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EXECUTI VE SUMMARY

The Ozone_ctiproject isthe successor of Ozone ccila## NI 2F 9{! Qa [/ f AYIlTaeS / Kl
Validation Team (VALT) developed a Product Validation Pl@aVP)Yranslating user requirements into
validation requirements, in order to ensure independent and traceable validation oOttane cei data
products and verification of compliance with the user requiremenihis Product Validation and
Intercomparison Repor(PVIR)Version5.2 reports on the quality of theClimate Research Data Package
(CRDP For each of theEssential Climate Variab{ECY data records provided by the projedhe PVIR
provides users with detailed validation results, with a list of quality indicators enabling the verification of
fithessfor-purpose of the data for their own application, and with an assessmetiiteo€ompliance of the
CRDP with user requirements established byGlimate Research Group (CR&3ed on theiown research
needsand onmore generic need$ormulated by international climate research and monitoring bodi&s
GCOS
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1 I ntroducti on

1.1 Purpose and scope

The currentOzone_ccitClimate Research Data Packd@&DPjncludes records of total ozone columns,
nadir-based ozone profilesand limb-based ozone profilesRequirements for the necessary quality
assessment of the CRDP datasets are detailed inOhere_cci+Product Validation PlafPVP,[RCB])
established by validation teamworking independently of the algorithm development tearBased on the
PVR the presentProduct Validationand Intercomparison ReportPMR provides usersand product
developersof the CRDP witlyeophysicalalidation resultsand with a list ofquality indicatorsenabling the
verification of the fithesdor-purpose of the dataln particular, the PVIR discusses the compliance of the
individual CRDRlatasetswith user requirements formulated by GCOS and the pré)€limate Research
Group (CRG) in a dedicatdder Requirementsdazument(URD[RIOLQ]). This PVIRIill be updated ira future
phaseof this project as improved and new data produetsd possiblyalidation approacheare developed.

1.2 Document overview

TheOzone_cciProduct Validatiorand Intercomparison Repois organiseas follows:

9 Section2 introduces the CRDP dataseisddressedn thisreport.

1 Section3 describes the ECV validation methodology: Generic principles of the validation process,
study of compliance with user requirements, information content and sensitivity studies, and
confrontation to independent and traceable reference measueats.

1 Sectio 4 describesvalidation results and compliance assessment for the Haalsed ozone profile
ECV.

9 Section5 describes validation results and compliance assessment for thebaséd ozone profile
ECV.

1 Section6 describes validation results and compliance assessmefédroposphericozone ECV.

T Section 7 listapplicable and reference documents

1 Section8 definesthe applicablgéerminology.

For eactEC\Wataproduct,the results arereported as follows:

1 Adescription otthe referencemeasurementsised for independenECWalidation

1 Adescription of thepreparation of satellite and reference measurements, includjoglity control
procedures applied for the selection ofalmostappropriate datainformation on the uncertainties
associated to thenmcolocation criteria applied, data manipulations applied to convert data units and
representation systems...

1 Adescription of the matchup analyses performed on the derived ECV products againsetketed
referenceobservations

1 A detailed analysis of the uncertainty of the ECV products with reference to the independent
validation data.

i Statement of compliance wh user requirements formulated in the projé@tiser Requirement
DocumentRDLQ].
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2 Cli mate Research CRADPA) Package

The Climate Research Data Package (Cgddejated in the framework of th@zone_cciroject contains

a list of ozone column and ozone profilatasets The database can be accessed through the freely accessible
ftp siteftp://cci_web@ftp-ae.oma.be/esacci/ozonand LeveB productshrough the CGDpen Data Portal
(http://cci.esa.int/data) or at the Copernicus Climate Data Stonéi[fs://cds.climate.copernicus.guThe
data packagds organisedn four families of ozonedata products: Total ozone data products (TC=Total
Column), Nadir ozone profile data products (NP=Nadir Pyofiisb ozone profile data products (LP=Limb
Profile)and Tropospheric ozone data products (TR )ata sets are delivered in NetCOF format and are
compliant with CCHata format guidelines, as described in the Product User Guide (FRIB). [The
Ozone_ccitataproducts validated in this document are listed in the tables belaviull description ofhie
retrieval algorithmsand retrieval settingds given in the associatedlgorithm Theoretical BasBocument
(ATBD) RD4]. A description of esante uncertainty characterisation can be found in tBadto-End ECV
Uncertainty BudgetE3UB)RD5].
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2.1 Nadir ozone profile data sets

Table2.1 - Ozone_cci€RDP nadbzone profile data productsonsidered in this PVIR

PIELUE! Product ID Sensor Product description | Provider Time VEILE BN
level coverage |report
FORLI 201510@1DR ULB
NP_L2_IASIA Metop-A IASI algorithm on fixed 20082019 |Sectiord
i LATMOS
altitude levels
FORLI 201510@1DR ULB
Level-2 NP_L2 IASIB Metop-B IASI algonthm on fixed LATMOS | 20192023 Sectiord
altitude levels
FORLI 201510@DR ULB
NP_L2_IASIC Metop-C IASI algorithm on fixed 20192023 | Sectiord
. LATMOS
altitude levels
FORL20191122 ULB
NPIASIABC Merged algorithm on fixed 20082023 |Sectiord
i LATMOS
Level3 altitude levels
NP_GOFECV Merged g from RAL L2 and | o 19952022 | Sectiord
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2.2 Limb ozone profile data sets

Table2.2 - Ozone_cci€RDP limb ozone profile data productsisidered in this PVIR

Product level | Product ID Sensor Produpt_ Provider Time Validation
description coverage |report
LP_L2 GOMOSY Envisat GOMOS FMI Sectionb.4.2
LP_L2 GBL Envisat GOMOS FMI Section5.4.3
LP_L2 MIPAS |Envisat MIPAS IMK/IAA Sectionb.4.4
LP L2 SCIA EEY'AS,?;ACHY U Bremen Sectior5.4.5
LP_L2 OSIRIS | Odin OSIRIS U Saskatchewan Sectiorb.4.6
LP_L2 ACE SciSat ACE FTS U Toronto Sectiorb.4.7
LP_L2 OMPS | o \ominpp Individual profiles y saskatchewan Section5.4.8
NPP_USASK of ozone mole
LP L2 OMPS ) concentrations _
NPP UBR SuomiNPP onacommon |U Bremen Entire Section5.4.9
HARMonized — pressure or mission
datasetof |LP_L2_OMPSI 50001 geometric U Bremen data Sectior5.4.10
OZone profileg 21_UBR altitude grid, and sereened fo
(HARMOZ) auxiliary NASA_aRC : '
LP_L2 SAGE |ERBSSAGE |; : » |outliers Section5.4.11
informationto |y Bremen (filtered
Level 2 convert to data)
LP_L2 HALOE |UARS HALOE |Vvolume mixing NASALaRC, Sections.4.12
ratio and/or U Bremen
geometric
LP_L2_SABER | TIMED SABER |attitude/pressure BABSr’:anaeF;C' Section5.4.13
LP_L2 MLS Aura MLS B'Aésrglnzla Sectionb.4.14
LP_L2 POAMI | SPO# POAM Il BAI:%SreArhen Sectiorb.4.15
LP_L2 SAGE |Meteor-3M SAGH NASALaRC, .
/M3M I U Bremen Sectiorb.4.16
LP_L2 SAGE NASALaRC, .
n/iss ISS SAGE llI U Bremen Sections.4.17
Aura MLS, S e o
GOMOS, MIPAS r[r)gzlaynlpréfﬁe (]
Level 3 LP_LIMB_HIRE 8CS:|III§I\/§AS)T/I\I(DS ozone mole FMI 20042022 | Sectiorns.5.2
' concentrations
LP/SNPP, SAGH .
iss. AGETS |ona pressureyrid
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2.3 Tropospheric ozone data sets

Table2.3 - Ozone_cci€RDRroposphericozone data productsonsiderel in this PVIR

Pl Product ID Sensor Product description | Provider Ulaies VElRRIET
level coverage |report
GOME, SCIAMACH
OMI, GOMRA, CCD algorithm,

GOME2B, surface to 270 hPa
GOME2C, TROPON

TRC_L3_GTTO DLR 19952023 | Section6.2

Limb-Nadir matching
TRC_L3_OMIMB |OMI, LIMBHIRES |algorithm, surface to | FMI 20042023 | Section6.3
thermaltropopause

Level3

LimbNadir matching
algorithm, surface to | FMI 2004-2023 | Section6.3
thermaltropopause

GTQECV,

TRC_L3_GHOMB LIMBHIRES
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3 ECV Val iMeathioadm | ogy

3.1 General principles of the validation process

The Ozone_ctiProduct Validation PlajR8] describes the validation protocol applied in this assessment.
The prime objective of the Ozone_eacproject is the production of ECV data products responding to the
needs of the climate researdommunity, represented by th&®©zone_cci€limate research Group (CRG) and
the CCI Climate Modelling User Group (CMWB&ry ECVdata set produced by the project needs to be
validated against the official user requiremerfidsmulatedin the Ozone_ccitJsea Requirement Document
(URD [RDLQ)]). In the followingsection,we summarize the user requiremenspplicable to the present
validation study The translation otheseuser requirements into validation requirements is described in the
Ozone_cei Product Validation PlaP{/R [RB]). Thegeophysicalalidation of ECV da products delivered

in the CRDReliesprimarilyon comparisons witlground-basedreference measurement3hese comparisons
are reported inthe following sectionsThe reference measurements used in this study are summarised in
Section3.5. In preparation of the comparisonthe data setanust undergo a suitefadata manipulations,
including data filtering basedon, e.g, quality flags, harmonisation of coordinate systems and of units,
reduction of differences in vertical and horizontal smoothisglection of cdocations meeting appropriate
criteriaX These operations depend on the ECV data product and associated redligoahms;therefore,
they are described in theespectivesections reporting the comparisorBrior to the data comparisonthe
characterisation of the information content of the data prodsiahdtheir sensitivity to the real atmosphere
may be requiredThisis definitelythe case fom proper interpretation ohadir ozone profile data, for which
the final data product is a mix of real contributions from the measurementadrapriori constraintsThis
aspect isaddressedn Section3.3.

3.2 Compliance with user requirements

TheOzone_ccitser Requirement Document (URRPLO] defines climate user requirements based on the

ozone requirements of the Global Climate Observing System (GCOS), the CCI Climate Modelling User Group
(CMUG]RDy/], the Integrated Globahtmospheric Chemistry Observation them&QACO) of the Integrated

Global Observing Strategy (IGQR®], and the WMO observational requiremenfRDL1]. They are
summaried hereafter. These URD requirements were translated into validation requirements in the Product
Validation Plan (PVIRREB] established by th®©zone_cciWdidation Team (VIAT).

The firstcategory of user requirements address#assical error bars. In the case of total ozone column TOC
O6SELINBEEASR Ay 5! 0 GKS SNNBN gAft o0 Ssuadphadiayimiedd | R
percent,such hat TOG:1 ¢ h/ NB LayBnie®ioba&oséconfidence intervalt KA & + ¢ h/ @I f dzS
systematic term and a random term, corresponding to classical bias and predisistafidard deviation or
equivalent) estimates. Validation is expected to verify #teuracy okex-ante estimatesof the systematic

biasand precisionprovided by the ECV retrieval teanibhis verification musurther ensure that these

quality indicatorswhich usuallyarywith several parameteref the measurement and the retrievaemain

within the acceptable rangedefined in URD

In the case of ozone profiles two error bars are required, one representing an altitude(raggeement of
+500m for limbprofile retrievals) the other representing a volume mixing ratio ranffequirements
between 8% and 20%), and both representing aymmetric68 % confidence intervalAssessment of the
error bar on altituddfor nadir ozone profile data requiresalysis of information content (e.g., calculation of
centroids and BackuSilbert spread of the vertical averaging kerng¢lRD27]). Detailswill be addressed in
dedicated sections.
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The second category of user requirements addre¢8dke temporal and spatial domains over which, and
(i) the associated temporal and spatial resolutions at whilgtta quality musmeetthe first category of user
requirements:

1 Temporaldomain and sampling:ontinuous coveragwith 3 days obbservation frequencgverthe
decadal range and beyond, withaximum uncertainty omnterannual variabilityannual cycleand
shorterterm variability ranging from 23 %for total ozone data up to 2@ofor tropospheric ozone
data
Temporal stability: Lorterm stability of 1%-3 %/decade to allow trend detection.
Geographicaiomain global, regional, latitudéeight monthly mean crossectons.

Horizontal resolution requirementérom 20 km to 300 kndepending on the ECV.

Vertical range and sensitivityequirementsreflect the vertical structure of ozone changesmely
total ozone column (TOC), and ozdnehe lower troposphere (LT), upp&oposphere (UT), lower
stratosphere (LS), upper stratosphere and mesosphere (USM)

9 Vertical resolutiondepending on the ECV.

= =4 -

Other wser requirements fallatherinto categoriesf product specifications

1 Level of the ECV data set:iffe homogenizedevel?2 time series for process evaluations on time
scales spanning from hours/days to months/years, and homogenized-imsttiiment longterm
data sets for ozonelimate interactions (Leved and Leve#t).

1 Continuity of user requirements between ddevels, e.g., aggregated mudtiensor LeveB products
should retain Leve? requirements as much as possible. At least, L@ymioducts should not be
homogenized/degraded to the instrument with the lowest accuracy over the targeted time period.

1 Requirements for ancillary datacloud information per pixel (including cloud fraction, cloud height,
cloud albedo) and surface information per pixel (surface albedo).

1 Data format and metadata requirements.

T Visualisation requirements.

Compliance with requirements on observation frequergyd geographical domaiis straightforward to

verify through visualisationof the data sets, a study hereafter referred to as dataset content study
Compliance with requirements on spatial resolutiordapatial sampling need visualisation of the data and
analysis of information content (e.g., calculation of centroids and Ba@Gibert spread and use of cress
correlation techniques). Compliance with more specific requiremesgpgecially requirements paliar to
Level3/4 data products, e.g. in terms of actual geographical coverage and of gokzione
representativeness, may need the use of statistical methods based on global model results. In addition to
validation studies and quality checks performiey the validation teams (VALT) abgthe ECV producers
(EOSTSs), usézedbackprovides valuable input for the assessment of effective usability of the data product.
The latter quality checks are reported in another document, the Climate Assessment RepBIRDY 3].

Hereafter we reproduce the user requirements as describedables 5 to 10 o¥ersion4.1 of the URD
against whichtDzone_cciECWata productsmust be verified and/orvalidated. For each EGhe tablesin
this documentdisplayspecificrequirementson the data, its characteristicand its errorgTable3.1, Table
3.3 andTable3.5), andrequirements on the datéormat and associated metadatdable3.2, Table3.4 and
Table3.6).
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3.2.1 Total ozone data product requirements

Table 3.1 - Productrequirements for total ozone column data. Achievable and future target requirements are
given,d S LI- NJ (icRdflaptediront URBY4.1).

