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EXECUTIVE SUMMARY 
The Ozone_cci+ project is the successor of Ozone_cci as ǇŀǊǘ ƻŦ 9{!Ωǎ /ƭƛƳŀǘŜ /ƘŀƴƎŜ LƴƛǘƛŀǘƛǾŜ ό//Lύ. The 
Validation Team (VALT) has developed a Product Validation Plan (PVP) translating user requirements into 
validation requirements, in order to ensure independent and traceable validation of the Ozone_cci+ data 
products and verification of compliance with the user requirements. This Product Validation and 
Intercomparison Report (PVIR) version 5.2 reports on the quality of the Climate Research Data Package 
(CRDP). For each of the Essential Climate Variable (ECV) data records provided by the project, the PVIR 
provides users with detailed validation results, with a list of quality indicators enabling the verification of 
fitness-for-purpose of the data for their own application, and with an assessment of the compliance of the 
CRDP with user requirements established by the Climate Research Group (CRG) based on their own research 
needs and on more generic needs formulated by international climate research and monitoring bodies like 
GCOS. 
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1 Introduction 

1.1 Purpose and scope 

The current Ozone_cci+ Climate Research Data Package (CRDP) includes records of total ozone columns, 
nadir-based ozone profiles, and limb-based ozone profiles. Requirements for the necessary quality 
assessment of the CRDP datasets are detailed in the Ozone_cci+ Product Validation Plan (PVP, [RD3]) 
established by a validation team working independently of the algorithm development teams. Based on the 
PVP, the present Product Validation and Intercomparison Report (PVIR) provides users and product 
developers of the CRDP with geophysical validation results and with a list of quality indicators enabling the 
verification of the fitness-for-purpose of the data. In particular, the PVIR discusses the compliance of the 
individual CRDP datasets with user requirements formulated by GCOS and the projectΩǎ Climate Research 
Group (CRG) in a dedicated User Requirements Document (URD, [RD10]). This PVIR will be updated in a future 
phase of this project as improved and new data products and possibly validation approaches are developed. 

1.2 Document overview 

The Ozone_cci+ Product Validation and Intercomparison Report is organised as follows: 

¶ Section 2 introduces the CRDP datasets addressed in this report. 

¶ Section 3 describes the ECV validation methodology: Generic principles of the validation process, 
study of compliance with user requirements, information content and sensitivity studies, and 
confrontation to independent and traceable reference measurements. 

¶ Section 4 describes validation results and compliance assessment for the nadir-based ozone profile 
ECV. 

¶ Section 5 describes validation results and compliance assessment for the limb-based ozone profile 
ECV. 

¶ Section 6 describes validation results and compliance assessment for the tropospheric ozone ECV. 

¶ Section 7 lists applicable and reference documents. 

¶ Section 8 defines the applicable terminology. 
 
For each ECV data product, the results are reported as follows: 

¶ A description of the reference measurements used for independent ECV validation. 

¶ A description of the preparation of satellite and reference measurements, including quality control 
procedures applied for the selection of the most appropriate data, information on the uncertainties 
associated to them, co-location criteria applied, data manipulations applied to convert data units and 
representation systems... 

¶ A description of the match-up analyses performed on the derived ECV products against the selected 
reference observations. 

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

¶ Statement of compliance with user requirements formulated in the projectΩǎ User Requirement 
Document [RD10]. 
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2 Climate Research Data Package (CRDP) 
The Climate Research Data Package (CRDP) generated in the framework of the Ozone_cci+ project contains 
a list of ozone column and ozone profile data sets. The database can be accessed through the freely accessible 
ftp site ftp://cci_web@ftp-ae.oma.be/esacci/ozone, and Level-3 products through the CCI Open Data Portal 
(http://cci.esa.int/data) or at the Copernicus Climate Data Store (https://cds.climate.copernicus.eu). The 
data package is organised in four families of ozone data products: Total ozone data products (TC=Total 
Column), Nadir ozone profile data products (NP=Nadir Profile), Limb ozone profile data products (LP=Limb 
Profile) and Tropospheric ozone data products (TRC). All data sets are delivered in NetCDF-CF format and are 
compliant with CCI data format guidelines, as described in the Product User Guide (PUG) [RD5]. The 
Ozone_cci+ data products validated in this document are listed in the tables below. A full description of the 
retrieval algorithms and retrieval settings is given in the associated Algorithm Theoretical Basis Document 
(ATBD) [RD4]. A description of ex-ante uncertainty characterisation can be found in the End-to-End ECV 
Uncertainty Budget (E3UB) [RD6]. 

ftp://cci_web@ftp-ae.oma.be/esacci/ozone
http://cci.esa.int/data
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2.1 Nadir ozone profile data sets 

Table 2.1 - Ozone_cci+ CRDP nadir ozone profile data products considered in this PVIR. 

Product 
level 

Product ID Sensor Product description Provider 
Time 
coverage 

Validation 
report 

Level-2 

NP_L2_IASIA Metop-A IASI 
FORLI 20151001 CDR 
algorithm on fixed 
altitude levels 

ULB-
LATMOS 

2008-2019 Section 4 

NP_L2_IASIB Metop-B IASI 
FORLI 20151001 CDR 
algorithm on fixed 
altitude levels 

ULB-
LATMOS 

 
2019-2023 

Section 4 

NP_L2_IASIC Metop-C IASI 
FORLI 20151001 CDR 
algorithm on fixed 
altitude levels 

ULB-
LATMOS 

2019-2023 Section 4 

Level-3 

NP IASI-ABC Merged 
FORLI 20191122 
algorithm on fixed 
altitude levels 

ULB-
LATMOS 

2008-2023 Section 4 

NP_GOP-ECV Merged 
v3 from RAL L2 v2 and 
v3 

DLR 1995-2022 Section 4 
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2.2 Limb ozone profile data sets 

Table 2.2 - Ozone_cci+ CRDP limb ozone profile data products considered in this PVIR.  

Product level Product ID Sensor 
Product 
description 

Provider 
Time 
coverage 

Validation 
report 

HARMonized 
dataset of 
OZone profiles 
(HARMOZ) 
 
Level 2 

LP_L2_GOMOS Envisat GOMOS 

Individual profiles 
of ozone mole 
concentrations 
on a common 
pressure or 
geometric 
altitude grid, and 
auxiliary 
information to 
convert to 
volume mixing 
ratio and/or 
geometric 
altitude/pressure 

FMI 

Entire 
mission, 
data 
screened for 
outliers 
(filtered 
data) 

Section 5.4.2 

LP_L2_GBL Envisat GOMOS FMI Section 5.4.3 

LP_L2_MIPAS Envisat MIPAS IMK/IAA Section 5.4.4 

LP_L2_SCIA 
Envisat 
SCIAMACHY 

U Bremen Section 5.4.5 

LP_L2_OSIRIS Odin OSIRIS U Saskatchewan Section 5.4.6 

LP_L2_ACE  SciSat ACE FTS U Toronto  Section 5.4.7 

LP_L2_OMPS_S
NPP_USASK 

Suomi-NPP U Saskatchewan Section 5.4.8 

LP_L2_OMPS_S
NPP_UBR 

Suomi-NPP U Bremen Section 5.4.9 

LP_L2_OMPS_N
21_UBR 

NOAA-21 U Bremen Section 5.4.10 

LP_L2_SAGE-II ERBS SAGE II 
NASA-LaRC,  
U Bremen 

Section 5.4.11 

LP_L2_HALOE UARS HALOE 
NASA-LaRC,  
U Bremen 

Section 5.4.12 

LP_L2_SABER TIMED SABER 
NASA-LaRC,  
U Bremen 

Section 5.4.13 

LP_L2_MLS Aura MLS 
NASA-JPL,  
U Bremen 

Section 5.4.14 

LP_L2_POAM-III SPOT-4 POAM III 
NASA,  
U Bremen 

Section 5.4.15 

LP_L2_SAGE-
III/M3M 

Meteor-3M SAGE 
III 

NASA-LaRC,  
U Bremen 

Section 5.4.16 

LP_L2_SAGE-
III/ISS 

ISS SAGE III 
NASA-LaRC,  
U Bremen 

Section 5.4.17 

Level 3 LP_LIMB_HIRES 

Aura MLS, 
GOMOS, MIPAS, 
SCIAMACHY, 
OSIRIS, OMPS-
LP/SNPP, SAGE 
III/ISS, ACE-FTS 

Daily 1° x 1° 
mean profile of 
ozone mole 
concentrations  
on a pressure grid 

FMI 2004-2022 Section 5.5.2  
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2.3 Tropospheric ozone data sets 

Table 2.3 - Ozone_cci+ CRDP tropospheric ozone data products considered in this PVIR. 

Product 
level 

Product ID Sensor Product description Provider 
Time 
coverage 

Validation 
report 

Level 3 

TRC_L3_GTTO 

GOME, SCIAMACHY, 
OMI, GOME-2A, 
GOME-2B,  
GOME-2C, TROPOMI 

CCD algorithm, 
surface to 270 hPa 

DLR 1995-2023 Section 6.2 

TRC_L3_OMI-LIMB OMI, LIMB-HIRES 
Limb-Nadir matching 
algorithm, surface to 
thermal tropopause 

FMI 2004-2023 Section 6.3 

TRC_L3_GTO-LIMB 
GTO-ECV,  
LIMB-HIRES 

Limb-Nadir matching 
algorithm, surface to 
thermal tropopause 

FMI 2004-2023 Section 6.3 
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3 ECV Validation Methodology 

3.1 General principles of the validation process 

The Ozone_cci+ Product Validation Plan [RD3] describes the validation protocol applied in this assessment. 
The prime objective of the Ozone_cci+ project is the production of ECV data products responding to the 
needs of the climate research community, represented by the Ozone_cci+ Climate research Group (CRG) and 
the CCI Climate Modelling User Group (CMUG). Every ECV data set produced by the project needs to be 
validated against the official user requirements formulated in the Ozone_cci+ User Requirement Document 
(URD, [RD10]). In the following section, we summarize the user requirements applicable to the present 
validation study. The translation of these user requirements into validation requirements is described in the 
Ozone_cci+ Product Validation Plan (PVP, [RD3]). The geophysical validation of ECV data products delivered 
in the CRDP relies primarily on comparisons with ground-based reference measurements. These comparisons 
are reported in the following sections. The reference measurements used in this study are summarised in 
Section 3.5. In preparation of the comparisons, the data sets must undergo a suite of data manipulations, 
including data filtering based on, e.g., quality flags, harmonisation of coordinate systems and of units, 
reduction of differences in vertical and horizontal smoothing, selection of co-locations meeting appropriate 
criteriaΧ These operations depend on the ECV data product and associated retrieval algorithms; therefore, 
they are described in the respective sections reporting the comparisons. Prior to the data comparisons, the 
characterisation of the information content of the data products and their sensitivity to the real atmosphere 
may be required. This is definitely the case for a proper interpretation of nadir ozone profile data, for which 
the final data product is a mix of real contributions from the measurement and of a priori constraints. This 
aspect is addressed in Section 3.3.  

3.2 Compliance with user requirements 

The Ozone_cci+ User Requirement Document (URD) [RD10] defines climate user requirements based on the 
ozone requirements of the Global Climate Observing System (GCOS), the CCI Climate Modelling User Group 
(CMUG) [RD7], the Integrated Global Atmospheric Chemistry Observation theme (IGACO) of the Integrated 
Global Observing Strategy (IGOS) [RD9], and the WMO observational requirements [RD11]. They are 
summarised hereafter. These URD requirements were translated into validation requirements in the Product 
Validation Plan (PVP) [RD3] established by the Ozone_cci+ Validation Team (VALT). 
 
The first category of user requirements addresses classical error bars. In the case of total ozone column TOC 
όŜȄǇǊŜǎǎŜŘ ƛƴ 5¦ύ ǘƘŜ ŜǊǊƻǊ ǿƛƭƭ ōŜ ƎƛǾŜƴ ŀǎ ŀ ŘŜƭǘŀ ǘƻǘŀƭ ƻȊƻƴŜ ǾŀƭǳŜ ƛƴ 5¦ όʵ¢h/ύΣ usually equal to a few 
percent, such that TOC ± ɻ ¢h/ ǊŜǇǊŜǎŜƴǘǎ ŀ symmetric 68 % confidence interval. ¢Ƙƛǎ ʵ¢h/ ǾŀƭǳŜ Ŏƻƴǘŀƛƴǎ ŀ 

systematic term and a random term, corresponding to classical bias and precision (1s standard deviation or 
equivalent) estimates. Validation is expected to verify the accuracy of ex-ante estimates of the systematic 
bias and precision provided by the ECV retrieval teams. This verification must further ensure that these 
quality indicators, which usually vary with several parameters of the measurement and the retrieval, remain 
within the acceptable ranges defined in URD. 
 
In the case of ozone profiles two error bars are required, one representing an altitude range (requirement of 
±500m for limb profile retrievals), the other representing a volume mixing ratio range (requirements 
between 8 % and 20 %), and both representing a symmetric 68 % confidence interval. Assessment of the 
error bar on altitude for nadir ozone profile data requires analysis of information content (e.g., calculation of 
centroids and Backus-Gilbert spread of the vertical averaging kernels, [RD27]). Details will be addressed in 
dedicated sections.  
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The second category of user requirements addresses (i) the temporal and spatial domains over which, and 
(ii) the associated temporal and spatial resolutions at which, data quality must meet the first category of user 
requirements: 

¶ Temporal domain and sampling: continuous coverage with 3 days of observation frequency over the 
decadal range and beyond, with maximum uncertainty on interannual variability, annual cycle and 
shorter-term variability ranging from 2-3 % for total ozone data up to 20 % for tropospheric ozone 
data. 

