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EXECUTI VE SUMMARY

The Ozone_ctiproject isthe successor of Ozone ccibd NI 2F 9{! Qa [/ f AYITaeS / Kl
Validation Team (VALT) $xdeveloped a Product Validation PI@AVPtranslating user requirements into
validation requirements, in order to ensure independent and traceable atidid of the Ozone_cei data
products and verification of compliance with the user requiremenihis Product Validation and
Intercomparison Report (PVIRgrsion4.0 reports on the quality of theClimate Research Data Package
(CRDP For each of theEssential Climate Variab{ECY data records provided by the projedhe PVIR
provides users with detailed validation results, with a list of quality indicators enabling the verification of
fitnessfor-purposeof the data for their own application, and with an assessmerthefcompliance of the
CRDP with user requirements established byGlimate Research Group (CR&3ed on theiown research
needsand onmore generic need$ormulatedby international climée research and monitoring bodidike
GCOS
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1 I ntroducti on

1.1 Purpose and scope

The currentOzone_ccitClimate Research Data Packd@&DP)ncludes records of total ozone columns,
nadirbased ozone profilesand limb-based ozone profilesRequirements for thenecessary quality
assessment of the CRDP datasets are detailed inCthene_cci+Product Validation PlafPVP,[RCB])
established by validation teamworking independently of the algorithm development tearBsased a the
PVR the presentProduct Validationand Intercomparison ReporfPMR) provides usersand product
developersof the CRDP witlyeophysicalalidation resultsand with a list ofquality indicatorsenabling the
verification of the fithesdor-purpose ofthe data In particular, the PVIR discusses the compliance of the
individual CRDRlatasetswith user requirements formulated by GCOS and the prél€limate Research
Group (CRG) in a dedicatgdder Requirementsdzument(URD[RD8]). This PVIRill 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 fdlows:
1 Section2 introduces the CRDP dataseisgdressedn thisreport.
1 Section3 describes the ECV validation methodology: Generic principles of the validatiorsproce
study of compliance with user requirements, information content and sensitivity studies, and
confrontation to independent and traceable reference measurements.

1 Sectiond describesvalidation results and conlipnce assessment for the total ozone ECV.

1 Sectio 5 describesvalidation results and compliance assessment for the Haalsed ozone profile
ECV.

1 Section6 describes validation results and complianassessment for the lirlased ozone profile
ECV.

9 Section7 discusses the comparison error budget and compliance criteria.
1 Section8 listsapplicable and reference documents
1 Section9 definesthe applicablgerminology.

For eactEC\Wataproduct,the results arereported as follows:

1 Adescription ofthe referencemeasurementsised for independenECWalidation

1 Adescription of thepreparation of satellite and refereecmeasurements, includinguality control
procedures applied for the selection of the magipropriate datainformation on the uncertainties
associated to themcolocation criteria applied, data manipulations applied to convert data units and
representaton 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.

1 Statementof compliance with user requirements formulated in the profediser Requirement
DocumentRC8].
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2 Cli mate Research CRADPa) Package

The Climate Research Data Package (Ciiejated in the framework of th®zone_cet project 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/ozoneand LeveB produwtsthrough the CGDpen Data Portal
(http://cci.esa.int/data) or at the Copernicus Climate Data Stonéi[fs://cds.climate.copernicus.guThe

data packagés organisedn three families of ozonelata products: Toal ozone data products (TC=Total
Column), Nadir ozone profile data products (NP=Nadir PyafileLimb ozone profile data products (LP=Limb
Profile). All data sets are delivered in M&DFCF format and are compliant with CCI rules. Dzene_cci+
data pioducts validated in this document are listed in the tables beldwull description of theetrieval
algorithmsand retrieval settingsis given in the associateAlgorithm Theoretical BasBocument(ATBD)
[RDA].

2.1 Nadir total ozone column data sets

Table2.1 - Ozone_cet CRDP t@al ozone column data products.

PIEEINE Product ID Sensor Product description |Provider Time coverage VElEELeT
level report
Lifetime (1995
TC L2 GOME  |ERS GOME BIRAASE | 2OLL:dlobal e oo
coverage lost
after June 2003
Envisat Lifetime .
TC_L2_SCIA SCIAMACHY BIRAIASB (20022012) Sectiond.2
TC_L2_ GOME2A ZSSEZA BIRAIASB L'Tet'mgom Sectiord.2
Harmorized GODFI (since 2007)
MetOp-B multi-sensor Lifetime .
TC L2 GOME2B BIRAIASB . Sectiord.2
Level 2 - GOME2 prototype level 2 (since 2013)
data ifeti
TC_L2_OMI Aura OMI BIRMNASE |-ifeime Sectiord.2
_Le_ (since 2004)
TC L2 OMPS  |SNPP OMPS BIRAASE |-ifetime Sectiord.2
- - (since 2004
TCL2 TROPOMI |S5P TROPOMI BIRAASE |-fetime Sectiord.2
(since 2Q8)
MetOp-C Lifetime .
TC_L2_GOME2 GOME> BIRAIASB (since 209) Sectiord.2
GOME, SCIAMACH
GOME2AB and OM
Level 3 TC_L3_MR&ka. Combined merged prototype |[DLR 19952019 Sectiord.3
GTGECV :
level 3 harmonized
data
4 05/2015¢ .
Level 2 IASI MetOpA FORILD03 v20191124ULB 12/2020 Sectiord.4
) 05/2015¢ .
Level 2 IASI MetOBB FORIL03 v20191124ULB 12/2020 Sectiord.4
Level 2 IASI MetOgC FORIL-03 v20191124ULB ggggggc Sectiord.4
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el Product ID Sensor Product description |Provider Time coverage Vellelier
level report

TM3DAM v3.3
assimilated product,
with data from
GOME, SCIAMACH
OMI, GOMRA/B,
BUVNimbus4,
TOMSNimbus7,
TOMSEP and SBU
7,-9,-11,-14,-16,-
17,-18,-19

Level4 |MSR Combined KNMI 19702020 Sectiord.5
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2.2 Nadir ozone profile data sets

Table2.2 - Ozone_cci€RDP nadbzone profile data products.

Product
level

Product ID

Sensor

Product description

Provider

Time
coverage

Validation
report

Level 2

NP_L2_GOME

ER& GOME

CCl algorithm version
RAL3.01with profiles
on fixed pessure
levels from SPARC D

RAL

19962011

Sections.3

NP_L2_SCIA

Envisat SCIAMACH

CCl algorithm RAL 3.
with profiles on fixed
pressure levels from
SPARC DI

RAL

20022012

Sections.3

NP_L2_GOME2A

Metop-A GOME2

CCl algorithm RAL 3.
and 3.02with profiles
on fixed pessure
levels from SPARC D

RAL

20072021

Sectiornb.3

NP_L2_GOME2B

Metop-BGOME2

CCl algorithm RAL 3.
and 3.05with profiles
on fixed pessure
levels from SPARC D

RAL

20142021

Sectionb.3

NP_L2_GOME2C

Metop-CGOME2

CCl algorithm RAL 3.
with profiles on fixed
pressure levelgdém
SPARC DI

RAL

2020-2021

Sectiornb.3

NP_L2_OMI

Aura OMI

CCl algorithm RAL 2.
with profiles on fixed
pressure levels from
SPARC DI

RAL

20042021

Sectiornb.3

NP L2_TROPOMI

Sentinel5p
TROPOMI

TBD

RAL

TBD

NP_L2_GOMH2SI

Metop-A/B/C
GOMR2 and IASI

TBD

RAL

TBD

NP_L2_IASIA

Metop-A IASI

FORLI 201510@hd
20191122algorithm
on fixed altitude levels

ULB
LATMOS

20082021

Sectiornb.3

NP_L2_IASIB

Metop-B IASI

FORLI 201510Gihd
20191122algorithm
on fixed altitude levels

ULB
LATMOS

20132021

Sections.3

NP_L2_IASIC

Metop-C IASI

FORLI 201510@hd
20191122algorithm
onfixed altitude levels

ULB
LATMOS

20192021

Sectiornb.3

Level3

NP_GOMECV

TBD

TBD

DLR

19962020
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2.3 Limb ozone profile data sets

Table2.3 - Ozone_cci€RDP limbzone profile data products.

Product level |Product ID Sensor Produ.ct' Provider Ulaies VElRRIET
descrlptlon coverage report
LP_L2_GOMOS Envisat GOMOS FMI Section6.4.2
LP_L2 GBL |Envisat GOMOS FMI Section6.4.3
LP_L2 MIPAS |Envisat MIPAS IMK/IAA gicgm 6.44
LP L2 SCIA g?:\llfnaAtCHY U Bremen Section6.4.6
LP_L2 OSIRIS | Odin OSIRIS U Saskatchewan Section6.4.7
Individual profiles -
LP_L2 ACE |SciSat ACE FTs|Of 0zone mole | Toronto Sectiors 6.4.8
concentrations 6.4.9
Oona common . P
HARMonized |LP_L2_OMPS |SuomiNPP | yessureor | U Saskatchewan) Entire g‘ﬂimﬁmo
dataset of geometric g];f:on, —
OZone profiles |p_|» SAGE |ERBS SAGE | altitude grid, and | NASALaRC, Section6.4.12
(HARMOZ) | ~— ~ auxiliary U Bremen Scrle.e”ec' for B
. . outliers
information to .
Level 2 LP_L2_HALOE | UARS HALOE | convert to UABSr:';nzF:]C' g'"ered Sectior6.4.13
volume mixing ata)
LP_L2 SABER |TIMED SABER | ratio and/or NASALaRC, Section6.4.14
geometric U Bremen
altitude/pressure
LP_L2 MLS |Aura MLS LNJABSr'Q]nF;Ln’ Section6.4.15
LP_L2 _POAMI |SPO® POAM III BABSr:r'nen Section6.4.16
LP_L2_SAGE |Meteor-3M SAGI NASALaRC, .
/M3M I U Bremen Section6.4.17
LP_L2_SAGE NASALaRC, .
niss ISS SAGE llI U Bremen Section6.4.18
LP_L3 GOMOS Envisat GOMOS
LP_L3_MIPAS |Envisat NPAS
Envisat
LP_L3 SCIA
- SCIAMACHY | Monthly zonal
LP_L3 OSIRIS |Odin OSIRIS | means for each
- individual Entire
Level 3 LP_L3 ACE SciSat ACE FTS|instrument, on | FMI mission Sectiont.5.2
LP_L3_OMPS |SNPP OMPS né?gvef vertical
grid o
LP_L3 HALOE |UARS HALOE
LP_L3_SABER | TIMED SABER
LP_L3 MLS Aura MLS
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Product level | Product ID Sensor Produ.ct- Provider Ul Vel
description coverage |report
P L3 SAGH, OSIRIS,
MERGED GOMOS, MIPAS Monthly mean
SAGE CCl SCIAMACHY, |anomaly in 10 19842020
- = ACH-TS, OMRS| latitude zones

OMPS

LP

q

OSIRIS, GOMOS Monthly mean
LP_L3 MIPAS, anomaly in10°
MEGRIDOP | SCAMACKHY |\ itide x 20 20012020

Aura MLS, OMP}
LP

longitude cells
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3 ECV Val iMeathioadm | ogy

3.1 General principles of the validation process

The Ozone_ctiProduct Validation PlafRD8] describes the validation protocol applied in this assessment.
The prime objective of the Ozone_ecproject is the production of ECV data products responding to the
needs of the climate research communitgpresented by th&@zone_cci€limate research Group (CRG) and
the CCI Climate Modelling User Group (CMUWE&ry ECVdata set produced by the project needs to be
validated against the official user requiremeffitsmulatedin the Ozone_ccitJser Requirement Document
(URD [RDB]). In the followingsection,we summarize the user requiremenapplicable to the present
validation study The translation otheseuser requirements into validation requirements is described in the
Ozone_cei Product Validation PlarP{/R [R8]). ThegeophysicaValidation ofECV data products delivered
in the CRDReliesprimarilyon comparisons witlgroundbasedreference measurement3hese comparisons
arereported in Sectiond to 6. The reference mesurements used in this study are summarised in Section
3.5. In preparation of the comparisonthe data setsmust undergo a suitefalata manipulations, including
data filtering basedn, e.g, quality flags, hamonisation of coordinate systems and of units, reduction of
differences in vertical and horizontal smoothjrgglection of cdocations meeting appropriate critefka
These operations depend on the ECV data product and associated retligpathms;therefore they are
described in therespective sections reporting the comparison®rior to the data comparisonghe
characterisation of the information content of the data prodsiahdtheir sensitivity to the real atmosphere
may be requiredThis idefinitely the case form 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 (URD v3.1)

TheOzone_ccitJser Requirement Document (URBIB] defines climate user requirements based on the
ozone requirements of the Global Climate Observing Syste®®x@he CCI Climate Modelling User Group
(CMUG]RDp], the Integrated Globahtmospheric Chemistry Observation them&AQACO) of the Integrated
Global Observing Strategy (IGQBRDY], and the WMO observational requiremenfR®D]. They are
summarised hereafter. These URD requirements were translated into validation requirements in the Product
Validation Plan (PVIFRCB] established by th&®zone_cciWalidation Team (MA).

The firstcategory of user requirements address#assical error bars. In the case of total ozone column TOC
(expressed in DU) the error will be given as a delta tdtaPoy’ S @ £ dzS ukuglly &qpal tdfew h / 0 =
percent,such that TO@1 ¢ h/ NXB LiyBnieiob&0éconfidence intervalt KA & + ¢ h/ @I f dzS
systematic term and a random term, corresponding to classical bias and predisistafdard deviatiao or
equivalent) estimates. Validation is expected to verify #teuracy okex-ante estimatesof the systematic

bias and precisionprovided by the ECV retrieval teanibhis verification musfturther ensure that these

guality indicators, which usualixarywith several parametersf the measurement and the retrievakmain

within the acceptable range defined 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%gnd both representing aymmetric68 % confidence intervahssessment of the error
bar on altitudefor nadir ozone profile data requiresnalysis of information gaent (e.g., calculation of
centroids and BackuSilbert spread of the vertical averaging kerng¢lRD25]). Detailswill be addressed in
dedicated sections.
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The second category of user requirements addre¢Bdbe tempaal and spatial domains over which, and
(i) the associated temporal and spatial resolutions at whilgtta quality must meethe first category of user
requirements:

1 Temporaldomain and sampling:ontinuous coverageith 3 days obbservation frequencgver the
decadal range and beyond, withaximum uncertainty orinterannual variabilityannual cycleand
shorter term variabilityranging from 23% for total ozone data up to 20% for tropospheric ozone
data.

Temporal stability: Lorterm stability of 1%3%/decade to allow trend detection.
Geographicatlomain global, regional, latitudéeight monthly mean crossections.