Quantity

Geographical Zone

Driving Research topic

Tropics Mid-latitudes | Polar region
Global torizontal | Evolution of the ozone laydradiative 20¢ 100 km | 20¢ 20¢
resolution forcing) Seasonal cycle and interannu 50/100 km 50/100 km
variability; Shortterm variability
Observation Evolution of the ozone layer (radiative | Dailyg Daily¢ Daily¢
frequency forcing); Seasonal cycle and interannu weekly weekly weekly
variability; shortterm variability*
Time period Evolution of the ozone laygradiative | (19802010 | (19802010 | (19802010
forcing) 19952011 19952011 19952011
Uncertainty Evolution of the ozone layer (radiative | 2 %(7 DU) 2%(7 DU) 2% (7 DU)
forcing)
Uncertainty Seasonal cycle andterannual 3%(10DU) | 3%(10DU) | 3%(10 DU)
variability; Shorterm variability
Stability (after Evolution of the ozone layer (198010 | 1¢3 % / 1¢3%/ 1¢3%/
corrections) trend detection; radiative forcing) decade decade decade
(19952011) | (19952011) | (19952011)

* Shortterm variability includes: Exchange of air masses, streamers, regime studies

Table3.2 - Data format and metadata requirements for total ozdaelaptedfrom URDv4.1)

Datafeature

Requirement

Data format

Net-CDAR2Z]

Data conventions

CF

Data units

Total column (in DU; number of molecules per area or equivalent)

Error

Total area

Error characteristics (optional)

Totaluncertaintyand its subdivision per pixel into:
- contribution measurement noise;
- contribution ofa priori uncertainties;

- contribution ofestimated spectroscopic uncertainty

Averaging kernels

Yesfor Level2

Full covariance matrix included?

No

local/latitudinal time series of monthly means)

A priori data Yes, per pixel
Quality flag 1: high quality data
2: contaminated data
3: missing value
Visualisation Basic browsable archive visualisation (daily global maps;
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3.2.2 Nadir ozone profile and tropospheric ozone data product requirements

Table 3.3 - Product requirements for nadivased ozone profileand tropospheric ozon€limate Data Records

(CDRs). The ozone profile requirements are for ozone products in terrpartél columnmean) mixing ratios.

The tropospheric altitude domain extends from the surface to the tropopause defined by an ozone concentration

of 150 ppbv; the UT/LS extends from about 5 to 30 km, and the middle atmosphere extends from about 30 to 60
km altitude. The required coverage is global. Achievable and future target requirements are given, separated by a
WPd ¢KS FANRG ydzYoSNI Aad (KS 7Fdzi dzZNE QzonblBcSiddptedirdna SY NB

URDv4.1).

Quantity

Height range

Driving Reseatt topic

Troposphere

UT/LS

Middle
Atmosphere

Horizontal
resolution

Regional differences in
evolution of the ozone layer
and tropospheric ozone
burden (radiative forcing);
Seasonal cycle and
interannual variability;
Shortterm variability*

20¢ 200 km

20¢ 200 km

200¢ 400 km

Vertical
resolution

Height dependence of
evolution of the ozone layer
and the tropospheric ozone
burden (radiative forcing);
Seasonal cycle and
interannual variability;
Shortterm variability*

6 km¢
tropospheric
column

6 kmg partial
column

6 kmg patrtial
column

Observation
frequency

Evolution of the ozone laye
and the tropospheric ozone
burden (radiative forcing);
Seasonal cycle and
interannual variability;
Shortterm variability*

Daily¢ weekly

Dailyq weekly

Dailyc weekly

Time period

Evolution of the ozone laye
and tropospheric ozone
burden (radiative forcing)

(19802010)¢
(19962010)

(19802010)c
(19962010)

(19802010
(19962010)

Accuracy

Evolution of the ozone laye
and tropospheric ozone
burden(radiative forcing)

8%

8%

8%

Accuracy

Seasonal cycle and
interannual variability;
Shortterm variability*

16%

16%(< 20 km)
8%(> 20 km)

8%

Stability

Evolution of the ozone laye
and tropospheric ozone
burden (radiative forcing);

trends

1¢ 3%/ decade

1¢ 3%/ decade

1¢ 3%/ decade

* Shortterm variability includes: Exchange of air masses, streamers, regime studies
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Table3.4 - Data requirements for nadipased ozone profile Climate Data Recqattaptedfrom URDvA4.1)

Data feature Requirement

Data format Net-CDF

Data conventions CF

Data units Ozone mixing ratio (optional: also in partial ozone

column and/or with cdocatedtemperature profile)

Error characteristics

Total accuracy and its subdivision per pixel and pe
layer into:

- contribution measurement noise;

- contribution smoothing error

- contribution of A Priori uncertainties;

Number of layers

To be chosen fooptimal accuracy (not too few for
information content, not too many by degrading the
accuracy per layer)

Averaging kernels included? Yes, per pixel
Full covariance matrix included? Yes, per pixel
A priori data included? Yes, per pixel

Flags

Quality pemixel (good, bad, uncertain); Pixel type;
Snowl/ice; Sun glint; Solar Eclipse; Sedtlantic
Anomaly

Visualisations

Basic browsable archive visualisation (profile crosg
section per orbit; monthly maps at standard pressu
levels; local/latitudinal timeeries of monthly means
at standard pressure levels)
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3.2.3 Limb ozone profile data product requirements

Table 3.5 - Product requirements for limbbased ozone profile Climate Data Records (CDRs). The ozone profile
requirements are for ozone products in terms péftial columnmean) mixing ratios. The lower stratosphere (LS)
extends from the tropopause (defined as ozone > 150 pphbv) to about 30 km, and the middle atmosphere extends
from about 30 to 60 km altitude. Ehrequired coverage is global. Achievable and future target requirements are

AAPSYy s aSEPINIWSR ToANH O W dzY(@adSphedifrord URDM.D. ¥ dzi dzZNB G NB S

. . . Height Range
Quantity DA [REEENED T Lower Stratosphere Middle Atmosphere
Horizontal Regional differences in the 100¢ 200 km 200¢ 400 km
resolution evolution of the ozone layer

(radiative forcing); Seasonal cycle
and interannual variability; Short
term variability
Vertical Height dependence of evolution of 1¢2km 2¢4km
resolution the ozone layer (radiative forcing);
Seasonal cycle and interannual
variability; Shorterm variability
Observation Seasonal cycle and interannual Dailyq weekly Daily¢ weekly
frequency variability; shortterm variability
Time period Evdution of the ozone layer (19802010)¢ (19802010)¢
(radiative forcing) (20032010) (20032010)
Uncertaintyin | Evolution of the ozone layer +500m 500 m
height (radiative forcing), Seasonal cycle
attribution and interannual variability; Short
term variability
Uncertainty on | Evolution of the ozone layer 8% 8%
mixing ratio (radiative forcing)
Uncertainty on | Seasonal cycle and interannual 16 %(<20km) 8%
mixing ratio variability; Shorterm variability 8 %(>20km)
Stability Evolution of theozone layer 1¢ 3% / decade 1¢ 3% / decade
(radiative forcing); trends
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Table3.6 - Data format and metadata requirements for liRblased ozone profile requiremen{adaptedfrom

URDv4.1)
Data feature Requirement
Data format Net-CDHRI??2]
Data conventions CF
Data units Ozone mixing ratio (optional: also in partial ozone column and/o

with co-located temperature profile)

Error characteristics

Total accuracy and its subdivisiper profile per layer into:
- contribution measurement noise;

- contribution hoiizontalsmoothing error

- contribution pointing accuracy

- contribution of A Priori uncertainties;

Averaging kernels included?

Yes, per profile

Full covariance matrix incled?

Yes, per profile

A priori data included?

Yes, per profile

Flags

Quality per profile per layer (good, bad, uncertain); Cloud
contamiration; Solar Eclipse; Sou#ftlanticanomaly

Visualisation

Basic browsablarchive visualisation (profile cross section per or
monthly maps at standard pressure levels; local/latitudinal time
series of monthly means at standard pressure levels)
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3.2.4 Tropospheric ozone column data product requirements

Table 3.7 - Product requirements fotropospheric ozone Climate Data Records (CDRs). The ozone profile
requirements are for ozone products in terms of (partial column mean) mixing rat@stropospheric altitude
domain extends fromrte surface to the tropopause defined by an ozone concentration of 150. pjblevrequired
coverage is globdahough not for the CCD technigtmased tropospheric ozone productachievable and future

GF NBSG NBIjdzA NBYSy (i a qW dNBistiasniditlkyNe fuiu® taigettlaptédRomdJRDv4.1). W
Height Range
Quantity Driving Research topic Tropospheric Upper Lower
column troposphere troposphere
Horizontal Regional differences in the 20¢ 200 km 20¢ 200 km < 20km
resolution tropospheric ozone burden
(radiative forcing); Seasonal cycle
and interannual variability; Short
term variability
Vertical Height dependence of evolution o] n/a <6 km <6 km
resolution troposphericozoneburden
(radiative forcing); Seasonal cycle|
and interannuakariability; Short
term variability
Observation Evolution of tropospheric ozone | Dailyqweekly | Daily¢weekly | Hourlyg weekly
frequency burden (radiative forcing); Season
cycle and interannual variability;
Shortterm variability
Time period Evolution of tropospheric ozone | (1980-) (1980-) (1980-)
burden (radiative forcing)
Uncertainty Evolution oftroposphericozone 8% 8% 8%
burden(radiative forcing)
Uncertainty Seasonal cycle and interannual | 16% 16% 8 %
variability; Shorterm variability
Stability Evolution of the ozone layer 1-3 % / decade | 1-3% / decade | 1-3 % / decade
(radiative forcing); trends
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Table3.8 - Data format and metadata requirements fsoposphericozone profile requirementgadaptedfrom
URDv4.1)

Data feature Requirement

Data format Net-CDHRI??2]

Data conventions CF

Data units Ozone mixing ratio (optional: also in partial ozone column and/o
with co-located temperature profile)

Error characteristics Total accuracy and its subdivisiper profile per layer into:

- contribution measurement noise;
- contribution smoothing error
- contribution of A Priori uncertainties;

Number of layers To be chosen for optimal accuracy (not too few for information
content, not too many by degrading tlacuracy per layer)

Averaging kernels included? Yes, pepixel

Full covariance matrix included? Yes, pepixel

A priori data included? Yes, pepixel

Flags Quality pemixel(good, bad, uncertainPixel type Snow/ice; Sun
glint; Solar Eclips&outhAtlantic Anomaly

Visualisation Basic browsable archive visualisation (profile cross section per (

monthly maps at standard pressure levels; local/latitudinal time
series of monthly means at standard pressure levels)

3.3 Information content and sensitivity

I 1Se awsSod Ay (GKS GFtARFGA2Y 2F dzal oAfAGE O00GKS
characterisation of the information content of the data product. The retrieval of geophysical quantities from
remote sounding measureents usually uses a set of a priori constraints,, éngthe form of an assumed

range of atmospheric profile shape around a first guess. Such constraints mix somehow in the retrieved
guantities with the information really contributed by the measurem@rD76]. When a climatology is used

in the retrieval, e.g.at altitudes where the measurement is not or less sensitive due to optically thick clouds
or due totoo low signatto-noise ratios, it is important to understand what, in the final product, comes from

the climatology and what comes really from the measurements Kimd of validation of the information
content can rely on a combination of (1) comparisons with independent reference data sets, especially during
events not considered in the climatology, (2) the study of deviations of the retrieved product from tlegia pr
constraints, and (3) sensitivity analysis of the retrieval, e.g. based on a study of the associated averaging
kernels and their eigenvecto[BD76, RD62, RD49]. E.g., plotting as a function of altitude the sum of the rows

of the averaging kernel matrix associated with a retrieval shows at which altitudes the measurement offers
sensitivity to atmospheric concentrations. Similarly, the real infofomatcontent of the reference
measurement itself should be known prior to performing a comparison. Information content studies might
be an important aspect of the validation of model runs that have been initialised by climatology or by the
output of anothermodel, or that are constrained by a priori boundary conditions. They can also be of
relevance in the assessment of data assimilation results when observations outside of a predetermined range
are rejected as outliers by the data ingestion scheme, produicirthe system aero-information zonelike

the dead band or neutral zone used in voltage regulators and controllers to avoid unwanted oscillations and
disruptions. Information content studies of thevel2 data are also essential in understanding higegel

data products generated by data merging and ensemble approaches.
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3.4 Validation of individual components of ECV processing chain

ECV line components are the individual processing blocks by which ECV data products are generated in their
interim or finalversion. For complex processing chains international standards require to validate or at least
verify the good performance of every component and the accuracy of its output. Limiting validation to the
final data product only is not sufficient. The validat of intermediate data products is highly desirable to
avoid e.g, that the apparently good behaviour of the final data product at the end of the chain hides large
compensating errors affecting separate components of the data retrieval. Testing i$ orap verification
activities intended to confirm that software development output meets its input requirements. Other
verification activities include various static and dynamic analyses, code and document inspections,
walkthroughs, and other techniquellost of these verification activities have been performed by the EOSTs
developing and producing the dapmoducts andare reported in the associated Algorithm Theoretical Basis
Documents (ATBDERDA].

3.5 Confrontation with independent reference measurements

The performance of calibration procedures, retrieval algorithms datd merging systems, and the quality
of the resulting ECV producis primarily assessedby comparison wittiraceablereference measurements
supposed to provide thé (i Natm$oéphericstate. A key aspect is th@ppropriateselection of the reference
data sets. The quality, traceability afithessfor-purposeof the latter are essential to allow proper, unbiased
and independent validation. Reference measurements must bedeelimented and procedures must exist
to ensuretheir quality control on the long term, as it is the cageg, within international graind-based
networkswhere data acquisition and QA/QC are regulated by protocols

Groundbasedreference measurementsf the total column and vertical distribution aitmosphericozone
areLISNF2NXSR o6& ySGg2Nla 27F Ay adtnbgyhdrg \Watch (GAWRDNMJA 6 dzi A y
In the Ozone_ctiproject, ground-baseddata sets suitable for the validation of ECV products are collected
from complementary instruments archiving routinely their data to the World Ozone and Ultraviolet Radiation
Data Centre (WOUDC) and the Data Host Facility (DHF) of the Network for the Detection of Atmospheric
Composition Change (NDACC). Details includiteyatauisition protocols, datguality estimates and data
access conditions, are available on the web portals of the data archivés://{(voudc.org and
http://ndacc.org, respectively) and summarised in the Data Access Requirement Document (BRE8D)
Additionally, satellite data sets of documented quality are also used to dx¢goundbased validation

results to a more global coverage and identify features that cannot be detected by a network like, e.qg.,
geographical patterns.

3.5.1 Total ozone column validation data sources

As described in DARJRES], the following measurement data sets are used hereafter as reference for
validation studies and/or for crossomparison studies of the total ozone column data products:
1 Groundbased total ozone olumn (TOC)measurements by Dobson and Brewer ultraviolet
spectrophotometers

3.5.1.1 Brewer and Dobson total ozone measurements

The grounebased measurements database used for this validation report consists of archived Brewer and
Dobson total ozone data that adownloaded from the World Ozone and Ultraviolet Radiation Data Centre
(http://www.woudc.org). WOUDC is one of the World D&entreswvhich are part of the Global Atmosphere
Watch (GAW) program of the World Meteorological Organization (WMO). These data are quality controlled,
first by each station before submission and secondly by WOUDC. Brewer and Dobson ultraviolet
spectrophotometersely on the method of differential absorption in the Huggins band where ozone exhibits
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strong absorption features in the ultraviolet part of the solar spectrum. This technique has been described in
detail by the main reference papeR[b2] and references therein.

The Dobson spectrophotometer is a manually controlled-beam instrument that measures TOC values
with a total uncertainty of Z; 3 % forsolar zenith angles smaller than 75°. For Sun elevations higher than
15°, a well maintained and calibrated Dobson spectrophotometer measures the ozone column with an
estimated total uncertainty better than %for cloudless direct Sun observatior&incethe International
Geophysical Year in 1957, Dobson instruments have been deployed in a worldwide ndtigark3.1
displays the geographical distution of Dobson stations used in this study.is known that Dobson
measurements suffer from a temperature dependence of the ozone absorption coefficients used in the
retrievals which might account for a seasonal variation in the error &%0n the mddle latitudes and £1.7

% in the Arctic, and for systematic errors of up @ernhard et al., 2005R[29)).