¶ Temporal stability: Long-term stability of 1 %-3 %/decade to allow trend detection. 

¶ Geographical domain: global, regional, latitude-height monthly mean cross-sections. 

¶ Horizontal resolution requirements: from 20 km to 300 km depending on the ECV. 

¶ Vertical range and sensitivity: requirements reflect the vertical structure of ozone changes, namely 
total ozone column (TOC), and ozone in the lower troposphere (LT), upper troposphere (UT), lower 
stratosphere (LS), upper stratosphere and mesosphere (USM). 

¶ Vertical resolution: depending on the ECV. 
 
Other user requirements fall rather into categories of product specifications: 

¶ Level of the ECV data set: off-line homogenized Level-2 time series for process evaluations on time 
scales spanning from hours/days to months/years, and homogenized multi-instrument long-term 
data sets for ozone-climate interactions (Level-3 and Level-4).  

¶ Continuity of user requirements between data levels, e.g., aggregated multi-sensor Level-3 products 
should retain Level-2 requirements as much as possible. At least, Level-3 products should not be 
homogenized/degraded to the instrument with the lowest accuracy over the targeted time period. 

¶ Requirements for ancillary data: cloud information per pixel (including cloud fraction, cloud height, 
cloud albedo) and surface information per pixel (surface albedo). 

¶ Data format and metadata requirements. 

¶ Visualisation requirements. 
 
Compliance with requirements on observation frequency and geographical domain is straightforward to 
verify through visualisation of the data sets, a study hereafter referred to 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 Backus-Gilbert spread and use of cross-
correlation techniques). Compliance with more specific requirements, especially requirements peculiar to 
Level-3/4 data products, e.g. in terms of actual geographical coverage and of point-to-zone 
representativeness, may need the use of statistical methods based on global model results. In addition to 
validation studies and quality checks performed by the validation teams (VALT) and by the ECV producers 
(EOSTs), user feedback provides valuable input for the assessment of effective usability of the data product. 
The latter quality checks are reported in another document, the Climate Assessment Report (CAR) [RD73]. 
 
Hereafter we reproduce the user requirements as described in Tables 5 to 10 of version 4.1 of the URD, 
against which Ozone_cci+ ECV data products must be verified and/or validated. For each ECV the tables in 
this document display specific requirements on the data, its characteristics and its errors (Table 3.1, Table 
3.3 and Table 3.5), and requirements on the data format and associated metadata (Table 3.2, Table 3.4 and 
Table 3.6). 
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3.2.1 Total ozone data product requirements 

Table 3.1 - Product requirements for total ozone column data. Achievable and future target requirements are 
given, ǎŜǇŀǊŀǘŜŘ ōȅ ŀ ΨςΨ (adapted from URD v4.1). 

Quantity Driving Research topic 
Geographical Zone 

Tropics Mid-latitudes Polar region 

Global horizontal 
resolution 

Evolution of the ozone layer (radiative 
forcing); Seasonal cycle and interannual 
variability; Short-term variability*  

20 ς 100 km 20 ς  
50/100 km 

20 ς  
50/100 km 

Observation 
frequency 

Evolution of the ozone layer (radiative 
forcing); Seasonal cycle and interannual 
variability; short-term variability*  

Daily ς 
weekly 

Daily ς 
weekly 

Daily ς 
weekly 

Time period Evolution of the ozone layer (radiative 
forcing) 

(1980-2010) 
1995-2011 

(1980-2010) 
1995-2011 

(1980-2010) 
1995-2011 

Uncertainty Evolution of the ozone layer (radiative 
forcing) 

2 % (7 DU) 2 % (7 DU) 2 % (7 DU) 

Uncertainty Seasonal cycle and interannual 
variability; Short-term variability*  

3 % (10 DU) 3 % (10 DU) 3 % (10 DU) 

Stability (after 
corrections) 

Evolution of the ozone layer (1980-2010 
trend detection; radiative forcing) 

1 ς 3 % / 
decade 
(1995-2011) 

1 ς 3 % / 
decade 
(1995-2011) 

1 ς 3 % / 
decade 
(1995-2011) 

* Short-term variability includes: Exchange of air masses, streamers, regime studies. 
 

Table 3.2 - Data format and metadata requirements for total ozone (adapted from URD v4.1) 

Data feature Requirement 

Data format Net-CDF [RD22] 
Data conventions CF 

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

Error Total area 

Error characteristics (optional) Total uncertainty and its subdivision per pixel into: 
- contribution measurement noise; 
- contribution of a priori uncertainties; 
- contribution of estimated spectroscopic uncertainty 

Averaging kernels Yes, for Level-2 

Full covariance matrix included? No 

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; 
local/latitudinal time series of monthly means) 
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3.2.2 Nadir ozone profile and tropospheric ozone data product requirements 

Table 3.3 - Product requirements for nadir-based ozone profile and tropospheric ozone Climate Data Records 
(CDRs). The ozone profile requirements are for ozone products in terms of (partial column mean) mixing ratios. 
The tropospheric altitude domain extends from the surface to the tropopause defined by an ozone concentration 
of 150 ppbv; the UT/LS extends from about 5 to 30 km, and the middle atmosphere extends from about 30 to 60 
km altitude. The required coverage is global. Achievable and future target requirements are given, separated by a 
ΨςΨΦ ¢ƘŜ ŦƛǊǎǘ ƴǳƳōŜǊ ƛǎ ǘƘŜ ŦǳǘǳǊŜ ǘŀǊƎŜǘΦ bƻǘŜΥ ǊŜǉǳƛǊŜƳŜƴǘǎ ƘŀǾŜ ōŜŜƴ ǳǇŘŀǘŜŘ ƛƴ Ozone_cci+ (adapted from 
URD v4.1). 

Quantity Driving Research topic 
Height range 

Troposphere UT/LS 
Middle 
Atmosphere 

Horizontal 
resolution 

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

20 ς 200 km 20 ς 200 km 200 ς 400 km 

Vertical 
resolution 

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

6 km ς 
tropospheric 
column 

6 km ς partial 
column 

6 km ς partial 
column 

Observation 
frequency 

Evolution of the ozone layer 
and the tropospheric ozone 
burden (radiative forcing); 
Seasonal cycle and 
interannual variability; 
Short-term variability*  

Daily ς weekly Daily ς weekly Daily ς weekly 

Time period Evolution of the ozone layer 
and tropospheric ozone 
burden (radiative forcing) 

(1980-2010) ς 
(1996-2010) 

(1980-2010) ς 
(1996-2010) 

(1980-2010) ς 
(1996-2010) 

Accuracy Evolution of the ozone layer 
and tropospheric ozone 
burden (radiative forcing) 

8 %  8 % 8 % 

Accuracy Seasonal cycle and 
interannual variability; 
Short-term variability* 

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

8 % 

Stability Evolution of the ozone layer 
and tropospheric ozone 
burden (radiative forcing); 
trends 

1 ς 3 % /  decade 1 ς 3 % / decade 1 ς 3 % / decade 

* Short-term variability includes: Exchange of air masses, streamers, regime studies. 
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Table 3.4 - Data requirements for nadir-based ozone profile Climate Data Records (adapted from URD v4.1) 

Data feature Requirement 

Data format Net-CDF 

Data conventions CF 

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

Error characteristics Total accuracy and its subdivision per pixel and per 
layer into: 
- contribution measurement noise; 
- contribution smoothing error 
- contribution of A Priori uncertainties; 

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

Averaging kernels included? Yes, per pixel 

Full covariance matrix included? Yes, per pixel 

A priori data included? Yes, per pixel 

Flags Quality per pixel (good, bad, uncertain); Pixel type; 
Snow/ice; Sun glint; Solar Eclipse; South-Atlantic 
Anomaly 

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

Table 3.5 - Product requirements for limb-based ozone profile Climate Data Records (CDRs). The ozone profile 
requirements are for ozone products in terms of (partial column mean) mixing ratios. The lower stratosphere (LS) 
extends from 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 
ƎƛǾŜƴΣ ǎŜǇŀǊŀǘŜŘ ōȅ ŀ ΨςΨΦ ¢ƘŜ ŦƛǊǎǘ ƴǳƳōŜǊ ƛǎ ǘƘŜ ŦǳǘǳǊŜ ǘŀǊƎŜǘ (adapted from URD v4.1). 

Quantity Driving Research topic 
Height Range 

Lower Stratosphere Middle Atmosphere 

Horizontal 
resolution 

Regional differences in the 
evolution of the ozone layer 
(radiative forcing); Seasonal cycle 
and interannual variability; Short-
term variability 

100 ς 200 km 200 ς 400 km 

Vertical 
resolution 

Height dependence of evolution of 
the ozone layer (radiative forcing); 
Seasonal cycle and interannual 
variability; Short-term variability 

1 ς 2 km 2 ς 4 km 

Observation 
frequency 

Seasonal cycle and interannual 
variability; short-term variability 

Daily ς weekly  Daily ς weekly  

Time period Evolution of the ozone layer 
(radiative forcing) 

(1980-2010) ς  
(2003-2010) 

(1980-2010) ς  
(2003-2010) 

Uncertainty in 
height 
attribution 

Evolution of the ozone layer 
(radiative forcing), Seasonal cycle 
and interannual variability; Short-
term variability 

±500 m ±500 m 

Uncertainty on 
mixing ratio 

Evolution of the ozone layer 
(radiative forcing) 

8 % 8 % 

Uncertainty on 
mixing ratio 

Seasonal cycle and interannual 
variability; Short-term variability 

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

8 % 

Stability Evolution of the ozone layer 
(radiative forcing); trends 

1 ς 3 % / decade 1 ς 3 % / decade 
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Table 3.6 - Data format and metadata requirements for limb-based ozone profile requirements (adapted from 
URD v4.1) 

Data feature Requirement 

Data format Net-CDF [RD22] 

Data conventions CF 

Data units Ozone mixing ratio (optional: 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 horizontal smoothing 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, uncertain); Cloud 
contamination; Solar Eclipse; South-Atlantic anomaly 

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

Table 3.7 - Product requirements for tropospheric ozone Climate Data Records (CDRs). The ozone profile 
requirements are for ozone products in terms of (partial column mean) mixing ratios. The tropospheric altitude 
domain extends from the surface to the tropopause defined by an ozone concentration of 150 ppbv. The required 
coverage is global though not for the CCD technique-based tropospheric ozone products. Achievable and future 
ǘŀǊƎŜǘ ǊŜǉǳƛǊŜƳŜƴǘǎ ŀǊŜ ƎƛǾŜƴΣ ǎŜǇŀǊŀǘŜŘ ōȅ ŀ ΨςΨΦ ¢ƘŜ ŦƛǊst number is the future target (adapted from URD v4.1). 

Quantity Driving Research topic 
Height Range 

Tropospheric 
column 

Upper 
troposphere 

Lower 
troposphere 

Horizontal 
resolution 

Regional differences in the 
tropospheric ozone burden 
(radiative forcing); Seasonal cycle 
and interannual variability; Short-
term variability 

20 ς 200 km 20 ς 200 km < 20 km 

Vertical 
resolution 

Height dependence of evolution of 
tropospheric ozone burden 
(radiative forcing); Seasonal cycle 
and interannual variability; Short-
term variability 

n/a < 6 km < 6 km 

Observation 
frequency 

Evolution of tropospheric ozone 
burden (radiative forcing); Seasonal 
cycle and interannual variability; 
Short-term variability 

Daily ς weekly  Daily ς weekly Hourly ς weekly  

Time period Evolution of tropospheric ozone 
burden (radiative forcing) 

(1980 - ) (1980 - ) (1980 - ) 

Uncertainty  Evolution of tropospheric ozone 
burden (radiative forcing) 

8 % 8 % 8 % 

Uncertainty  Seasonal cycle and interannual 
variability; Short-term variability 

16 % 16 % 8 % 

Stability Evolution of the ozone layer 
(radiative forcing); trends 

1-3 % / decade 1-3 % / decade 1-3 % / decade 
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Table 3.8 - Data format and metadata requirements for tropospheric ozone profile requirements (adapted from 
URD v4.1) 

Data feature Requirement 

Data format Net-CDF [RD22] 

Data conventions CF 

Data units Ozone mixing ratio (optional: 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 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 included? 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; Snow/ice; Sun 
glint; Solar Eclipse; South-Atlantic Anomaly 

Visualisation Basic browsable archive visualisation (profile cross section per orbit; 
monthly maps at standard pressure levels; local/latitudinal time 
series of monthly means at standard pressure levels) 

 