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

Vertical range and sensitivityequirementsreflect the verical structure of ozone changasamely
total ozone column (TOC), and ozanehe lower troposphere (LT), upper troposphere (UT), lower
stratosphere (LS), upper stratosphere and mesosphere (USM)

9 Vertical resolutiondepending on the ECV.

=a =4 -4 -9

Other wser requrements fallrather into categoriesf product specifications

1 Level of the ECV data set:iffe homogenizedevel2 time series for process evaluations on time
scales spanning from hours/days to months/years, and homogenized-imsttiiment longterm
data sets for ozonelimate interactions (Leveé and Level).

1 Continuity of user requirements between data levels, e.g., aggregated-semsior LeveB products
should retain Leve? requirements as much as possible. At least, L&ymioducts should ot be
homogenized/degraded to the instrument with the lowest accuracy over the targeted time period.

1 Requirementsfor ancillary datacloud information per pixel (including cloud fraction, cloud height,
cloud albedo) and surface information per pixel (aag 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 as dataset content study
Compliance with requirements on spatial resolution and spatial sampling need visualisation of the data and
analysis of information content (e.g., calculation of centroids and BaGKbert spread and use of cress
correlation techniques). Compliance with more specific requiremeptgecially requirements peculiar to
Level3/4 data products, e.g. in terms of actual geographical coverage and of pgokzione
representativeness, may need the use of statistical methods based oalgtaddel results. In addition to
validation studies and quality checks performed by the validation teams (VAL Dyahne ECV producers
(EOSTSs), user feedbacks provide valuable input for the assessment of effective usability of the data product.
The latter quality checks are reported in another document, the Climate Assessment Repor{ RCAR)

Hereafter we reproduce the user requirements as describetdahbles 5 to 10 o¥ersion3.1 of the URD
against whichDzore_cci+EC\Wataproducts have to be&erified and/orvalidated. For each EGheé tablesin
this documentdisplayspecificrequirementson the data, its characteristicand its errorgTable3.1, Table
3.3 andTable3.5), andrequirements on the datformat and associated metadafdable3.2, Table3.4 and
Table3.6).
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3.2.1 Total ozone data product requirements

Table3.1 - Productrequirements for total ozone column data. Achievable and future target requirements are

gvSy > &S Ll adaSdRfrom &RD¥3.1,2021).
. - . Geographical Zone

Quantity Driving Research topic Tropics Mid-latitudes | Polar region

Global torizontal | Evolution of the ozone layéradiative 20¢ 100 km | 20¢ 20c¢

resolution forcing) Seasonal cycle and interannu 50/100 km 50/100 km
variability; Shortterm variability

Observation Evolution of the ozone layer (radiative | Dailyg Dailyq Daily¢

frequency forcing); Seasonal cycle and interannuy weekly weekly weekly
variability; shortterm variability*

Time period BEvolution 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 cyclend interannual 3% (10 DU) | 3% (10 DU) | 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 ozdjaelaptedfrom URD/3.1, 2021)

Data feature

Requirement

Data format

Net-CDARLR0]

Data conventions

CF

Data units

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

Error

Total area

Error characteristics (optional)

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

- contribution ofestimated spectroscopic uncertainty

Averaging kernels

Yes for Levek

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 data product requirements

Table3.3 - Product requirements for nadinased ozone profile Climate Data Records (CDRs). The ozone profile
requirements are for ozone products in terms of (parialumn mean) mixing ratios. The troposptt 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. A&i@l 6t S | yR FdzidzNE GF NBSUG NRYWHAZANSY SHANAE & NySdz
future target. Note: requirements have been updateddmnone_cciH{adaptedfrom URDv3.1, 2021)

Height range

Quantity Driving Research topic Troposphere UTILS Middle

Atmosphere
Horizontal Regional differences in 20¢ 200 km 20¢ 200 km 200¢ 400 km
resolution evolution of the ozone layer

and tropospheric ozone
burden (radiative forcing);
Seasonal cycle and
interannual variability;
Shortterm variability*
Vertical Height dependence of 6 kmg 6 kmg partial 6 kmg partial
resolution evolution of the ozone layer tropospheric column column

and the tropospheric ozone| column
burden (radiative forcing);
Seasonal cycle and
interannual variability;
Shortterm variability*
Observation Evolution of the ozone laye| Dailyc weekly Dailyc weekly Dailyc weekly
frequency and the tropospheric ozone
burden (radiative forcing);
Seasonal cycle and
interannual variability;
Shortterm variability*

Time period Evolution of the oane layer | (19862010)¢ (19862010)¢ (198062010)¢
and tropospheric ozone (19962010) (19962010) (19962010)
burden (radiative forcing)

Accuracy Evolution of the ozone layel 8% 8% 8%

and tropospheric ozone
burden (radiative forcing)

Accuracy Seasonatycle and 16% 16% (<20 km) | 8%
interannual variability; 8% (> 20 km)
Shortterm variability*
Stability Evolution of the ozone layel 1¢ 3% / decade | 1¢3% /decade | 1¢ 3% / decade

and tropospheric ozone
burden (radiative forcing);
trends

* Shortterm vaitability includes: Exchange of air masses, streamers, regime studies
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Table3.4 - Data requirements for nadipased ozone profile Climate Data Recqattaptedfrom URDv3.1, 2021)

Data feature Requirement

Data format Net-CDF

Data conventions CF

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

column and/or with ceocated temperature 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 for optimal accuracy (not too few for
information content, not too many by degrading the
accuracy per layer)

Averaging kernels ihaded ?

Yes, per pixel

Full covariance matrix included ?

Yes, per pixel

A priori data included ?

Yes, per pixel

Flags

Quality per pixel (good, bad, uncertain); Pixel type;
Snowl/ice; Sun glint; Solar Eclipse; SeAtlantic
Anomaly

Visualisations

Basidorowsable archive visualisation (profile cross
section per orbit; monthly maps at standard pressu
levels; local/latitudinal time series of monthly mean
at standard pressure levels)
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3.2.3 Limb ozone profile data product requirements

Table3.5 - Product requirements for limibased ozone profile Climate Data Records (CDRs). The ozone profile
requirements are for ozone products in terms of (parialumn mean) mixing ratios. The lower stratosphere (LS)
extends fron the tropopause (defined as ozone > 150 ppbv) to about 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

IAPSYy S aSEPaANIKCR TorMRuturéedadrRl. @daddifom URDY3.1, 2021)

. - . Height Range
Quantity Driving Research topic 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 irterannual 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
Obsenation Seasonal cycle and interannual Dailyc weekly Dailyc weekly
frequency variability; shortterm variability
Time period Evolution of the ozone layer (19802010)¢ (19802010)¢
(radiative forcing) (20032010) (20032010)
Uncertaintyin | Evolution of the ozone layer +500 m 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% (>2km)
Stability Evolution of the ozone 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
URDv3.1)

Data feature Requirement

Data format Net-CDHRI2O]

Data conventions CF

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

Error characteristics Total accuracy and its subdivision per 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 included ? Yes, per profile

A priori data included ? Yes, per profile

Flags Quality per profile per layer (good, bad, unizén); Cloud
contamimation; Solar Eclipse; Sou#itlanticanomaly

Visualisation Basic browsable archive visualisation (profile cross section per (

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

3.3 Information content and sensitivity

I 1S@& aLsSoud Ay GKS @GIfARFGAZ2Y 2F dzaaloAfAde 60GKS
characterisation of the information content of the data product. The retrieval of geoghlyguantities from

remote sounding measurements usually uses a set of a priori constraintsinetlge form of an assumed

range of atmospheric profile shape around a first guess. Such constraints mix somehow in the retrieved
guantities with the informaibn really contributed by the measuremefRD73]. 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 sigral-to-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 inaelgeat reference data sets, especially during
events not considered in the climatology, (2) the study of deviations of the retrieved product from the a priori
constraints, and (3) sensitivity analysis of the retrieval, e.g. based on a study of the assavmteging
kernels and their eigenvectofBD73, R[®9, RD16]. E.g., plotting as a function of altitude them 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 information content of the reference
measurement itself should be knm 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 another model, or that are constrained by a priori boundary conaiitioThey 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, producing in the system a zero information zone similar
to the dead land 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 higher
level data products generated by data merging and emse 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 final version. For complex processing chains internatidgaatlards 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 validation of intermediate data products is highly desoable t
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 is one of many verification
activities intended to confirm thasoftware development output meets its input requirements. Other
verification activities include various static and dynamic analyses, code and document inspections,
walkthroughs, and other technigues. Most of these verification activities have been pedadosnthe EOSTs
developing and producing the data products, and are reported in the associated Algorithm Theoretical Basis
Documents (ATBDERDA].

3.5 Confrontation with independent reference measurements

The performane of calibration procedures, retrieval algorithms ashata merging systems, and the quality
of the resulting ECV producis primarily assessedby comparison wittiraceablereference measurements
supposed to provide thé (i Natm$oéphericstate. A key aspet is theappropriateselection 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 mst exist

to ensuretheir quality control on the long term, as it is the caseg, within international grounebased
networkswhere data acquisition and QA/QC are regulated by protocols

Groundbasedreference measurementsf the total column and vertial distribution ofatmosphericozone
areLISNF2NXSR o0& ySGg2Nla 2F AyadaNdHzySyda O2 yRONJ 6 dzi Ay
In the Ozone_ctiproject, ground-baseddata sets suitable for the \idation 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
Compositbn Change (NDACC). Details including datpuisition protocols, datguality estimates and data
access conditions, are available on the web portals of the data archivés://{(voudc.org and
http://ndacc.oro, respectively) and summarised in the Data Access Requirement Document (BS&D)
Additionally, satellite data sets of documented quality are also used to extend gimasetl validation

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

3.5.1 Total ozone column validation data sources

As described in DARRDG], the following measurement dataets are used hereafter as reference for
validation studies and/or for crossomparison studies of the total ozone column data products:
1 Groundbased total ozone column(TOC)measurements by Dobson and Brewer ultraviolet
spectrophotometers
1 Groundbasedtotal ozone column measurements by &Wigible DOAS spectrometers.

3.5.1.1 Brewer and Dobson measurements

The grounebased measurements database used for this validation report consists of archived Brewer and
Dobson total ozone data that are downloaded from the W@lkbne and Ultraviolet Radiation Data Centre
(http://www.woudc.org). WOUDC is one of the World Data Centers which are part of the Global Atmosphere
Watch (GAW) program of the World Meteorological Organization (WMO}x€eTthata are quality controlled,

first by each station before submission and secondly by WOUDC. Brewer and Dobson ultraviolet
spectrophotometers rely on the method of differential absorption in the Huggins band where ozone exhibits
strong absorption featurgin the ultraviolet part of the solar spectrum. This technique has been described in
detail by the main reference papeR[P9] and references therein.
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The Dobson spectrophotometer measures TOC values withah watertainty of 2%3% for solar zenith

angles smaller than 75°. Since the International Geophysical Year in 1957, Dobson instruments have been
deployed in a worldwide networlEigure3.1 displays the geographicdilstribution of Dobson stations used

in this study.lt 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 of
+0.9% inthe middle latitudes and £1.7% in the Arctic, and for systematic errors of up to 4% (Bernhard et al.,
2005, R27]). For thepurposes of this work, the Dobson groubhdsed measurements that will be used for

the total ozone validation are postorrected following the methodology described below.

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 abundesndetermined from a combination 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 distributiofBrewer 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 providing data to the WOUDC repository
are operatedat 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 uncertainty on total ozone Direct Sun (DS) measurentsnt wellmaintained Brewer instrument is
about 1% (e.g.RD49]). When Brewer spectrophotometers are regularly calibrated and maintained, the DS
TOC records can potentially maintain a precision of 1% ove#tlovaintervals R®4].

Despite similar performance, small differences within £0.6% on an average are introduced between the
Brewer and Dobson data because of the use of different wavelengths and differeperature dependence

for the ozone absorption coefficientR[82]. The seasonal cycle in atmospheric temperature results in a
seasonal variation of the Dobson ozone data, where the contribution of theragsic offset is less than 1%
[REB9]. Dobson and Brewer instruments might also suffer from g drift associated with calibration
changes. Additional problems arise at solar elevations lower tharfdiSihich diffuse and direct radiation
contributions can be of the same order of magnitude. Therefore, we limit the use of measurements by
Dobson and Brewer ultraviolet spectrophotometers, to data acquired up to 80° SZA for BrewdisahiK
MK-IV (double monochromators), and up to 705° of SZA for Dobsons and other Brewers (single
monochromators).

DOBSON STATIONS
0 45 90 135

— ‘ eves
-135 90 -45 0 45 90 135

Figure3.1 - Geographical distribution of Dobson network stations used in this study, cotmed per latitide
band; 9060°S in black, 680°S in purple, 30°80 in cyan, 8B0° N in green, 360° N in red and 600° N in blue.
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BREWER STATIONS
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Figure3.2 - Geographical distribution of Brewer network stations used in this stadipurcoded per latitude
band; 330° in green, 3®0° in red and 6®@0° in blue.

Dobson total ozone column correction for the effective temperature dependence

To account for the Dobson total ozone columns dependence on effective temperéterenethodobgy
introduced by Komhyr et al. (1993RI[b1] was applied to all Dobson datasets, using the Effective
Temperature that is provided by the European Centre for MedRemge Weather Forecasts (ECMWF,
hitps://www.ecmwf.int). The station overpass files are available by the Tropospheric Emission Monitoring
Internet Service (TEMIBiips://www.temis.nl/climate/efftemp/overpass.php

The postprocessing methodology, thoroughly describedkmukouli et al. (2016 R3], uses the following
formula to calculate the new total ozone values (in DU).:

0 0 p TEITPY C & (3.1)

where:
T Os sandardiS the retrieved total ozone column corresponding to the Dobson reference effective
temperature ¢46.3 °C)
1 226.7 is the Dobson reference effective temperature expressed in Kelvin and
1 Texis the effective temperature frolECMWF

Figure3.3 shows the effect of the correction on the Hohenpeissenberg station dataset, as an example. In both
panels the percentage difference of the corrected TOCs with respect to the initial TOCs islaitheipper

panel, the seasonal dependence of the differences is depicted, while in the bottom panel the temporal
evolution of the differences are shown. As it results from both figures, the effective temperature correction
resultes to higher TOCs byat 1% during winter months and lower TOCs by ~0.8% during summer months
with respect to norcorrected measurements, leading to a pdakpeak difference between the two
datasets of ~1.8%. The effect of the correction on the validation results of the OMIId&ta, retrieved by

the GODFIT v4 algorithm, is showrrigure3.4. TheHohenpeissenber®obson spectrophotometer and the

OMI overpass data are compared and shown in the form of the-teres of their percen@ge differences.

The right panel shows their comparisons when the-oorrected Dobson data are used as reference, while

the left panel uses the effective temperature corrected grodrased measurements as the groutrdth.