The Brewer grating spectrophotometer is in principle similar to the Dobson. However, it has an improved
optical design and is fully automated. The ozone column abundance is determimedafcombination of

five wavelengths between 306 nm and 320 nm. Since the 1980s, Brewer instruments are part of the ground
based network as welkigure3.2 displays the geographical distribution of Brewer stations used in this study.
Most Brewers are single monochromators, but a small number of systems are double monochromators with
improved stray light performance. Most of the Brewer instruments ptiog data to the WOUDC repository

are operated at Northern Hemisphere stations. There are a few instruments of this type in the Southern
Hemisphere, but they are not considered in this study because of their limited spatial representativeness.
The uncertaity on total ozone Direct Sun (DS) measurements by amaititained Brewer instrument is
about 1% (e.g.,R[62]). When Brewer spectrophotometerseregularly calibrated and maintained, the DS
TOC records can potentially maintain a precision % dver longiime intervals R®8].

Despite similar performance, small differences within & 6n an average are introduced between the
Brewer and Dobson data because of the use of different wavelengths dacdkdiftemperature dependence

for the ozone absorption coefficientR[85]. The seasonal cycle in atmospheric temperature results in a
seasonalariation of the Dobson ozone data, where the contribution of the systematic offset is less %han 1
[RD3]. Dobson and Brewer instruents might also suffer from lorAgrm drift associated with calibration
changes. Additional problems arise at solar elevations lower than 15°, for which diffuse and direct radiation
contributions can be of the same order of magnitudéerefore, we do notely on validation results that
utilize limit the use of measurements by Dobson and Brewer ultraviolet spectrophotometers measurements
that are, to data acquired for SZAs > up to 80° SZA for Breweld Bt MKIV (double monochromators),

and above up t@0-75° of SZA for Dobsons and other Brewers (single monochromators).

The Brewer and Dobson fiducial measurements retrieved from the WOUDC database are daily means (and
thus there is no temporal treatment of the satellite observations), cover all latitha®s Antarctica to the

Arctic and have been used as grotnath in many recent validation studies (e.g. for GOME, GQMEBUV,

OMI and TROPOMI/S5P and GEMS).
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Figure3.1 - Geographical distribution of Dobson network stations used in this study, cotmed per latitude
band; 9060°S in black, 680°S in purple, 30%0 in cyan, 880° N in green, 380° N in red and 690° N in blue.

BREWER STATIONS
-135 90 45 0 45 90 135

135 90 45 0 45 90 135

Figure3.2 - Geographical distribution of Brewer network stations used in this study, coloded per latitude
band; 330° in green, 3®0° in red and 6®@0° in blue.

3.5.2 Nadir ozone profile validation data sources
As described in DARRDB], the following measurement data sets are used as reference for validation studies
and/or for crosscomparison studies of the nadir ozone profile data products:

1 Groundbased ozone profile measurements by balldmrne electrochemicabzonesondes.

I Groundbased ozone profile measurements by stratospheric ozone lidars.

3.5.2.1 Ozonesonde measurements

In-situ measurements of ozone are carried out regularly by ozonesonddmand small meteorological
balloons launched at numerous sites around the world. They measure the vertical profile of ozone partial
pressure with 100 to 150 meter vertical resolutifsam the ground to the burst point of the balloon, usually
between 30 and 35 km. An interfaced radiosonde provides the pressure, temperature and GPS data
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necessary to geolocate each measurement or to convert the ozone partial pressure to other units.
Normalisation factors, if provided, are not appliddifferent types of ozonesondes were developed over the
years. Those still in use today are based on the electrochemical reaction of ozone with a poiadgiem
sensing solution. Laboratory tests and fielimpaigns indicate that between the tropopause and about 28

km altitude all sonde types produce consistent results when the standard operating procedures are followed
[REB2]. The bias is smaller than £5 % and the precig@bout3 %. Above 28 km the bias increases for all
sonde types. Below the tropopause, due to lower ozone concentrations, the predegpadesslightlyfrom

3 to 5 %, dpending on the sonde type. The tropospheric bias also becomes larger, between +5 to +7 %. Other
factors besides ozonesonde type influence the data quality as well. A detailed overview can be found in
[RE82]. The presentwork relies onthe ozonesonde datarchived bythe Network for the Detection of
Atmospheric Composition Change (NDACS)uthern Hemisphere Additional Ozonesonde network
(SHADOZ[RDB7],[RBBE)I YR 2 ah Q& Df 206 f (GAW)TagathdKilSsidhred datalsalOess

cover 82.5° N to 90.0° S and provide soundings at least once a week at many participating Sttimms
contributing to the present study are highlightedFfingure3.3.

GOME Total 03
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| IASB/DLR/ESA

Figure3.3 - Geographical distribution gfroundbased NDACC lidar and GAW ozonesonde stations having archived
regularly ozone profile data to the NDACC PBHHADOZ archivend/or the WOUDC during the Envisat era
displayed on top of a total ozone map typical of September

3.5.2.2 Lidar measurements

A differential absorption lidar (DIAL) operates mostly during edgrnights, simultaneously emitting two
pulsed laser beams at wavelengths with a different ozone absorption-sexd®n. The backscattered signal

is integrated over a few hours to retsie the vertical distribution of ozongRDr0]. A stratospheric ozone
lidar system emits beams at 308 nm and 353 to 355 nm, which makes it sensitivih&drmpopause up to
about 45 to 50 km altitude with a vertical resolution that declines with altitude from 0.3 to 3 km. The profiles
are reported as ozone number densities versus geometric altititie. DIAL technique is in principle self
calibrating sice the ozone profile is retrieved directly from the returned signals without introducing
instrumental constants. However, interference by aerosols, signal induced noise and saturation of the data
acquisition system can degrade the quality of the measurameésnreliable measurements can be discarded
based on the reported precision, which were shown to be realiRi#2]. The bias and precision are altou

+2 % between 20 to 35 km, increasing to £5 to £10 % outside this altitude range where thdcsigviak

ratio is smallefRD48]. The consistery between sixzonelidars in the NDACC network was recently studied
using various satellite data sgRD72]. This studyconcluded that the differenlidar records agree within 5

% of the spacéased observations over the range of 20 to 40 Krata from all stratospheric ozone lidars
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that have been operational in the NDACC network since the beginning of the 1990s and cover year 2008 are
considered. Thaetwork covers 80.0° N to 67° S, but most sites are located in the northern hemishiuere.
stations contributing to the present study are highlightedrigure3.3.

3.5.3 Limb ozone profile validation data sources

The following measurement data sets are used as reference for validation studies and/or for cross
comparison studies of the limb ozone profile data products:

1 Groundbased ozone profile measuremis by ballooAborne electrochemicabzonesondes.

I Groundbased ozone profile measurements by stratospheric ozone lidars.

1 Groundbased ozone profile measurements @gone microwave radiometers

3.5.3.1 Ozonesonde measurements

Details of the ozonesonde measurementhnique, associated uncertainties and contributing stations are
given in Sectiod.5.2.1

3.5.3.2 Lidar measurements

Details of the lidar measurement technique, associated uncertainties and contributing stations are given in
Section3.5.2.2

3.5.3.3 Microwave radiometer measurements

Microwave radiometers (MWR}cord the emission of a thermally excited rotational transition at 110 or
142 GHz Observations are integrated overdlhours,and they are carried out continuously during day and
night, irrespective of cloud condliins or aerosol load/ertical profilesof 0zone VMR are retrieved on fixed
pressure levels between 226 and 7&kmfrom the pressure broadening of thistegratedline spectraOzone
VMRcan beconverted aposteriori into number density using meteorolodicee)analyses of pressure and
temperature.The total uncertainty of ozone retrievals is estimated at less thath5l% between 2550 km
and increases to 2% at the profile top and bottomWhen compared to ozonesonde and lidar the vertical
resolution of MWR is much poorer, abd#LOkm in the stratosphere up td5 kmin the mesosphereOn the
other hand, the number of measurements is superiortte® co-location criteria can betricter to reduce
uncertainties m the comparison resultdue to spatiotemporal mismatchwe consider the MWRzone
profile data uploaded to NDACC data host facilitgbyeraktations:in Bern (47.0°N, 7.4°E), Payerne (46.8°N,
7.0°E), Mauna Loa (19.5°N, 155.6°W) badder (45.0°S, 169.7°W)

3.5.4 Tropospheric ozone validation data sources

The following measurement data sets are used as reference for validation studies and/or for cross
comparison studies of the limb ozone profile data products:
1 Groundbased ozone profileneasurements by balloehorne electrochemical ozonesondes.

3.5.4.1 Ozonesonde measurements

Details of the ozonesonde measurement technique, associated uncertainties and contributing stations are
given in Sectiol.5.2.1

3.5.5 Error budget of the comparison of atmospheric data

A major objective of quantitative comparisons with reference measurements and modelling results of
documented quality is to estimate uncertainties of the validated data product and to check the accuracy of
its theoretical uncertainty estimatesliowever,n fact the systematic and random discrepancies between the
validated data set and the validation data set combine uncertainties associated with each individual system,
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plus uncertainties associated with the selection of data and the methodology of compdfRi®?2].
Discrepancies include the effect of the following comparison uncertainties:

(1) Comparison uncertainties associated witle ttifference in sampling of atmospheric variability and
structures: e.g. geographical mismatch, diurnal cycle effects in the upper stratosphere and
mesosphere (USM), assumptions related to the area of representativeness.

(2) Comparison uncertainties associdteith the difference in smoothing of atmospheric variability and
structures: e.g., balloobased in situ measurement at about 1&0vertical resolution by an
electrochemical cell, compared with GOME ground pixels of3@Dkm? and vertical resolution of
3-8km.

As far as possible, most comparison uncertainties will be reduced by a cautious design of the selection of
data sets to be compared, and by considering that a multivariate analysis of the comparison results taking
into account the specifics of ¢hdata being compared (modelling data or remote sensing data, atmospheric
variability and gradients etc.) might be required and preferred over entirely statistical approaches. For
traceability purposes it is essential to document for each validation eseetice selection method applied to

the data sets (temporal and spatial-tmxation criteria, how differences in vertical and horizontal smoothing

are handled etc.)

Although essential if a rigorous metrological approach is to be adopted, the derivation of a complete error
budget for each comparison is still a matter of research at the time being and it falls partly beyond the scope
of the Ozone_cci+ project. lAppendx to this document a proofof-concept is elaborated in which the
agreement between satellite (S5P) and grothased reference measurements of the total column of ozone

is quantified in terms of their combined @xte error budgets. While agreement withihhe exante
uncertainties is found for thisase this cannot be assumed to hold also for products where the comparison
method is more complex and introduces significant additional error sources, e.g. in the case of vertical
profiles derived from nadir nmesurements. Validation teams as well as EOSTs are aware that neglecting
uncertainties linked to the comparison method can spoil the value of the comparison and yield erroneous
conclusions on the quality of the compared data product. With this disclaimamaneness is transmitted

to the reader of Ozone_cci+ Validation Reports for proper use of the validation results and, if fine, of the CCI
ozone CRDP.
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4 Val i dati on of Nadir Ozone Profil e

4.1 Nadir ozone profile CRDP

The ESA Ozone_cci+ Climate ReteRata Package (CRDP) contenmadir ozone profile (NP) products.
Table4.9 lists these products, together with their time range and current kaality. AllLevel2 (L2) UWIS
instrument retrievals are performed by the Rutherford Appleton Laboratory (RAL) algorithm, while the
thermal infrared measurements of the IASI instruments are processed by a collaboration between the Belgian
ULB (Universit Libre de Bruxelles) and the French LATMOS, using their FORLI (Fast Optimal Retrievals on
Layers for IASI) algorithrA.merged Leved (L3) product has been created from the three IASI instruments

as well. FinallyDLR (Deutsche Lufind Raumfahrthasdeveloped a L3 spatiotemporally gridded product
TNRY wIB Dstrumendt retrievals combined (GEGEV).

This Ozone_cci+ PVIR focuses on the validation ofi¢hieed L3 GOECV productand on the updated
(v20151001 CDRealled v2024and \20191122for the merged L3 produgtFORLI products. The validation
targets for this PVIR are therefor@[2]:

9 Validation of the L2 and L3 vertically integrated nadir ozandiles (IASI and GEECV only).

9 \Validation of the Land L3nadir ozoneprofilesupdated and new retrieval products.

1 Comparison oRAL retrievalfrom GOME2Cfor the L2versions 30 and 401.

1 Comparison of FOROB CDRretrievalsto confirm consistency between the three IA%top

instruments.
9 Drift assessmentand consistency checkar all products.

4.2 Validation of integrated nadir ozone data products

The Ozone_cci+ phase 2 datasets include t2eeld LeveB integrated ozone piiles acquired by the IASI
Metop-A, -Metop-B and MetopC sensors, as well as the integrated GEIR/ ozone profiles. This section
starts with the detailed validation results of the Le?dlAS| datasets (SectidrR.1), and continues with the
validationof the Level3 merged IASI dataset (Sectii2.2). Findly, in Sectiort.2.3 the GOFECYV integrated
ozone profiles arealidated

While the objectives of the Lewv@l validation are classical (determination of the systematic bias,
dependences on SZA, etc.), the puspmf the LeveB validation studies is to demonstrate that compared to
reference grounebased measurements, no spurious features appear, as well as that they are temporally
stable, suitable for longerm studies of the ozone layer evolution.

4.2.1 1ASI-A, IASI-B and IASI-C CDR Level-2 integrated total ozone

In this section, integrated total ozone observations performed by the IASI instruments on board the-Metop
A, MetopB and MetopC satellites (hereafter IA8I, IASB and IASC), are validated against grouhdsed
measurements.The current IASI ozone retrieval algorithm is the F@RL[(Fast Optimal/Operational
Retrieval on Layers for IASI) v20@81, which wasvalidated by Boynard et al. (201&082].

Thenew,homogeneous IASI data use the LevellC dataset produced by EUMETSAT and utilize the EUMETSAT
CDR temperature and humidity profiles. The retrievals are available for 3.5 in 10 pixels anddys gder

month. For reasons of consistency with previous validation works of the IASI datasets, a magifocation

search radiusip to 50 kmwas set. Note thabnly pixels with a cloud fraction equal to or lower than 13 % are
processedy the algorithmTable4.1 showsthe time span of the available Lev&datasets, as well as their

source of their provisiofor the purpose®f this validation wok.
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To ensure the good quality for the observations, the provided data were filtered by the following criteria:

A GNBGNRASOItyplida tAGeypTFEr3aé x M & LIAESta gAlK 0
A 603 total_degrees of freedofnk H X | & Aed bydhe dgorithdzBedns a i

To limit the noise in the validation resuléad for reasons of consistency with previous validation studies of
the IASI total ozone processed with FORLI v20151001 performed in the previous phase of thetheofgct
error was estricted to values equal or lowés 0.02. As a result, less than 2 % of thdamations to ground
based total ozone measurements were excludedinly attributed to measurements with high solar zenith
angles|t should be noted that the application diit restriction for the ozone error leads to the elimination
of all celocations below 80°S for 1ABland IASC, which are characterized by extremely high mean biases
spanning 8-40 % with respect to grounrddasedmeasurementslASIA is also limited inazlocations close to
South Pole, andits meanrelative biasdecreaseg~24 %)but its dataset imot completely discardedsee
Figure4.4). Thereforejt was decided to use thlatitudinal thresholdof 80°Sas a filter to avoid increasing
the noise of our comparisons.