3.3 Information content and sensitivity 

! ƪŜȅ ŀǎǇŜŎǘ ƛƴ ǘƘŜ ǾŀƭƛŘŀǘƛƻƴ ƻŦ ǳǎŀōƛƭƛǘȅ όǘƘŜ ǾŜǊƛŦƛŎŀǘƛƻƴ ƻŦ άŦƛǘƴŜǎǎ ŦƻǊ ǇǳǊǇƻǎŜέ ƻŦ ŀ Řŀǘŀ ǇǊƻŘǳŎǘύ ƛǎ ǘƘŜ 
characterisation of the information content of the data product. The retrieval of geophysical quantities from 
remote sounding measurements usually uses a set of a priori constraints, e.g., in the form of an assumed 
range of atmospheric profile shape around a first guess. Such constraints mix somehow in the retrieved 
quantities with the information really contributed by the measurement [RD76]. When a climatology is used 
in the retrieval, e.g., at altitudes where the measurement is not or less sensitive due to optically thick clouds 
or due to too low signal-to-noise ratios, it is important to understand what, in the final product, comes from 
the climatology and what comes really from the measurement. This kind of validation of the information 
content can rely on a combination of (1) comparisons with independent reference data sets, especially during 
events not considered in the climatology, (2) the study of deviations of the retrieved product from the a priori 
constraints, and (3) sensitivity analysis of the retrieval, e.g. based on a study of the associated averaging 
kernels and their eigenvectors [RD76, RD62, RD49]. E.g., plotting as a function of altitude the sum of the rows 
of the averaging kernel matrix associated with a retrieval shows at which altitudes the measurement offers 
sensitivity to atmospheric concentrations. Similarly, the real information content of the reference 
measurement itself should be known prior to performing a comparison. Information content studies might 
be an important aspect of the validation of model runs that have been initialised by climatology or by the 
output of another model, or that are constrained by a priori boundary conditions. They can also be of 
relevance in the assessment of data assimilation results when observations outside of a predetermined range 
are rejected as outliers by the data ingestion scheme, producing in the system a zero-information zone like 
the dead band or neutral zone used in voltage regulators and controllers to avoid unwanted oscillations and 
disruptions. Information content studies of the Level-2 data are also essential in understanding higher level 
data products generated by data merging and ensemble approaches. 
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3.4 Validation of individual components of ECV processing chain 

ECV line components are the individual processing blocks by which ECV data products are generated in their 
interim or final version. For complex processing chains international standards require to validate or at least 
verify the good performance of every component and the accuracy of its output. Limiting validation to the 
final data product only is not sufficient. The validation of intermediate data products is highly desirable to 
avoid, e.g., that the apparently good behaviour of the final data product at the end of the chain hides large 
compensating errors affecting separate components of the data retrieval. Testing is one of many verification 
activities intended to confirm that software development output meets its input requirements. Other 
verification activities include various static and dynamic analyses, code and document inspections, 
walkthroughs, and other techniques. Most of these verification activities have been performed by the EOSTs 
developing and producing the data products and are reported in the associated Algorithm Theoretical Basis 
Documents (ATBDs) [RD4]. 

3.5 Confrontation with independent reference measurements 

The performance of calibration procedures, retrieval algorithms and data merging systems, and the quality 
of the resulting ECV products is primarily assessed by comparison with traceable reference measurements 
supposed to provide the άǘǊǳŜέ atmospheric state. A key aspect is the appropriate selection of the reference 
data sets. The quality, traceability and fitness-for-purpose of the latter are essential to allow proper, unbiased 
and independent validation. Reference measurements must be well documented, and procedures must exist 
to ensure their quality control on the long term, as it is the case, e.g., within international ground-based 
networks where data acquisition and QA/QC are regulated by protocols.  
 
Ground-based reference measurements of the total column and vertical distribution of atmospheric ozone 
are ǇŜǊŦƻǊƳŜŘ ōȅ ƴŜǘǿƻǊƪǎ ƻŦ ƛƴǎǘǊǳƳŜƴǘǎ ŎƻƴǘǊƛōǳǘƛƴƎ ǘƻ ²ahΩǎ Dƭƻōŀƭ !tmosphere Watch (GAW) [RD24]. 
In the Ozone_cci+ project, ground-based data sets suitable for the validation of ECV products are collected 
from complementary instruments archiving routinely their data to the World Ozone and Ultraviolet Radiation 
Data Centre (WOUDC) and the Data Host Facility (DHF) of the Network for the Detection of Atmospheric 
Composition Change (NDACC). Details including data acquisition protocols, data quality estimates and data 
access conditions, are available on the web portals of the data archives (http://woudc.org and 
http://ndacc.org, respectively) and summarised in the Data Access Requirement Document (DARD) [RD8]. 
Additionally, satellite data sets of documented quality are also used to extend ground-based validation 
results to a 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 DARD [RD8], the following measurement data sets are used hereafter as reference for 
validation studies and/or for cross-comparison studies of the total ozone column data products: 

¶ Ground-based total ozone column (TOC) measurements by Dobson and Brewer ultraviolet 
spectrophotometers. 

3.5.1.1 Brewer and Dobson total ozone measurements 

The ground-based measurements database used for this validation report consists of archived Brewer and 
Dobson total ozone data that are downloaded from the World Ozone and Ultraviolet Radiation Data Centre 
(http://www.woudc.org). WOUDC is one of the World Data Centres which are part of the Global Atmosphere 
Watch (GAW) program of the World Meteorological Organization (WMO). These data are quality controlled, 
first by each station before submission and secondly by WOUDC. Brewer and Dobson ultraviolet 
spectrophotometers rely on the method of differential absorption in the Huggins band where ozone exhibits 

http://woudc.org/
http://ndacc.org/
http://www.woudc.org/
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strong absorption features in the ultraviolet part of the solar spectrum. This technique has been described in 
detail by the main reference papers [RD52] and references therein.  

The Dobson spectrophotometer is a manually controlled two-beam instrument that measures TOC values 
with a total uncertainty of 2 ς 3 % for solar zenith angles smaller than 75°. For Sun elevations higher than 
15°, a well maintained and calibrated Dobson spectrophotometer measures the ozone column with an 
estimated total uncertainty better than 1 % for cloudless direct Sun observations. Since the International 
Geophysical Year in 1957, Dobson instruments have been deployed in a worldwide network. Figure 3.1 
displays the geographical distribution of Dobson stations used in this study. It 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 % in the middle latitudes and ±1.7 
% in the Arctic, and for systematic errors of up to 4 % (Bernhard et al., 2005, [RD29]). 

The Brewer grating spectrophotometer is in principle similar to the Dobson. However, it has an improved 
optical design and is fully automated. The ozone column abundance is determined 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 well. Figure 3.2 displays the geographical distribution of Brewer stations used in this study. 
Most Brewers are single monochromators, but a small number of systems are double monochromators with 
improved stray light performance. Most of the Brewer instruments providing data to the WOUDC repository 
are operated at Northern Hemisphere stations. There are a few instruments of this type in the Southern 
Hemisphere, but they are not considered in this study because of their limited spatial representativeness. 
The uncertainty on total ozone Direct Sun (DS) measurements by a well-maintained Brewer instrument is 
about 1 % (e.g., [RD52]). When Brewer spectrophotometers are regularly calibrated and maintained, the DS 
TOC records can potentially maintain a precision of 1 % over long-time intervals [RD98].  

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 different temperature dependence 
for the ozone absorption coefficients [RD85]. The seasonal cycle in atmospheric temperature results in a 
seasonal variation of the Dobson ozone data, where the contribution of the systematic offset is less than 1 % 
[RD93]. Dobson and Brewer instruments might also suffer from long-term drift associated with calibration 
changes. Additional problems arise at solar elevations lower than 15°, for which diffuse and direct radiation 
contributions can be of the same order of magnitude. Therefore, we do not rely on validation results that 
utilize limit the use of measurements by Dobson and Brewer ultraviolet spectrophotometers measurements 
that are, to data acquired for SZAs > up to 80° SZA for Brewers MK-III and MK-IV (double monochromators), 
and above up to 70-75° of SZA for Dobsons and other Brewers (single monochromators). 

The Brewer and Dobson fiducial measurements retrieved from the WOUDC database are daily means (and 
thus there is no temporal treatment of the satellite observations), cover all latitudes from Antarctica to the 
Arctic and have been used as ground-truth in many recent validation studies (e.g. for GOME, GOME-2, SBUV, 
OMI and TROPOMI/S5P and GEMS). 
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Figure 3.1 - Geographical distribution of Dobson network stations used in this study, colour-coded per latitude 
band; 90-60°S in black, 60-30°S in purple, 30°S ς 0 in cyan, 0-30° N in green, 30-60° N in red and 60-90° N in blue. 

 

Figure 3.2 - Geographical distribution of Brewer network stations used in this study, colour-coded per latitude 
band; 0-30° in green, 30-60° in red and 60-90° in blue. 

3.5.2 Nadir ozone profile validation data sources 

As described in DARD [RD8], the following measurement data sets are used as reference for validation studies 
and/or for cross-comparison studies of the nadir ozone profile data products:  

¶ Ground-based ozone profile measurements by balloon-borne electrochemical ozonesondes. 

¶ Ground-based ozone profile measurements by stratospheric ozone lidars. 

3.5.2.1 Ozonesonde measurements 

In-situ measurements of ozone are carried out regularly by ozonesondes on-board small meteorological 
balloons launched at numerous sites around the world. They measure the vertical profile of ozone partial 
pressure with 100 to 150 meter vertical 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 
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necessary to geolocate each measurement or to convert the ozone partial pressure to other units. 
Normalisation factors, if provided, are not applied. Different types of ozonesondes were developed over the 
years. Those still in use today are based on the electrochemical reaction of ozone with a potassium-iodide 
sensing solution. 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 
[RD82]. The bias is smaller than ±5 % and the precision is about 3 %. Above 28 km the bias increases for all 
sonde types. Below the tropopause, due to lower ozone concentrations, the precision degrades slightly from 
3 to 5 %, depending on the sonde type. The tropospheric bias also becomes larger, between ±5 to ±7 %. Other 
factors besides ozonesonde type influence the data quality as well. A detailed overview can be found in 
[RD82]. The present work relies on the ozonesonde data archived by the Network for the Detection of 
Atmospheric Composition Change (NDACC), Southern Hemisphere Additional Ozonesonde network 
(SHADOZ; [RD87], [RD88]) ŀƴŘ ²ahΩǎ Dƭƻōŀƭ !ǘƳƻǎǇƘŜǊƛŎ ²ŀǘŎƘ (GAW). Together these three data sources 
cover 82.5° N to 90.0° S and provide soundings at least once a week at many participating stations. Stations 
contributing to the present study are highlighted in Figure 3.3. 
 

 

Figure 3.3 - Geographical distribution of ground-based NDACC lidar and GAW ozonesonde stations having archived 
regularly ozone profile data to the NDACC DHF, SHADOZ archive and/or the WOUDC during the Envisat era, 
displayed on top of a total ozone map typical of September. 

3.5.2.2 Lidar measurements 

A differential absorption lidar (DIAL) operates mostly during clear-sky nights, simultaneously emitting two 
pulsed laser beams at wavelengths with a different ozone absorption cross-section. The backscattered signal 
is integrated over a few hours to retrieve the vertical distribution of ozone [RD70]. A stratospheric ozone 
lidar system emits beams at 308 nm and 353 to 355 nm, which makes 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 altitude. The DIAL technique is in principle self-
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 the quality of the measurements. Unreliable measurements can be discarded 
based on the reported precision, which were shown to be realistic [RD42]. The bias and precision are about 
±2 % between 20 to 35 km, increasing to ±5 to ±10 % outside this altitude range where the signal-to-noise 
ratio is smaller [RD48]. The consistency between six ozone lidars in the NDACC network was recently studied 
using various satellite data sets [RD72]. This study concluded that the different lidar records agree within ±5 
% of the space-based observations over the range of 20 to 40 km. Data from all stratospheric ozone lidars 
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that have been operational in the NDACC network since the beginning of the 1990s and cover year 2008 are 
considered. The network covers 80.0° N to 67° S, but most sites are located in the northern hemisphere. Lidar 
stations contributing to the present study are highlighted in Figure 3.3. 

3.5.3 Limb ozone profile validation data sources 

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

¶ Ground-based ozone profile measurements by balloon-borne electrochemical ozonesondes. 

¶ Ground-based ozone profile measurements by stratospheric ozone lidars. 

¶ Ground-based ozone profile measurements by ozone microwave radiometers. 

3.5.3.1 Ozonesonde measurements 

Details of the ozonesonde measurement technique, associated uncertainties and contributing stations are 
given in Section 3.5.2.1. 

3.5.3.2 Lidar measurements 

Details of the lidar measurement technique, associated uncertainties and contributing stations are given in 
Section 3.5.2.2. 

3.5.3.3 Microwave radiometer measurements 

Microwave radiometers (MWR) record the emission of a thermally excited rotational transition at 110 or 
142 GHz. Observations are integrated over 1-4 hours, and they are carried out continuously during day and 
night, irrespective of cloud conditions or aerosol load. Vertical profiles of ozone VMR are retrieved on fixed 
pressure levels between 20-25 and 70 km from the pressure broadening of the integrated line spectra. Ozone 
VMR can be converted a posteriori into number density using meteorological (re)analyses of pressure and 
temperature. The total uncertainty of ozone retrievals is estimated at less than 10-15 % between 25-50 km 
and increases to 25 % at the profile top and bottom. When compared to ozonesonde and lidar the vertical 
resolution of MWR is much poorer, about 8-10km in the stratosphere up to 15 km in the mesosphere. On the 
other hand, the number of measurements is superior, so the co-location criteria can be stricter to reduce 
uncertainties in the comparison results due to spatiotemporal mismatch. We consider the MWR ozone 
profile data uploaded to NDACC data host facility by several stations: 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 Tropospheric ozone validation data sources 

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

¶ Ground-based ozone profile measurements by balloon-borne electrochemical ozonesondes. 

3.5.4.1 Ozonesonde measurements 

Details of the ozonesonde measurement technique, associated uncertainties and contributing stations are 
given in Section 3.5.2.1. 