The statistics, in terms of meanlative bias and seasonality are summarizedable3.7. The decreasan

the seasonal dependence of the differences is about P86érefore, the effective temperature corrected
520a2y ¢h/ YSI &dzNBorSy @O yRy SRKF aF aBdzNBav gAft 0685
with the Brewer TOC observations, as a reference for the validation of Level 2 satellite total ozone products.
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Figure 3.3 - The timeseries (bottom panel) and the seasonal dependency (upper panel) of the percentage
differences between the effective temperature corrected TOCs with respect to the initial TOCs retrieved by the

Hohenpeissenberg Dobson spectrophotometer.
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Figure3.4 - The percentage differences time series of thel@mated Hohenpeissenber@obson measurements
and the OMI overpass data. Right panel: the 4gorrected Dobson data are used as reference; left panel: the
effective temperature corrected grountlased measurements are used.

Table3.7 - The statistics of the Hohenpeissenberg Dobson measurements comparison to the OMI TOCs, before
and after the effective temperature corcdion of the grounebased observations

Temperature corrected
+1.8+1.2%
~2.5%

No temperature correction
+2.2+1.6%
~45%

Mean bias + st. dev:
Seasonality (peato-peak):
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3.5.1.2 UV-visible DOAS measurements

Based on the differential optical absoipt spectroscopy technique (DOAS), SAOZ is a zenith sKisibe
spectrometer measuring{and NQtotal columns at twilight. This instrument was developed by Pommereau
and Goutail RDy2] after discovey of the ozone hole, to enable measurements efa®d NQ yearround in

polar areas even during wintertime, when too low Sun elevations prevent direct Sun measurements of the
Brewer and Dobson types. Since then, about 35vidWle DOAS instruments havedn deployed at all
latitudes within the Network for the Detection of Atmospheric Composition Change (NDRiG@E3.5
displays the geographical distribution of the Migible instruments used in this study. Timeasurements

are acquired at sunrise and sunset between-86° Solar Zenith Angle (SZA), when sensitivity to weak
stratospheric absorbers is the highest. The total ozone column is retrieved in the visible Chappuis band.
Several characteristics of the zdmnisky twilight DOAS technique add to are the Brewer and Dobson
techniques by ensuring yeaound measurement capabilities at high latitudes and by being affected by
different source of errors: i) the setlibration provided by the differential absorpticrosssections used

in the DOAS analyses, thus offering -sédibility properties, identical for all instruments, ii) the negligible
temperature dependence of the ozone differential absorption cresstions in the visible Chappuis band
[REB2], iii) the same 8691° SZA range used at all latitudes and seasons, thus the independency on SZA, and
iv) the weak perturbation of the measurement by clouds below the mean scattering layer of sunlight at
twilight (about 1014 km), except when multiple scattering and consequently light path enhancements occur
within thick thunderstorms, dense haze and compact rain/snow showers, whose data are rejected after
detection of water vapour and £bxygen dimer enhancemésn The current retrieval algorithm version 2
applies the recommendations of the NDACCGWSWorking GrougRD42]. With these settings, the largest
source of error in the retrieval comes from the Air Mass Fa¢fdvIF) used for converting ozone slant
columns into vertical columns, calculated with a radiative transfer code run on the zonal mean profile
climatology developed for the TOMSv8 algorithm. Overall, the random uncertainty on the individual total
ozone AMHs estimated to 4.7%, which, combined with systematic errors, results in total uncertainty on
ozone retrievals to 5.9%RP42]. When Dobson data are corrected for their temperature dependence, the
average diffetBy OS G6AGK RIFAf & {1 h¥% {20l f% &ith thg SobsGr2at OFPY &
(Southern France) and 1.9+3.2% with the Brewer in Sodankyla (Finland).

r
L .

R EEEEENEERRE

Figure3.5 - Geographical distribution of NDAGG-visible DOAS spectrometers used in this staaytop of the
GOME global ozone field of October 15, 2010 (source Environment Canada).
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3.5.2 Nadir ozone profile validation data sources

As described in DARRD®], the followng 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.
1 Groundbased ozone mfile measurements by stratospheric ozone lidars.
1 Optionally(not done here)where appropriate, satellite measurements of stratospheric ozone profile
at higher vertical resolutionontributing to the limb CRDP, and aBBBS SAGEUARS HALOE and
EOSAura MLS.

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 10@ 150 meter vertical resolution from 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
necessary to geolocate each measurement or to convert the ozoneapaméessure to other units.
Normalisation factors, if provided, are not appli&ifferent 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 soluon. Laboratory tests and field campaigns indicate that between the tropopause and about 28
km altitude all sonde types produce consistent results when the standard operating procedures are followed
[RDY9]. The bias is smaller than £5 % and the precissoabout3 %. Above 28 km the bias increases for all
sonde types. Below the tropopause, due to lower ozone concentrations, the predsjpadesslightlyfrom

310 5 %, depending on the sonde type. The trggesic bias also becomes larger, between 15 to £7 %. Other
factors besides ozonesonde type influence the data quality as well. A detailed overview can be found in
[RDr9]. The presentwork relies onthe ozonesnde dataarchived bythe Network for the Detection of
Atmospheric Composition Change (NDACS)uthern Hemisphere Additional Ozonesonde network
(SHADOZRDB4],[RDB5)F YR 2 ah Q& Df 206 f (GAW)TagathdKtiSebidired datalsauOds

cover 82.5° N to 90.0° S and provide soundings at least once a week at many participating Statoms
contributing to the present study are highlightedrigure3.6.

GOME Total 03
09/1998

ou
350

300

250

200

150

100

GOP 3.0
| IASB/DLR/ESA

Figure3.6 - Geographical distribution of grourshsed NDACC lidar and GAW ozonesonde stations having archived
regularly ozone profile data to the NDACC PHHRADOZ archivand/or the WOUDC during the Esat era
displayed on top of a total 0ozone map typical of September
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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 ozorsogition crosssection. The backscattered signal

is integrated over a few hours to retrieve the vertical distribution of ozfRES7]. A stratospheric ozone

lidar system emits beams at 308 nm and 353 to 355 nmghwvitiakes it sensitive from the tropopause 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 ptiple sel
calibrating since 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 theality of the measurements. Unreliable measurements can be discarded
based on the reported precision, which were shown to be realiBi20]. The bias and precision are about

+2 % between 20 to 35 km, increastogt5 to £10 % outside this altitude range where the sigaatoise

ratio is smallefRDB45]. The consistency between sizonelidars in the NDACC network was recently studied
using various satellite data sgR069]. This studyconcluded that the different lidar records agree within £5

% of the spacéased observations over the range of 20 to 40 Krata from all stratospheric ozone lidars
that have been operational irne NDACC network since the beginning of the 1990s and cover year 2008 are
considered. The network covers 80.0° Nto 67° S, but most sites are located in the northern hemisghaere.
stations contributing to the present study are highlightedrigure3.6.

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:
Groundbased ozone profile measurements by ballebarne electrochemicabzonesondes.
Groundbased ozone profile measurements by stratospheric ozone lidars.
Groundbased ozone profile measurements tgone microwave radiometers
Optionally (not done here),asellite measurements of stratospheric ozone profile by ERBS -BAGE
UARS HALOE and E&u$a MLS.
1 Optionally(not donehere), satellite ozone profile measurements at lowerticalresolutionbut with

global coverageyy the series of SBUV/2 on NOAAL1/14/16/17/18 operational polar satellites and

by EOS\ura OMI.

=a =4 -4 -9

3.5.3.1 Ozonesonde measurements

Details of the ozonesonde measurement technique, 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 (MWREcord the emission of a thermally excited rotational transition at 110 or
142 GHz Observations are integrated over4lhours and they are carried out continuously during day and
night, irrespective of cloud conditions or aerosol log@rtical profilesof ozoneVMR are retrieved on fixed
pressure levels between 226 and 7&kmfrom the pressure broadening of thietegratedline spectraOzone
VMRcan beconverted aposteriori into number density using meteorological (re)analyses of pressure and
temperature. The ptal uncertainty of ozone retrievals is estimated at less thari3% between 250km

and increases to 25% at the profile top and bottdivhen compared to ozonesonde and lidar the vertical
resolution of MWR is much poorer, abd#10km in the stratosphereaup to 15 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
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profile datauploaded to NDACC data host facilityseyeraktations:in Bern (47.0°N, 7.4°E), Payerne (46.8°N,
7.0°E), Mauna Loa (19.5°N, 155.6°W) and Lauder (45.0°S, 169.7°W)

3.5.4 Error budget of the comparison of atmospheric data

A major objective of quantitative conapisons 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 estimateslowever,in fact the systematic and random dispencies between the
validated data set and the validation data set combine uncertainties associated with each individual system,
plus uncertainties associated with the selection of data and the methodology of compdfim9].
Discrepancies include the effect of the following comparison uncertainties:

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

(2) Comparison uncertainties associated with the difference in smoothing of atmospheric variability and
structures: e.g., ballocbhased in situ measament at about 150n vertical 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 thensefecti
data sets to be compared, and by considering that a multivariate analysis of the comparison results taking
into account the specifics of the data being compared (modelling data or remote sensing data, atmospheric
variability and gradients etc.) mighite required and preferred over entirely statistical approaches. For
traceability purposes it is essential to document for each validation exercise the selection method applied to
the data sets (temporal and spatial-mxation criteria, how differences wrertical 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 fallg Ipaythnd the scope

of the Ozone_cci+ project. In Sectidna first proofof-concept is elaborated in which the agreement
between satellite (S5P) and groubdsed reference measurements of the total column of ozone is quantified

in terms of their combined eante error budgets. While agreement within the-aste uncertainties is found

for this particular case, this can not be assumed to hold also for products where the comparison method is
more complex and introduces significadditional error sources, e.g. in the case of vertical profiles derived
from nadir measurements. 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 @stenconclusions on the
guality of the compared data product. With this disclaimer an awareness is transmitted to the reader of
Ozone_cci+ Validation Reports for proper use of the validation results and, if fine, of the CCIl ozone CRDP.
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4 Val i dafi 0d0zxtahe Data Product s

4.1 Scope and generalities

The Ozone_cci+ CRDP total ozone datasets intlesid2 data records acquired by ER$&SOME, Envisat
SCIAMACHY, Aura OMI, GGM#etop-A, MetopB and MetopC, and TROPOMI/S5P as well ad #neet3

merged data poduct built upon those seven individual datasets. SNPP OMPS is also processed with the
GODFIT v4 algorithm and validated here. Within Ozone_cci+, TROPOMI/S5P an@/Mébj=C are
recently introduced for the extension of the CRDP datasets, therefore,\thkilation results are separately
shown inSections4.2.1and4.2.2 Additionallythe IASI MetogA, MetopB and MetopClLevel2 total ozone
products retrieved by the FORDB v20191122 processiadgorithm, are also validated.

Therefore, this section starts with the detailed validation results ofl#neel2 data sets (Sectiork2 and
4.4), analysed using the same methodology and it cam#with the validation of theevet3 merged dataset
(Section4.3). While the objectives of theevel2 validation are classical (determination of the systematic
bias, dependences on SZA and clouds, etc.), the purpose aEWe¢3 validation study is to demonstrate
that compared to the traditionalevel2 validation results, no spurious features appear, or no new features
in general. Finally, the validation of the MSR dataset is presented (Sdcfon

To prepare the grountbased data set, we have investigated the quality of the total ozone values of each
station and instrument that deposited data at WOUDC and NDACC after 1995. The selection methodology
and associated criteria have been discusisedetail in R(b7, R(26, R(68, RDI1 and RD12]. We ofer here

a brief summary for completeness. For each grehaded station a series of statistics and plots are
LISNF2NYSRP 51 Afteé O2AYyOARSyOSa 2F (GKS &l GSttAGS LI
radius (10 km for TROPOMI/S5P) of ¢ineund 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
and satellite TOC is used as the comparative tool for the validation. Tietistaare then typically performed

on a zonal average, on a hemispheric average and on a global average, always keeping the two types of
groundbased instruments separate and using only direct sun observations, as they are deemed to be the
most reliable.

The MSR.evel4 data set is created in as2ep process, in which the satellite data sets are bias corrected
before being assimilated. This bias correction relies on a comparison to Brewer and Dobson data, and as such
these groundbased measurements cam honger serve as independent reference data. For that reason, the
validation is done solely with the NDACC-RSIAS data. Further particulars about filtering;l@cation and
averaging are described in Sectibb.

4.2 Level-2 total ozone retrieved with GODFIT v4

TheLevel2 validation results summarised hereafme an update of the Ozone_€&ODFIT4/satellite TOCs
validation work, which has been presented in Garane et al. (20RBg. Except for the extended (w.r.t.
RIB8) data sets of GOME2A, GOME2B and OMI, new sensors are added for the purposes of this report
according to the Ozone_cci+ validation plan. In the following sections, the validation réSUR®EOMI/S5P
and GOME:MetopC are also presented, sindge two sensors are integrated in the GEQV dataseit
should be noted that the TROPOMI/S5P TOC retrieval is performed using thal@afifthm RDr5], which
relies on GODFIT v4 algorithifihe previous version of the GODFIT algorithm is descmlbgd in the
Ozone_cclGODFIT véetrieval algorithmpaper by Lerot et al(2014)[RD61] and its validation étails by
Koukouli et al., in th®©zone_ccGODFIT v@alidation paperRCb2]. The updates of the retrieval algorithm
applied in the latest version 4 are presented in the Ozonie: A BDRDY]. Table4.1 shows thetime span
of all Level 2 datasets that will be used here.
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Table4.1 - The time span of the availablevel2 datasets processed with GODFIT v4.

Sensor Algorithm Time span

GOME/ER2 06/1995¢ 06/2011 16 years
SCIAMACHY/Envisat 08/2002¢ 04/2012 10 years
OMI/Aura 10/2004¢ 12/2021 17 years
GOME2/MetopA GODFIT v4 01/2007 ¢ 04/2021 14 years
SNPP/OMPS 01/2012¢ 12/2021 10 years
GOME2/MetopB 01/2013¢ 11/2021 9 years
GOME2/MetopC 02/2019¢ 12/2021 3 years
TROPOMI/S5P OFFL 11/2017¢ 12/2021 4 years

4.2.1 TROPOMI/S5P Level-2 total ozone

The TROPOMI/S5P total ozone column product retrieved by the OFFLthedd&®TB9] is integrated to the
GTQECV products in the frame of the Ozone_cci+ project. This total ozone product has been officially
validated by Garane et al. (201%[B9]. According to the validain conclusions, the TROPOMI OFFL TOC
has a mean relative bias with respectto grovlmd &8 SR YSI adzZNBYSy da dzLd G2 wm:=2
requirements. The aforementioned results were based on the analysis of just the first year of TROPOMI
measurementsNov 2017- Nov 2018). To date, 4 years of data are available, and the product is continuously
validated (see https://mpc-vdaf.tropomi.eu/index.php/totalozone?start=). In the follaving, some
updated validation results are presented.