To prepare the grounttased data set, we have investigatdwe quality of the total ozone values of each
station and instrument that deposited data at WOUDC. The selection methodology and associated criteria
have been discussed in detail RO, R(28, R61, RDI3andRD4]. We offer a summary for completeness.

For each groundbased station a series of statistics and plots are investigated. For the Level 2 products, daily
O2AYyOARSYyOSa 2steniiakditude hndl Brigitude faffingthin teSad k@radius of the ground

station are identified and used for the creation of monthly, seasonal and yearly time series and scatter plots.
The percentage of the relative differences between ground anellgatTOC is used as the comparative tool

for the validation. The statistics are then typically performed on a zonal average, on a hemispheric average
and on a global average, always keeping the two types of grbasdd instruments separate and usingyonl
direct sun observations, as they are deemed to be the most reliable.

In the following sections, the relative percentage differences between tHeaated satellite and ground

based total ozone observations will be investigated in terms of systemaiicdnid stability. The temporal

and geographical variation of the bias will be studied, as well as its dependence on various influence
guantities.

Table4.1: The time span of the available LexelASI| datasst

Sensor  Algorithm Time span Dataset Source
IASHA 1/1/2008¢ 31/12/2019  From IASULB via personal
communication
IASIB Forli v2015 1/11/2019¢ 31/12/2023 (1) up to 12/2022: From IASILB via
EUMETSAT CDI personal communication
(2) 2023: via thé\erisportal
IASIC 4/12/2019¢ 31/12/2023 Aerisportal

4.2.1.1 Systematic bias and its variations

In Figure4.1, the histograms (left column of plots) and scatter plots (right column) of the comparisons
between the IASI instruments and theolocated Brewer groundbased total ozone measurements,
representing the Northern Hemisphere (NH) only, are shown. The respective Dobson comparisons are not
shown herein for reasons of brevityhd statistics of the analysis with respect to both Brewed ®&obson
groundbased instruments are summarizedliable4.2.

Thehistograms of thehree sensors show normal distributions of the relative percentage differences around
the mean bias, which ranges betwe@rand +1.3 % for the Brewer ctocations. Theespective Dobson

Page27-157


https://iasi.aeris-data.fr/catalog/?uuid=e7953a69-7f22-4f5e-818d-3b72e46fe273
https://iasi.aeris-data.fr/catalog/?uuid=e7953a69-7f22-4f5e-818d-3b72e46fe273

Product Validatiorand Intercomparison Repo(PVR)
Issue’5.2 ¢ Date of isse: 12.05.2025
ReferenceOzone_cet PMR 5.2 (Fina)

comparisons, which cover both hemispheres, are very sinfiter mean relative bias with respect to Dobsons
is+1.6 %for IASIA and ~+0.4 % for IABland IASC The main result thus far is th&AStA reports higher
TOCs than the groutbased networks by +1.5 % for the period of the available datasdASIB and IASI

C are in excellent agreement to the reference measurements during the almost four years of observations
covered herein Thehigher standard deviationf the Dobson compasons is due to the contribution of the
Southern Hemisphere (SH)-axations, which are fewer in number.

The scatter plots show that the Pearson correlation coefficient between satellite measurements and the
groundbased observations is higher than 0.adahe slope of the linear regression is very close or even
equal to unity.

¢2 SEIFYAYS (GKS (GSYLRNIt adloratAde 2hemispheScahioltysS S & I |
mean time series of therelative percentage differenceseen inFigure4.2, are exploited.Panels a and ¢

show the comparisons to Dobson measurements (panel a: NH; panel c: SH), while panel b shows the Brewer
comparisons for the NHnly. The three sensors have a very good consistency, and no obviotfsistépn

appears due to the transition from the 1A&Irecord and the start of the IABland IASC datasets, in 2019.

From the beginning of the IABIrecord until mie2018, the NHand SH cédocations ofFigure4.2 for both

types of grounebased instruments, are temporally quite stable and have a mean relative bias of +1.0 + 0.9
%'. Since the summer of 2018, a decrease of ~1 % in its bias occursHdrdmispheres and with respect

to both types of instruments. The lower mean relative bias ofFA8bw in the level 00.5 £ 0.7 %, continues
similarly for the IASB and IASC time series. These statistics refer to Brewetomations (panel b), which

have a negligible seasonal cycle as reference measurements. The respective Dobson biases are of the same
magnitude but have a higher standard deviation due to the seasonal features of the reference
measurementsA further decrease in the mean bias of BBSNnd IASC is seen in mi@022 for the Brewer
co-locations, but this cannot be verified by the Dobson comparisons, therefore it could be a feature of the
groundbased measurements.

1 The statistics printed on the plots Bfgure4.2 refer to the full IASA time series.
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Figure4.1 - The histograms (left) and scatter plots (right) of the comparisons between the three IASI instruments
(IASIA in panels a & b; IABIlin panels ¢ & d; IASIin panels e & f) and the-tacated Brewer grourdbased total
0zone measuremenisepresenting the NH only
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Table4.2 - The overall statistics that result from the-tmcations of the three satellite sensors to tBeewer (NH
only) andDobson grounébased observations.

IASIA IASIB IASIC

. Dobson +1.6 +0.3 +0.4
Mean rel. bias (%)
Brewer +1.3 +0.1 +0.1
_, Dobson 5.4 5.9 5.8
St. Deviation (%)
Brewer 4.8 4.7 4.7
Dobson 0.932 0.905 0.905
Brewer 0.946 0.938 0.939
Dobson 1.00 0.95 0.95
Brewer 1.02 1.00 0.99
Annual cyclg% pt-p) Brewer 1.7 1.4 1.4
NORTHERN HEMISPHERE NORTHERN HEMISPHERE
10 IASI-AI: Mean E;ias [%]= ;.75#1.08‘, Mean ét.st [%i: 5.08 ‘ 10 IASI—A: Mean E;ias [%])= 13?10,73‘, Mean St.Dev [%i: 4.87 | 1
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Figure4.2 - The monthly mean time series of the relative percentage differetegaeen IASA (blue), IASB
(green) and IAST (red) and grountiased observations (panels a & c: Dobson, NH and SH, respectively; panel b:
Brewer, NH).

The overalldrift of the IASIA integrated ozone relative to the grounbdased measurements is
-0.8 %decade, resulting from the 13/ears available dataset. The respective calculation of theBAsid
IASIC drifts is hot meaningful due to the temporally short dataset of just 4 years.
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InFigure4.3, the mean annual cycle of the percentage differences between the three sensors and the Brewer
total ozone measurements is shown. In terms of seasonality, only the Brewer comparisons are studied, due
to the weltknown dependency of the Dobson observationa effective temperature. The IA&I
comparisons have a higher bias from December until May with a maximum of ~ +2.2 + 6.4 % in January, and
a minimum of +0.5 + 4.2 % in October with respect to grewath. The overall peako-peak annual cycle of

the conparisons is ~ 1.7 %ASIB and-C appear to have a similar seasonal behaviour, with a maximum bias

of +0.8+ 4.8% in May and a minimum 0.6+ 3.9% in September or October, thus their annual cycle is also

1.4 %The mean relative biases and the seadarycles of each satellite sensor are summarizacalrie4.2.

Northern Hemisphere

LU
T

[] #—xasi-c
-10

[Satellite — Ground] / Ground [%]
o

IBF!EWER

| I | I | I
Jon Feb Mar Apr Moy Jun Jul Aug Sep Oct Nov Dec

Figure4.3: The seasonal dependence of the thrl&SI sensors with respect to-tmrated NH groundbased
Brewer total ozone measurements.

In Figure4.4 and Figure4.5, the percentage differences of the docations are averaged in 10° latitude bins
usingeachgroundd A SR adl A2y Qa € I (A G dzR S-tobaie gidih ToStheFDybSd | Y R
and the Brewer stations. The only difference between the two Dobson figbigsré4.4 andFigure4.5, left

panel) is the yaxis scale, which iRigure4.4 is extended to 40 % so as to show the extremely high biases of

the SH Dobson elocations southwards 8Gdr IASIA. As mentioned above, this was the reason for the use

of the 80°S latitude threshold in this study.

A latitudinal dependencyof the colocations is seen for both grounased networks(Figure4.5). In the
NHup to 60°N, the low biases show a very good agreement between the three sensors and the-ground
reference,Brewer and DobsorNorthwards 60° the comparisons increase for the thsagellite sensors, up

to +2.5 % for IASB and-C and +5.3 % for IAS] The SH belts have similar features, with low biases up to 40°
S which increase up to +5 % southwardtishould be noted that the temporal coverage of the IASic
locations is diffeent than the other two sensors, resulting in higher overall biases in all latitude Belery
interesting feature shown in both panels is the increased bias for latitude belts that contain desert stations.
For examplethe comparisonsvithin the latitude bin 20°30° have a higher mean relative bias, +2.5 %, due
to the contributionof the Tamanrasset station, in Algeria, located in the desert at an altitude of 1400 m. The
mean relative bias of the IASI sensors with respect to the Brewer and the Dobsmsumaments of
Tamanrasset is +9.6 = 4.2 %isltworth notingthat the same station, when compared to other satellite
sensors, e.g. OMI GODKFfland GOMR2, has a lower mean bias of +1 to +2 %.
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Figure4.4 - The latitudinaldependence of the relative percentage differences between-PAFASB and IASC
and the Dobson grounbased observations, averaged in 10° latitude bins. No latitudinal filter has been applied
for the Southern Hemisphere docations.
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Figure4.5: The latitudinal dependency of the percentage differences between the three IASI sandagsound
based observations (left panel: Dobson; right panel: Brewer), averaged in 10° latitudd ténteft panel is
identical toFigure4.4, but the threshold oB0°S is now applied to the docations.

4.2.1.2 Dependency on various parameters of the retrieval algorithm

The influence of various parameters that affect the satellite integrated ozone profiles retrievals is also
investigated, by plotting theercentage diffeences of the cdocations with respect to the parameter in
guestion Figure4.6). Only comparisons to Brewer total ozone observatameshownherein because their
number of celocations to thelASI sensors is higher than those against the Dobson network. Nevertheless
the Dobson results do not differ significantly from those shown here.

1 Solar Zenith Angle (SZA)
The dependency of the percentage differences of the three IASI sensors and Brewer total ozone
measurements on SZA is shown in panel a:
o IASIl K& I YAY2NJ RSLISYRSyOe 2y {%l I 6AGK | YIEA
For moderate SZAs, betwn 40° and 60°, the bias is slightly lower, +1.5 %.
o IASIB and IASC, studied for a different temporal range, have a higher dependency on SZA, with
negligible biases for SZBstween 40° and 6C4nd equally high biases up to +3 % (as for-A$or
low SZAs below 30°.
i Pixelof the scan
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Panel b shows that there is no dependence of the satellite and grbasdd measurements
comparisons on the satellite pixel.

1 Ozoneprofiles Degrees of Freedom (DOF)

Panel ¢ shows the dependence of the percentage diffeesrn the Degrees of Freedom of the signal,
which is a quality flag for the data under investigation. As mentioned above, only data with2lCx0d-
processed to avoid bad quality observations. The dependence of tlezations on the DOF shows that

for values below 2.8 the corresponding dagaints, which result from a very low number oflozations,
introduce high differences, up to +12 %. We suggest that these data could be excluded to limit the noise
in the observations.
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Figure4.6 ¢ The dependence of the relative percentage differences between the three IASI sensors and Brewer
groundbased total ozone observations, on various influence parameters, such as solar zenith angle (a), pixel
number of the sensor (b), the number of degredsreedom (c) and the ozone retrieval error (d).

1 Ozone retrieval error

Panel d shows that the integrated ozone profiles comparisons from the three sensors have a very similar
dependency on the errors of the retrievals: for errors up to 0.015 there dependency, but when the

error increases up to 0.02 the biases increase up to +4 % feAlasd-B and +6 % for IASl. From a
sensitivity test that was performed, it was seen that the dependency on the ozone error diminishes
when data with DOFs < 3 adesmissed.
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4.2.1.3 Summary and compliance with user requirements

The CDR integrated ozone profiledrieved from IASA, IASB and IASC with the FORIO3v20151001
algorithm based onthe EUMETSATevellC dataset and the EUMETE®R temperature and humidity
profiles, were validated against Brewer and Dobson grebaded measurements. The time span of the 1ASI
observations id2 years for IASA and4 yeardor IASIB andlASIC. The validation results that are displayed
in Table4.2 can be summarizeds the follows:

1 themean relative biadbetween satellite and Brewer and Dobson reported TOEsHE.5 % for IASI
A and ~ +0.2 %6r IASIB and IASC, showing that IA®ireports higher TOCs than the grouhdsed
measurements of both networks,

1 the Pearson correlation coefficiernis above 0.9 for all sets of comparisons, therefore the agreement
between the satellite and the grouddased data is very good,

1 the peakto-peakannual cycleof the relative differences with respect to Brewer observations are
within 1.4-1.7 %, and

1 the temporal changeof IASIA, which is the only dataset with a record long enough to be evaluated
in this view, is0.8 %/decade

According taTable3.1, the requirements that have to be met by the retrieved integrated ozone profiles from
the three IASI sensors correspond to gtability of the TOC measurementghich must be in the range af

to 3 % per decade, the radiative forcing introduced by the evolution of the ozone kwgthas to be less
than 2%and the shoriterm variabilitythat mustbe less than 3 % helevel of compliance of thEASatasets
with these user requirementis shown inTable4.3 - Table4.5 andis highlighed with the followingcolour
code:

1 greenindicates ascertained compliance witht rézfif Nt
f yellowindicates compliance with 2 Y'S  dz§uein® but not all; and
1 redindicates compliance with none of the user requirements.

Overall, tle validation analysis of the IAS] IASB and IASC integrated ozonshowed thatthe IASICDR
Level2 records are compliant with the requiremenin terms of stability and uncertaintirherefore, we
conclude that the studied datasets are of very gapghlity and temporal stability, suitable and useful for
long term analysis of the ozone laysuch as decadal trend studies, the evaluation of model simulations,
and data assimilation applications.

Table4.3 - Compliance ofASI MetopA integratedozoneprofileswith user requirements (URD \i3.

Topic Requirement Compliance / evaluation
50 kmalong track
50km across track

Horizontal resolution | < 26100 km

Observation frequency Daily¢ weekly Twice aday
Time period 1980 01/2008¢ 12/2019

i 2 %(radiative forcing studies) | Bias: +1.84 Spread: ~86(includes the

Total uncertaint o uncertainty of the reference dataset and
y 3 %(Seasonatycle & Short | g5me celocation mismatch),

term variability Seasonality: 1.%peakto-peak
Stability 1¢ 3%decade -0.8 %/decade

Page34-157



Product Validatiorand Intercomparison Repo(PVR)
Issue5.2 ¢ Date of isse: 12.05.2025
ReferenceOzone_cet PMR 5.2 (Fina)

Table4.4 - Compliance ofASI MetopB integratedozoneprofileswith user requirements (URD V3.

Topic

Horizontal resolution

Observation frequency

Time period

Total uncertainty

Stability

\ Requirement

| Compliance /evaluation
50 kmalong track

< 20100 km
50km across track
\ Dailyg weekly Twice a day
| 1980 11/2019¢ 12/2023

2 %(radiative forcing studies)

Bias: +0.24 Spread: ~86(includes the

3 %(variability studies)

uncertainty of the reference dataset and
some celocation mismatch),
Seasonality: 1.%6

\ 1¢3%decade

N/A

Table4.5 - Compliance ofASI MetopC integratedzoneprofileswith user requirements (URD 3.