3.5.5 Error budget of the comparison of atmospheric data 

A major objective of quantitative comparisons with reference measurements and modelling results of 
documented quality is to estimate uncertainties of the validated data product and to check the accuracy of 
its theoretical uncertainty estimates. However, in fact the systematic and random discrepancies between the 
validated data set and the validation data set combine uncertainties associated with each individual system, 
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plus uncertainties associated with the selection of data and the methodology of comparison [RD62]. 
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 cycle effects 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., balloon-based in situ measurement at about 150 m vertical resolution by an 
electrochemical cell, compared with GOME ground pixels of 40 x 320 km2 and vertical resolution of 
3-8 km. 

 
As far as possible, most comparison uncertainties will be reduced by a cautious design of the selection of 
data sets to be compared, and by considering that a multivariate analysis of the comparison results taking 
into account the specifics of the data being compared (modelling data or remote sensing data, atmospheric 
variability and gradients etc.) might be required and preferred over entirely statistical approaches. For 
traceability purposes it is essential to document for each validation exercise the selection method applied to 
the data sets (temporal and spatial co-location criteria, how differences in vertical and horizontal smoothing 
are handled etc.). 
 
Although essential if a rigorous metrological approach is to be adopted, the derivation of a complete error 
budget for each comparison is still a matter of research at the time being and it falls partly beyond the scope 
of the Ozone_cci+ project. In Appendix to this document, a proof-of-concept is elaborated in which the 
agreement between satellite (S5P) and ground-based reference measurements of the total column of ozone 
is quantified in terms of their combined ex-ante error budgets. While agreement within the ex-ante 
uncertainties is found for this case, this cannot be assumed to hold also for products where the comparison 
method is more complex and introduces significant additional error sources, e.g. in the case of vertical 
profiles derived from nadir 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 erroneous 
conclusions on the quality 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 CCI 
ozone CRDP. 
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4 Validation of Nadir Ozone Profile Data Products 

4.1 Nadir ozone profile CRDP 

The ESA Ozone_cci+ Climate Research Data Package (CRDP) contains ten nadir ozone profile (NP) products. 
Table 4.9 lists these products, together with their time range and current availability. All Level-2 (L2) UV-VIS 
instrument retrievals are performed by the Rutherford Appleton Laboratory (RAL) algorithm, while the 
thermal infrared measurements of the IASI instruments are processed by a collaboration between the Belgian 
ULB (Université Libre de Bruxelles) and the French LATMOS, using their FORLI (Fast Optimal Retrievals on 
Layers for IASI) algorithm. A merged Level-3 (L3) product has been created from the three IASI instruments 
as well. Finally, DLR (Deutsche Luft- und Raumfahrt) has developed a L3 spatiotemporally gridded product 
ŦǊƻƳ w![Ωǎ ¦±-VIS instrument retrievals combined (GOP-ECV). 
 
This Ozone_cci+ PVIR focuses on the validation of the derived L3 GOP-ECV product, and on the updated 
(v20151001 CDR, called v2024, and v20191122 for the merged L3 product) FORLI products. The validation 
targets for this PVIR are therefore [RD2]: 

¶ Validation of the L2 and L3 vertically integrated nadir ozone profiles (IASI and GOP-ECV only). 

¶ Validation of the L2 and L3 nadir ozone profiles updated and new retrieval products. 

¶ Comparison of RAL retrievals from GOME-2C for the L2 versions 3.00 and 4.01. 

¶ Comparison of FORLI-O3 CDR retrievals to confirm consistency between the three IASI/Metop 
instruments. 

¶ Drift assessments and consistency checks for all products. 

4.2 Validation of integrated nadir ozone data products 

The Ozone_cci+ phase 2 datasets include Level-2 and Level-3 integrated ozone profiles acquired by the IASI-
Metop-A, -Metop-B and Metop-C sensors, as well as the integrated GOP-ECV ozone profiles. This section 
starts with the detailed validation results of the Level-2 IASI datasets (Section 4.2.1), and continues with the 
validation of the Level-3 merged IASI dataset (Section 4.2.2). Finally, in Section 4.2.3. the GOP-ECV integrated 
ozone profiles are validated.  

While the objectives of the Level-2 validation are classical (determination of the systematic bias, 
dependences on SZA, etc.), the purpose of the Level-3 validation studies is to demonstrate that compared to 
reference ground-based measurements, no spurious features appear, as well as that they are temporally 
stable, suitable for long-term studies of the ozone layer evolution.  

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

In this section, integrated total ozone observations performed by the IASI instruments on board the Metop-
A, Metop-B and Metop-C satellites (hereafter IASI-A, IASI-B and IASI-C), are validated against ground-based 
measurements. The current IASI ozone retrieval algorithm is the FORLI-O3 (Fast Optimal/Operational 
Retrieval on Layers for IASI) v20151001, which was validated by Boynard et al. (2018) [RD32].  

The new, homogeneous IASI data use the Level1C dataset produced by EUMETSAT and utilize the EUMETSAT-
CDR temperature and humidity profiles. The retrievals are available for 3.5 in 10 pixels and for all days per 
month. For reasons of consistency with previous validation works of the IASI datasets, a maximum co-location 
search radius up to 50 km was set. Note that only pixels with a cloud fraction equal to or lower than 13 % are 
processed by the algorithm. Table 4.1 shows the time span of the available Level-2 datasets, as well as their 
source of their provision for the purposes of this validation work. 

 

 



 Product Validation and Intercomparison Report (PVIR) 
 Issue: 5.2 ς Date of issue: 12.05.2025 
 Reference: Ozone_cci+_PVIR_5.2 (Final) 

 
 

 
 Page 27-157 

 
 

To ensure the good quality for the observations, the provided data were filtered by the following criteria: 

Å άǊŜǘǊƛŜǾŀƭψǉǳŀƭƛǘȅψŦƭŀƎέ җ мΣ ŀǎ ǇƛȄŜƭǎ ǿƛǘƘ ǘƘŜ ǾŀƭǳŜ ƻŦ л ŀǊŜ ǊŜŎƻƳƳŜƴŘŜŘ ǘƻ ƴƻǘ ōŜ ǳǎŜŘ 
Å άO3_total_degrees_of_freedomέ җ нΣ ŀǎ ƛǘ ǿŀǎ ǎǳƎƎŜǎǘed by the algorithm team. 

To limit the noise in the validation results and for reasons of consistency with previous validation studies of 
the IASI total ozone processed with FORLI v20151001 performed in the previous phase of the project, the O3 
error was restricted to values equal or lower to 0.02. As a result, less than 2 % of the co-locations to ground-
based total ozone measurements were excluded, mainly attributed to measurements with high solar zenith 
angles. It should be noted that the application of this restriction for the ozone error leads to the elimination 
of all co-locations below 80°S for IASI-B and IASI-C, which are characterized by extremely high mean biases 
spanning 30-40 % with respect to ground-based measurements. IASI-A is also limited in co-locations close to 
South Pole, and its mean relative bias decreases (~24 %), but its dataset is not completely discarded (see 
Figure 4.4). Therefore, it was decided to use the latitudinal threshold of 80°S as a filter to avoid increasing 
the noise of our comparisons.  

To prepare the ground-based data set, we have investigated the quality of the total ozone values of each 
station and instrument that deposited data at WOUDC. The selection methodology and associated criteria 
have been discussed in detail in [RD60, RD28, RD61, RD43 and RD44]. We offer a summary for completeness. 
For each ground-based station a series of statistics and plots are investigated. For the Level 2 products, daily 
ŎƻƛƴŎƛŘŜƴŎŜǎ ƻŦ ǘƘŜ ǎŀǘŜƭƭƛǘŜ ǇƛȄŜƭΩs central latitude and longitude falling within the 50 km radius of the ground 
station are identified and used for the creation of monthly, seasonal and yearly time series and scatter plots. 
The percentage of the relative differences between ground and satellite TOC is used as the comparative tool 
for the validation. The statistics are then typically performed on a zonal average, on a hemispheric average 
and on a global average, always keeping the two types of ground-based instruments separate and using only 
direct sun observations, as they are deemed to be the most reliable.  

In the following sections, the relative percentage differences between the co-located satellite and ground-
based total ozone observations will be investigated in terms of systematic bias and stability. The temporal 
and geographical variation of the bias will be studied, as well as its dependence on various influence 
quantities. 

Table 4.1:  The time span of the available Level-2 IASI datasets. 

Sensor Algorithm Time span Dataset Source  

IASI-A 

Forli v2015 
EUMETSAT CDR 

1/1/2008ς 31/12/2019 From IASI-ULB, via personal 
communication 

IASI-B 1/11/2019 ς 31/12/2023 (1) up to 12/2022: From IASI-ULB, via 
personal communication 
(2) 2023: via the Aeris portal 

IASI-C 4/12/2019 ς 31/12/2023 Aeris portal 

 

4.2.1.1 Systematic bias and its variations 

In Figure 4.1, the histograms (left column of plots) and scatter plots (right column) of the comparisons 
between the IASI instruments and the co-located Brewer ground-based total ozone measurements, 
representing the Northern Hemisphere (NH) only, are shown. The respective Dobson comparisons are not 
shown herein for reasons of brevity. The statistics of the analysis with respect to both Brewer and Dobson 
ground-based instruments are summarized in Table 4.2. 

The histograms of the three sensors show normal distributions of the relative percentage differences around 
the mean bias, which ranges between 0 and +1.3 % for the Brewer co-locations. The respective Dobson 

https://iasi.aeris-data.fr/catalog/?uuid=e7953a69-7f22-4f5e-818d-3b72e46fe273
https://iasi.aeris-data.fr/catalog/?uuid=e7953a69-7f22-4f5e-818d-3b72e46fe273
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comparisons, which cover both hemispheres, are very similar. The mean relative bias with respect to Dobsons 
is +1.6 % for IASI-A and ~+0.4 % for IASI-B and IASI-C. The main result thus far is that IASI-A reports higher 
TOCs than the ground-based networks by ~+1.5 % for the period of the available dataset. IASI-B and IASI-
C are in excellent agreement to the reference measurements during the almost four years of observations 
covered herein. The higher standard deviation of the Dobson comparisons is due to the contribution of the 
Southern Hemisphere (SH) co-locations, which are fewer in number.  

The scatter plots show that the Pearson correlation coefficient between satellite measurements and the 
ground-based observations is higher than 0.9, and the slope of the linear regression is very close or even 
equal to unity. 

¢ƻ ŜȄŀƳƛƴŜ ǘƘŜ ǘŜƳǇƻǊŀƭ ǎǘŀōƛƭƛǘȅ ƻŦ ǘƘŜ ǘƘǊŜŜ ǎŀǘŜƭƭƛǘŜ ǎŜƴǎƻǊǎΩ ǾŀƭƛŘŀǘƛƻƴ ǊŜǎǳƭǘǎΣ ǘƘŜ hemispherical monthly 
mean time series of their relative percentage differences, seen in Figure 4.2, are exploited. Panels a and c 
show the comparisons to Dobson measurements (panel a: NH; panel c: SH), while panel b shows the Brewer 
comparisons for the NH only. The three sensors have a very good consistency, and no obvious step-function 
appears due to the transition from the IASI-A record and the start of the IASI-B and IASI-C datasets, in 2019. 
From the beginning of the IASI-A record until mid-2018, the NH and SH co-locations of Figure 4.2 for both 
types of ground-based instruments, are temporally quite stable and have a mean relative bias of +1.0 ± 0.9 
%1. Since the summer of 2018, a decrease of ~1 % in its bias occurs for both hemispheres and with respect 
to both types of instruments. The lower mean relative bias of IASI-A, now in the level of -0.5 ± 0.7 %, continues 
similarly for the IASI-B and IASI-C time series. These statistics refer to Brewer co-locations (panel b), which 
have a negligible seasonal cycle as reference measurements. The respective Dobson biases are of the same 
magnitude but have a higher standard deviation due to the seasonal features of the reference 
measurements. A further decrease in the mean bias of IASI-B and IASI-C is seen in mid-2022 for the Brewer 
co-locations, but this cannot be verified by the Dobson comparisons, therefore it could be a feature of the 
ground-based measurements.  

 

                                                           
1 The statistics printed on the plots of Figure 4.2 refer to the full IASI-A time series.  
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(a) (b) 

 

  
(c) (d) 

 
 

(e) (f) 

Figure 4.1 - The histograms (left) and scatter plots (right) of the comparisons between the three IASI instruments 
(IASI-A in panels a & b; IASI-B in panels c & d; IASI-C in panels e & f) and the co-located Brewer ground-based total 
ozone measurements, representing the NH only. 
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Table 4.2 - The overall statistics that result from the co-locations of the three satellite sensors to the Brewer (NH 
only) and Dobson ground-based observations.  

  IASI-A IASI-B IASI-C 

Mean rel. bias (%) 
Dobson +1.6  +0.3 +0.4 

Brewer +1.3 +0.1 +0.1 

St. Deviation (%) 
Dobson 5.4 5.9 5.8 

Brewer 4.8 4.7 4.7 

R2 
Dobson 0.932 0.905 0.905 

Brewer 0.946 0.938 0.939 

Slope 
Dobson 1.00 0.95 0.95 

Brewer 1.02 1.00 0.99 

Annual cycle (% p-t-p) Brewer 1.7 1.4 1.4 

 
 

  
(a) (b) 

 

 

(c)  

Figure 4.2 - The monthly mean time series of the relative percentage differences between IASI-A (blue), IASI-B 
(green) and IASI-C (red) and ground-based observations (panels a & c: Dobson, NH and SH, respectively; panel b: 
Brewer, NH). 

