "YO ®w"Y0 0

Hence following the Gaussian error propagatinathod the error for tropospheric ozone
column X_toc) can be deduced to:

W DOEQRI ¢ OO

where X_toz is the error in total ozone column, X_soc is the error in the stratospheric column
and X_tph the contribution of the tropopause heaghors.The X_soc is derived bysing the

error contribution ofthe SCIAMACHY limb ozone profiles (See Section &2 The
uncertainty in TOZ (X_toz) is calculated by applying the uncertainty in geophysical parameters
in the retrieval of derivation ofOZ (ColdeweyEgbers et al. 2005).

The longitudinal structure in errors for threetlatie bands 20°820°S 60°N-30°N, and 60°S

30°S are shown ifrigure 6.5 for January 2004 as an example. Marrorsstem from the
stratospheric column. The errors in TPH are negligible even though highly variable. The errors
in TOC are less variable over the globe for the tropical band and highly variable for middle
latitudes and g@sents wave structures.
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Figure 6.5: Error sources (Ebojie 2014)

The average error in the SOC is ie tbrder of 4 DU, 0.1 DU in TPHnd that of the TOZ% in

the order of 3 DU, respectively. It @ato a totaérror of5 DU in TOC. Since the tropospheric
column is in average ithe order of 30 DU, the relative fraction of the error in the TOC is
around 1/6 or 16 %.

6.1.4 Convective Cloud Differential DLR

The convective cloud differential algorithfor the tropical tropospheric Ozone (TTOC) is
based on the level 2 nadir total column ozone products as for example described ir2skction
The tropospheric Ozor{@ TOC) is calculated as the difference between the total column (TOZ)

for cloud free pixels and the stratospheric column, where the stratospheric column (SOC) is
determined as the column above high reaching clouds. Only observation with high cloud cover
(cr > 80%) are taken into account, and to avoid measurements over thin cirrus clouds the cloud
albedo has to be higher than 80%. The SOC is given as the difference between the total column
and the ozone column below the cloud (ghost column), which is higelew the clouds and
invisible to the instrument.

For high cloud fraction®™Y0 @& d0é & “YO & doé ¢ 08 | & doé &
Because the top height of the clouds may differ, even if only clouds with a top height between

8 and 15 km a considered, the above cloud ozone columns are harmonized to a certain level
(10 km). The small correction term is calculated by integrating an ozone climatology profile

Edited by N.RahpoeUBR Pagell17-127



Title: Ozone CCI ATBD

Issue0 - Revision00 - Status: Final

Date of issueDec 7, 2017
ReferenceOzone_cci_ ATBD_Phase2_V2.docx

between the effective cloud top and Kifi. The algorithm idea is illustrated i&rror!
Reference source not found. The data are monthly averaged and gridded (1.25° x 2.5°). The
assumption that the SOC is constant for 1 month limits the algorithm to the tropical ozone data.
Moreover, for certain regions or periods no stratospheric data are available or they are affected
by up draught of tropospheric ozone pollutions e.g. over the rainforest during the burning
seasonTherefore only the stratospheric ozone data in a referegimmrare used, and assumed

to be representative for the rest of the globe (Latitudinal dependency of the Stratospheric ozone
column below). Thereby we indirectly presume that the stratospheric column is constant for
certain latitude bands, which is a gaagaproximation for the tropics (20°S to 20°N).

For cloud free observation: "Y"Y0 & d0é ¢ "YU & o€ ¢ YO & QDO

According to Lidar observatior(®rowell 2001)the upper tropospheric ozone mixirgjio in
convective systems over the western pacific are less than 10 ppb, hence the up draught in this
region is low. Moreover the convective cloud cover is often high. This ma&esdionover

the eastern Indian ocean (70°E) to the western Pacif@\)7a good reference area. More
details are described in Valks et al. 2014. The cloud slicing algorithm confirms that the up
draught ozone mixing ratio inside and above the cloud in the reference area is low, as explained
in this paper.

2 = 2.
o o | ~240DU o
~240 DU g g | Top of tropospheric column 10 km g
§ <2 DU
5 _
) S (7]
i g ~250-280 DU ~10-40 DU
ega
X
o2
>

Figure 6.6: Schematic illustration of the GOME-2/CCD technique for the (subjtropics. Cloudy GOME-2
measurements with cloud fraction cf > 0.8, cloud top albedo ac > 0.8 and cloud top pressure pc > 320hPa,
which are used to determine the abowe&loud ozae.

An example of the GOMR tropical tropospheric ozone column distribution is showkigare

6-7 for September 2008. This figure illustrates the effect of biomass burning on the tropical
tropospheric ozone, formaldehyde and Nistribution (GDP4.8). The bottom right figure
shows the authern hemisphere biomass burning hot spots as measured by ATSR in September
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2008. The biomass burning produced large amounts efd¥€ Southern Africa and South
America as can be seen in this figure (top left). The largest increases in ozone a@véyund
the southern Atlantic as shown kigure 6-7 (bottom left), and are a result of the biomass

burning emissions and largeale transport.

atmosphere mole content of nitrogen dioxide troposphere

atmosphere mole fraction of formaldehyde troposphere

DR

1

il
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average troposphere mole content of ozone in Dobson units

W T MATM\ iin,n,,‘ul
3 i h i ] il 3
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Figure 6-7 Southern hemisphere biomass burning hot spots measured by ATSR (bottom right), ¢
tropospheric NO2 columns (top right), HCHO column(top left) and tropospheric ozone columns (bottol

left) as measured by GOME2 in September, 2008.
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