Topic

Horizontal resolution

Observation frequency
Time period

Total uncertainty

Stability

\ Requirement

H Compliance / evaluation
50 kmalong track

< 20100 km
50km across track
\ Daily¢ weekly Twice a day
\ 1980 12/2019¢ 12/2023

2 %(radiative forcing studies)

Bias: +0.24 Spread: ~S6(includes the

3 %(variability studies)

uncertainty of the reference dataset and
some calocation mismatch),
Seasonality: 1.%6

\ 1 ¢ 3%decade

N/A
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4.2.2 1ASI merged Level 3 integrated total O3 columns

The IASI merged integrated total ozone product is retrieved utilizing the following datasets for the respective
time periods:

1 IASIA:01/01/2008¢ 07/03/2013
1 IASIA &-B:08/03/2013¢ 19/09/2019and
1 IASIB &-C:20/09/2019- now

The retrieval algorithm of the merged IASI producF®RLED3 v20191122 Yy R | OO2NRAyYy 3 (2
Y S G RI @ poEteribriyfilteding based on a combination of quality flags (e.g. neg. altitude, large cloudf,
residuals biaed or sloped, large RMS, suspect AK, max # of iteration exceeded, low DOFS)ds@pplie& S M ¢
yearlong dataset consists of files that contain daily means of the merged product in a 1° x 1° grid and were
provided to the validation team via personal comnication.

For the comparison of the dataset to the groubdsed reference measurements from Brewer and Dobson
stations, the reported grountbased TOGsere gridded into the sam&°x 1°grid daily, with most grid points
being represented by only orreporting station In detail, direct Sumeasurements were consided for the
gridding of the grounébased TOCs into Lev&Igrid points.even though in some cases tlikoiceseverely
decreases the number of measuremerifs better illustrate the differeces between the grountiased and
satellite observations, the time series of the dailylooations were secondly averaged in monthly means
and are presented herei\s a compromise between obtaining the highest global coverage possible and the
most represatative monthly means, especially at high latitudes, a lower limb déily meangper month
andper grid box was enforcedo thatthe temporal representativeness errors are minimized.

4.2.2.1 Systematic bias and its variations

Figure4.7 shows the hemispherical time series of the monthly mean percentage differences between the
merged IASI integrated ozone and the grotabed reference total ozone measurements. Panel (a)ctepi

the Brewer NH comparisons, while panels (b) and (c) show the Dobson NH and SH differences. The NH time
series are stable, with no abrupt changes in their record, except for the Dobson comparisons in July and
August 2022 that appear to deviate from tbeerall stability due to grounased representativeness issues

that can result from changes in the number of stations contributing with available data. In the SH the
variability is higher due to the lower number of available stations in the area. ThendlI$H curves are
always below zero, showing that thaSlintegrated ozone product reports lower values than the ground
reference, by about2 + 1 % in both hemispheref panel (d) the total ozone tirgeries of the two datasets

are shown in the form of monthly means. Except for the negative relative bias, the ozone variability is very
well captured by IASI. The mean variability of the comparisons is ~ 3.5 % for tr@dN#3.2 % for the SH,
alsoincludingtheground  a SR RIFGF &aSiaQ dzyOSNIFAYyGASao®

Figure4.8 shows the annual cycle of the monthly mean percentage differences betweemérged IASI and

the Brewer grounebased total ozone, resulting from the 4@arlong record of comparisons. The agreement
between IASI and the groudzhsed reference is better during spring months such as April and May (relative
bias ~-1.5 %), during tt their difference increases in September@5 %, thereforeghe peakto-peak
seasonality of the comparisons is ~1 %
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Figure4.7: Monthly mean time series of the percentage differences between satellite observations and ground
based measurements for tHgrewernetwork in the NH (panel ajhe Dobson network in the NH (paneldn)d in

the SH (panel c¢). Panel) shows the respectiveiltimeseries of the Brewer total ozone from the Le¥aterged
IASlintegratedprofilesand groundbased measuremenfSOC.
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Figure4.8: The annual cycle of the monthly mean percentage differences between the integratee3 mweeluct
and the NH Brewer grourddased observations.
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Figure4.9: The deseasonalizetime series of the percentage differences between the L-8vetoduct and
the groundbased measurements for the NH (panels a and b) and SH (panel c).
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Moreover, the temporal stability of the satellite product is studied via theselasonalized time serieshown
in Figure4.9. In the NH (panels a and b) the drift is +0.4 £ 0.1 %/decade for the Brewef.and 0.1
%/decade for the Dobson docations. The SH statisticanalysis shows a slightly higher drift-0f6 + 0.1
%/decade. In all cases, thegery low drifts are well within the product requirements, showing that the
merged IASI integrated total ozone is temporally very stable

Finally, the latitudinal dependey of the celocations is shown ifigure4.10, where the mean relative bias

of eachindividualground 8 SR &l GA2y A& LX 2G0SR | 3linthysdigureisKS & (
different than before, since here the comparisons are performedanepixelper-stationbasis Specifically,

the pixel of the LeveB grid containing each station is selected and then their daily total ozone (or integrated
ozone, for the satellite product) are used to calculate the overall mean bias per station that is depicted in the
figure. For stations in thiatitudinal range from 70°N to 40°S, both Brewer and Dobson stations have negative
overall negative mean biases, up-tb%, with no particular patterns or dependencies. As an exception, the
desert, high altitude station of Tamanrasset at 22.8°N appeaaisave a positive mean bias of +2 %, about

n 22 KAIKSNI GKIFIYy GKIFIG 2F 20KSNJ adlFdAaz2yaQ oAla 27
stations with available datasets have no or low positive biases, up to +1 % but they are highly vagable d

the fewer number of cdocations. Overall, a{pattern is seen in the figure.

IASI merged Level-3 int. profiles (2008 - 2023)

. | [ ] Dobson
8 — 1T * Brewer

5 — = —
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o
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Figure4.10: The latitudinal variability of the Lev8l mean relative biases with respect to the individual Brewer
and Dbsongroundd & SR &l (They a @ N ®R2 NIRa RSTA I A2y Asanénm&rS | @S
bar per station

4.2.2.2 Summary and compliance with user requirements

The merged IASI Lev&integrated ozone profilewere validated against Brewer ambbson grounebased
measurements. The time span of the IASI observatiorssigears,and the validation resultscan be
summarizedn the following points:

1 themean relative biadbetweenthe satellite productand ground based total 0zone measurements
is~-2 = 1 %showing that IASI reports higher TOCs than the grenefiglence,

1 the peakto-peakannual cycleof the relative differences with respect to Brewer observations is 1 %,
and

1 the temporal changeof merged IASI Lev8l product ranges betweer0.6 and +0.4 %/decade,
depending on the type of the ground based reference and the hemisphere of ttreatons.

According torable3.1, the requirements that have to be met by the retrieved merged IASI integrated ozone
profiles correspond to thetability of the TOC measurementghich must be in the range dfto 3 %per
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decade, the radiative forcing introduced byetbvolution of the ozone laye¢hat has to be less than%and
the shortterm variabilitythat mustbe less than 3 %d.helevel of compliance of théASIdataset with these
user requirementss shown inrable4.6 and highlighted withthe following code:

f greenindicates ascertained compliance wilzd Srégii@ments;
1 yellowindicates compliance with some us@rsquirementsbut not all; and
1 redindicates compliance with none of the user requirements.

The merged IASLevel3 integrated ozonedataset that was validaied against grounebased reference
measurementswas found to becompliant with the requirements in terms of uncertainty and stapilit/e
hence conclude that thmerged IASLevel3 integrated ozone is a product of very gogdialityandtemporal
stability, suitable and useful for long term analysis of the ozone Jaygh as decadal trend studies, the
evaluation of model simulations, and data assimilation applications.

Table4.6: Compliance ofhe merged IASI integrated ozone profilegh user requirements

Topic Requirerent Compliance / evaluation
_ _ | ~100km (1°)along track
Horizontal resolution | <20100 km
~100km (1°)across track

Observation frequency | Dailyc weekly Daily

I 2 %(radiative forcing studies) | Bias:-2 %, Spread: ~3 % (includes the

Total uncertaint o uncertainty of the reference dataset and
y 3 %(Seasonal cycle & Short | g5 e celocation mismatch),

term variability Seasonality: 1 $eakto-peak

Stability 1¢ 3%decade -0.6 to +0.4 %/decade

4.2.3 GOP-ECV Level-3 integrated ozone profiles

The GOMEype Profile ECV (GEHTV) integrated total ozone, provided in monthly files iaral5° x 5° grid,
were made available for the time period July 1296ctober 2021. In this section, we report the validation
results of he integrated total ozone with respect to fiducial groubadsed total ozone measurements
performed byquality-controlled Brewer and DobsoblV spectrometers

In order to create the respectiveelel3 TOTield based on theNVOUDC groundased stationghe reported
TOCsvere gridded into the samB°x5° grid as the GB-EC\Wata, on a monthly basisvith most grid points
being represented by only one reporting statidm detail, direct Sumeasurements were consided for the
gridding of the groundbased TOCisto Level3 grid points.even though in some cases tltiboiceseverely
decreases the number of measurememns a compromise between obtaining the highest global coverage
possible and the most representative monthly means, especially at high latitedéswer limit of 5
measurements per month angker grid box was enforcesdo thatthe temporal representativeness errors are
minimized.

4.2.3.1 Systematic bias and its variations

Figure4.11 shows thehemispherical (Northern HemispheiéH in panels a and b, Southern Hemisph®ke¢
in panel cpercentagedifferences between the satellitd_evet3 GOPECV integrated profileend theDobson
(left) and Brewer (ight) TOC recordsn the form of monthly mean time serieshe Dobson comparisons for
NH and$H show very good agreement betwetre Level3 product andthe ground reference, with obvious
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seasonal dependency due to the charadttcs of the grounédased measurements that was discussed
above. The percentage differences span between 0 arid, ¥ith a verysmall number of outliershut always
showing thatthe Level3 product reports higher total ozone than the groudshsed measurments. The
relative mean biasesesulting from the26-year data recordire +1.7 £ 1.3 % for the NH and +1.6 = 0.8 % for
the SH. The Brewer comparisons (panel b) have a lower seasonal dependency and a mean relative bias of
~+1.0 + 0.5 %showing a very good agreement between the two datasets. Moreover, the overall variability
of the monthly mean comparisons is 2.6 %6 % for the NH and 3 % for the SHaxations, but this is not
only attributed to the satellite product since the gradthased data also contribute with their uncertainty.
Panel d ofFigure4.11 shows that the Leve® product successfully capturethe total ozone variability as
observal by thegroundbasedstations The annual cycle of the NH Brewer comparisons is showigime

4.12, with a minor peako-peak seasonal variability of 0.8 %. Theist&s of this analysis are summarized

in Table4.7.

Table4.7: The overall statistics that result from the-tmcations of theLevel3 GOFECV satellite produdb the
Brewer (NH only) anBobson grounébased observations

Dobson Brewer

, NH  +17+13  +1.0+05
| Mean rel. bias (%)
SH +16+0.8 N/A

NH 3.6 2.6
SH 2.9 N/A

. Annual cyclg% pt-p) NH N/A 0.8

| St. Deviation (%)
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Figure4.11: Monthly mean time series of the percentage differences between satellite observations and ground
based measurements for the Dobson network in the NH (panel a) and in the SH (panel c) and for the Brewer
network, NH only (panel b). Pane) (shows the respative NH timeseries of the Brewer total ozone from the
integrated LeveB GOFECV and groundased measurements.
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Figure4.12: The annual cycle of the monthly mean percentage differences between the ééeljrevel3 product
and the NH Brewer grourblased observations.
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Figure4.13: The deseasonalizedime series of the percentage differences between the L-8vetoduct and the
groundbased measurements for the NH (panels a and b) and SH (panel c).

The respective deeasonalized timseries,depicted inFigure4.13 show even more clearly thaheé Level3
comparisongre in general based on homogenous datasets (satellite and grbaseld), with no particular
abrupt changes in their records the NH aminor drift per decadeof the Level3 productwith respect to
groundbased datds shown, 8.4+ 01 % per decade foBrewerand-0.2 + 01 % per decade fdDobsonco-
locations.The SH Dobson comparisons have a drift of the same order, +0.2 = 0.1 %aue.de@ny case,
these drifts are well within the product requirements.

Finally, inFigure4.14 the mean relative bias of each individual grodvaked station is plted against the
AGFGA2YyQa tFGAGAZRSS (2 Ay@Sa Bin@draiestotdl 6z6ne. Thdlapprodci  OK |
in this figure is different than before, since here the comparisons are performeamne-pixelper-station

basis Specifially, the pixel of the Lev& grid containing each station is selected and then their monthly
means are used to calculate the overall mean bias per station that is depicted in the figure. In the NH, where
the density of the stations is high, the agreemémttween the two datasets, satellite and ground, is very
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good and not particularly varying with latitude. Most stations have a relative bias witlsind +3 %. TheH
stations (Dobsons only) are clearly less in numBeom the equator up te40°, the biaes are within 0 and

+3 %, but southwardgl0°and up to -70° the variability and the biases increase. Nevertheless, this should
not be attributed to the satellite dataset, since similar features are seesther Level2 satellite products
validation studiegoo (e.g. see Figure 5 &D10).

GOP-ECV v3 (1995 - 2021)
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Figure4.14: The latitudinal variability of the Lev8Imeanrelative biases with respect to the individual Brewer
and Dobsongrouné &SR aidl (Pey a @ INFR®R2 NIRA RSOAL GA2Yy 2asanénkS | @S
bar per station

4.2.3.2 Summary and compliance with user requirements

The GOHECV integrated ozone profilewere validated against Brewer and Dobson groimaded
measurements. The time span of tisatellite observations i26 years,and the validation resultsan be
summarizedn the following points:

1 themean relative biadbetweenthe satellite productandground based total 0zone measurements
is~ +1.5 1 %showing that the GOECYV integrated ozone is higher than the grouvef¢rence total
ozone columns,

1 the peakto-peakannual cycleof the relative differences with r@ect to Brewer observations is
0.8 %, and

1 thetemporal changeof Level3 satellite product ranges betwee@.2 and +0.4 %/decade, depending
on the type of the ground based reference and the hemisphere of tHecations.

According toTable 3.1, the requirements that have to be met by the retrieved GBXP®V integrated ozone
profiles correspond to thetability of the TOC measuremenighich must be in the range dfto 3 %per
decade, the radiative forcing introduced by the evolution of the ozone ldnatihas to be less than%and
the shortterm variabilitythat mustbe less than 3 % helevel of compliance of thdatasetunder studywith
these user requirements shown inrable4.8 and highlighted withthe followingcode:

f greenindicates ascertained compliance wilzd Srégii@ments;
1 yellowindicates compliance with see user§xequirementsbut not all; and
1 redindicates compliance with none of the user requirements.
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Table4.8: Compliance othe GOPECYV integrated ozone profilesth user requirements

Topic Requirement Compliance / evaluation
. . ~500 km (5°)along track
Horizontal resolution < 20100 km
~500km (5°)across track
Observation frequency Dailyc weekly Monthly
Time period (1980X) 07/1995¢ 10/2021

2 %(radiative forcing studies) | Bias: +1 to +1.7 %, Spread: ~3 % (include:

Total uncertaint o the uncertainty of the reference dataset an
y 3 %(Seasonal cycle & Short | o0 celocation mismatch),

term variability Seasonality: 0.8 @eakto-peak

Stability 1¢3%decade -0.2 to +0.4 %/decade

We hence conclude that theORPECYV integrated ozone profiles, that shovwadexcellent agreemerib the
groundbased reference measurementsas well as a negligible drift in threco-locations is a product
compliant with the requirementsn terms of uncertainty and stabilityTherefore, he GA>-ECV Leved
integrated ozone profiles are eceptional qualityandtemporal stability, suitable and useful for long term
analysis of the ozone layesuch as decadal trend studies, the evaluatidmrmodel simulations, and data
assimilation applications.