The overall drift of the IASI-A integrated ozone relative to the ground-based measurements is  
-0.8 %/decade, resulting from the 12-years available dataset. The respective calculation of the IASI-B and 
IASI-C drifts is not meaningful due to the temporally short dataset of just 4 years.  
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In Figure 4.3, the mean annual cycle of the percentage differences between the three sensors and the Brewer 
total ozone measurements is shown. In terms of seasonality, only the Brewer comparisons are studied, due 
to the well-known dependency of the Dobson observations on effective temperature. The IASI-A 
comparisons have a higher bias from December until May with a maximum of ~ +2.2 ± 6.4 % in January, and 
a minimum of +0.5 ± 4.2 % in October with respect to ground-truth. The overall peak-to-peak annual cycle of 
the comparisons is ~ 1.7 %. IASI-B and -C appear to have a similar seasonal behaviour, with a maximum bias 
of +0.8 ± 4.8 % in May and a minimum of -0.6 ± 3.9 % in September or October, thus their annual cycle is also 
1.4 %. The mean relative biases and the seasonal cycles of each satellite sensor are summarized in Table 4.2. 

 

 

Figure 4.3:  The seasonal dependence of the three IASI sensors with respect to co-located NH ground-based 
Brewer total ozone measurements. 

In Figure 4.4 and Figure 4.5, the percentage differences of the co-locations are averaged in 10° latitude bins 
using each ground-ōŀǎŜŘ ǎǘŀǘƛƻƴΩǎ ƭŀǘƛǘǳŘŜ ŀǎ ǊŜŦŜǊŜƴŎŜ ŀƴŘ ǇƭƻǘǘŜŘ ŀǎ ŀ ǇƻƭŜ-to-pole graph for the Dobson 
and the Brewer stations. The only difference between the two Dobson figures (Figure 4.4 and Figure 4.5, left 
panel) is the y-axis scale, which in Figure 4.4 is extended to +40 % so as to show the extremely high biases of 
the SH Dobson co-locations southwards 80° for IASI-A. As mentioned above, this was the reason for the use 
of the 80°S latitude threshold in this study. 

A latitudinal dependency of the co-locations is seen for both ground-based networks (Figure 4.5). In the 
NH up to 60°N, the low biases show a very good agreement between the three sensors and the ground-
reference, Brewer and Dobson. Northwards 60° the comparisons increase for the three satellite sensors, up 
to +2.5 % for IASI-B and -C and +5.3 % for IASI-A. The SH belts have similar features, with low biases up to 40° 
S which increase up to +5 % southwards. It should be noted that the temporal coverage of the IASI-A co-
locations is different than the other two sensors, resulting in higher overall biases in all latitude belts. A very 
interesting feature shown in both panels is the increased bias for latitude belts that contain desert stations. 
For example, the comparisons within the latitude bin 20°-30° have a higher mean relative bias, +2.5 %, due 
to the contribution of the Tamanrasset station, in Algeria, located in the desert at an altitude of 1400 m. The 
mean relative bias of the IASI sensors with respect to the Brewer and the Dobson measurements of 
Tamanrasset is +9.6 ± 4.2 %. It is worth noting that the same station, when compared to other satellite 
sensors, e.g. OMI GODFIT v4 and GOME-2, has a lower mean bias of +1 to +2 %. 
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Figure 4.4 - The latitudinal dependence of the relative percentage differences between IASI-A, IASI-B and IASI-C 
and the Dobson ground-based observations, averaged in 10° latitude bins. No latitudinal filter has been applied 
for the Southern Hemisphere co-locations.  

  

Figure 4.5: The latitudinal dependency of the percentage differences between the three IASI sensors and ground-
based observations (left panel: Dobson; right panel: Brewer), averaged in 10° latitude bins. The left panel is 
identical to Figure 4.4, but the threshold of 80°S is now applied to the co-locations.  

4.2.1.2 Dependency on various parameters of the retrieval algorithm 

The influence of various parameters that affect the satellite integrated ozone profiles retrievals is also 
investigated, by plotting the percentage differences of the co-locations with respect to the parameter in 
question (Figure 4.6). Only comparisons to Brewer total ozone observations are shown herein, because their 
number of co-locations to the IASI sensors is higher than those against the Dobson network. Nevertheless, 
the Dobson results do not differ significantly from those shown here.  

¶ Solar Zenith Angle (SZA) 
The dependency of the percentage differences of the three IASI sensors and Brewer total ozone 
measurements on SZA is shown in panel a:  
o IASI-! Ƙŀǎ ŀ ƳƛƴƻǊ ŘŜǇŜƴŘŜƴŎȅ ƻƴ {½!Σ ǿƛǘƘ ŀ ƳŀȄƛƳǳƳ ƻŦ ҌнΦр ҈ ŦƻǊ нлϲҖ {½!ǎ Җ олϲ ŀƴŘ {½!ǎҔтлϲΦ 

For moderate SZAs, between 40° and 60°, the bias is slightly lower, +1.5 %.  
o IASI-B and IASI-C, studied for a different temporal range, have a higher dependency on SZA, with 

negligible biases for SZAs between 40° and 60° and equally high biases up to +3 % (as for IASI-A) for 
low SZAs below 30°. 

¶ Pixel of the scan 
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Panel b shows that there is no dependence of the satellite and ground-based measurements 
comparisons on the satellite pixel. 

¶ Ozone profiles Degrees of Freedom (DOF) 

Panel c shows the dependence of the percentage differences on the Degrees of Freedom of the signal, 
which is a quality flag for the data under investigation. As mentioned above, only data with DOF җ2 are 
processed to avoid bad quality observations. The dependence of the co-locations on the DOF shows that 
for values below 2.8 the corresponding data points, which result from a very low number of co-locations, 
introduce high differences, up to +12 %. We suggest that these data could be excluded to limit the noise 
in the observations.  

  
(a) (b) 

  
 

(c) (d) 

Figure 4.6 ς The dependence of the relative percentage differences between the three IASI sensors and Brewer 
ground-based total ozone observations, on various influence parameters, such as solar zenith angle (a), pixel 
number of the sensor (b), the number of degrees of freedom (c) and the ozone retrieval error (d). 

¶ Ozone retrieval error  

Panel d shows that the integrated ozone profiles comparisons from the three sensors have a very similar 
dependency on the errors of the retrievals: for errors up to 0.015 there is no dependency, but when the 
error increases up to 0.02 the biases increase up to +4 % for IASI-A and -B and +6 % for IASI-C. From a 
sensitivity test that was performed, it was seen that the dependency on the ozone error diminishes 
when data with DOFs < 3 are dismissed. 
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4.2.1.3 Summary and compliance with user requirements 

The CDR integrated ozone profiles retrieved from IASI-A, IASI-B and IASI-C with the FORLI-O3 v20151001 
algorithm based on the EUMETSAT Level1C dataset and the EUMETSAT-CDR temperature and humidity 
profiles, were validated against Brewer and Dobson ground-based measurements. The time span of the IASI 
observations is 12 years for IASI-A and 4 years for IASI-B and IASI-C. The validation results that are displayed 
in Table 4.2 can be summarized as the follows: 

¶ the mean relative bias between satellite and Brewer and Dobson reported TOCs is ~ +1.5 % for IASI-
A and ~ +0.2 % for IASI-B and IASI-C, showing that IASI-A reports higher TOCs than the ground-based 
measurements of both networks,  

¶ the Pearson correlation coefficient is above 0.9 for all sets of comparisons, therefore the agreement 
between the satellite and the ground-based data is very good, 

¶ the peak-to-peak annual cycle of the relative differences with respect to Brewer observations are 
within 1.4 - 1.7 %, and 

¶ the temporal change of IASI-A, which is the only dataset with a record long enough to be evaluated 
in this view, is -0.8 %/decade.  

According to Table 3.1, the requirements that have to be met by the retrieved integrated ozone profiles from 
the three IASI sensors correspond to the stability of the TOC measurements, which must be in the range of 1 
to 3 % per decade, the radiative forcing introduced by the evolution of the ozone layer that has to be less 
than 2 % and the short-term variability that must be less than 3 %. The level of compliance of the IASI datasets 
with these user requirements is shown in Table 4.3 - Table 4.5 and is highlighted with the following colour 
code:  

¶ green indicates ascertained compliance with ŀƭƭ ǳǎŜǊǎΩ requirements;  

¶ yellow indicates compliance with ǎƻƳŜ ǳǎŜǊǎΩ requirements but not all; and  

¶ red indicates compliance with none of the user requirements.  

Overall, the validation analysis of the IASI-A, IASI-B and IASI-C integrated ozone showed that the IASI CDR 
Level-2 records are compliant with the requirements in terms of stability and uncertainty. Therefore, we 
conclude that the studied datasets are of very good quality and temporal stability, suitable and useful for 
long term analysis of the ozone layer, such as decadal trend studies, the evaluation of model simulations, 
and data assimilation applications. 

Table 4.3 - Compliance of IASI Metop-A integrated ozone profiles with user requirements (URD v3.1) 

Topic Requirement Compliance / evaluation 

Horizontal resolution < 20-100 km 
50 km along track  

50 km across track 

Observation frequency Daily ς weekly  Twice a day 

Time period 1980-  01/2008 ς 12/2019 

Total uncertainty  

2 % (radiative forcing studies) Bias: +1.5 %, Spread: ~5 % (includes the 
uncertainty of the reference dataset and 
some co-location mismatch),  
Seasonality: 1.7 % peak-to-peak 

3 % (Seasonal cycle & Short 
term variability) 

Stability 1 ς 3 %/decade -0.8 %/decade 
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Table 4.4 - Compliance of IASI Metop-B integrated ozone profiles with user requirements (URD v3.1) 

Topic Requirement Compliance / evaluation 

Horizontal resolution < 20-100 km 
50 km along track  

50 km across track 

Observation frequency Daily ς weekly  Twice a day 

Time period 1980- 11/2019 ς 12/2023 

Total uncertainty  

2 % (radiative forcing studies) Bias: +0.2 %, Spread: ~5 % (includes the 
uncertainty of the reference dataset and 
some co-location mismatch),  
Seasonality: 1.4 %  

3 % (variability studies) 

Stability 1 ς 3 %/decade N/A 

 

Table 4.5 - Compliance of IASI Metop-C integrated ozone profiles with user requirements (URD v3.1) 

Topic Requirement Compliance / evaluation 

Horizontal resolution < 20-100 km 
50 km along track  

50 km across track 

Observation frequency Daily ς weekly  Twice a day 

Time period 1980- 12/2019 ς 12/2023 

Total uncertainty  

2 % (radiative forcing studies) Bias: +0.2 %, Spread: ~5 % (includes the 
uncertainty of the reference dataset and 
some co-location mismatch), 
 Seasonality: 1.4 %  

3 % (variability studies) 

Stability 1 ς 3 %/decade N/A 
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4.2.2 IASI merged Level 3 integrated total O3 columns  

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

¶ IASI-A: 01/01/2008 ς 07/03/2013 

¶ IASI-A & -B: 08/03/2013 ς 19/09/2019 and  

¶ IASI-B & -C: 20/09/2019 - now 

The retrieval algorithm of the merged IASI product is FORLI-O3 v20191122 ŀƴŘ ŀŎŎƻǊŘƛƴƎ ǘƻ ǘƘŜ ŦƛƭŜǎΩ 
ƳŜǘŀŘŀǘŀΣ ŀƴ άa posteriori filtering based on a combination of quality flags (e.g. neg. altitude, large cloudf, 
residuals biased or sloped, large RMS, suspect AK, max # of iteration exceeded, low DOFS) is appliedέΦ ¢ƘŜ мс-
year-long dataset consists of files that contain daily means of the merged product in a 1° x 1° grid and were 
provided to the validation team via personal communication. 

For the comparison of the dataset to the ground-based reference measurements from Brewer and Dobson 
stations, the reported ground-based TOCs were gridded into the same 1° x 1° grid daily, with most grid points 
being represented by only one reporting station. In detail, direct Sun measurements were considered for the 
gridding of the ground-based TOCs into Level-3 grid points, even though in some cases this choice severely 
decreases the number of measurements. To better illustrate the differences between the ground-based and 
satellite observations, the time series of the daily co-locations were secondly averaged in monthly means 
and are presented herein. As a compromise between obtaining the highest global coverage possible and the 
most representative monthly means, especially at high latitudes, a lower limit of 5 daily means per month 
and per grid box was enforced so that the temporal representativeness errors are minimized. 

4.2.2.1 Systematic bias and its variations 

Figure 4.7 shows the hemispherical time series of the monthly mean percentage differences between the 
merged IASI integrated ozone and the ground-based reference total ozone measurements. Panel (a) depicts 
the Brewer NH comparisons, while panels (b) and (c) show the Dobson NH and SH differences. The NH time-
series are stable, with no abrupt changes in their record, except for the Dobson comparisons in July and 
August 2022 that appear to deviate from the overall stability due to ground-based representativeness issues 
that can result from changes in the number of stations contributing with available data. In the SH the 
variability is higher due to the lower number of available stations in the area. The NH and SH curves are 
always below zero, showing that the IASI integrated ozone product reports lower values than the ground 
reference, by about -2 ± 1 % in both hemispheres. In panel (d) the total ozone time-series of the two datasets 
are shown in the form of monthly means. Except for the negative relative bias, the ozone variability is very 
well captured by IASI. The mean variability of the comparisons is ~ 3.5 % for the NH and ~5.2 % for the SH, 
also including the ground-ōŀǎŜŘ ŘŀǘŀǎŜǘǎΩ ǳƴŎŜǊǘŀƛƴǘƛŜǎΦ 

Figure 4.8 shows the annual cycle of the monthly mean percentage differences between the merged IASI and 
the Brewer ground-based total ozone, resulting from the 16-year-long record of comparisons. The agreement 
between IASI and the ground-based reference is better during spring months such as April and May (relative 
bias ~ -1.5 %), during but their difference increases in September to -2.5 %, therefore the peak-to-peak 
seasonality of the comparisons is ~1 %. 
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(a) 

 

(b) 
 
 
 
 
 
 
 
(c) 

 

(d) 

 

Figure 4.7: Monthly mean time series of the percentage differences between satellite observations and ground-
based measurements for the Brewer network in the NH (panel a), the Dobson network in the NH (panel b) and in 
the SH (panel c). Panel (d) shows the respective NH timeseries of the Brewer total ozone from the Level-3 merged 
IASI integrated profiles and ground-based measurements TOC. 
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Figure 4.8: The annual cycle of the monthly mean percentage differences between the integrated Level-3 product 
and the NH Brewer ground-based observations. 