In Figure4.1, the scatter plots and histograms of the overall percentage differences betwedrcated
TROPOMI and groudzhsed TOC measurements are shown. ar@) and (c) show the Dobson
comparisons; the Brewer comparisons (for the Northern Hemisphere only) are used for the plots in panels
(b) and (4. The correlation coefficient in both cases is very satisfactory, above 0.98, proving the very good
agreementetween satellite and ground truth, while the mean percentage relative bias is below @ighia,

the requirements. Furthermore, the distribution of the percentage differences around their mean is normal
in both cases. The higher standard deviation in fr@bson comparisons is due to the limited number of
adrFdAz2zya t20FGSR 0 GKS {2dziKSNY | SYAALKSNBE: 02VYL
is also depicted ifrigured.2 (panel a), where the meanrepcentage difference of each statiéspresented,
gAOK NBALISOG G2 (K SpadelidaidiBeeydpadel If).[Additichalir Some & these SHY
stations are not as quality assured as others, but they cannot be excluded from the compariaeat dat
because, in some cases, they are the only source of grbasdd information in the area.

Also inFigure4.2, the timeseries in terms of monthly means of the-lozations are shown for both
Hemispheres for Duson (panels ¢ and e) and NH only for the Brewer (panel d) comparisons. In July 2021 the
OFFL TO@oduct UPAS processor was changed from v1 to v2, which caused the increase in bias seen in the
time-series. Nevertheless, the tinrseriesof the monthly measisk t 6 @4 A GKAY GKS LINE R«
showingits goodquality and stability in time.
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Figure4.1 - The scatter plots (panels a and b) and histograms (panels ¢ andhd) BTROPOMI/S5P OFFL TOC w.r.t
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Brewer (right) and Dobson (left) groubised TOC measurements.
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Figured.2 ¢ Panels a & bThe mean percentage difference per statioetweenthe TROPOMI/S5P OFFL BOC
the Dobson (left) and Brewer (right) networlanels c, d & &he hemispherical monthly mean tirrseries of the
co-locations for Dobson (left column) and Brewer (right column, NH only) comparisons.
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4.2.2 GOME-2C Level-2 total ozone

Metop-C is the third and last satellite of the Metop series that forms the space segment of the EUMETSAT
Polar System (EP&)d it was launched in November 20ft8m the European Space Port in French Guyana
The total ozone measurements from the GORIEBstrument onboard MetofC (GOMEC) are also recently
integrated to the ECV data of the Ozogei+ project. The GOMEC TOC data retrieved by the GODFIT v4
algorithm cover the period from February 2019 to December 2021, almost 3 years. In the follinignmgw
product is validated against grouszhsed instruments and their docated measurements.

In Figure4.3 the overall statistics of the satellite and groubhdsed instruments (Dobson to the left and
Brewernetwork to the right) cdocations are shown. In panels a and b, the scatter plots show that the
correlation coefficient is above 0.97, indicating already the very good agreement. The histograms in panels c
and d, show the neaperfect normal distributiorof the percentage differences. The overall mean relative
difference between the satellite sensor and grotpased instruments is positive, indicating that GORME
reports higher TOCs than the groutrdth, and the mean difference is ~1.3 %.

LikeFigure4.2, Figure4.4 showsthe mean percentage difference per station for the Dobson (panel a) and
Brewer (panel b) networks and the monthly mean tisezies of the cdocations (paels ¢, d and e), also for
Dobson (left) and Brewer (riglitNH only) comparisons. As seen before, the same pattern in the latitudinal
distribution of the percentage differences occurs, following mainly the grehaskd measurements
features. The monthly ean timeseries plots show a very stable in time agreement between the satellite
and groundbased data, especially for the Brewer comparisons in the NH.

GDMEZC_GODFITM Vs DDESDN_: WOUDC GOME2C_GODFITv4 vs BREWER WOUDC
GO0 [T B "I"'_""| IRARRARRRRE T
fl Correlation Coeff. 1-0976 | | Correlation Coeff.|= 0.987 | o 1

| ¥ = ?5[06]+099(000]):

| ¥ = ?3[04]+099(0003)( |
':f Ncnunls 10343 .

':f Ncounts 20094

W
S
w
-

o
- —
3
-

w
a8

sm; —— '_ —_ ol '_ —_—

GOME2C_GODFITv4 total ozone [DU]
GOMEZC_GODFITwd total ozone [DU]

e E 200F ]
i
H |
frawnkw o o o o 100 s '-_1|
100 200 300 400 500 600 100 200 300 400 500 600
GROUND=based total ozone [DU] GROUND-bosed total ozone [DU]
(a) (b)
GOME2C_GODFITv4 vs DOBSON_c GOME2C_GODFITv4 vs BREWER
30 30
[ | | \ [ [ | | \ |
25— pean Ditierence [%] = 1.35 1 25— Moan Difference %] = 1.24 ]
_ Standard Dev. [%]= 3.38 Standard Dev. [%]= 2.31
§. Standard Error [%]= 0.032 § Standard Error [%]= 0.016
~ 20— #ofobs. = 10843 — — 20— #ofobs. = 20094 —
z =z
> S
[e] Q
(&} [&]
> >
Q [®]
z z
w w
3 3
i w
@ s
w [T
0

-20 -15 -10 -5 0 5 10 15 20 -20 -15 -10 -5 0 5 10 15 20
GOME2C_GODFITv4-GROUND [%] GOME2C_GODFITv4-GROUND [%]

(c) (d)

Figure4.3 - The scatter [ots (panels a & b) and histograms (panels ¢ & d) of the G&IMEtop-C TOC w.r.t
Brewer (right) and Dobson (left) growfihsed TOC measurements.
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4.2.3 Overview of the Level-2 systematic bias and its variations

InFigure4.5, the longterm behaviour of each of the eight investigated instruments is examined per latitude
belt, as acontour time series plot. The colours depict the percentage difference between satellii@arsbn
TOGon a global scal@ure white colour denotes area of no comparispnilethe 0% level is given as a
light beige coloux. TherespectiveBrewer compéasons are not shown since they only cover the Northern
Hemisphere.

Very similar pictures are presented by tB®ME, OMIGOME2A and-2B TOCs, with (as expected) higher
positive discrepancies above the polar circles than for satitudes and the tropics The negative
discrepancies in the southern polar area is a common feature for SCIAMACHY and OMPS. Finally, TROPOMI
and GOMER2C show a very similar distribution of the differences in time and latitude.

The higher differences in the polar regiossittributed both to the satellite instrument/algorithm capabilities
as well ago the increase in systematic errors in the grodpased instrumentationsthe latter beingdue to
observations at high solar zenith anglkend the associated stray light effect incsgag in magnitude and
importance. Furthermore,there is less availability of qualigssured groundbased measurements in the
more inaccessible regionmainly in the SoutiThe mean difference falls around the2@ levels, with some
peaks around 4% forthe high latitudes.

4.2.4 Inter-sensor stability

In Figure4.6 the inter-sensor stability is examined for the eight TOC records via a monthly mean time series
of the differencesbetween each sensor and the -tmcated Dolson observationsfor the Northern
Hemisphere (panel a) and the Southern Hemisphere (panel c). The respectiveetiesefor the Brewer co
locations (NH only) are shown in panel b. The excellent agreement in the Northern Hemigphleoth
networks, Dobsn and Brewerjs undoubtable. In the Southern Hemisphe@MIl, GOMRA GOME2B
GOME2Cand TROPOMiIre in very good agreement, while SCIAMACHY appears to deviate by ~1% in terms
of mean bias.Nevertheless, when the eocations southwards 50° S are extdd (not shown here),
SCIAMACHY comes to a very good agreement with the other sensors. In the paadlR& GOME (black

line) is shown only up to year 2004 due to the change in the SH coverage caused by an instrumental failure
which was introducing annphysical high scatter in the monthly mean calculations.

To better investigate the consistency of the newer sensors, i.e. TROPOMI andZ&EDMEhose that are
already part of the GTEGCV, the monthly mean time series of the percentage differences 2048 is shown

in Figure4.7. In the Northern Hemisphere, the agreement between all sensors is excellent, witirdo. In

the Southern Hemisphere, as it was expected, the #8aBes are much noisier due to tlwentribution of

the high latitude stations and their respective measurements at high solar zenith angles. Excluding stations
southwards 50°S results also to an agreement-2f% between all sensors.

Table4.10 sunmarizes the mean bias and its standard deviation for all eight sensors and their comparisons
to Dobson and Brewer groudzhsed measurements, with respect to various averaging parameters such as
latitude and solar zenith angle, which will be studied inftiilwing subsections. Overall, the hemispherical
mean relative biases of the eight sensors are within 0.5 and 1.5 % and their variability ist@¥#irnboth
guantities within the Requirements.

4.2.5 Seasonality

In Figure4.8 the seasonal dependency of the percentage differences of all satellite sensors with respect to
the groundbased measurements, is shown. In panels a and c, the Dobson comparisons for the Northern
(panel a) and the Southern Hemisphere (panel c)slw@wvn. To the right, the seasonality of the Brewer
comparisons is depicted (panel b).

All eight sensors agree very well in terms of seasonality, especially in the NH where the number of ground
based stations, reporting TOC measurements regularly, is thigltemore homogeneously distributed. The
mean seasonalariation is 07 - 2% peako-peak for the Brewer comparisons in the NH. Since the kvsivn
dependency of the Dobson measurements on effective temperature was accounted for via the application
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of the respective postorrection (Section 3.5.1), their pett-peak difference results almost equal to the
Brewerseasonality, 0.6 1.7%.
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Figure4.5 - Latitudetime evolution of the percentelative differencs, from top to bottom and left to right,
between GOME, SCIAMACHOMI, GOMEA, GOME2B, OMPS, TROPOMI and G&NIEatellite total ozone
data and Dobson network measurements.
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Figure4.6 - The intersensor stability for thentire 26year time sparior all eight instruments against the Dobson
(panel a NH, panel €SH and theBrewer network(panel b- NH only.
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Figure4.7 - As inFigure4.6, but for the time span of TROPOMI and G@\Bperation (2018 onwards).
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Figure4.8 - The seasonal dependencytbe percentage differences between the eight satellite sensors and the
groundbased measurements from Dobson (panelstd and ¢ SH) and Brewer (panel b, NH only) instruments.
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4.2.6 Long-term stability

The following plotgFigure4.9 to Figure4.11) show the longterm evolution of thedeseasonalizedelative
differences between GODFIT afd groundbased network total ozone dataveraged over the Northern
HemisphereThe GOME,SAMACHY, OMI, GOME, GOME2B, OMPSTROPOMand GOME2ZCNH time
series for the Brewerl€ft panels) and the Dobson docations (ight panek), are shown Note that in all
graphs the calculated drifts of the monthly mean time sedassshown. The GOMEC ditaset spans only 3
years of available data, therefore even thoughliegterm stability is shown herghe study cannot be
considered statistically significant

The decadal drifts per decade for all the available sensors are summariZEabi@4.10, where the
statistically significant drifts are noted with bold charactéfscording to this statistical analysis, the reported
drifts resulting from the Northern Hemisphere-gacations are very small and alwdgss than 1%/decade,
well within the requirements of a lontgrm stability better than 13% / decade. For some sensors, they are
not even statistically significant. The GORIE drifts are higher, 1.8 %/decade, but as mentioned above
this should be condered with caution. Additionally, it should be noted that the decadal stability of the
satellite data used in this study is close to the stability offered by the grbvaséd networks.
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Figure4.10 ¢ As inFigure4.9 for GOME2A (first row), OMPS (second row) and GEBHthird row)
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Figure4.11 - As inFigure4.9 for TROPOMI/S5@FF).(upper row) and GOMEC (bottom row).

4.2.7 Dependence on influence quantities

In this section, the dependence of the comparisons between satellite and gioased total ozone
observations on various influence quantit@ssociated with the satelliteQCT retrievalwill be investigated.

In Figure4.12, the meridian(panels a and band solar zenith angléanels ¢ and diiependency of the
differences is depicted as line plots on a global scale for the Dopefortolumn) and for the Northern
HemisphereBrewerinstruments (ight columr).

All eightinstruments follow exactly thesame latitudinal patternswhich are mostly originating from the
choice of grounebased instruments as background TOC truth. In detail:

1 The Dobson meridian comparisons (panel a): for the latitude 0866 80°Sthe sensors are split
in two groups regarding their statistics:
0 SCIAMACHWOMPS, TROPOMI aBOME2C have negative mean biases of ab@uto -3%
0 GOME, GOMEA, GOME2B and ONlhave higher mean biases0G-5 to 0%

Northwards 40°S, where the station density is better, tHi#ference among thesatellite
instrumentsis 1-2%, which is reasonable considering the fact that the latitudinal averaging of each
sensor is done using itsgpective time period of operation

1 The Brewer NH comparisoifganel b) the same difference of-2% betweerall instrumentss seen
for most latitude belts

In the SZA dependency plots, the insamsor consistency is found to be very good for anglet® U0° or
75°, above which it is impossible to separate the errors introduced by the satellite as well as the-ground
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based instrumentation and algorithm capabilities. The agreement is better for the Dobdonatiwns for
low SZAs, due to the divergenceSCIAMACHY and GORIE for from the other sensors seen in the Brewer
comparisons that result from Northern Hemisphere-looations only. The statistics (mean percentage
differences and standard deviation) of the two averaging methods (latitudinal angZ8a) for all datasets
are also summarized ihable4.10.
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Figure4.12 - Variation of the percentage relative difference between total cza@ata measured by theight
satellitesensorsand by grounebased networkgDobson on the left, Brewer on the rightis a function of latitude
(upper row) and the solar zenith angle of the satellite measurem@wer row).
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Figure4.13shows the dependence of threlative percentagedifference between satellite and grourzhsed
Brewer network data on fractional cloud cover, over the Northern Hemisphere. No dependence at all can be
detected at any type of cloudirss condition, with the SCIAMACHY and TROPOMI average difference on the
0.3% line and the GOMIB difference just below the 2% line.