4.3 Validation of full-profile nadir data

Nextto the postretrieval screening by the data providexdditional filtering criterichave been appliedsee
Table4.11). From all approved L2 nadir ozone profile data, only those that are located within 300 km of an
NDACC, SHADOZ, or WOUDC ozonesonde or stratospheric lidar station location are ratdinguefo
analysis (see Section 5.2). This BG0radius however is narrowed down for each instrument individually,
RSLWISYRAY3I 2y (GKS AyTanemdmy Sy iQa LIAESt &aAlT S 064SS§

Table4.9 - Overview of Ozone_cenadir ozone profile data producend their current availability.

Processing Time period
entity  96979899000102030405060708091011121314151617 181920212223

NP_GOME2B |RAL
NP_GOME2C |[RAL
NP_OMI RAL
NP_TROPOMI |RAL
NP_IASIA ULB/LATMO
NP_IASIB ULB/LATMO
NP_IASIC ULB/LATMO
NP_IASIABC |ULB/LATMO
NP_GOHECV |DLR

L2 Data Produc
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Table4.10 - Overview of Ozone_ceilL2nadir ozone profile data product specifications;luding local solar time
(LST) of the satellite overpass, pixel sérel colocation distanceselectionbased on pixel size.

L2 data product LST pixel size (km2) Colocation
NP_GOMER/C 09:30AM 160 x 160 km? 100 km
NP_OMI 01:30PM 52 x 48 km? 50 km
NP_TROPOMI 01:30PM 28 x 28km?2 50 km
NP_IASIB/C 09:30AM(+PM) 12 km (diam.) 50 km

Table4.11 - L2 nadir ozone profile filtering criteria considered in this work (first column) and their settings for the
RAL UWIS retrieval algorithm (second column) and the FORLI TIR retrieval algorithm (third column). Values that
do not comply with the settings are rejected as suggested by the respective data providers.

Filtering criterion UV-VIS RABlgorithms TIR FORIallgorithms
Averaging kernel matrix / -DFS>1
- All elements < 2
- First derivative < 0.5
- Second derivative < 1

Chisquare test 1 1
Convergence 1 1
Cost function (normalised) < 120 (< 2) /
Effective cloud fraction <0.20 <0.13
Negative ozone values Rejected Rejected
Productquality flag - QA value > 0.5 - Retrievalquality flag= 1
- Ozone rejected if incomplete H20 retrieval
Solar zenith angle < 80° < 83° (daytime) or > 91° (nighttime)
Surface pressure Rejected if unrealistic Rejected if unrealistic

4.3.1 Validation approach

The tenstep nadir ozone profile QA/validation chain as applied in this work has already been extensively
described within CCI context jJRD19] and [R50]. Next to data and information content studies, ground
based data records are used as a transfer standard against which the nadir ozone profile retrievals are
compared.

43.1.1 Information content studies

Each quantity that is retrieved using the optimal estimation technique contains information both from the
satellite measurement and from the-m@iori profile and covariance matrix. The contribution of prior
information can be significant whetbe measurement is weakly or even not sensitive to the atmospheric
ozore profile, e.g. in case of firgcale structures of the profile, below optically thick tropospheric clouds,
and at the lower altitudes. The information distribution is captured by tBelirNJ& S @ahtd @dical S E
averaging kernel matria (sometimes also AKM hereafter), which represents the sensitivity of the retrieved
state @to changes in the true profilé at a given altituded G T wd jT @ & . A study of the
algebraic proprties of this averaging kernel matrix, denoted information content study, can help
understanding how the system captures actual atmospheric signals. Through straightforward analysis
however, it can be easily demonstrated that typical information conteeasures as discussed in this section
usually depend on the units of the averaging kernel matrices they are calculated[RD#8]. As these
measures however should be wiitdependent, fractional AKMs must be considered.
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Sarting from the averaging kernels provided as part of the Ozone GRDP L2 nadir ozone profile products,
the degree of freedom in the signal (DFS) ameltertical sensitivity are studied. These quantities are given
by the AKM trace and row sum profile, respectively. The DFS of a retrieved atmospheric profilelim@aron
measure for the number of independent quantities that can be determined and @s Isosely related to
the Shannon information conteffRD76]. The vertical sensitivity to the measurement is a 4muitmalised
measure for how sentive the retrieved ozone value at a certain heightoi®zone values at all heights.

Besides the more common DFS and sensitivity information content quantities, in this work the vertical

F @SN IAAYy3a {SNYyStaQ 2FFasSid I \Bdis anfeRitndte of tieRincétainfyioh R S NE
the retrieval height reglstratlon glvehere by the direct vertical distance (|n km) between an averaging
1SNy St Qa LISI{ &S yaadiits hathhal getrieval sitikudedzR %sQ a o a

a a . Ideally, within each kernel, this distance equals z€&wnone_cet user requirements also specify

an upper limit 6r the vertical resolution of the nadir ozone profile retrievadieveraimethods have been
proposed to estimate the verticaésolution from the width of the vertical averaging kernels (see overview

in [RD19]), but usually it is determined either as @lfwidth at halfmaximum (FWHM) value around the
1SNy St Qa LIS I f-Gilbditdpresd (BG)Ndr esolviig keBgth.atoudq itszéentroid

4.3.1.2 FRM comparisons

The grounebased FRM data considered for the nadir ozone profile validation in thistreg®been collected

T NR Y Anjosphedic Validation Data CentfeVDC). The EVDC Cal/Val data portal contains ozonesonde
data from the NDACC, SHADOZ, and WOUDC network archives. Stratospheric lidar data originate from the
NDACC data archive and its igelivery section. The EVDC data portal redistributes the grbasdd data

in a harmonized HDF5 GEOMS format.

Like for the satellite data, prior to searching forlocations with satellite ECV data, data screening has been
applied to grounebased corréative measurements by ozonesondes and lidars, both on entire profiles and
on individual altitude levels. The recommendations of giheundbased data providers to discard unreliable
measurements are followedvVieasurements with unrealistic pressure, tempgire, or ozone readings are
rejected automatically. Ozonesonde measurements at pressures below 5 hPa (bey88ck®a10) and lidar
measurements outside of the 37 km vertical range anejected automatically as wePrior to thesedata
manipulations, thegroundbased ozone profile data were converted to partial ozone column units (DU) by
vertical integration. While ozonesondes report measurements in partial pressasédy converted into VMR
units (ppmv) and in ND using the-board PTU measurements, thidar data are given in number density.

Only colocations with a maximal spatial distance of 100 dnsmaller(see Table4.10) and a maximal time
difference of one daywere allowed. When multiple satellite pixel wcations with oneunigue ground
measurement occur, only the closest satellite measurement is Kegdtulating difference profiles requires
harmonisation of the satellite retrieval andaymd-based reference ozone profiles in terms of at least their
representation and vertical samplingio down-sample a groundbased ozone profile measurement to the
satellite retrieval grid, a massonseningregridding in subcolumn units on layers is preferaidgd[RD63].
Additionally,the satellite and groundbasS R LINBE TAf SaQ @S NI Jedor it midini2dyl KA y 3
averaging kernel multiplicatiofR[b1, RD76].

The baseline output of the L2 validation exercises consists of median absolute and relative nadir ozone profile
differences at individual stations or within latitude bands for the entire time series. This median difféggence

a robust (against outliers) estimator of the vertically dependent systematic error, i.e. the bias, of the satellite
data product.The bias profiles for the entire list of stations are then combined and visualized as a function
of several influence quaities to reveal any dependences of the systematic error. Besides the median
difference, also the Q8®@16 interpercentile (IP68) of the differences is calculated as a robust spread
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estimator of the random errors in the satellite data product, i.e. the mieci profile. However, this spread

on the differences will also include contributions from grotbaked random uncertainties (limited to a few
percent) and representativeness (sampling and smoothing) differences between the satellite and reference
measurenents, and therefore in fact provides and upper limit on the actual random satellite uncertainty. In
case of a normal distribution of the ozone differences, median and IP68 are equivalent to mean and standard
deviation, but they offer the advantage to be pfuless sensitive to occasional outliers.

The satellitebased L3nonthly gridded data is compared with monthly averages of the reference data (
equivalently, agroundbased leveB-type dataset). This approach unavoidably introduces sgatiporal
represenativeness errors into the difference statistiefowever, these errors are reduced to a minimum in
two ways. First,dr monthly Level3 data as is the case here for GERVthe comparisonsre limited to
those monthswith a sufficient numbebf validreferencemeasurements. This number has been set to four
in the groundbased validation presented herAs such, an implicit averaging of at least four ozonesonde or
lidar measurements per month is introduced in the comparison statistics. This agtpi®aot required for
the IASIABC daily merged data, where daily comparisons can be considered. Séeohxi] degree box that
overlaps with the ground measuremersitaken for celocation, but the profiles from the fourcorners of this

box are averagedvith the distances to the exact reference measurement location as weighting factors

4.3.2 Validation results

4.3.2.1 L3 UV-VIS GOP-ECV

5 [ w0/ Etype Ozone Profile Essential Climate Variable (EOPrombines L2 retrievals by Riivim five
nadir-viewing satellite sensor§&SOME/ER3, SCIAMACHY/ENVISAT, GQMEtop-A, GOME2/Metop-B,
and OMI/AURAiINnto a single L3 monthly gridded producbveringl996-2022 Before merging the individual
time series into one lonterm data recordthey are adjusted to matcthe total ozone columramounts from
the GOMRype Total Ozone Essential Climate Variable (BTY)This procedureshouldlead to reduced
inter-sensor biases and drifts. It should be taken into account, however, that the c@@RECV v3 is based
on the fully available RAL v3.X L2 products, and not the v4.01 products discussed above.

The relative bias and dispersion plots as a function of latitude, season, and yegre@wy) inFigure4.15,

for both ozonesonde and stratospheric lidar reference measurements, point at relative differences of the
order of 10 % in the stratosphere and 20 % in the troposphere ovétadl dispersiorquals again 10 % on
average in the stratosphere, but increases up to 60 % in the tropospheiatng at larger difficulties to
capture the tropospheric lovozone dynamicsThe GOFECV performance is more spatially dependent than
temporally (given theittle dependence on season and year, but also see drift assessment at the end of this
section). Clearly, ozone values show negative bias&9-50 %towards the poles throughout the entire
verticalprofile. The positive bias peak up to 50 % in the trdpitBLS seems to be reed wel] as it is both
captured by the ozonesonde and lidar comparisons. On the other hand, the increased dispersion that is only
seen for the northern midatitude lidar comparisons for autumn 202D12 rather seems to be a referem
measurement hiccup.
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Figure4.15 - Median relative differenceand 68 % interpercentile spreads for comparison GIORPECV vavith
ozonesondébottom) and stratospheric lidar (topkferencemeasurementgat least four per month)Comparison
statistics are plotted as function of latitude (left), season (middle) and time (rightjsing the colour coding
indicated by theplot legends

4.3.2.2 1ASI-A/B/C L2 CDR instrument retrievals and consistency

Figure4.16 and Figure4.17 contain the median (relative) differences, &@nterpercentile spreads, vertical
sersitivities, offsets, and effectiveertical resolutions (FWHM&)r the comparison of FORLI v20151@DNR
(also called v2024#¢trieved IASI profiles witbzonesonde and lidaneasurementsrespectivelyfor SZA and
DFS as influence quantities (othargnot shown in this report)These resultsdemonstrate that the retrieval
results for all three IASI instruments are very simiirpwing no significant differences between their
respective statisticsand thisdespite the different time windowsnder congieration. TheASlinstruments
show a less than 10 % and insignificant stratospheric bias, a 10 ton3@¥ficantpositive bias in the UTLS,
and an order of 120 % negative biaat the edge of significande the troposphereThelatter agreeswith
atropospheric ozonef(fom IASIA and IASBretrieved with FORLI v20151001) validation exercise performed
by Boynard et a[RDB1]. Possible@asons for tle positive UTLS biase discussed ifRD87]. Thecomparison
results show hardly any scan andMZA)dependence or seasonality, except for some dargystematic
differences around the Antarctic ozone hole that can be partially attributed #ocation errors at the edge

of the polar vortexnot shown here)The remaining meridian dependences are typically limited to stronger
UTLS bias fluctuations fhe tropics.
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The vertical sensitivity profilesre close to unity around the ozone peak and ab@&to I km)for all three
instruments Typically, the sensitivity decreases above and below due to the smaller ozone concentrations
The FORLLYetrievals show sensitivityfluctuations around the UTL@nd down the troposphereranging
between 0 and 2 Although the overall IASI sensitivity variability is strongest around the equator, these
outliers typicdly occur in thePolar Regionand go together with esessively high retrieved ozone peaks. The
strong sensitivity variability in general hampers the averaging kernel smoothing of the reference profiles
before comparison, as this procedure then introduces a bias instead of reducing the vertical smoothing
difference error. Usually however, except for decreased su+iaeel sensitivity (0.5) and a median 1.5 peak
around the UTLS with slight compensation above and below, the B&RItlvity is vertically consistent.

The retrieval offset (vertical registratiamcertainty) amounts to about-20 km onaverage bushows some
discretenesslue to theFORLietrievalsbeingperformed on a fixed 1 km vertical grisloreover, he offset

shows specific features for all three IASI instruments, likepdads at 5 and 1%m, and ajump near 25km

altitude. The tropospheric offset sometimes even explodes to unrealistic values, when the corresponding
averagingkernels have no clear maximumhed SKF @A 2dz2NJ 2F 'y | @SNFX3IAy3a SN
typicaly also reE OG SR Ay AdGa G6ARIKE GKAOK A& KSNB YSI adzNB
between 10 and 15 km on average for the IASI instrument retrievals, with oscillations occurring in the UTLS.

Looking at the FORLI v20151@MRcomparison results intdetail, it becomes clear thahe highly positive
differenceoutliersin the ULTSeem to go together witihigh ZAand low DFS values. In other words, poor
guality retrievals with rmimal retrieval sensitivities and DFS values appear to docuhe highest solar

zenith angle observation€ne could therefore consider screening the observations for high SZA (e.g. above
70°) or low DFS (e.g. below 2t&pverall maintain the lowesbias and dispersion observations.
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Figure4.16 - Medianabsolute andelative differencegthick dashed linesp8% interpercentile spreadgthin
dashed lines)andmedianvertical sensitivitiesoffsets and FWHM&ashed linesjor comparison of FORLP
v20151001CDRVv2024 IASIA/B/C (top to bottom, respectivelyketrieved profiles withozonesondeeference
measurementsindividual profile statistics are plotted as functionsaflar zenith angle (left) anBFS(right)
using the colour coding indicated by the aaldar on each plot.
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ations within [-90,90] (200801-201912) 60 7417 comparisons at 11 stations within [-90,90] (200801-201912)
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Figure4.17 - Medianabsolute andelative differencegthick dashed lines)68%interpercentile spreadgthin

dashed lines)andmedianvertical sensitivitiesoffsetsand FWHMgdashed linesjor comparison of FORLP
v20151001CDR (v2024)ASIA/B/C (top to bottom, respectively)etrieved profiles withstratospheric lidar
reference measurements$ndividual profile statistics are plotted as function of solar zenitHe(igft) and DF§
(right) using the colour coding indicated by the colour bar on each plot.