(a) 

 

(b) 
 
 
 
 
 
 
 
(c) 

 

Figure 4.9: The de-seasonalized time series of the percentage differences between the Level-3 product and 
the ground-based measurements for the NH (panels a and b) and SH (panel c). 

 



 Product Validation and Intercomparison Report (PVIR) 
 Issue: 5.2 ς Date of issue: 12.05.2025 
 Reference: Ozone_cci+_PVIR_5.2 (Final) 

 
 

 
 Page 39-157 

 
 

Moreover, the temporal stability of the satellite product is studied via the de-seasonalized time series shown 
in Figure 4.9. In the NH (panels a and b) the drift is +0.4 ± 0.1 %/decade for the Brewer and -0.0 ± 0.1 
%/decade for the Dobson co-locations. The SH statistical analysis shows a slightly higher drift of -0.6 ± 0.1 
%/decade. In all cases, these very low drifts are well within the product requirements, showing that the 
merged IASI integrated total ozone is temporally very stable. 

Finally, the latitudinal dependency of the co-locations is shown in Figure 4.10, where the mean relative bias 
of each individual ground-ōŀǎŜŘ ǎǘŀǘƛƻƴ ƛǎ ǇƭƻǘǘŜŘ ŀƎŀƛƴǎǘ ǘƘŜ ǎǘŀǘƛƻƴΩǎ ƭŀǘƛǘǳŘŜΦ ¢ƘŜ ŀǇǇǊƻŀŎƘ in this figure is 
different than before, since here the comparisons are performed in a one-pixel-per-station basis. Specifically, 
the pixel of the Level-3 grid containing each station is selected and then their daily total ozone (or integrated 
ozone, for the satellite product) are used to calculate the overall mean bias per station that is depicted in the 
figure. For stations in the latitudinal range from 70°N to 40°S, both Brewer and Dobson stations have negative 
overall negative mean biases, up to -4 %, with no particular patterns or dependencies. As an exception, the 
desert, high altitude station of Tamanrasset at 22.8°N appears to have a positive mean bias of +2 %, about  
п ҈ ƘƛƎƘŜǊ ǘƘŀƴ ǘƘŀǘ ƻŦ ƻǘƘŜǊ ǎǘŀǘƛƻƴǎΩ ōƛŀǎ ƻŦ ǎƛƳƛƭŀǊ ƭŀǘƛǘǳŘŜΦ bƻǊǘƘǿŀǊŘǎ тлϲ ŀƴŘ ǎƻǳǘƘǿŀǊŘǎ плϲ{Σ ǘƘŜ 
stations with available datasets have no or low positive biases, up to +1 % but they are highly variable due to 
the fewer number of co-locations. Overall, a U-pattern is seen in the figure. 

 

 

Figure 4.10: The latitudinal variability of the Level-3 mean relative biases with respect to the individual Brewer 
and Dobson ground-ōŀǎŜŘ ǎǘŀǘƛƻƴǎΩ ǊŜŎƻǊŘǎΦ The 1-ˋ ǎǘŀƴŘŀǊŘ ŘŜǾƛŀǘƛƻƴ ƻŦ ǘƘŜ ŀǾŜǊŀƎŜ ƛǎ ŀƭǎƻ ŘƛǎǇƭŀȅŜŘ as an error 
bar per station. 

4.2.2.2 Summary and compliance with user requirements 

The merged IASI Level-3 integrated ozone profiles were validated against Brewer and Dobson ground-based 
measurements. The time span of the IASI observations is 16 years, and the validation results can be 
summarized in the following points: 

¶ the mean relative bias between the satellite product and ground based total ozone measurements 
is ~ -2 ± 1 %, showing that IASI reports higher TOCs than the ground-reference,  

¶ the peak-to-peak annual cycle of the relative differences with respect to Brewer observations is 1 %, 
and 

¶ the temporal change of merged IASI Level-3 product ranges between -0.6 and +0.4 %/decade, 
depending on the type of the ground based reference and the hemisphere of the co-locations.   

According to Table 3.1, the requirements that have to be met by the retrieved merged IASI integrated ozone 
profiles correspond to the stability of the TOC measurements, which must be in the range of 1 to 3 % per 
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decade, the radiative forcing introduced by the evolution of the ozone layer that has to be less than 2 % and 
the short-term variability that must be less than 3 %. The level of compliance of the IASI dataset with these 
user requirements is shown in Table 4.6 and highlighted with the following code:  

¶ green indicates ascertained compliance with ǳǎŜǊǎΩ requirements;  

¶ yellow indicates compliance with some usersΩ requirements but not all; and  

¶ red indicates compliance with none of the user requirements.  

The merged IASI Level-3 integrated ozone dataset that was validated against ground-based reference 
measurements, was found to be compliant with the requirements in terms of uncertainty and stability. We 
hence conclude that the merged IASI Level-3 integrated ozone is a product of very good quality and temporal 
stability, suitable and useful for long term analysis of the ozone layer, such as decadal trend studies, the 
evaluation of model simulations, and data assimilation applications. 

Table 4.6: Compliance of the merged IASI integrated ozone profiles with user requirements 

Topic Requirement Compliance / evaluation 

Horizontal resolution < 20-100 km 
~100 km (1°) along track  

~100 km (1°) across track 

Observation frequency Daily ς weekly  Daily 

Time period (1980-Χ)  01/2008 ς 12/2023 

Total uncertainty  

2 % (radiative forcing studies) Bias: -2 %, Spread: ~3-5 % (includes the 
uncertainty of the reference dataset and 
some co-location mismatch),  
Seasonality: 1 % peak-to-peak 

3 % (Seasonal cycle & Short 
term variability) 

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

 

4.2.3 GOP-ECV Level-3 integrated ozone profiles  

The GOME-type Profile ECV (GOP-ECV) integrated total ozone, provided in monthly files and in a 5° x 5° grid, 
were made available for the time period July 1995 ς October 2021. In this section, we report the validation 
results of the integrated total ozone with respect to fiducial ground-based total ozone measurements 
performed by quality-controlled Brewer and Dobson UV spectrometers.  

In order to create the respective Level-3 TOC field based on the WOUDC ground-based stations, the reported 
TOCs were gridded into the same 5°x5° grid as the GOP-ECV data, on a monthly basis, with most grid points 
being represented by only one reporting station. In detail, direct Sun measurements were considered for the 
gridding of the ground-based TOCs into Level-3 grid points, even though in some cases this choice severely 
decreases the number of measurements. As a compromise between obtaining the highest global coverage 
possible and the most representative monthly means, especially at high latitudes, a lower limit of 5 
measurements per month and per grid box was enforced so that the temporal representativeness errors are 
minimized. 

4.2.3.1 Systematic bias and its variations 

Figure 4.11 shows the hemispherical (Northern Hemisphere-NH in panels a and b, Southern Hemisphere-SH 
in panel c) percentage differences between the satellite Level-3 GOP-ECV integrated profiles and the Dobson 
(left) and Brewer (right) TOC records, in the form of monthly mean time series. The Dobson comparisons for 
NH and SH show very good agreement between the Level-3 product and the ground reference, with obvious 
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seasonal dependency due to the characteristics of the ground-based measurements that was discussed 
above. The percentage differences span between 0 and +4 %, with a very small number of outliers, but always 
showing that the Level-3 product reports higher total ozone than the ground-based measurements. The 
relative mean biases resulting from the 26-year data record are +1.7 ± 1.3 % for the NH and +1.6 ± 0.8 % for 
the SH. The Brewer comparisons (panel b) have a lower seasonal dependency and a mean relative bias of  
~ +1.0 ± 0.5 %, showing a very good agreement between the two datasets. Moreover, the overall variability 
of the monthly mean comparisons is 2.6 % - 3.6 % for the NH and 3 % for the SH co-locations, but this is not 
only attributed to the satellite product since the ground-based data also contribute with their uncertainty. 
Panel d of Figure 4.11 shows that the Level-3 product successfully captures the total ozone variability as 
observed by the ground-based stations. The annual cycle of the NH Brewer comparisons is shown in Figure 
4.12, with a minor peak-to-peak seasonal variability of 0.8 %. The statistics of this analysis are summarized 
in Table 4.7. 

Table 4.7: The overall statistics that result from the co-locations of the Level-3 GOP-ECV satellite product to the 
Brewer (NH only) and Dobson ground-based observations 

  Dobson  Brewer 

Mean rel. bias (%) 
NH +1.7 ± 1.3 +1.0 ± 0.5 

SH +1.6 ± 0.8 N/A 

St. Deviation (%) 
NH 3.6 2.6 

SH 2.9 N/A 

Annual cycle (% p-t-p) NH N/A 0.8 
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(a) (b) 

  
(c) (d) 

Figure 4.11: Monthly mean time series of the percentage differences between satellite observations and ground-
based measurements for the Dobson network in the NH (panel a) and in the SH (panel c) and for the Brewer 
network, NH only (panel b). Panel (d) shows the respective NH timeseries of the Brewer total ozone from the 
integrated Level-3 GOP-ECV and ground-based measurements.  

 

 

Figure 4.12: The annual cycle of the monthly mean percentage differences between the integrated Level-3 product 
and the NH Brewer ground-based observations.  
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(c) 

  

Figure 4.13: The de-seasonalized time series of the percentage differences between the Level-3 product and the 
ground-based measurements for the NH (panels a and b) and SH (panel c). 

The respective de-seasonalized time series, depicted in Figure 4.13 show even more clearly that the Level-3 
comparisons are in general based on homogenous datasets (satellite and ground-based), with no particular 
abrupt changes in their records. In the NH, a minor drift per decade of the Level-3 product with respect to 
ground-based data is shown, +0.4 ± 0.1 % per decade for Brewer and -0.2 ± 0.1 % per decade for Dobson co-
locations. The SH Dobson comparisons have a drift of the same order, +0.2 ± 0.1 % per decade. In any case, 
these drifts are well within the product requirements. 

Finally, in Figure 4.14 the mean relative bias of each individual ground-based station is plotted against the 
ǎǘŀǘƛƻƴΩǎ ƭŀǘƛǘǳŘŜΣ ǘƻ ƛƴǾŜǎǘƛƎŀǘŜ ǘƘŜ ǎǇŀǘƛŀƭ ŎƘŀǊŀŎǘŜǊƛǎǘƛŎǎ ƻŦ ǘƘŜ [ŜǾŜƭ-3 integrated total ozone. The approach 
in this figure is different than before, since here the comparisons are performed in a one-pixel-per-station 
basis. Specifically, the pixel of the Level-3 grid containing each station is selected and then their monthly 
means are used to calculate the overall mean bias per station that is depicted in the figure. In the NH, where 
the density of the stations is high, the agreement between the two datasets, satellite and ground, is very 
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good and not particularly varying with latitude. Most stations have a relative bias within -1 and +3 %. The SH 
stations (Dobsons only) are clearly less in number. From the equator up to -40°, the biases are within 0 and 
+3 %, but southwards -40° and up to -70° the variability and the biases increase. Nevertheless, this should 
not be attributed to the satellite dataset, since similar features are seen in other Level-2 satellite products 
validation studies too (e.g. see Figure 5 of RD40). 
 

 

Figure 4.14:  The latitudinal variability of the Level-3 mean relative biases with respect to the individual Brewer 
and Dobson ground-ōŀǎŜŘ ǎǘŀǘƛƻƴǎΩ ǊŜŎƻǊŘǎΦ The 1-ˋ ǎǘŀƴŘŀǊŘ ŘŜǾƛŀǘƛƻƴ ƻŦ ǘƘŜ ŀǾŜǊŀƎŜ ƛǎ ŀƭǎƻ ŘƛǎǇƭŀȅŜŘ as an error 
bar per station. 

4.2.3.2 Summary and compliance with user requirements 

The GOP-ECV integrated ozone profiles were validated against Brewer and Dobson ground-based 
measurements. The time span of the satellite observations is 26 years, and the validation results can be 
summarized in the following points: 

¶ the mean relative bias between the satellite product and ground based total ozone measurements 
is ~ +1.5 ± 1 %, showing that the GOP-ECV integrated ozone is higher than the ground-reference total 
ozone columns,  

¶ the peak-to-peak annual cycle of the relative differences with respect to Brewer observations is  
0.8 %, and 

¶ the temporal change of Level-3 satellite product ranges between -0.2 and +0.4 %/decade, depending 
on the type of the ground based reference and the hemisphere of the co-locations.   