Figure4.14, left panel, shows the dependence of the relative peregetdifferences between satellite and
groundbased Brewer network data over the Northern Hemisphere, on the effective temperature. The
dependence is smooth and remains within the +1 % level for all instrumesgeecially for cdocations in

the temperaturerange 210 235 degrees Kelvioutsidewhichthe featuresthat appear are relateanainly

to the small number of cdocations forthose temperaturebins. The sole exception is GOMB which shows

a small dependency above 230 degrees Kelirere the mean deviatiomncreasegrom 2%to 3% at 237.5
degrees KelvinAdditionally, GOMRC has a very limited number of-tmrations characterized by effective
temperature above 230 degrees Kelvin, which explains its deviation from the other sensors in that particular
temperaure range. Overall, the GOMIEC differences increase with effective temperature by 3%. As for
TROPOMI/S5P, it is biased low by up 6.5 % for a few extreme temperatures, below 215 degrees Kelvin.
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Figured4.14, right panel shows therespectivedependenceof the differences onthe ghost ozone parameter
of the GODFIT v4 algorithiBxcept for the bias of each sensor with respect to grebased measurements,
no dependencies on ghost ozone are seen below 12 DAthEdew colocations with ghost ozone values
greater than 12 D.U., OMPS has a negative bid%4); while the rest of the sensors, mai@@ME2B, show
an increase by up to 3%.
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Figure4.13 - Percent reléive difference between satellite GODFIT v4 total ozone data and groaseld Brewer
network data over the Northern Hemisphere, as a function of the satellite fractional cloud cover.
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Figure4.14 ¢ Relative percentagedifferences between satellite GODFI® wtal ozone data and grounbased
Brewer network data over the Northern Hemisphere, as a function of the effective temper@éfirgpanel) and
the ghost ozone (right panel) parametexssociated withihe satelliteTOCretrieval.

4.2.8 Summary and compliance with user requirements

In the above, the Essential Climate Variable (EXlimjate Research Data Package Total Ozone Column (CRDP
¢h/ 03X NBFAYSR | YR dzLJRI { S RClirgateChafigkhBativé plz B pi&seryed gndJ O S
validated against independent growihsed TOC observations. Le2eTOCs, produced by the GODFIT v4
algorithm as applied to the GOME/ERSDMI/Aura, SCIAMACHY/Envisat, SNPP/OMPS, -G@dtop-A, -

Metop-B, -Metop-C and TRPOMI/S5P observations, form the basis for a/@3r long consistent, smooth

and homogeneous CRDP. Detailed quality control and assurance against specific requirements from the
international climatechemistry modelling communitshowed that the product ma than meets the official

User Requirements, i.e., that the stability of the TOC measurements has to be between 1 and 3% per decade,
that the radiative forcing introduced by the evolution of the ozone layer has to be less than 2% and that the
shortterm vaiability has to be less than 3 %. In detail:
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1 theindividual Level data sets show excellent intsensor consistency with mean differences within
1.5% at moderate latitudes (-50°);

1 the mean bias between GODFIT v4 satellite and Brewer and Dobsotee@Cs is well within5
to 1.5 % for all sensors;

9 the drift per decade spans betweef@.5to +12 %,depending on the sens@nd for most of them
they are all statistically significant in a-90% level.

1 Thepeakto-peak seasonality ranges betweef.6 and 1% for GOMEOMI, GOMRA, GOMEB,
GOME2C and OMPS. FSCIAMACHxd TROPOMI/S5P the seasonality is higher, ¢42%6.

Key validation result®or the GODFIT vand TROPOMI OFFL data records are summarisédhbie4.2 to
Tabled.9, respectively. Those tables also regige data quality criteria established by the Climate Research
Group (CRG) ithe Ozone_ccitJser Requirement DocumeffiRD8]. Thelevel of compliance of the CRDP
GODFIT vdatasets with these user requirements is highlighted with a colour code:

1 greenindicates ascertained compliance with requirements from all contributing users;
1 yellowindicates compliance with regrements from some users but not all; and
1 redindicates compliance with none of the user requirements.

From those results, it can be concluded that the CRDP GODEEVei2 total ozone column data records
are compliant with most othe userrequiremens.

A proofof-concept study of the validation of the -@nte (prognostic) uncertainty estimates provided with
the Level2 TROPOMI data is presented in Secfion

Table4.2- Compliance of ERQ GOME GODFIT v4 total ozone data with user requirements (UED v3.

Topic Requirement Compliance / evaluation

40 km along track

320 km across track

Observation frequency | Dailyc weekly 3 days at equatorl day at polar latitudes
Time period (19802010)¢ (20032010) 06/1995 ¢ 06/2011

! 2%(radiative forcing studies) | Bias: 1.2%, Spread: ~3% (includes some ¢
3% (variability studies) location mismatch), Seasonality: 0.8%

| SZA0.51.5% up to D° SZA

| Latitude: negligible

Cloudsno dependency orloud cover
Effective temperature2% up to 24K
Stability ' 1¢ 3%/ decade +0.2% / decade

Horizontal resolution | < 20100 km

Total uncertainty

Dependences | G
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Table4.3 - Compliance oEnvisat SCIAMACIBODFIT vibtal ozone data wh user requirements (URD v3.1).

Topic [
Horizontal resolution

Requirement
< 20100 km

ﬂ Compliance / evaluation
20 x 40 kri

Observation frequency \

Daily¢ weekly

3 days at equator, 1 day at polar latitudes

Time period

(19802010)c (20032010)

08/2002 ¢ 04/2012

2% (radiative forcing studies)

Bias: 0.7%, Spread: ~3% (includes sorne ¢

Total uncertainty i

3% (variability studies)

location mismatch) , Seasonality: 256

Dependences

SZA0.5- 1% up to D° SZA
Latitude: negligible

Cloudsno dependency ogloud cover

Effective temperature: 1% up to 240

Stability |

1¢3 % / decade

-0.6to +04% / decade

Table4.4 - Compliance oAura OMIGODFIT vibtal ozone data with user requirements (URDLY.

Topic |

Horizontal resolution

Requirement

\ Compliance / evaluation

Observation frequency |

Time period

< 26100 km 13 x 24 krh
Dailyc weekly 1 day at equator, < 1 day at polar latitudes
(19802010)¢ (2003-2010) 10/2004 ¢ 12/2021

2%(radiative forcing studies)

Bias: 1.3%, Spread: ~2.7% (includes sore

Total uncertainty

3% (variability studies)

location mismatch) , Seasonality: 0.9%

Dependences

SZA1.5% up to D° SZA
Latitude: negligible

Stability

¢ Cbuds:no dependency ogloud cover
Effective temperature2% up to 24K
1¢ 3 % / decade 0% to +B%/decade

Table4.5 - Compliance of MetO\ GOME2 GODFIT vibtal ozone data with ser requiements (URD v3.1).

Topic \

Horizontal resolution

Requirement
< 206100 km

H Compliance / evaluation \
80 x 40 km

Observation frequency \

Daily¢ weekly

1.5 days at equator, 1 day at polar latitude:

Time period

(19802010)c (20032010)

01/2007¢ 04/2021

2% (radiative forcing studies)

Bias: 1%, Spread: ~2.8% (includes sorne ¢

Totd uncertainty i

3% (variability studies)

location mismatch) , Seasonality: 1.2%

Dependences

SZA: 1% up to 70° SZA
Latitude: negligible

Cloudsno dependency orloud cover
Effective temperature0.5% up to 24K

Stability |

1¢ 3 %/ decade

0.0% / decade
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Table4.6 - Compliance 0OMPS SNRBODFIT v4 total ozone data with user requirements (U8=D.

Topic [

Horizontal resolution

Requirement

Complance / evaluation

Observation frequency

Time period \

< 20100 km 50x 50 knt at nadir
Dailyq weekly Daily
(19802010)¢ (20032010) 1/2012¢ 12/2021

2%(radiative forcing studies)

Bias: 1.4%, Spread: 2.8% (iniels some co

Total uncertainty i

3% (variability studies)

location mismatch) , Seasonality: 0.6%

Dependences

SZA1.4% up to D° SZA
Latitude: negligible

Cloudsno dependency ogloud cover

Effective temperature2% up to 24K

Stability |

1¢3 % / decade

-0.3% / decade

Table4.7 - Compliance of MetOB GOME2 GODFIT vibtal ozone datawith user requirements (URD 3.1

Topic \

Horizontal resolution

Requirement
< 20100 km

H Compliance / evaluation \
80 x 40 km

Ob<ervation frequency \

Daily¢ weekly

1.5 days at equator, 1 day at polar latitude:

Time period \

(19802010)c (20032010)

01/2013¢ 11/2021

2% (radiative forcing studies)

Bias: 15%, Spread?.7% (includes some €0

Total uncertainty

3% (variability studies)

location mismatch) Seaonality: 1.0%

Dependences

SZA1.3% up to D° SZA
Latitude: negligible

Cloudsno dependency ogloud cover

Effective temperature3% up to 20K

Stability

1¢ 3 % / decade

1.0%/decade

Table4.8 - Compliance oTROPOMI/S5P ORBtal ozone data with ser requirements (URD v3.1).

Topic |

Horizontal resolution

Requirement

Compliance / evaluation

Observation frequeng

Time period

7 x5 km
< 20100 km 7 x 3.5 kmy since August 2019
Dailyc weekly Daily
(19802010)¢ (20032010) 11/2017¢ 12/2021

2%(radiative forcing studies)

Bias:0.9%, Spread:28% (includes some €c

Total uncertainty

3% (variability studies)

location mismatch) Seasonality: 1.5%

Dependences

SZA: from (-1 % up to D° SZA
Latitude: negligible

Cloudsno dependency orloud cover
Effective temperature2-2.5% up to 24K

Stability

1¢ 3 % / decade

N/A
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Table4.9 - Compliance of MetOiIt GOME2 GODFIT vibtal ozone data with ser requirements (URD v3.1).

Topic } Requirement Compliance / evaluation
Horizontal resolution < 20100 km 80 x 40 km

Observation frequency Dailyc weekly 1.5 days at equator, 1 day at polar latitude:
(19802010)¢ (20032010) | 02/2019¢ 12/2021

2% (radiative forcing studies) | Bias:1.3%, Spread:25% (includes some ec
3% (variability studies) location mismatch) Seasonality: 1.2%

SZA=~1.3% up to D° SZA
Laftude: negligible

Total uncertainty

Dependences
. ¢ Cloudsno dependency ogloud cover

Effective temperature2% up to 30K

Stability 1¢3 % / decade N/A*

* The time period is too short for a statistically significant value to be extracted

4.3 Level-3 merged gridded total ozone

4.3.1 Level-3 GTO-ECV

One of the main aims of the ES¥zone_cciiproject is to construct the homogeneowiobal longterm
GOMEtype Total Ozonedimate data record, hereafter termed GTELCV. The individubdvel2 observations
(presented and validated above) arenverted into aLevel3 product and then combined into one single
cohesive record spanning the entirg-geairs period from 1995 to 2P1. This section summarizes the main
characteristics of the merging methodology as well as the latest improvements antsextsimplemented
within the Ozone_cciproject. A detailed description of the predecessoEafGEC\has been presenteand
validated in Loyola et al., 20J®D64] and Coldeweyegbers et al., 201f8RB4], whereas the current
algorithm version and validation is extensively discussed in Garane et &.[RIBS].

The individualLevel2 measurements processed with the GEYD/4 retrieval algorithm are mapped onto a
regular global grid of 1°x1° in latitude and longitude to construct daily averages for each sensor. Before
comhining the individual gridded data, adjustments are made in order to account for possible biases and
drifts between the instrumentskigure4.15, reproduced here from Garane et al., 20/RI88], shows the
percentage differences between OMI and the otlsétsensors for 1zonal monthly mean ozone columns
during overlap periods. These zonal means were computed féoaaded daily gridded data in order to
minimize the impact of differences in the sampling pattern for OMI and the corresponding second sensor. In
general, theinter-sensor consistency is very good; melififierences ardetween-0.2 + 0.9 % (for GOMIEB,

panel d) and 1.1 + 1.3 % (for TROPOMI, panki #)e inner tropics, the bias is slightly negative for all sensors
and it increases toward higher latitudes.€eTttifferences between OMI artdOME show slightly larger scatter

in the Southern Hemisphere due to significantly reduced spatial coverage of GOME because of the tape
recorder failure in June 2003. The differences between OMI and SCIAMACHY indicateesaji@sifitr most

parts of the Gobe, with a maximum in theSuthern Hemisphere around the polar nighEor GOME,
SCIAMACHY, TROPOMI/S5P, and GXiM#ie apply correction factors using the seasonal mean differences,
calculated from the seasonal mean averagalbavailable years, with respect to OMI as a function of latitude.
The differences between OMI and GO{2lk indicaé a positive drift of ~ 0.15 % per annumthe middle
latitudes of both hemispheres, which we take into account during the adjustmemwis&, for GOMERB,

the correction factorswith respect toOMI depend on time (month) and latitude. The adjustment is then
applied to the daily gridded data for each individual sensor. Thereby the monthly correction factors are
linearly interpolated in tire.
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Subsequentlythe individual data sets are combined into one single record. In contrast to the previous
version(ColdeweyEgbers et al., 201 8RD84]) where we used only one instrument atgivertime,in GTO
ECMve now average all avabhle daily measurement&SOME datare restricted to up andintil December
2004 As the grounébased validation of SCIAMACHYel2 data indicates some lingering issues with the
Level2 TOCsve use SCIAMACHY only Lbecember2004 in order to fill the data gap betwe¢hne GOME

loss of global coverage and the laurddie of OMI.GOME2A is integrated until December 2017, due to the
fact that the sensor started losing its solar visibility in 2018 complete merged TB>-ECV data record with
typical ozone characteristics $shown inFigure4.16. Highest ozone values occur in northern hemispheric
springtime, whereas monthly mean values are below 200 D.U. 8eptember to Novemlyesouthwardsof

70°S.Thehorizontal lines indicate the p®d for each sensor included.
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Figure4.15 - Percentage differences between OMI and the other six serfeors® zonal monthly mean ozone
columns during overlap periods. Panel (a): GOME; panel (b): SCIAMACHY; panel (QAG@M&E (d): GOME
2B; panel (e): TROPOMI/S5P and panel (f): GBBIE
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Figure4.16 - GTOECYV total ozone column data record as a function of latitude and timeX@% to 2021Black
horizontal lines indicate the period for each sensor included in the merged product.

4.3.2 Level-3 validation results and discussion

The validation of the new Lekv8@ GTOECMnerged product was performed using as ground truth the Brewer
and Dobsorspectrophotometer networks described in Secti®rb.1.1 In order to create the ével3 TOC

field, based on theaNVOUDC grounflased stationgthe reported TOCwere gridded into the same®t1° grid

as the GTEECVGODFIT data, on a monthly basisth most grid points being represented by only one
reporting station In detail, direct Sumeasurements were consided for the gridding of the grountased
TOCs into Levd grid points,even though in some cases thitioice severely decreases the number of
measurementsAs a compromise between obtaining the highest global coverage possible and the most
representative monthly means, especially at higiiddes, a lower limit of 10 measurements per month and
per grid box was enforcedo thatthe temporal representativeness errors are minimized.