4.3.2.3 1ASI-ABC L3v2019

The individual FORLI L2 v20191122 retrieyatste the difference with thé.2v2015 CDR data in the previous
sectiong for IASIA, B, and C have been merged into a sihglel3 data record covering 2068023. This
dataset consists of daily gridded (chg-one degree) profile data on a 1 km vertical grid from the surface up
to 40 kn. Much in agreement with the L2 v2015 CDR ddte,relative bias and dispersion plots as a function
of latitude, season, and year (tweearly) inFigure 4.18, for both ozonesonde and stratospheric lidar
reference measurements, point at relative differencedess than 10 % and insignificant stratospheric bias,
a 10 to 30 %nsignificantpositive bias in the UTLS, and an order2ff % negative biasit the edge of
significance in the tropospheré& he dispersion equals again 10 % on average in the stratosphere, but
increases up to 60 % in the UTLS, and t@@06 in the lower troposphere, pointing larger difficulties to
capture the tropospheric lovezone dynamics.
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As for the GOIECV L3 dataset, the IABC L3 performance is more spatially dependent than temporally
(again also see the drift assessment at the end of this sectioithe spatial dpendence is now limited to

the UTLS and tropospher€hehighpositive bias peak in the tropical UTdgain igeal, as it is both captured

by the ozonesonde and lidar comparisolreover, in contrast with the other latitude bands, the Antarctic
data slow a 20 % positive troposphefiitas while their UTLS bias is reduced to about 10 % on average (as

for the Arctic).This bias shift is probably due to changes in the thermal contrastigblatitude retrievals,
but would require further investigation.
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Figure4.18 - Median relative differenceand 68 %interpercentile spreads for comparison I&SIABC merged L3
datawith ozonesondgbottom) and stratospheric lidar (topeference measurementgat least four per month)

Comparisorstatistics are plotted aafunction oflatitude (left), season (middle) and time (rightsing the colour
coding indicated by thelot legends
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4.3.2.4 L2/L3 nadir profile drift assessment

Longterm stability of the sysimatic errors in the ozone data products is a key requiremer@for! Qa / € A Y|
Change InitiativesThe pbbust linear regressioapplied hereincludesan uncertainty estimate by means of

the 95 % confidence intervdk isbased on a bootstrapping approach with 1000 samples and performed on

the satelliteground difference profiles on the global scale. The results fo-BOPare showin Figure4.19.

Results for the individual L2 1ASI retrievd®RLI v2015 CD&)d the L3 merged IABBCproduct (from

FORLI v2019) are collectedrigure4.20. Nae that results for ozonesonde and stratospheric lidar reference
measurements are combined into single drift assessments and plots for the L2 data, while a composite graph
is created for the L3 data (separated at 20 hPa, with ozonesonde results belowdandekults above),

because oflifferences irthe L3like colocations

It is clear fromFigure 4.19 (left column)that the Leveld GORECV dataset shows dxift that is very
comparablego the RALL2 v3.)productswhere it is derived from (not included here), indicating that L3

drift originates from L1(B) data degradation rather than from the retrieval process, inclciddmges iprior
information.The scalig of the integrated GOECYV profile by the GTECYV does not seem to play a significant
role here. GORPECV shows 510 %/decade positive drift in the troposphere and UTLS, while having a
negative drift of the same order above (pressures below 20 liBapept for the UTLS, the drift results seem
AAAYATFAOLIYH FTNRY (GKS 0220a0NF LIAY3I LISNRLISOGAGS:
uncertainties as measured from the interpercentile spread (blue line in each plot).

Figure4.20 demonstrates that the three individual IASIB/C L2 retrieval§v2015 CDR3how very similar

vertical drift profiles, despiteoveringonly four years for IASB and IASC, whle the IASA time series is

three times longer. The latter is mostly reflected in the significance of the drift according to the bootstrapping
technique (orange horizontal lines). All three instruments havel@ % decade negative lower tropospheric

drift, and an order of 10 #decadepositive driftjustabove (0-17 km), although these values are also still
GAUGKAY GKS Al 0StfAGS LINPRAdzZOG&AQ NIYR2Y dzy OSNIIF Ay GaA
For the merged L3 IABBC dataset, dy a lower tropospheric (surface to 10 km) drift -&f %/decade

remains. This looks in agreement with previous results, reporting that the FORLI v2019 retrieval reduces the
IASRT 2yS LINPFAESAaQ ! ¢[{ O0AF& YR O0GSYLRNIfO RSLISYR
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L3 GOFECVdomposite at 20 hPa
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Figure4.19 ¢ Decadal drifteand 68 %interpercentile spreads for comparison 0#-VIS L3 dataith ozonesonde

and stratospheric lidareference measurementg€ombined (at least four per month and hence vertically
distinguished at 20 hPa for L3).
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Figure4.20 ¢ Decadal driftsand 68 %interpercentile spreads for comparison thie IASIA Yy & (i NHzY & i34 Q
datawith ozonesondeand stratospheric lidareference measurementsombined (vertically distinguished at 20
hPa for L3).
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4.3.3 Profile results discussion and conclusions

Tabled.12 collects the major QA/validation quantities discussed throughoutdbétion their corresponding

typical values as discussed in the previous sectiamd,indications btheir compliance with the GCOS user
requirements. Tha@adir ozone profile products under studgver 1995 to 202globally, which is sufficiently

long for (driftcorrected) ozone trend studies according to the GCOS user requirementsTfigialso fulfil

the GCOS user requirements in terms of observation frequency and horizontal and vertical resolution. Only
for the latter onemustkeep in mind thathe L2 nadiproductsshow UTLS sensitivity outliers and are strongly
correlated verticdl @ RdzS G2 | GSNI IAy 3T 1 SNYySt 7T tedskaFWvAN y a K

The Ozone_ctinadir ozone profile productsinder studytypically do not comply with the GCOS user
requirements in terms of total uncertainty. The total uncertaintthisreby determined as the quadratic sum

2F GKS LINRPRdAZOGAQ &aeadSYFGAO FYR NIyYyR2Y dzyOSNI | A
comparison (with groundbased reference measurement) bias artispersion respectively. Total
uncertainties range frombout 10 % at minimum in the stratosphere to at least 20 % in the troposphere, and

even higher values in the UTEd® IASI and for the UVIS instrumentsThe nadir ozone profile retrieval
performance in terms systematic and random uncertaintiesstlydepends on theptical path (andhermal

contrast for the IR retrievalsiot included herg

Applying bias correction® the nadir ozone profile CRDP presented in this work might not yield optimal
results,however. Next to the L2 data screening recommed by the data provider&Summarised ifmable

4.11) the validation results presented in the previous sections point at additional data screeningsptie

highly positive ULTS biases for th@RLI v20151001 CDR produgisogether with high SZA and low DFS
values. In other words, poor quality retrievals with minimal retrieval sensitivities and DFS values appear to
occur for the highest solar zenitangle observations. One could therefore consider screening the
observations for high SZA (e.g. above 70°) or low DFS (e.g. below 2.5) to overall maintain thieideseast
dispersion observations.
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Table4.12 - Major QA/validation quantities, their corresponding typical values, and indication user requirement

(UR) compliance for the Ozone_€tPnadir ozone profilgproducts

QA quantity (GCOS UR)

TIR:IASIA/B/Cv2015 CDR

Time period (199€010)

20082023

L2 observation frequency
(daily to weekly)

Both daytime and nighttime daily

Horizontal resolutior{20-200 km)

12 km

Vertical resolution
(6 km to troposphere)

Fixed 1 km gd but 1315 km lernel width and UTLS
oscillations

DFS

2-4 with meridianand seasonal dep.

Vertical sensitivity

Cutliers around UTL&nd below

Height registration uncertainty
/ retrieval offset

5-10 km on average, but strong features

Systematic uncertainty estimated from comp. bias

< 10 %stratosphee) to 10-30 %(UTLSpos.10-20%
neg.(troposphere)

Random uncertainty estimated from comp. spread

10-50 %

Total uncertainty (16 % below 20 km, 8 % above Z
km)

~10 %in stratosphere, 2680% in troposphere, highe
in UTLS

Dependence on influence quantities

SZAdependencealso reflected irsensitivity
dependence

Stability (3 %/dec.)

5-10 %/decadgos. and neg.

Pageb8-157



Product Validatiorand Intercomparison Repo(PVR)
Issue’5.2 ¢ Date of isse: 12.05.2025
ReferenceOzone_cet PMR 5.2 (Fina)

5 Vali dati on of Li mb Ozone Profile

5.1 Introduction

This section reports on the assessment of the L-8vahd LeveB limb ozone profile datasets of the
Ozone_cci+ Climate Research Data Package (CRDP), accessible from
https://climate.esa.int/enforojects/ozone/data

The LeveR CRDP consists of a HARMonized dataset of OZone profiles (also named HARMOZ) from the
following list of limb/occultatiorsensors GOMOS, MIPAS and SCIAMACHY on Envisat, OSIRIS on ©din, ACE
FTS on SciSat OMPS.P onSuomiNPPand NOAA1, SAGE Il on ERBS, HALOE on UARS, SABER on TIMED,
MLS on EG8ura POAM Il on SPAT SAGE Il on Mete@M and ISSEach HARMOZ data set is screened

for outliers by the instrument experts, presented on an identical vertical gridtu@dt or pressure) and
archived in the same NetCataformat. The LeveB CRDRonsists of a gafree 3Dgridded profile data

record at high spatial (1° x 1°) and temporal (daily) resolution, combining dataefgirtsensors (Aura MLS,
OSIRIS, GOMOS PMAS, SCIAMACHY, ONIPESNPP, AGH' S, SAGE 11I/ISS).

A description of data formasensorsyretrieval algorithmsand exante uncertainty characterisatiocan be
found in theProduct User GuiddR[®], the Algorithm Theoretical Baseline DocumeRD}] and theEndto-
End ECV Uncertainty BuddBib].

5.2 Harmonized validation methodology

The validation of the HARMOZ ozone profile datasets is based on comparisons with respect to correlative
groundbased measurements. Tivalidationmethodologyfor Level2 data products (Sech.4) is described
extensively by Hubest al. [RD45], any deviations will be motivated belo&ssentially theame methodan

be applied to the LeveB LIMBHIRES produst(Sect5.5), given their high spatiotemporal resolution.
Groundbased observations are acquired at a variety of ozonesonde, lidar and microwave radiometer (MWR)
A0FdA2ya LISNF2NXAY3I ySOGg2N] 2LISNIGAZ2Y SAUGKAY 2ah(
the Detectionof Atmospheric Composition Change (NDACC) and the Southern Hemisphere Additional
Ozonesonde program (SHADOZ).

Results foeach of theOzone_ccitevel2 and LeveB limb profile CRD&e olganized as follows
9 Study of the cdocation samplébetweenHARMOZ and correlative datasets, and a brief discussion
of the corresponding validation samplieevei2 only)
1 Presentation and analysis of the comparison results:
0 bias andlispersioras a function of altitude (or pressure), latitude and validation datace;
o longterm stability over the entire time series as a function of altitude (or pressure);
0 dependence on other parameters, e.g. geophysical, instrumelated or auxiliaryLevel2

only),
0 compliance with user requiremenfRDLO].

5.3 Conversion of profile representations

The nativerepresentation of the ozone profile data reported for satellite, ozonesondes, lidars and MWRs
differs from eaclother (seeTable5.1). In order to minimize the number of manipulations of tbeone_cci+
satellite data records under investigation, the validat@oralyses a performedcwhenever possiblein the
reported representation of the satellite ozone data recordnder study ozone mole concentration
(equivalent to ozon@umber densityat either fixed altitudge.g. HARMOZ ALdr)fixed pressure levelge.g.
HARMOZ PR
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Gonversiors of ozone partial pressurmeasurements versus pressure or altituole ozonesonde into other
representations iglone usingpressure temperature and (in recent years) GPS altitude measured by the
coupled radiosonde. dhversiors of lidar oone numberdensity measurements versus altitude into other
representations was done using ancillary pressure and/or temperature information extracted frofh ERA
meteorological reanalyses provided by ECMWF. Observations of atmospheric temperature by tdifferen
groundbased and satellite instruments are quite consistent in the troposphere and lower stratosphere, but
they tend to diverge above ~30n [R(81]. Reanalysis temperature data in middle and upper stratosphere
are hence more uncertain, which constitutes a potentin-negligible source of (timdependent)
uncertainty in representatio-converted ozone profile datddWR typically retrieve ozone profiles as volume
mixing ratio versus pressure, but number density, altitude and temperature are reported in the data file as
well. Several sources of ancillary meteorological data are usedghaut the MWR network (NCEP, ECMWF
2LISNF GA2y I f>X X0 6KAOK YI@& AYUNRBRdAzZOS dzy OSNIilF Ay e
validation analyses are performed in the pressure domain.

Table5.1 summarizes the characteristics of each measurement source. Since the conversion of lidar data
uses the same source of auxilialgta(ECMWF reanalysia} that used foESA and Third Party Mission data
the analyses remains insensitive to intrinsic deficiencies in th® B&RA.

Table5.1 - Characteristics of the satellite and grouhdsed measurements of the ozone profile. Bold indicates
the native represatation of the data files. In the case of HARMG@&a, this may differ from the native
representation of the satellite ozone retrievals.

Ozone unit Altitude Air pressure Air temperature
Retrieved / . .
. . Retrieved / ERA | Retrieved /
HARMOZ PRS Mole concentration ERAInterim/ Interim / ERAS | ERAInterim/ ERAS
ERA5
Retrieved / . .
. . Retrieved / ERA | Retrieved /
HARMOZ ALT Mole concentration Egﬁlgterlm / Interim/ ERAS | ERAINnterim/ ERAS
Ozonesonde Partial pressure Provided Measured Measured
Stratosphericidar | Number density Measured ERAS5 ERAS
Mlc'rowave Volume mixing ratio | Re/analysis Retrieved Re/analysis
radiometer
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5.4 Level-2 limb profile products

5.4.1 Validation method

The uncertainty of a single ozone profile by grothaded instruments is comparable to thabtained by
satellite sensorsNonethelessa large sample of elocated satellite and grountlased profiles at numerous
stations around the globe, allaus to deive meaningful estimates of systematic error, random uncertainty
and longterm stability of the limb/occultation data record$he complementarity of the ozonesonde, lidar
and MWR measurement techniques and network design allows further -ctassks whickare crucial in
achieving a robust assessmaritsatellite data quality

As described in detail Byubert etal. [RD15], the groundbased ozone prdgé observations arérst screened
according to the prescriptions by the data producers. Then, pairs of satellite and gbased profiles that
probe sufficiently overlapping air masses are searched for infa(lMPAS, AurdLSand SABERor +12h

time window (all other instruments) and within 5&n radial distance (all instrumentskiven the high
sampling frequency of MWR instrumentlgtcomparison to MWR profile data is done in a smaller window,
less than 30&m and within 1h or6 h (depending on M/R station). When more than one satellite profile
co-locates with a single grourddased profile, only the closest satellite profile is retained. Tightening the co
location window leaves the bias virtually unchanged and reducedigipersionin the comparsons by a few
percent.In a third stepthe ozone unit is converted to mole concentration where necessarySsedons.3,

after whichsonde and ar measurements aremoothedto the vertical resolution of the satellite data set.
To this end, a triangular window function is applied to smoothen each grbasdd ozone profile in the
altitude domain. The base width of the triangle is equal to theit(ale-dependent) vertical resolution
reported along with the cdocating satellite profile. The shape of the window function was found to have a
negligible impact on the final conclusions. This smoothing step is omitted for the MWR profiles since their
resolution is poorer than that of the satellite data. Finally, the vertically smoothed grdaased profiles are
regridded to the fixed altituder pressuregrid of HARMOZ, using the pseddweerse interpolation method

by Calisesi et alR[B5]. These preprocessing steps lead to a screened andomated set of satellite and
groundbased profiles in the same ozone coordinate and the same vertical coordinate and grid.