According to Table 3.1, the requirements that have to be met by the retrieved GOP-ECV integrated ozone 
profiles correspond to the stability of the TOC measurements, which must be in the range of 1 to 3 % per 
decade, the radiative forcing introduced by the evolution of the ozone layer that has to be less than 2 % and 
the short-term variability that must be less than 3 %. The level of compliance of the dataset under study with 
these user requirements is shown in Table 4.8 and highlighted with the following code:  

¶ green indicates ascertained compliance with ǳǎŜǊǎΩ requirements;  

¶ yellow indicates compliance with some usersΩ requirements but not all; and  

¶ red indicates compliance with none of the user requirements.  
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Table 4.8: Compliance of the GOP-ECV integrated ozone profiles with user requirements 

Topic Requirement Compliance / evaluation 

Horizontal resolution < 20-100 km 
~500 km (5°) along track  

~500 km (5°) across track 

Observation frequency Daily ς weekly  Monthly 

Time period (1980-Χ)  07/1995 ς 10/2021 

Total uncertainty  

2 % (radiative forcing studies) Bias: +1 to +1.7 %, Spread: ~3 % (includes 
the uncertainty of the reference dataset and 
some co-location mismatch),  
Seasonality: 0.8 % peak-to-peak 

3 % (Seasonal cycle & Short 
term variability) 

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

 
We hence conclude that the GOP-ECV integrated ozone profiles, that showed an excellent agreement to the 
ground-based reference measurements as well as a negligible drift in their co-locations, is a product 
compliant with the requirements in terms of uncertainty and stability. Therefore, the GOP-ECV Level-3 
integrated ozone profiles are of exceptional quality and temporal stability, suitable and useful for long term 
analysis of the ozone layer, such as decadal trend studies, the evaluation of model simulations, and data 
assimilation applications. 

4.3 Validation of full-profile nadir data 

Next to the post-retrieval screening by the data provider, additional filtering criteria have been applied (see 
Table 4.11). From all approved L2 nadir ozone profile data, only those that are located within 300 km of an 
NDACC, SHADOZ, or WOUDC ozonesonde or stratospheric lidar station location are retained for further 
analysis (see Section 5.2). This 300 km radius however is narrowed down for each instrument individually, 
ŘŜǇŜƴŘƛƴƎ ƻƴ ǘƘŜ ƛƴǎǘǊǳƳŜƴǘΩǎ ǇƛȄŜƭ ǎƛȊŜ όǎŜŜ Table 4.10). 

Table 4.9 - Overview of Ozone_cci+ nadir ozone profile data products and their current availability. 

L2 Data Product 
Processing  

entity 

Time period 

96 97 98 99 00 01 02 03 04 05 06 07 08 09 10 11 12 13 14 15 16 17 18 19 20 21 22 23 

NP_GOME2B RAL                             

NP_GOME2C RAL                             

NP_OMI RAL                             

NP_TROPOMI RAL                             

NP_IASIA ULB/LATMOS                             

NP_IASIB ULB/LATMOS                             

NP_IASIC ULB/LATMOS                             

NP_IASIABC ULB/LATMOS                             

NP_GOP-ECV DLR                             
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Table 4.10 - Overview of Ozone_cci+ L2 nadir ozone profile data product specifications, including local solar time 
(LST) of the satellite overpass, pixel size, and co-location distance selection based on pixel size. 

L2 data product LST pixel size (km²) Co-location 

NP_GOME2B/C 09:30AM 160 x 160 km² 100 km 

NP_OMI 01:30PM 52 x 48 km² 50 km 

NP_TROPOMI 01:30PM 28 x 28 km²  50 km 

NP_IASIA/B/C 09:30AM(+PM) 12 km (diam.) 50 km 

 

Table 4.11 - L2 nadir ozone profile filtering criteria considered in this work (first column) and their settings for the 
RAL UV-VIS 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 RAL algorithms TIR FORLI algorithms 

Averaging kernel matrix /  - DFS > 1 
- All elements < 2 
- First derivative < 0.5 
- Second derivative < 1 

Chi-square test 1 1 

Convergence 1 1 

Cost function (normalised) < 120 (< 2) /  

Effective cloud fraction < 0.20 < 0.13 

Negative ozone values Rejected Rejected 

Product quality flag - QA value > 0.5 - Retrieval quality flag = 1 
- Ozone rejected if incomplete H2O retrieval 

Solar zenith angle < 80° < 83° (daytime) or > 91° (nighttime) 

Surface pressure Rejected if unrealistic Rejected if unrealistic 

 

4.3.1 Validation approach 

The ten-step nadir ozone profile QA/validation chain as applied in this work has already been extensively 
described within CCI context in [RD49] and [RD50]. 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. 

4.3.1.1 Information content studies 

Each quantity that is retrieved using the optimal estimation technique contains information both from the 
satellite measurement and from the a-priori profile and covariance matrix. The contribution of prior 
information can be significant where the measurement is weakly or even not sensitive to the atmospheric 
ozone profile, e.g. in case of fine-scale structures of the profile, below optically thick tropospheric clouds, 
and at the lower altitudes. The information distribution is captured by the rŜǘǊƛŜǾŀƭΩǎ ŜȄ-ante vertical 
averaging kernel matrix ὃ (sometimes also AKM hereafter), which represents the sensitivity of the retrieved 
state ὼ to changes in the true profile ὼ at a given altitude: ὃάȟὲ ‬ὼά ‬ὼ ὲϳ . A study of the 
algebraic properties 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 content measures as discussed in this section 
usually depend on the units of the averaging kernel matrices they are calculated from [RD49]. As these 
measures however should be unit-independent, fractional AKMs ὃ  must be considered. 
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Starting from the averaging kernels provided as part of the Ozone_cci+ CRDP L2 nadir ozone profile products, 
the degree of freedom in the signal (DFS) and the vertical sensitivity are studied. These quantities are given 
by the AKM trace and row sum profile, respectively. The DFS of a retrieved atmospheric profile is a non-linear 
measure for the number of independent quantities that can be determined and as such loosely related to 
the Shannon information content [RD76]. The vertical sensitivity to the measurement is a unit-normalised 
measure for how sensitive the retrieved ozone value at a certain height is to ozone values at all heights. 
 
Besides the more common DFS and sensitivity information content quantities, in this work the vertical 
ŀǾŜǊŀƎƛƴƎ ƪŜǊƴŜƭǎΩ ƻŦŦǎŜǘ ŀƴŘ ǿƛŘǘƘ ŀǊŜ ŎƻƴǎƛŘŜǊŜŘ ŀǎ ǿŜƭƭΦ ¢ƘŜ ƻŦŦset is an estimate of the uncertainty on 
the retrieval height registration, given here by the direct vertical distance (in km) between an averaging 
ƪŜǊƴŜƭΩǎ ǇŜŀƪ ǎŜƴǎƛǘƛǾƛǘȅ ŀƭǘƛǘǳŘŜ ᾀ  and its nominal retrieval altitude ᾀ  as Ὠά ᾀ ά

ᾀ ά . Ideally, within each kernel, this distance equals zero. Ozone_cci+ user requirements also specify 
an upper limit for the vertical resolution of the nadir ozone profile retrievals. Several methods have been 
proposed to estimate the vertical resolution from the width of the vertical averaging kernels (see overview 
in [RD49]), but usually it is determined either as a full width at half-maximum (FWHM) value around the 
ƪŜǊƴŜƭΩǎ ǇŜŀƪ ŀƭǘƛǘǳŘŜ ƻǊ ŀǎ ǘƘŜ .ŀŎƪǳǎ-Gilbert spread (BG) or resolving length around its centroid. 

4.3.1.2 FRM comparisons 

The ground-based FRM data considered for the nadir ozone profile validation in this report has been collected 
ŦǊƻƳ 9{!Ωǎ Atmospheric Validation Data Centre (EVDC). The EVDC Cal/Val data portal contains ozonesonde 
data from the NDACC, SHADOZ, and WOUDC network archives. Stratospheric lidar data originate from the 
NDACC data archive and its rapid delivery section. The EVDC data portal redistributes the ground-based data 
in a harmonized HDF5 GEOMS format. 
 
Like for the satellite data, prior to searching for co-locations with satellite ECV data, data screening has been 
applied to ground-based correlative measurements by ozonesondes and lidars, both on entire profiles and 
on individual altitude levels. The recommendations of the ground-based data providers to discard unreliable 
measurements are followed. Measurements with unrealistic pressure, temperature, or ozone readings are 
rejected automatically. Ozonesonde measurements at pressures below 5 hPa (beyond 30-33 km) and lidar 
measurements outside of the 15-47 km vertical range are rejected automatically as well. Prior to these data 
manipulations, the ground-based ozone profile data were converted to partial ozone column units (DU) by 
vertical integration. While ozonesondes report measurements in partial pressure, easily converted into VMR 
units (ppmv) and in ND using the on-board PTU measurements, the lidar data are given in number density. 
 
Only co-locations with a maximal spatial distance of 100 km or smaller (see Table 4.10) and a maximal time 
difference of one day were allowed. When multiple satellite pixel co-locations with one unique ground 
measurement occur, only the closest satellite measurement is kept. Calculating difference profiles requires 
harmonisation of the satellite retrieval and ground-based reference ozone profiles in terms of at least their 
representation and vertical sampling. To down-sample a ground-based ozone profile measurement to the 
satellite retrieval grid, a mass-conserving regridding in subcolumn units on layers is preferably used [RD63]. 
Additionally, the satellite and ground-basŜŘ ǇǊƻŦƛƭŜǎΩ ǾŜǊǘƛŎŀƭ ǎƳƻƻǘƘƛƴƎ ŘƛŦŦŜǊŜƴŎŜ error is minimized by 
averaging kernel multiplication [RD51, RD76]. 
 
The baseline output of the L2 validation exercises consists of median absolute and relative nadir ozone profile 
differences at individual stations or within latitude bands for the entire time series. This median difference is 
a robust (against outliers) estimator of the vertically dependent systematic error, i.e. the bias, of the satellite 
data product. The bias profiles for the entire list of stations are then combined and visualized as a function 
of several influence quantities to reveal any dependences of the systematic error. Besides the median 
difference, also the Q84-Q16 interpercentile (IP68) of the differences is calculated as a robust spread 
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estimator of the random errors in the satellite data product, i.e. the precision profile. However, this spread 
on the differences will also include contributions from ground-based random uncertainties (limited to a few 
percent) and representativeness (sampling 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 IP68 are equivalent to mean and standard 
deviation, but they offer the advantage to be much less sensitive to occasional outliers. 
 
The satellite-based L3 monthly gridded data is compared with monthly averages of the reference data (or, 
equivalently, a ground-based level-3-type dataset). This approach unavoidably introduces spatiotemporal 
representativeness errors into the difference statistics. However, these errors are reduced to a minimum in 
two ways. First, for monthly Level-3 data, as is the case here for GOP-ECV, the comparisons are limited to 
those months with a sufficient number of valid reference measurements. This number has been set to four 
in the ground-based validation presented here. As such, an implicit averaging of at least four ozonesonde or 
lidar measurements per month is introduced in the comparison statistics. This approach is not required for 
the IASI-ABC daily merged data, where daily comparisons can be considered. Second, the 1x1 degree box that 
overlaps with the ground measurement is taken for co-location, but the profiles from the four corners of this 
box are averaged, with the distances to the exact reference measurement location as weighting factors. 

4.3.2 Validation results 

4.3.2.1 L3 UV-VIS GOP-ECV 

5[wΩǎ GOME-type Ozone Profile Essential Climate Variable (GOP-ECV) combines L2 retrievals by RAL from five 
nadir-viewing satellite sensors (GOME/ERS-2, SCIAMACHY/ENVISAT, GOME-2/Metop-A, GOME-2/Metop-B, 
and OMI/AURA) into a single L3 monthly gridded product, covering 1996-2022. Before merging the individual 
time series into one long-term data record, they are adjusted to match the total ozone column amounts from 
the GOME-type Total Ozone Essential Climate Variable (GTO-ECV). This procedure should lead to reduced 
inter-sensor biases and drifts. It should be taken into account, however, that the current GOP-ECV v3 is based 
on the fully available RAL v3.X L2 products, and not the v4.01 products discussed above. 
 
The relative bias and dispersion plots as a function of latitude, season, and year (two-yearly) in Figure 4.15, 
for both ozonesonde and stratospheric lidar reference measurements, point at relative differences of the 
order of 10 % in the stratosphere and 20 % in the troposphere overall. The dispersion equals again 10 % on 
average in the stratosphere, but increases up to 60 % in the troposphere, pointing at larger difficulties to 
capture the tropospheric low-ozone dynamics. The GOP-ECV performance is more spatially dependent than 
temporally (given the little dependence on season and year, but also see drift assessment at the end of this 
section). Clearly, ozone values show negative biases of 20-50 % towards the poles throughout the entire 
vertical profile. The positive bias peak up to 50 % in the tropical UTLS seems to be real as well, as it is both 
captured by the ozonesonde and lidar comparisons. On the other hand, the increased dispersion that is only 
seen for the northern mid-latitude lidar comparisons for autumn 2011-2012 rather seems to be a reference 
measurement hiccup. 
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Figure 4.15 - Median relative differences and 68 % interpercentile spreads for comparison of GOP-ECV v3 with 
ozonesonde (bottom) and stratospheric lidar (top) reference measurements (at least four per month). Comparison 
statistics are plotted as a function of latitude (left), season (middle) and time (right), using the colour coding 
indicated by the plot legends. 