Figure4.17 shows thepercentage difference between the satellffee\el-2 and LeveB) and the Dobsorléft)

and Brewer (ight) TOC recordsas a function of latitudeThe seven individual satellite TOCs are very
consistent with each other for all latitudes, within 2% for most latitude bins, and in very close agreement
with the groundbased data. The Lev8lcomparisons (blue diamonds) show very good agreement with the
individual LeveP latitudinal means. In particular, over the NH, all L&/show a positive deviation of2

% to the grounebased data for both grounbased instrument types. TROPOMI/S5P and GQNIEvith
respect to Brewer grountiased instruments show a different behaviour, especially for high Northern
latitudes, but the different temporal coverage of the two sensors compared to the others should be taken
under consideration. In the SH, the Le8etomparisons are in very good agreement with the L-2vel
comparisons, especially northwards 60° S. Below that latitude, the spread in comparisons reaches the 3.0 %
level, which may be attributed to sampling diféerices between the Lev@land LeveB data (seeColdewey
Egbers et al., 201for more indepth discussion of this issue).

InFigure4.18, the NH and Skhonthly meartime series comparisons of thevel2 andLevel3 data records
againstthe Dobson and Brewer measurements are shown. The Dobson comparisons pang8H)(@nd NH
(panel g show very good agreement betweéavel3 and individualLevel2 lines,within the 1% difference
level for most of the 2-year data record, except for a small number of outlieFee agreement between the
eight datasets and the grountdased measurements is excellent, withlative meandifferenceswithin 0.4
and 1.5%.For the entire time series of the LexM@ldata record the mearelative difference remains mainly
positive with a mean relative bias of 0¢8L.4 %, depending in the hemisphere and the type of grebasked
instrument. Concerning the Lev@ comparisons in the NH, the drift per decade of tiferences with
respect to gound-based data is negligible, 0.0 + 0.1 % per decade for DobsorDahd 0.1 % per decade
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for Brewer celocations. As it was shown in Section 4.2.6, the {mmm drift in the differences of the

individual LeveR data sets utilized for the Level data retrieval, was found to be always less than
1%/decade. The statistics for the Le@allataset are summarizad Table4.10, last column
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Figure4.18 ¢ Monthly mean ime series of the
percentage differencebetween satellite
observations anground-based measurements for

the Dobson networln the NH (panel 8 and in the SH

(panel ¢ and forthe Brewer network, NH onlypénel
b). The colour coding is the same ag-igure4.17.

taz2

The good temporadtabilityof the GTCGECV Leved TOC record, which well satisfies the requirements for the
long term stability for total ozone measurements of betweey3 % per decade (van der A et al., 2011) and
the excellent intersensor consistengynake the new Leve8 GTGECV dataset suitable and useful for longer
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term analysis of the ozone layeuch as decadal trend studies, the evaluation of chemidingate model
projections, and data assimilation applications.

In order to assess and ensure the quality of thedt3 GTGECV dataset, comparisons are also performed
against the solar backscatter ultraviolet (SBUV) merged data product, which was quality assured in Frith et
al,, 2017,[RE87]. The continuity of théevel-2 GODFIT datasetadtheir agreement to the respectivevel

2 SBUV/2 timeseries waslsoshown in the work of Garane et al., 20 RB8]. In Figure4.19, the monthly
meantime series comparison betweenfTGECV and SBWS.7mergedtotal ozone product ipresented for

the NH and Dobson (panel a), the SH and Dobson (panel b) adHtend Brewer (panel c) instrument
types. The Leved GTCECV (red line) and SBUV merged (black line) datasets show a veyggeement of

within £1.5%, considering their individual instrumental and algorithm differences, as well as a very similar
seasonal variability over the entire time period, with a p¢alpeak amplitude ~ 1%9-he agreement is best

for the NH, but for theSH cdocations the SBUV merged product agrees better to the Dobson groaseld
measurements than the Lev8IGTGECVFurthermore, the two datasets show an almost negligible drift per
decade for both groundbased instrument networks:

1 Inthe NH SBUV:0.3 %/decade, GODFIT Le8eDto 0.4 %/decade.
M1 Inthe SH SBUV:0.4%/decade, GODFIT Le®el00 %/decade.
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4.3.3 Summary and compliance with user requirements

The GTEECV Leva data yield similar validation results as the ones obtained with the equivalent GODFIT
v4 Level2 validaton of the individual GOMESCIAMACHYOMI|, GOME2A, GOME2B, GOME2C and
TROPOMI/S5Revel2 datasets. In detail:
1 The Level3 validation against grounrdased measurementshowed
0 an excellent agreemento the groundbased measurementwithin 08 to 1.4 % for the
monthly mean time series
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o as well as a negligible drift in the Northern HemisphBrewer co-locationsof -04 + 0.1
%/decade
1 Theindividual Leve? data sets show excellent intsensor consistency with mean differences within
1.0 % at modena latitudes & 50°), whereas the Lev8l dataset show mean differencegw.r.t.
Level2) that span between 0 and 1%.

We hence conclude that the exceptional quakitydtemporal stability of the GT@CV Leveéd TOC record
satisfies well the requiremestof 1¢ 3 % per decade. The intsensor consistency renders the Legel
GOME/ERS, SCIAMACHY/Envisat, OMI/Aura, GOME2/Métemd GOME/Metop-B GODFIT v4 datasets,
and the newly integrated sensors TROPOMI/S5P and GOME2/Nletmp well as the Lev@ GTGECV
datasets, suitable and useful for longer term analysis of the ozone, Isiyeln as decadal trend studies, the
evaluation of model simulations, and data assimilation applications.
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Table4.10 - Overviewof Level2 & Level3 validation results for the Ozone_cci+ CRDP total ozone column data products with respect to the (@tbstive
temperature correctedpand Brewer network.

GOME/  SCIAMACHY OMI/ GOME2/  SNPP/ GOME2/ TROPOMI/ GOME2/  Level3 GTO
ERS (%) Envisat(%) Aura(%) Metop-A (%) OMPS (%) Metop-B(%) S5P (%) Metop-C (%) ECV v3

R UL Ee) Dobson* |15+ 05| 0907 13:06  09+£07 1.4£05 14:06  11+0.8  1.4%07 14+12
Brewer*  0.8+05 0408 13:04 12+08 1.420.4 17+05  0.7£0.7 1.2+0.4 0.8£0.9
Monthly mean Dobson* 2.9 +3.3 +3.0 +3.1 +3.0 +29 +3.1 +2.8 +3.1
Brewer* +2.7 +27 +24 +25 +25 +2.4 +25 +2.2 +2.9
S Dobson*  01+0.1  -06+01  00%01 -01+01 -0.1£0.2 12+02  09+07 (1.7£t0.8)  0.0%0.1
- Brewer*  02+0.1  04+01 03+01 00+01 05+0.1 0.3+0.2  09+06 (190  -04+01
SEESE1Y Dobsorf 0.8 15 0.9 1.0 0.6 0.9 1.7 1.4 11
(RESKGIOCRERI0N e 08 2.0 0.9 14 0.7 1.0 13 0.9 0.9
Latitude Dobson 14+08 1.1+11 18+10  15+09 1.4+1.0 18+13  09+14  12+14 18+1.1
- Brewer*  0.7t04 02405  1.2+05 08+05 1.40.4 17+06  05+0.7  1.4+07 0.8+0.3
Solar Zenith Dobson 1303  09+05 1.8+07 11+06 1.5£0.4 1.2:07  05£12  1.3:0.2 N/A
Angle Brewert  0.7+03  00%07 12+04  0.7:06 1.3:0.3 1505  0.9+0.6  1.3:+0.4 N/A

Dobson 12+12  -08+30  1.0£20 16202 0.1£1.0 11+20  0.0£20 -0.7+2.6 N/A

Brewer* 0215  -04+25  22+01 -1.8%6.3 0.5+0.8 2502  -12+15  0.0+0.8 N/A

* OnlyNorthern Hemisphere
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4.4 Level-2 total ozone from IASI-A, -B and -C

In addition to the Leve? total ozone records that are retrieved by the GODFIT v4 algorithm, total ozone
observations performed by the IASI instruments on board the MetopA, MetopB and MetopC satellites

(hereafter IASA, IASB and IASC), are also validated against grodased meaurements. The current IASI

total ozone retrieval algorithm is the FORY3 (Fast Optimal/Operational Retrieval on Layers for IASI)

v20191122RDA], which is applied since December 2019. The previous veRI-03 v20151001, issed
for total ozone data retrievals before that time and was validated by Boynard @04l [RCBQ]. The back
processing of the dataset with the new version of the algorithm is currently ongoing. The 1ASize
data are available via the AERIS potiéls://iasi.aerisdata.fr/O3/), but for the purposesf this validation
work the groundbasedstations overpass files with maximueo-location search radiugp to 50 km, were
provided directly by ULB/LATMO&ble4.11 showsthe time span of the available Lev&datasets.

To ensure the good quality for the observations, the provided data were already filtered byglitweing
criteria:

A Cloud fraction: @13%(only pixels with a cloud fraction equal to or lower than 13 % are procgssed

A Degrees of FreedonDOB: 2-5, to exclude bad quality dataainly from the in the Antarctic region
(DOF<2).

A The spectral fit residual rot mean square error (RM® always less thaB.5 x 16 W/m%cm,
excluding the cases where tlogference between observed and simulated radianisgso high.

Additionally to limit the noise in thevalidationresultsthe Osintegrated relative errowas restricted to values
equal or lower than 2 %. As a result, almost 5 % of thdocations to grounebased total ozone
measurements were excluded, mainly originating from the Antar¢tigure4.20 shows the l&tudinal
dependence of the relative percentage differences between the satellite and Dobson ¢based

observations, averaged in 10° latitude bins. The comparisons of all three sensors southwards 80°S with

extremely high perentage differences, spannings¢35%, are disregarded when the ozomgegrated
relative erroris limited to 2%.

35
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Figure4.20- The latitudinal dependence of the relative percentage differences between tha\l&fBle symbols),
IASIB (green symbols) and IASIred symbols) and Dobson grodwaksed observations, averaged in 10° latitude
bins.
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Table4.11- The time span of the available LexelASI datasets.

Sensor Algorithm Time span |
IASIc MetopA* Forl 5/2015¢ 12/2020 5.5 years

IASI- MetopB V20191122 5/2015¢ 12/2020 5.5 years

IASI- MetopC 9/2019- 12/2020 16 months

*6 months missing (Jadune 2019)
In the following sections, the relative percentage differences between tHeaated satellite and ground
based total ozone observations will be investigated in terms of systematic bias. The temporal and
geographical variation of the bias will be studied, as well as its dependence on various influence quantities.
In parallel, thenter-sensor consistency of the three IASI instruments will be studied.

4.4.1 Systematic bias and its variations

In Figure4.21, the histograms (left column of plots) and scatter plots (right column) of the comparisons
between the three IASI instruments and the-located Brewer groundbased total ozone measurements,
representing the NH only, are shown. I&Stomparisons are shown in panels a and b BASIpanels ¢ and

d, and IASC in panels e and f. Thistograms 6the three sensors show normal distributions of the relative
percentage differences around the mean bias, which ranges betwkénand-1.8 % for the Brewer co
locations. The respective Dobson comparisons, which cover both hemispheres, are very miundesr aot
shown here. Nevertheless, the statistics of the analysis with respect to both Brewer and Dobson ground
based instruments are summarized Table4.12. The mean relative bias with respect to Dobsonsss al
negative for the three IASI instruments, ranging betwezf and-2.5 %. The higher bias comes from the SH
co-locations of the Dobson observations, as will be shawthe following. The main result thus far is that
the three IASI sensors report lowBOCs than the groudslased networks by-2.5 to-1.5%. The scatter plots
show that the correlation coefficient between satellite measurements and the Dobsons is@®, while

the colocations to Brewer observations are in even better agreement with FASI sensors, with a
correlation coefficient of 0.94 0.95.

¢2 SEFYAYS GKS GSYLRNIf adGloArftAade 2 RemispghSicmokiNgSS & |
mean time series of thierelative percentage differenceseen inFigure4.22, were exploited, where the
timeseries of the comparisorisetween IASA and groundbased observations are shown with thkie line

and symbols, IASis shown with thegreen line and symbagland IASCwith red lineand symbolsPanels a

and ¢ show the comparisons to Dobson measurements (panel a for the NH and panel ¢ for the SH), while
panel b shows the Brewer comparisons for the NH only.

Table4.12- The overall statists that result from the céocations of the three satellite sensors to tBeewer (NH
only)and Dobson grounébased observations.

IASHA IASIB IASIC |
_ Dobson -2.3 -2.3 -2.5
Mean bias (%)
Brewer -1.6 -1.7 -1.8
o Dobson 5.5 5.5 5.6
St. Deviation (%)
Brewer 4.7 4.6 4.6
Dobson 0.92 0.92 0.91
Brewer 0.95 0.95 0.94
_ Dobson 27981 29728 5879
N. of celocations
Brewer 45112 52010 11610
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Figure4.21 - The histogams (left column of plots) and scatter plots (right column) of the comparisons between
the three IASI (IA® in panels a & b; IABIlin panels ¢ & d; IASlin panels e & f) instruments and thelooated
Brewer grounebased total 0zone measurementepresenting the NH only
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Figure4.22 - The hemispheric monthly mean time series of the relative percentage differdretesen IASA
(blue line and symbols), IABI(green line and symols) and IASC (red line and symbols) and groubased
observations (panels a & c: Dobson, NH and SH, respectively; panel b: Brewer, NH).

The temporal consistency between the three IASI sensors for the time period of their operation in tandem
is remarkéle for both hemispheres. The NH-lmzations for the time period May 201GDecember 2020,

for both types of grounéased instruments (panels a and b), are temporally very stable and follow a very
similar pattern with lower differences, about 0 %, duwing winter and spring months and higher during
summer, up to2 to -3 % with respect to grounttuth. The seasonal dependency of the relative percentage
differences is also shown Figure4.23, with the respectie peakto-peak percentage ranges per sensor and
type of groundbased instrument, summarized frable4.13.

The overall hemispheric mean relative bias is ranging betw2&nt 0.8 % and1.6+ 0.6 %,and the mean
standard deviation of the monthly mean relative differences is ~4.7 % for the Brewer and ~5.4 % for the
Dobson comparison#n the SH, where only Dobson groubdsed observations are available, the time series

is also very stable temporally, showing a samgseasonal pattern (better seen Figure4.23, panel c) with
higher differences during local summer months up3® % and lower during local winter and spring, up to

-2 %. The only exception is the fisetmeser of 2019, for which only I1ASI data are available and they show
higher discrepancies in the SH, namely ugt8 % for May.