Statistical indicators for the analysis are derived as describ8edtiont.1 and 5.1 oHubertet al. [RD15].

The selection of sites used for the drift analysis are those mentioned in this paper. The MWR drift analysis
only considerglata from Mauna Loa and Lauder.
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5.4.2 Envisat GOMOS ALGOM2s v1

The results in this section were obtained for LevBLGOM2s version 1, file versigiio2 the number density
versus altitude profile representatig ARMOZ ALT)

5.4.2.1 Co-locations / Validation sample

Figureb5.1 shows the latitudetime distribution of the ozonesonde, lidar and microwave radiometer (MWR)
measurements cdocatingwith GOMOS ALGOMZ2s vl data. The sampling covers most latitude zones and i
guite homogeneous in time, except for an interruption of GOMOS operations in the first half of 2005. Most
GOMOS polar day profiles were screened out by the retrieval team at FMI, since twilight and bright limb
viewing conditions degrade the quality ofetnetrieved profile.

5.4.2.2 Bias and dispersion

The median bias and half the é8interpercentile of the relative difference between GOMOS ALGOM2s v1

and GAVINDACC/SHADOZ ozonesondes, NDACC lidars or NDACC MWRs are shown in the figures below.
Figureb.2 details the vertical and meridian dependence of the bias disgersionat 5° latitude resolution,

while Figureb.3 showsthe same information calculated in 30° latitude zones.

The median bias is less tha¥sbetween 2045 km, except in the Arctic where it reachdsto -10 %around

25km and 2&m. Aboe the stratopause, GOMOS occultation and MWR data are witBtnTéhe meridian
structure of the bias in the UTLS follows the meridian structure of the tropopause. Between the tropopause
and 20km the bias is positive in the Southern Hemispher& ({80 andnegative at other latitudes (&5 %).

At all latitudes a clear underestimation of ozone can be seen at the tropop&lse or more).

The meridian structure of thdispersions, follows that of the tropopause. Above Zbkm the half 1F68
spread is abut 5 %at the equator and increases gradually up to1H% at the poles. Below ~2km the
dispersionincreases rapidly, reaching 4®around 18km at the equator and around XKim at the poles. The
dispersionseen in the comparisons is a few percent larti@n the exante random uncertaintyegante (Not
shown here) provided in the GOMOS data files. The lattedi$chbove ~2km and increase rapidly up to
15-25%at lower levels.
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Figureb.1 - (Left) Latitudetime distribution of celocations between GOMOS ALGOM2s v1 ozone profiles
groundbased measurements (GAW/NDACC/SHADOZ ozonesonde, NDACC stratospheric ozone
NDACG®IWR). The colour code indicates the spatial distabeeveensaellite/ground-basedprofile. (Right)
Number of cdocated pairs per 5° latitude band for ozonesonde (blue), lidar (green) and MWR (red).
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Figure5.3 - (Top) Median bias between GOMOS ALGOM2s etiecprofile data and ozonesonde, lidand
MWR data, by 30° latitude. (Bom) Same, but for the half 188 spread. Théowest horizontal line indicate:

the median tropopause altitude over the ¢ocation sample.
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5.4.2.3 Long-term stability

Figureb.4 shows the drift of GOMOS ALGOM2s v1 ozone profile data with respectdoated ozonesonde,

lidar and MWR network data. Drift values are generally insignificant, negative and less%yaer 8lecade

between ~2550km. The-8 %per decade estimate around %n may be indicative of decreased stability in

the mesosphere, though drift uncertainty is less reliable as only two MWR sites aramndeshcertainties

arise from the conversion of MWRRVIR data to number densitprift values in the lower stratosphere and

UTLS region range from %to -10%LJISNJ RSOF RS T yR NBFOK GKS H° {(GKNEB:
between 2625km. GOMOS drift relative to lower stratospheric lidar data, on thesothand, remains
insignificant and flips sign at Ztn. Below ~2&m the uncertainty of the drift estimates increase rapidly due

to increases in measuremenbiseand atmospheriwariability, which explains the difference in sign between

sonde and lidar rsults. This makes it difficult to obtain conclusive results in this part of the atmosphere.

5.4.2.4 Dependence of data quality on other parameters

The dependence of GOMOS ALGOMZ2s v1 data quality with respect to reference measurements has been
studied also as a fution of further parameters, including: star magnitude, star temperature, illumination
condition, and occultation obliquity. There were no clear signs that the bidspersioncorrelate with any

of these parameters. Any apparent dependence turned oubriginate mainly from the correlation of the
parameter with altitude and latitude.

In addition, the bias, thelispersionand the longterm stability of GOMOS ALGOM2s v1 ozone are in very
good agreement in four different profile representations (combioa$ of altitude/pressure and number
density/VMR). This indicates that the auxiliary pressure and temperature profiles included in the GOMOS
HARMOZ data files and in the cortela data files are consistent.
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5.4.2.5 Compliance with user requirements

From the resuk reported above it can be concluded that the GOMOS ALGOMZ2s v1 ozone profile data record
is compliant with all but one sampling and resolution requirement. Data quality does not meet the
requirements in the lowermost part of the ozone profile, but imprewat higher altitudes. User requirements

for random uncertainty are met for 6026D°S between 250km and for decadal stability between 20
50km. At lower and higher altitudes there are indications of a negative drift that is not compliant with
requiremerts, though individual results are not significant. Assessing compliance of random uncertainty in
polar regions proves challenging due to the unquantified but likely considerable contribution by natural
variability to the observedispersion As a result,ampliance is flagged as not fulfilled over the entire vertical
range, even though this may not reflect the actual data quality.

Table5.2 - Compliance of GOMOS ALGOM2s v1 with user requirements AJRRDul compliance (green), partial
compliance (orange) and no compliance (red).

| Userrequirement Compliance / evaluation |

Horizontal resolution < 1006;300 km order of 100250km [R®1]
Vertical resolution <13 km 2¢3 km
Observation frequency < 3 days 3 days
Time period (19802010)¢ (20032010) 08/2002¢ 12/2011
Total uncertainty in heightegistration <+500m 60¢150m
Dependences G latitude, altitude
Lower stratosphere Middle atmosphere
1015 1520 2025 2530 | 3035 3540 4045 4550 5060
Uncertainty including only random component
User requirement <816% | < 8%
9 Arctic (large natural variability)
1 Mid NH
1 Tropics
1 Mid SH
1 Antarctic (large natural variability)
Longterm stability
Userrequirement < 1-3 %per decade
1 Ground network
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5.4.3 Envisat GOMOS Bright Limb v1.2

The results in this section were obtained for LeJgtight Limb processafersion 1.2, file version for the
number density versus altitude profile representaligRMOZ ALT)

5.4.3.1 Co-locations / Validation sample

Figureh.5 shows the latitudetime distribution of the ozonesonde, lidar and MWR measuremeriscating

with GOMOS Bright Limb v1.2 data. The sampling covers most latitude zones and is quite honm®geneo
time, excepta short interruption of GOMOS operations in the first half of 2005. It is well distributed over the
time series and over seasons, except at high latitudes during polar night.

5.4.3.2 Bias and dispersion

The median bias and half the éginterpercentile rangeof the relative difference between GOMOS BL v1.2

and GAW/NDACC/SHADOZ ozonesondes, NDACC lidars or NDACC MWRs are shown in the figures below
Figureb.6 details the vertical and meridian dependence of the bias disgersionat 5° latitude resolution,

while Figureb.7 show the saménformation calculated in 30° latitude zones.

GOMOS bright limb ozone data is biased low relative to grdnased data between 280 km and the
stratopause. The underestimation varies slightly with latitude and becomes clearly larger with increasing
altitude until ~40km, where it reachesl0 %to -15 % A rapid transition to positive bias values is seen
towards the stratopausand extends well into the mesosphere. Below3Xkm, there is an overestimation

of up to 5%in the Northern Hemisphere and theopics, but not at more southern latitudes. Our analysis
corroborates the findings byRIB9]. We refer to latter publication for a discussion of thegamiof the bias
structure.

The structure and magnitude of thiispersionis very similar to that of the ALGOM2s data. BelowB@&m

the bright limb data are slightly more noisy than GOMOS occultation datalispersionis ~12 %/larger.

The exante unertainty (not shown here) for both GOMOS data sets is generally very similar, except between
32-40km and above the stratopause where the expected uncertainty is clearly larger {13965
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Figureb.5 - (Left) Latitudetime distribution of celocations between GOMOS Bright Limb v1.2 ozone pro
and groundbased measurements (GAW/NDACC/SHADOZ ozonesonde, NDACC stratospheric 0zone
NDACQMWR). The colour code indicates the spatial distabeéween each satellite/grounebasedprofile.

(Right) Number of ctocated pairs per 5° latitude band for ozonesonde (blue), lidar (green) and MWR |
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Figure5.7 - (Top)Median bias between GOMOS Bright Limb v1.2 ozone profile data and ozonesond:
and MWR data, by 30° latitude. (Bottom) Same, but for the hafi8IBpread. The lowest horizontal lir
indicates the median tropopause altitude over thelooation sam@.
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5.4.3.3 Long-term stability

Figure5.8 shows the drift of GOMOS Bright Limb v1.2 ozone profile data with respect to tleeated
groundbased data. The sigif the drift is generally negative between-20 km, but quantitative esults and
significance vary by reference instrument. The most compelling evidence of negative drift is found below
~25km where both lidar and sonde results are significant. Drift is alidlfloper decade at 2km and about

-1 to-3 %per decade at 3@m. MWR comparisons over this vertical range moesierbut the derived drift is
broadly consistent with the other results. The stability betweerB&m is more difficult to assess given the
tension between lidar and MWR results. The former is based om mian a handful of stations and does

not show a significant drift. The latter, on the other hand, suggest a significant dvft%6fper decade. But
since that is based on just two sites we are inclined to put more confidence in the lidar results. In th
mesosphere no drift is noted either.

5.4.3.4 Dependence of data quality on other parameters

The bias, thelispersiorand the longterm stability of GOMOS BL v1.2 ozone are very similar in four different
profile representations. This indicates that the auxiliprgssure and temperature profiles included in the
GOMOS HARMOZ data files and in the correlative data files are consistent.
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5.4.3.5 Compliance with user requirements

From the results reported above it can be concluded that the GOMOS Bright Limb v1.2 ozonelatafile
record is compliant with most of sampling and resolution requirements. No data are provided in the lower
stratosphere, below 20 km. Requirements on random uncertainty are met betwed® R& and partially
slightly above and below. Requirements on aldal stability are met between 306 km, at lower altitudes a

large negative drift is observed which becomes significant below 25 km. Assessing compliance of random
uncertainty in polar regions proves challenging due to the unquantified but likely coabldezontribution

by natural variability to the observedispersion As a result, compliance is flagged as not fulfilled over the
entire vertical range in the Arctic, even though this may not reflect the actual data quality.

Table5.3 - Compliance of GOMOS Bright Limb v1.2 with user requirements (WRDfull compliance (green),
partial compliance (orange) and no compliance (red).

. Requiement | Compliance/evaluation |

Horizontal resolution < 10300 km 300c400km [RDQ]
Vertical resolution < 1c3 km 2¢3 km RI89]
Observation frequency < 3 days 3 days
Time period (19802010)¢ (20032010) 04/2002¢ 04/2012
Total uncertainty in height registration | <+ 500 m 60c150m
Dependences C latitude, altitude
Lower stratosphere Middle atmosphere
Layer [km] 1015 1520 2025 2530 | 3035 3540 4045 4550
Uncertainty including only random component

User requirement <816% | < 8%

9 Arctic (large natural variability)

1 Mid NH

1 Tropics

1 Mid SH

1 Antarctic

Longterm stability
User requirement < 1-3%per decade
1 Ground network
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5.4.4 Envisat MIPAS IMK/IAA v8

The results in this section were obtained for LVvidlIK/IAA version 8, file versionfar the number density
versus altitude profile representatigflARMOZ ALTalidation results foan earlierprocessowersion (v7)
of the MIPAS IMK/IAA data set can be found in the Appendix of this document.

TheOzone_ccitevel2 CRDP includes MIPAS nominal mode observations acquired at full spectral resolution
between July2002and March2004 (L2processor version8H_03 61) and at reducedpectralresolution
between Januarg005and April2012 (L2 processor versioBR_03261). There is an (altitudelependent)

bias between MIPAS O3 retrievals in both periods, which is dydlidation analysis differentiates each
period.

5.4.4.1 Co-locations / Validation sample

Figureb.9 shows the latitudetime distribution of the ozonesonde, lidar and MWR measuwgata caelocating

with MIPASh1ominal mode measurements for the full spectral resolution period (ZB024) and the reduced
spectral resolution period (2088012). The sampling covers most latitude bands and is homogeneous in
time, except for an interruptiof operations in 2004 and the reduced duty cycle during 22036.

5.4.4.2 Bias and dispersion

The mediarbias and half the 68ointerpercentilerangeof the relative difference between MIPAS INIKA
v8 and GAW/NDACC/SHADOZ ozonesondes, NDACC lidars or NDAC&&BN&wn in the figures below.
Figureb.10details the vertical and meridian dependence of the biasdisgersiomat 5° latitude resolution,
while Figure5.11 and Figure5.12 show the sarme information calculated in 30° latitude zones for both
periods.

MIPAS bias differs considerably for both periods with a sign and magnitude that is attépdadent.
Compared tahe 20052012 data, ozone values during 260Q04 are up to Bslargerbelow 2025km and
up to 5%smallerat higher altitudes. A positive bias48 %relative to groundbased measuremenis seen
for both periods in the middle and upper stratosphetetypically transitions to negative values in the
lowermost stratosphereand aroundthe stratopause. Below the tropopause vertical oscillations%d#nd
more, peak to peak) are noted in the bias profile relative to ozonesonde.

The meridian structure dhe dispersions, ds similar for both periods and follows at first order the meridian
structure of the tropopause. In the middle and upper stratospheredispersiornis about 4at the equator,
andincreases to 80 %at the poles.Dispersionncreasegapidly below 20km, reaching 4®oright above
the tropopause Thedispersionseen in the comparisons is several percent larger than thanés random
uncertainty sxante provided in the MIPAS data files (not shown here). The lattes8i%an the mesophere,
1-2 %in the stratosphere and rapidly increadselow 20km altitudeto 20-30 %in the upper troposphere
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Figureb5.9 - (Left) Latitudetime distribution of calocations between MIPAS IMKA 8 ozone profiles anc
groundbased measurements (GAW/NDACC/SHADOZ ozonesonde, NDACC stratospheric ozone
NDACC microwave radiometer). The colour code indicates the spatial distance of each satellitefgreeoh
pair. (Right) Number of elocated pérs per 5° latitude band for ozonesonde (blue), lidedf and MWR

(orange.
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Figure5.10 - Altitudeclatitude crosssection of the median percent bias (left) and of the hal68spread
(right) between MIPAS IMK\A \8 ozone profile data and the global ozonesonde network, calculated

the 20022004 (top row) and 2002012 (bottom) time perids and in 5° bins. Black lines indicate the mec
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