In Figure4.24 the percentage differences of the docations are averaged in 10°itatde bins using each
AGFGA2Y QA 1 GAGdZRS | a-toNdetydpiotic Hobsoyi feft pabed and tBeBrelvar |
(right panel) stations. A latitudinal dependency of thelecations is seen for both grourthsed networks,
showinga negdive relative bias of2 to-4 % for the tropics and low midtitudes. For mid and high latitudes

1 The IASIA total ozone column dataset available for validation was missing the first six months of data for 2019.
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in the NH the relative biases are also negative but lowed.&5% for the Brewer elmcations) or even positive

of up to +1 % (for the Dobson-tmcations) As explained above, th®; integrated relative errofilter (O1Q%)

that was applied to the datasets excluded almost allamationssouthwards 80°Swhich had very high
positive relative biases, of ~ Z5%. It should also be noted that the temporal coverage of the CA&]
locations is different than the other twsensors, resulting to divergencies in some latitude belts, e.g. 0 to
10°S.
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Figure4.23 ¢ The seasonal dependence of the three IASI sensors with respecti@ecated grounebased toal
o0zone measurements (panels and colour codes &égiure4.22).
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Figure4.24 - The latitudinal dependency of the percentage differences between the threeséhSbrs (colour
coding as ifrigure4.22) and grounebased observations (left panel: Dobson; right panel: Brewer), averaged in 10°
latitude bins.
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4.4.2 Dependency on various parameters of the retrieval algorithm

The irfluence of various parameters that affect the satellite total ozone retrievals is also investigated, by
plotting the percentage differences of the docations with respect to the parameter in questiofigure

4.25). Only comparisons to Brewer total ozone observations will be shown, because their number of co
locations Table4.12) to thelASI sensors is higher than those against the Dobson netiManeover, it was

seen tha the Dobson results do not differ significantly from those shown heré&idgnre4.25 some data
points are assigned numbers that appear at the top of the plot. This means that for those particular data
points, the number of cdocations that correspond to the particular averaging bin is less than 5% of the total,
indicating the significance of the dependency, if any.

Solar Zenith Angle (SZA)

The dependency of the percentage differences of the three IASI sensmrsBeewer total ozone
measurements on SZA is shown in panel a. The mean differences are always negative for all SZAs, ranging
from -1% for 20°<SZAs <30° and SZAs>7e2,%for moderate SZAs (480°). This conclusion is applicable

to all satellite sens.

Pixelof the scan

Panel b shows that there is no dependence of the satellite and grbasdd measurements comparisons on
the satellite pixel.

Surfacetemperature

The dependence of the percentage differences on the surface temperature (in K), wandhgsit parameter

to the Radiative Transfer Model used for the retrievals, is shown in panel c. For temperatures above 260 K,
there is a Wshaped dependence of the comparisons on surface temperature, ranging bet&éérand 1.5

%. When the temperaturesdezome extremely low, below 250 K, the percentage differences obviously
representing the cdocations from high latitude stations, become positive up to +9 %.

Ozoneprofiles Degrees of Freedom (DOF)

Panel d shows the dependence of the percentage differsincethe Degrees of Freedom of the signal, which

is a quality flag for the data under investigation. As mentioned above, only data with DOF >2 are processed
to avoid bad quality observations from the Antarctic area. The dependence of tleeaiions on tle DOF

shows that for values below 2.5 the corresponding datapoints result from a very low numbeloziations

but introduce high differences, up to +6 %. We suggest that these data could be excluded to limit the noise
in the observations.

Cloud covern the pixel

Finally, panel e shows the total ozone retrievals from the three sensors do not depend on cloud cover (which
is a filtering criterion, leaving only clear skies observations within the dataset), since no variability is observed
for the averagedins, that correspond to very low cloud coverage in the field of view of the measurement.
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Figure4.25¢ The dependence of the relative percentage differences betwherhree IASI sensors (colour coding
as inFigure4.22) and Brewer grourdtbased total ozone observations, on various influence parameters, such as
solar zenith angle (panel a), pixel number of the sensor (panslifgce temperature (panel c), the number of
degrees of freedom (panel d) and cloud coverage (pixel €).
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4.4.3 Summary and compliance with user requirements

Total ozone columneetrieved from IASA, IASB and IASC with the FORIO3 v20191122 algorithm, wer
validated against Brewer and Dobson grotbased measurements. The time span of the IASI observations
is 5.5 years for IA®\ and IASB, and only 16 months for IASI The validation results, that are displayed in
Table4.13, can be summarize the following points:

1 the individual Leve? IASdata sets showexceptionainter-sensor consistency with mean differences
less than (1%;

1 the meanrelative bias between satellite and Brewer and Dobson reported TO@sllisvithin -1.5
and-2.5 % for all sensorshowing that the 1ASI sensors report lower TOCs than the groased
measurements of both networks

1 Thepeakto-peak seasonalitgf the relative differencesanges betweeri.3 and 1.8 %.

The requirements thiahave to be met by the retrieved total ozone columns from the three 1ASI sensors are
determined by theinternational climatechemistry modelling community and listed [IRC8]. Namely, the
stability of the TOC measuremerias to be between 1 and 3% per decade, the radiative forcing introduced
by the evolution of the ozone layer has to be less than 2% and that the-&hortvariability has to be less
than 3 %. Due to the limited length of the available dataset, the $t@bdquirement cannot be studied. As

in the previous sections, the key validation results for the -BASIASB and IASC data records are
summarised imabled4.14to Table4.16, respectively. These tables reproduce data quality criteria established
by the Climate Research Group @Rnthe Ozone_ccitJser Requirement DocumefiR(8]. Thelevel of
compliance of thdASIdatasets with thee user requirements is highlighted withe samea colour codeas
before:

1 greenindicates ascertained compliance with requirements from all contributing users;
1 yellowindicates compliance with requirements from some users but not all; and
1 redindicatescompliance with none of the user requirements.

From those results, it can be concluded that the IASI E2t@tal ozone column data records are compliant
with the requirements by most users.
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Table4.13: Owerview of LeveP validation results for théASitotal ozone column data products with respect to
the Dobson (effective temperature corrected) and Brewer network

IASHA (%) IASIB (%) IASIC (%)
Monthly mean bias Dobson* -1.9+0.8 -2.0£0.8 -1.9+ 0.6
and sigma Brewer* 1.6+0.6 1.6+ 0.6 1.8+ 0.6
*

Monthly mean Dobson 5.4 5.5 5.6
sty Brewer* 47 47 4.6
Seasonality Dobson* 1.8 1.5 1.4
(peakq to ¢ peak) Brewer* 1.4 1.3 1.6

Dobson -1.4+25 -1.5+2.3 -1.8+2.4
Latitude

Brewer* -1.3+1.0 -1.4+1.0 -1.7+£ 0.9

Dobson -2.1+0.4 2.0+ 0.5 -2.2+ 0.6
Solar Zenith Brewer* -1.3+0.4 -1.4+0.4 -1.5+ 0.5
Angle Dobson 02+09 01+06 0.0+ 0.6

Brewer* -0.7+ 0.5 -0.5+x0.4 -0.8+ 0.3

* OnlyNorthern Hemisphere

Table4.14 - Compliance ofAS| MetopA-ORI-D3v201911220tal ozone data with user requirements (URD2Y3.

Topic \ Requirement H Compliance / evaluation \

50 kmalongtrack

Horizontal resolution < 20100 km
50km across track

Observation frequency \ Daily¢ weekly Twice a day

2% (radiative forcing studies) | Bias:-2.0%, Spread: ~5% (includes some ¢
3% (variability studies) location mismatch), Seasality: 1.5%

SZA:2.0 %up to 0° SZA

Latitude:significant (~6% peatio-peak
between tropics and high latitudes)

Total uncertainty

Dependences
E S Cloudsno dependency ogloud cover

Surfaceemperature:6% peakto-peak
above250 K

Page60-201



Product Validatin and Intercomparison Repo(PVR)
Issue4.0 ¢ Date of isge: 14.07.2022
ReferenceOzone_cet PMR 4.0 (Fina)

Table4.15- Compliance ofASI MetopB-ORI-:D3v2019112Zotal ozone data with user requirements (URD1y3.

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

Horizontal resolution < 206100 km

Observation frequency | Dailyc weekly Twice a day
Time period (19802010)¢ (20032010) 05/2015¢ 12/2020

2%(radiative forcing studies) | Bias:-2.0%, Spread: ~5% (includes some ¢
3% (variability studies) location mismatch), Seasonality4%

SZA:2.0 %up to 0° SZA

Latitude:significant (~6% peato-peak
between tropics and high latitudes)

Total uncertainty

Dependences -
. | S Cloudsno dependency ogloud cover

Surfaceemperature:6%peakto-peak
above250 K

Table4.16 - Compliance ofASI MetopG&ORI=D3v20191122otal ozone data with user requirements (URD1Y3.

Topic Requirement Compliance / evaluation

| 50 kmalong track
50km acoss track

Observation frequency | Dailyq weekly Twice a day
Time period (19802010)¢ (20032010) 09/2019¢ 12/2020

 2%(radiative forcing studies) | Bias:-1.9%, Spread: ~5% (includes some c
3%(variability studies) location mismatch), Seasonality: 1.5%

SZA:2.0 %up to 0° SZA

Latitude:significant (~6% peato-peak
between tropics and high latitudes)

Horizontal resolution | < 20100 km

Total uncertainty

Dependences -
. | S Cloudsno dependency ogloud cover

Surfaceemperature:6% peakto-peak
above250 K

45 Level-4 assimilated total ozone

45.1 The MSR Level-4 total ozone product

The MSR product is a muttecadalLevel4 (i.e. assimilatiofbased) totalozone column data recordased

on mostavailable ozone column satellite data segspund-basedBrewer and Dobson observatigresd an
assimilationschemewith detailed error modellinglt is produced in two stepgirst, the available ozone
column satellite data sets are corrected for biases as a function of solar zenith angle (SZA), viewing zenith
angle (VZA), time (trend), andratospheric temperature using groudshsedobservations of the ozone
column from Brewer and Dobson spectrophotometers from the World Ozone and Ultraviolet Radiation Data
Centre (WOUDC). Subsequently thehigsed satellite observations are assimilated withie ozone
chemistry and data assimilation model TMDARKbr the data set validated heréhe latest total ozone
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retrievals of 15 satellite instruments are used: BNivhbus4, TOMSIlimbus7, TOMEP, SBUY, -9, -11, -
14,-16,-17,-18,-19, GOME, SCIAMACID¥]l and GOMR. The time coverage is being extended backward

in time using solely groundased data, but the currently validated data sets starts in 1979. It is also still based
on meteorology from the ERMterim reanalysis of the European Centre for MetdiRange Weather
Forecasts (ECMWHut an upgrade to ER&\is under construction. Temporal and spatial resolution of the
current data se{from 1979 onwardsare 1 month and 0.5 by 0.5 degspectively.

45.2 Level-4 validation results and discussion

As the MBR product uses groudzhased Brewer and Dobson measurements inlitas-correctionprocedure,
these cannot be considered independent reference data. The validation will therefore be done solely with
the NDACC Z&10OAS instrument network. The global distitibn of the instruments yielding a sufficient
amount of celocations is shown ikigure4.26, where sufficient is defined as follows:

9 atleast 10 years spanned by thelogations,

1 atleast 10 ZSDOAS measuremestontribute to a groundbased monthly mean at a station, and

1 the effective day differs less than 5 days from the middle of the month (usuallyposityematicat

the beginning and end of polar day/night).

Colocations are defined as: same month and theRvfsid cell contains the station. No stations are averaged,
meaning that even if multiple stations fall within the same MSR grid cell, they are treated separately.

—
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Figure 4.26 - Global distribution of theZSEDOAS instruments used to validate the MiSiel4 total ozone
product.

As an example, the time series of M&RI celocatedZSEDOAS total columns of ozone at the Observatoire
de Haute Provence, France, afeown inFigure4.27, and the corresponding analysis of the differences, in
terms of median, spread, and drift, Figure4.28.
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CCl+ MSR vs. ZSL-DOAS reference measurements at the Observatoire de Haute Provence (43.9°N, 5.?°E)
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Figure4.27 - Time series of monthly ean total ozone, from théevel4d MSR product (blue) and from-tmcated
SAOZ measurements thie Observatoire de Haute Provence, France (red).

CCl+ MSR vs. ZSL-DOAS reference measurements at the Observatoire de Haute Provence
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Figure4.28 - Differences in monthly mean total ozone atiB,corresponding to the time series figure4.27. Key
statistics arealso provided

This analysis is performed for all 16 instruments yielding a sufficient amountlotation and the results

are presented as aufction of instrument latitude irFigure4.29. On the global scale (i.e. averaging the
statistics over the different stations), the MSR data set easily satisfies the user requirements. Looking at
individual stationsuser requirements are in general also met, but at high latitudes both the mean difference
and the comparison spread show larger deviations from zero. It must be kept in mind that these comparisons
do not yet involve the use of-R observation operatorsotimprove the spatial céocation, andsome co
location mismatchuncertaintyis therefore affecting these comparisorespecially in polar regions where
strong gradients in the ozone field are often present (due to polar vortices for instargs)will le improved

upon for the next version of the PVIR.
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CCl+ MSR vs. ZS5L-DOAS reference measurements CCl+ MSR vs. ZS5L-DOAS reference measurements: Drifts
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Figure4.29 - Poleto-pole visualisation of (1) the bias and spread perlZSAS instrument in the lefiand panel,
and (2) the longerm drift in the ridht-hand panel. User requirements are indicated by the coloured regions (i.e.
a maximum of 3% total uncertainty and a maximum of8%/decade drift).

4.5.3 Summary and compliance with user requirements

The MSR.evel4 assimilated total ozone column product waalidated with fully independent ZEYOAS
measurements obtained from 16 different instruments spread across the globe, with the earliest
measurements made in the late eighties (leaving the eaidgities MSR data unvalidated). The median bias
over the network of 0.19% and the median comparison spread &4%. are well within the user
requirements, and so is the median drift-6f47 %/decade Table4.17 summarizes the compliance with user
requirements, including alsgpatiotenporal coverage and resolution

Table4.17 - Compliance othe Level4 MSRotal ozone data with ser requirements (URD \i3.

Requirement Compliance / evaluation
0.5 x 0.5 degpe?

Observation frequency Daily¢ weekly Monthly
Time period (19802010)¢ (20032010) 01/1979¢ 12/2019

Horizontal resolution < 26100km

. | 2%(radiative forcing studies) | Bias: 0.2%, spreagprox. 2% (incluels
Total uncertainty - — : . .
3% (variabity studies) someco-location mismatch)
Stability 1¢3 % / decade -0.47% / decade
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5 Vali dati on of Nadir Ozone Profil e

5.1 Nadir ozone profile CRDP

The ESA Ozone_cci+ Climate Research Data Package (CRDP) contains twelve nadir ozone profile (NP
products.Tableb.1 lists these products, together with their time range and current availabiitiLevei2

(L2) UWIS instrument retrievals are performed by tReitherford Appleton Laboratory (RAL) algorithm,

while the thermal infraed measurements of the IASI instruments are processed by a collaboration between

the Belgian ULB (Université Libre de Bruxelles) and the French LATMOS (Laboratoire Atmospheres, Milieux,
Observations Spatiales, Paris), using their FORLI (Fast Optimald&ewin Layers for IASI) algorithm. A joint
UVW-VISNIR retrieval for the GOMEand IASI instruments is under development by RAL, while DLR (Deutsche
Luft und Raumfahrt) develops bevelo 6[ o0 &LI GA20SYLRZNIffeé 3IWBRRSR
instrument retrievals combined (GGECV).

This version of the Ozone_cci+ PVIR focuses on the validation of the updated (v3) and new (NP_GOME2C)
RAL retrieval products and on the updated (version 20191122) and new (NP_IASIC) FORLI products. The
validation targés for this PVIR are therefor®[2]:
f 2+t ARFGA2Y 2F GKS [H YIRANI 21 2yS LINRPTAf SQa dzLJR
1 Comparison oRAL retrievalfrom GOME2C with those 0lGOME2A andGOME2B to confirm the
consistency betweethe three GOME2/Metop instruments.
1 Comparison ofhe RALretrieval scheme updatév3) with the previous L2 version (M®y accuracy
improvements
1 Comparison of FORORBretrievalsfrom IASIC with those of IASA andIASIB to confirm consistency
betweenthe three IASMetop instruments.
1 Comparison of IASI FORLI retrieval scheme up@e28491122for accuracy improvements in the
UTLS with the standard FOR20151001 processing.

Nextto the postretrieval screening by the data providexdditional filkering criteriahave been applie¢see
Table5.3). 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 statimm late retained for further
analysis (see Section 5.2). This BA0radius however is narrowed down for each instrument individually,
RSLWISYRAY3I 2y G(GKS AyTalesyzySyioa LAESt &aAl S 064SS8
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Table5.1 - Overview of Ozone_cenadir ozone profile data productnd their current availability: Years marked
in blue indicate availability from Ozone_cci Phase II, while purple indicates that the retrieval for that yieeemas
updated or extended in the curre@®zone_cet project. Crosses mark expected data.

Processing Time period
entity  9697989900010203040506070809101112131415161718192021
NP_GOME RAL
NP_SCIAMACH  RAL
NP_GOME2A|  RAL
NP_GOME2B|  RAL
NP_GOME2C|  RAL
NP_OMI RAL
NP_TROPOM|  RAL
NP_GOME2IAS|  RAL
NP_IASIA [ ULB/LATMO]
NP_IASIB | ULB/LATMO
NP_IASIC |ULB/LATMO
NP_GOFECV DLR | x| x| X x| x| x| x| x| x| x| x

L2 Data Produc

Table 5.2 - Overview of Ozone_ceiL2nadir ozone profile data product specificatioiscluding local solar time
(LST) of the satellite overpass, pixel sagl celocation distanceselectionbased on pixel se.

L2 data product LST pixel size (km?) Colocation |
NP_GOME ' 10:30AM ' 320 x 40 km? 100 km
NP_SCIAMACHY 10:00AM 240 x 32 km? 100 km
NP_GOME2B/C 09:30AM 160 x 160 km? 100 km
NP_OMI 01:30PM 52 x 48 km? 50 km
NP_TROPOMI 01:30PM pixetadding TBD TBD
NP_®MEZ2IASI 09:30AM pixetmerging TBD TBD
NP_IASIAB/C 09:30AM(+PM) 12 km (diam.) 10 km
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Table5.3 - 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 RARIgorithms TIR FORIalgorithms
Averaging kernel / -DFS>1
matrix - All elements < 2

- First derivative < 0.5
- Second derivative < 1

Chisquare test 1 1

Convergence 1 1

Cost function <120 (<2) /

(normalised)

Effective cloud <0.20 <0.13

fraction

Negative ozone Rejected Rejected

values

Productspecific - GOME2A/B/C: Januaryto-May band - Ozone rejected if incomplete H20
1 SCD <500 DU retrieval

- OMI: outer two pixels from each - IASHA: rejected from ApiiSeptember

swath rejected 2015

- Entire profile rejected upon BantiA
retrieval step failure

Solar zenith angle < 80° < 83° (daytime) or > 91° (nightime)
Surface pressure Rejected if unrealistic Rejected if unrealistic

Surface temperature / Rejected if unrealistic

Tropospheric ozone / Ratio of 6 km integrated column to tdta

integrated column > 0.085

5.2 Validation approach

The tenstep nadir ozone profile QA/validation chain as applied in this work has already been extensively
described within CCI context jJRD16] and[RD47]. 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.

5.2.1 Information content studies

Each gantity that is retrieved using the optimal estimation technique contains information both from the
satellite measurement and from the-@iori profile and covariance matrix. The contribution of prior
information can be significant where the measurementvisakly or even not sensitive to the atmospheric
ozore proflle e.g. in case of firgcale structures of the proflle below optlcally thick tropospheric clouds,
FYR Fd GKS t26SNJ IfdAGdzRSad ¢KS Ay T2 NiMitelvaricsf RA A
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 a e  Towd jT o & .

A study of the algebraic pperties 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#6]. 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) and the vertical sensitivity are studied. These quantities are given
by theAKM trace and row sum profile, respectively. The DFS of a retrieved atmospheric profile-den@aon
measure for the number of independent quantities that can be determined and as such loosely related to
the Shannon information contefRD73]. The vertical sensitivity to the measurement is a 4nuitmalised
measure for how sensitive the retrieved ozone value at a certain heigtnbizone values at all heights.

Besides the more common DFS and sensitivity ié&tion content quantities, in this work the vertical

F SN AAy3a {SNYyStaQ 2FFasSiéd FyYyR 6ARGK I NB O2yaAiRSNE
the retrieval height registration, givenere by the direct vertical distance (in km) between averaging
1SNYyStQa LISI |1 &S yaadAits hathnal getrieval sitikudedzR s Q a a 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 nadozone profile retrievalsSeveraimethods have been
proposed to estimate the vertical resolution from the width of the vertical averaging kernels (see overview

in [RD16]), but usually it is determirck either as a full width at hathaximum (FWHM) value around the
1SNYyStQa LIS I f-Gibditdpre&d (RG)Ndr tesolviig keBgth.atoudq itszéentroid

5.2.2 FRM comparisons

The grounebased FRM data considered for the nadir ozone profile validatithis report has been collected

T NRB Y Anjospbedic Validation Data CentfevVDC). The EVDC Cal/Val data portal contains ozonesonde
data from the NDACC, SHADOZ, and WOUDC network archives, and additionally collects ozonesonde data in
nearreal timewithin the MATCH campaight{ps://evdc.esa.int/campaigns/o3sondes/Stratospheric lidar

data originate from the NDACC data archive and its rapid delivery section. The EVDC data portal reslistribute
the groundbased 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 correlative measurements by ozonesondes and lidars, lodntire profiles and

on individual altitude levels. The recommendations of giheund-based data providers to discard unreliable
measurements are followedMleasurements with unrealistic pressure, temperature, or ozone readings are
rejected automaticallyOzonesonde measurements at pressures below 5 hPa (beyo38 Bfh) and lidar
measurements outside of the 37 km vertical range anejected automatically as welPrior to thesedata
manipulations, the grourtbased ozone profile data were converted torf@ 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, the lidar data are given in number density.

Only colocations with a maximal spatial distance of 100 &rsmaller(seeTable 5.2) and a maximal time
difference of one daywere allowed. When multiple satellite pixel 4mcations with oneunique ground
measurement occyronly the closest satellite measurement is kepalculating difference profiles requires
harmonisation of the satellite retrieval and groubhdsed reference ozone profiles in terms of at least their
representation and vertical sampling. In order to desample a groundbased ozone profile measurement

to the satellite retrieval grid, a mag®nsening regridding in subcolumn units on layers is preferaigd

[RD60]. This tehnique however has been extended to bephgable in number density or volummaixing

ratio units on levels as well (alseesnext sections). Additionalljhe satellite and groundbasS R LINB FA £ S
vertical smoothing difference error is minimizby averaging kernel multiplicatigiR 48, RD73].

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 fog #ntire time series. This median difference is
a robust (against outliers) estimator of the vertically dependent systematic error, i.e. the bias, of the satellite
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data product.The bias profiles for the entire list of stations are then combined and vigabhs a function

of several influence quantities in order to reveal any dependences of the systematic error. The influence
guantities considered in this work are latitude (meridian dependence), &otditropospheri@zonecolumn

DFS, SZ&olar zenithangle) VZA (viewing zenith anglggffective) cloud fraction (for the UVIS products),
andthermal contrast (for the TIR products)

Besides the median difference, also the @46 interpercentile (IP68) of the differences is calculated as a
robust sprexd estimator of the random errors in the satellite data product, i.e. the precision profile. However,
this spread on the differences will also include contributions from grelesed random uncertainties
(limited to a few percent) and representativenesan(gling and smoothing) differences between the satellite
and reference measurements, 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 IP6§avalent to

mean and standard deviation, but they offer the advantage to be much less sensitive to occasional outliers.

5.3 Validation results

5.3.1 Consistency of GOME-2A/B/C instrument retrievals

RAL L2 v3 nadir ozone profile retrievals are now available fohre GOME2 instruments. This allows
performing a GOMRA/B/C retrieval consistency cheakhich is ideallperformed using identicalrocessor
versions, prior information, time ranges, agbundbased reference data for all three instrumentis has
however not been achieved ipractice Processor versions and retrieval periagtightly differ as indicated

in Table5.4 below. As a result, the groudghsed FRM data differs between the three instruments as well.
The presented comparison results therefore provide an indicative assessment only, and require confirmation
upon (re)processing using exactly the same processor settings and for identical time intervals.

Table5.4 - Overview of the latest L1 and L2 processor versions and prior source per instrument for the nadir ozone
profiles delivered by RAL. Next to the start and end months of the full datasets, the years considered for the
Metop-A/B/C consistency check {#hsection) and the deltaalidation (next section) are indicated.

Instrument L1 RAL L2 Prior source  Start End Consistency Delta-val. w.r.t.
check L2 v2

GOME GDPv4 v0301 ERA 1995/06 2011/06 / 19962010

SCIMACHY v7.04 v0300 ERA 2002/08 2012/04 / 2003-2010

GOME2A v6.06.3 v0300 ERA 200701 201908 / 20082019
GOME2A v6.37.0 v0303 ERAS 201909 202112 20202021 /

GOME2B v6.3 v0303 ERAS 201406 202011 / 20142020
GOME2B v6.37.0 v0305 ERAS 202011 202711 20202021 /
GOME2C V6.3 v0300 ERAL 2020/01 2021/06 20202021 /
OMI v003 v0214 ERA 200410 2019/08 / /
OMI v003  v0214e5 ERAS 201909 202710 / /

Looking at the comparisoris Figureb.1 (see alsd-igure5.2 and Figure5.3), which involve averaging kernel
smoothed satellite profiles, one observes that generally the RAL v3 GDRBEC retrieval products agree
similarly with the grounébased data, showing r@ther typical Zcurve with zero biases approximately at 5

10 and around 20 km altitude. GOMB and C show a negative bias peak in the UTLS (5 to 20 km) and a
positive bias peak in the upper stratosphere (between 20 and 55 km) that both amount to abtm#Q®6

(with a higher negative peak for GOMB). The stratospheric lidar comparisons on the other hand show a
negative stratospheric bias of 4D % for GOMEA. For all three instruments, the bias again shifts towards
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positive values below 5 km, withhagh positive bias towards the surface for GORA The sensitivity for
this lowest layer however is reduced to about 0.5 or below, meaning that 50 % or more of the retrieval
information comes from the prior profile rather than from the measurement.

Thesomewhat deviating bias behaviour for GOk with its strong positive tropospheric bias could be at

least partially attributed to instrument degradation, especially for the recent years under consideration. This

is also clear from the mean number of DIR&ttis obtained for the GOME instruments, which roughly
amount to 4, 4.5, and 5 for GOMH, B, and C, respectively. Apart from some seasonality (up to 0.5 at
maximum), these DFS values change little for each instrument. This is quite remarkablehgjivecutrence

of negative sensitivities in the UTLS for all three instruments, which mostly correspond to high solar zenith
angle observations (above about 65 degrees,Sgare5.1). From the ozonesonde companss) it becomes

clear that the observations showing negative UTLS sensitivities correspond with the highest negative UTLS
biases. On the other hand, these observations also induce the highest stratospheric biases, as can be seen
from the lidar comparisonsyhich show a very clear SZA dependence for all three GDM§&ruments. It

could therefore be appropriate to strengthen the SZA screening from say 80° to 70° and/or introduce a
screening of negative sensitivities. This would reduce both the positiveagspifzere) and negative (UTLS)
biases along the vertical profile.

For all three GOME instruments, the comparison uncertainties in terms of the 68 % interpercentile spread
display a Wshaped curve with a minimum of about 10 % aroune28km (plotted as dshed lines around

the median difference ifrigure5.1). Ths dispersion increases to roughly 30 % at 45 km, to slightly decrease
again above, but rises even more strongly in the UTLS where the sensitivity peafide and towards the
ground. The bias discussed above exceeds this dispersion (becomes significant), in the troposphere for
GOME2A, and in the UTLS and stratosphere for GHRENd C.
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GOME2C v3.02020/01-2021/06

Figure5.1 - Median absolute and relative differences (thick dashed lines), 68% interpercentile spreads (thin
dashed lines), and median vertical sensitivitiesets and FWHMs (dashed lines) for comparisoiRAL v3
retrievals for Metop GOMEA/B/C (top to bottom, respectively) with ozonesondeft) and lidar (rightyeference
measurementstfie exact processor version and time range is indicated with eattuient). Individual profile
statistics are plotted aa function of DF&nd solar zenith angle (SZAging the colour coding indicated by the
colour bar on the right of each plot.

5.3.2 Assessment of the RAL v2 to v3 retrieval updates

The RAL v2 UVIS nadir pone profile retrievalsvere extensively discussed [RD47]. The corresponding
comparison results are again plotted as a function of DF&ure5.2, left column.The right column contains

the ozonesonde and lidar comparison results for v3 of the RAL retrieval. Note that time ranges have been
extended for the GOMEA and B instruments, while the number of comparisons is much reduced for GOME
because of more severreening settings. Nevertheless, igisite clear that with the update from RAL v2

to v3, the satellite nadir ozone profile uncertainties have hardly changed. The exception is SCIAMACHY, which
shows slightly reduced uncertainties in terms of both bias dispersion for v3, both in the troposphere and
stratosphere.

On the other hand, it is remarkable that the average retrieval DFS has decreased by up to 0.5 in general. This
is most pronounced for GOMEA and B, although one has to take into account tteir time series
extension including increased instrument degradation plays a role as well. The overall DFS degradation seems
to go hand in hand with the appearance of strongly negative UTLS sensitivities in v3 of the RAL retrieval,
which were not presenin its v2 (negative sensitivities were present in the lower troposphere in v2 already).
This observation confirms that the introduction of a screening of ozone profiles with negative sensitivity in
the UTLS could improve the overall performance, i.elcedhe average uncertainty, of the RAL v3 products,

as already indicated in the previous section.
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