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

Figure 4.16 and Figure 4.17 contain the median (relative) differences, 68 % interpercentile spreads, vertical 
sensitivities, offsets, and effective vertical resolutions (FWHMs) for the comparison of FORLI v20151001 CDR 
(also called v2024) retrieved IASI profiles with ozonesonde and lidar measurements, respectively, for SZA and 
DFS as influence quantities (others are not shown in this report). These results demonstrate that the retrieval 
results for all three IASI instruments are very similar, showing no significant differences between their 
respective statistics, and this despite the different time windows under consideration. The IASI instruments 
show a less than 10 % and insignificant stratospheric bias, a 10 to 30 % insignificant positive bias in the UTLS, 
and an order of 10-20 % negative bias at the edge of significance in the troposphere. The latter agrees with 
a tropospheric ozone (from IASI-A and IASI-B retrieved with FORLI v20151001) validation exercise performed 
by Boynard et al. [RD31]. Possible reasons for the positive UTLS bias are discussed in [RD37]. The comparison 
results show hardly any scan angle (VZA) dependence or seasonality, except for some larger systematic 
differences around the Antarctic ozone hole that can be partially attributed to co-location errors at the edge 
of the polar vortex (not shown here). The remaining meridian dependences are typically limited to stronger 
UTLS bias fluctuations in the tropics. 
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The vertical sensitivity profiles are close to unity around the ozone peak and above (25 to 35 km) for all three 
instruments. Typically, the sensitivity decreases above and below due to the smaller ozone concentrations. 
The FORLI retrievals show sensitivity fluctuations around the UTLS and down the troposphere, ranging 
between 0 and 2. Although the overall IASI sensitivity variability is strongest around the equator, these 
outliers typically occur in the Polar Regions and go together with excessively high retrieved ozone peaks. The 
strong sensitivity variability in general hampers the averaging kernel smoothing of the reference profiles 
before comparison, as this procedure then introduces a bias instead of reducing the vertical smoothing 
difference error. Usually however, except for decreased surface-level sensitivity (0.5) and a median 1.5 peak 
around the UTLS with slight compensation above and below, the FORLI sensitivity is vertically consistent. 
 
The retrieval offset (vertical registration uncertainty) amounts to about 5-10 km on average but shows some 
discreteness due to the FORLI retrievals being performed on a fixed 1 km vertical grid. Moreover, the offset 
shows specific features for all three IASI instruments, like the peaks at 5 and 15 km, and a jump near 25 km 
altitude. The tropospheric offset sometimes even explodes to unrealistic values, when the corresponding 
averaging kernels have no clear maximum. The ōŜƘŀǾƛƻǳǊ ƻŦ ŀƴ ŀǾŜǊŀƎƛƴƎ ƪŜǊƴŜƭΩǎ ǎŜƴǎƛǘƛǾƛǘȅ ŀƴŘ ƻŦŦǎŜǘ ƛǎ 
typically also reflŜŎǘŜŘ ƛƴ ƛǘǎ ǿƛŘǘƘΣ ǿƘƛŎƘ ƛǎ ƘŜǊŜ ƳŜŀǎǳǊŜŘ ōȅ ǘƘŜ ƪŜǊƴŜƭΩǎ C²IaΦ ¢Ƙƛǎ C²Ia ǊŀƴƎŜǎ 
between 10 and 15 km on average for the IASI instrument retrievals, with oscillations occurring in the UTLS. 
 
Looking at the FORLI v20151001 CDR comparison results into detail, it becomes clear that the highly positive 
difference outliers in the ULTS seem to go together with high SZA and low DFS values. In other words, poor 
quality retrievals with minimal retrieval sensitivities and DFS values appear to occur for the highest solar 
zenith angle observations. One could therefore consider screening the observations for high SZA (e.g. above 
70°) or low DFS (e.g. below 2.5) to overall maintain the lowest-bias and dispersion observations. 
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Figure 4.16 - Median absolute and relative differences (thick dashed lines), 68 % interpercentile spreads (thin 
dashed lines), and median vertical sensitivities, offsets and FWHMs (dashed lines) for comparison of FORLI L2 
v20151001 CDR (v2024) IASI-A/B/C (top to bottom, respectively) retrieved profiles with ozonesonde reference 
measurements. Individual profile statistics are plotted as function of solar zenith angle (left) and DFS (right) 
using the colour coding indicated by the colour bar on each plot. 
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Figure 4.17 - Median absolute and relative differences (thick dashed lines), 68 % interpercentile spreads (thin 
dashed lines), and median vertical sensitivities, offsets and FWHMs (dashed lines) for comparison of FORLI L2 
v20151001 CDR (v2024) IASI-A/B/C (top to bottom, respectively) retrieved profiles with stratospheric lidar 
reference measurements. Individual profile statistics are plotted as function of solar zenith angle (left) and DFS 
(right) using the colour coding indicated by the colour bar on each plot. 

 

4.3.2.3 IASI-ABC L3 v2019 

The individual FORLI L2 v20191122 retrievals ς note the difference with the L2 v2015 CDR data in the previous 
section ς for IASI-A, B, and C have been merged into a single Level-3 data record covering 2008-2023. This 
dataset consists of daily gridded (one-by-one degree) profile data on a 1 km vertical grid from the surface up 
to 40 km. Much in agreement with the L2 v2015 CDR data, the relative bias and dispersion plots as a function 
of latitude, season, and year (two-yearly) in Figure 4.18, for both ozonesonde and stratospheric lidar 
reference measurements, point at relative differences of less than 10 % and insignificant stratospheric bias, 
a 10 to 30 % insignificant positive bias in the UTLS, and an order of 20 % negative bias at the edge of 
significance in the troposphere. The dispersion equals again 10 % on average in the stratosphere, but 
increases up to 60 % in the UTLS, and to 20-30 % in the lower troposphere, pointing at larger difficulties to 
capture the tropospheric low-ozone dynamics. 
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As for the GOP-ECV L3 dataset, the IASI-ABC L3 performance is more spatially dependent than temporally 
(again also see the drift assessment at the end of this section), but the spatial dependence is now limited to 
the UTLS and troposphere. The high positive bias peak in the tropical UTLS again is real, as it is both captured 
by the ozonesonde and lidar comparisons. Moreover, in contrast with the other latitude bands, the Antarctic 
data show a 20 % positive tropospheric bias, while their UTLS bias is reduced to about 10 % on average (as 
for the Arctic). This bias shift is probably due to changes in the thermal contrast for high-latitude retrievals, 
but would require further investigation. 
 

   

   

Figure 4.18 - Median relative differences and 68 % interpercentile spreads for comparison of IASI-ABC merged L3 
data with ozonesonde (bottom) and stratospheric lidar (top) reference measurements (at least four per month). 
Comparison statistics are plotted as a function of latitude (left), season (middle) and time (right), using the colour 
coding indicated by the plot legends. 
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4.3.2.4 L2/L3 nadir profile drift assessment 

Long-term stability of the systematic errors in the ozone data products is a key requirement for 9{!Ωǎ /ƭƛƳŀǘŜ 
Change Initiatives. The robust linear regression applied here includes an uncertainty estimate by means of 
the 95 % confidence interval. It is based on a bootstrapping approach with 1000 samples and performed on 
the satellite-ground difference profiles on the global scale. The results for GOP-ECV are shown in Figure 4.19. 
Results for the individual L2 IASI retrievals (FORLI v2015 CDR) and the L3 merged IASI-ABC product (from 
FORLI v2019) are collected in Figure 4.20. Note that results for ozonesonde and stratospheric lidar reference 
measurements are combined into single drift assessments and plots for the L2 data, while a composite graph 
is created for the L3 data (separated at 20 hPa, with ozonesonde results below and lidar results above), 
because of differences in the L3-like co-locations. 
 
It is clear from Figure 4.19 (left column) that the Level-3 GOP-ECV dataset shows a drift that is very 
comparable to the RAL L2 v3.X products where it is derived from (not included here), indicating that the L2/3 
drift originates from L1(B) data degradation rather than from the retrieval process, including changes in prior 
information. The scaling of the integrated GOP-ECV profile by the GTO-ECV does not seem to play a significant 
role here. GOP-ECV shows a 5-10 %/decade positive drift in the troposphere and UTLS, while having a 
negative drift of the same order above (pressures below 20 hPa). Except for the UTLS, the drift results seem 
ǎƛƎƴƛŦƛŎŀƴǘ ŦǊƻƳ ǘƘŜ ōƻƻǘǎǘǊŀǇǇƛƴƎ ǇŜǊǎǇŜŎǘƛǾŜΣ ōǳǘ ǘƘŜȅ ŀǊŜ ǎǘƛƭƭ ōŜƭƻǿ ǘƘŜ ǎŀǘŜƭƭƛǘŜ ǇǊƻŘǳŎǘǎΩ ǊŀƴŘƻƳ 
uncertainties as measured from the interpercentile spread (blue line in each plot).  
 
Figure 4.20 demonstrates that the three individual IASI-A/B/C L2 retrievals (v2015 CDR) show very similar 
vertical drift profiles, despite covering only four years for IASI-B and IASI-C, while the IASI-A time series is 
three times longer. The latter is mostly reflected in the significance of the drift according to the bootstrapping 
technique (orange horizontal lines). All three instruments have a 5-10 %/decade negative lower tropospheric 
drift, and an order of 10 %/decade positive drift just above (10-17 km), although these values are also still 
ǿƛǘƘƛƴ ǘƘŜ ǎŀǘŜƭƭƛǘŜ ǇǊƻŘǳŎǘǎΩ ǊŀƴŘƻƳ ǳƴŎŜǊǘŀƛƴǘƛŜǎΦ bƻ ŜŦŦŜŎǘƛǾŜ ŘǊƛŦǘ ƛǎ ƻōǎŜǊǾŜŘ ŦƻǊ ŜǾŜƴ ƘƛƎƘŜǊ ŀƭǘƛǘǳŘŜǎΦ 
For the merged L3 IASI-ABC dataset, only a lower tropospheric (surface to 10 km) drift of -5 %/decade 
remains. This looks in agreement with previous results, reporting that the FORLI v2019 retrieval reduces the 
IASI ƻȊƻƴŜ ǇǊƻŦƛƭŜǎΩ ¦¢[{ ōƛŀǎ ŀƴŘ όǘŜƳǇƻǊŀƭύ ŘŜǇŜƴŘŜƴŎŜΦ 
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L3 GOP-ECV (composite at 20 hPa) 

 

 

 

Figure 4.19 ς Decadal drifts and 68 % interpercentile spreads for comparison of UV-VIS L3 data with ozonesonde 
and stratospheric lidar reference measurements combined (at least four per month and hence vertically 
distinguished at 20 hPa for L3). 
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L2 IASI-A 

 

L2 IASI-B 

 
L2 IASI-C 

 

L3 IASI-ABC 

 

 

Figure 4.20 ς Decadal drifts and 68 % interpercentile spreads for comparison of the IASI ƛƴǎǘǊǳƳŜƴǘǎΩ L2 and L3 
data with ozonesonde and stratospheric lidar reference measurements combined (vertically distinguished at 20 
hPa for L3). 
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4.3.3 Profile results discussion and conclusions 

Table 4.12 collects the major QA/validation quantities discussed throughout this section, their corresponding 
typical values as discussed in the previous sections, and indications of their compliance with the GCOS user 
requirements. The nadir ozone profile products under study cover 1995 to 2023 globally, which is sufficiently 
long for (drift-corrected) ozone trend studies according to the GCOS user requirements (UR). They also fulfil 
the GCOS user requirements in terms of observation frequency and horizontal and vertical resolution. Only 
for the latter one must keep in mind that the L2 nadir products show UTLS sensitivity outliers and are strongly 
correlated verticalƭȅ ŘǳŜ ǘƻ ŀǾŜǊŀƎƛƴƎ ƪŜǊƴŜƭ ŦƭǳŎǘǳŀǘƛƻƴǎ ǘƘŀǘ ŜȄǘŜƴŘ ōŜȅƻƴŘ ǘƘŜ ƪŜǊƴŜƭΩǎ 10-15 km FWHM. 
 
The Ozone_cci+ nadir ozone profile products under study typically do not comply with the GCOS user 
requirements in terms of total uncertainty. The total uncertainty is thereby determined as the quadratic sum 
ƻŦ ǘƘŜ ǇǊƻŘǳŎǘǎΩ ǎȅǎǘŜƳŀǘƛŎ ŀƴŘ ǊŀƴŘƻƳ ǳƴŎŜǊǘŀƛƴǘƛŜǎΣ ǿƘƛŎƘ ƻƴ ǘƘŜƛǊ ǘǳǊƴ ŀǊŜ ŜǎǘƛƳŀǘŜŘ ŦǊƻƳ ǘƘŜ 
comparison (with ground-based reference measurement) bias and dispersion, respectively. Total 
uncertainties range from about 10 % at minimum in the stratosphere to at least 20 % in the troposphere, and 
even higher values in the UTLS for IASI and for the UV-VIS instruments. The nadir ozone profile retrieval 
performance in terms systematic and random uncertainties mostly depends on the optical path (and thermal 
contrast for the IR retrievals, not included here). 
 
Applying bias corrections to the nadir ozone profile CRDP presented in this work might not yield optimal 
results, however. Next to the L2 data screening recommended by the data providers (summarised in Table 
4.11) the validation results presented in the previous sections point at additional data screening options. The 
highly positive ULTS biases for the FORLI v20151001 CDR products go together with high SZA and low DFS 
values. In other words, poor quality retrievals with minimal retrieval sensitivities and DFS values appear to 
occur for the highest solar zenith angle observations. One could therefore consider screening the 
observations for high SZA (e.g. above 70°) or low DFS (e.g. below 2.5) to overall maintain the lowest-bias and 
dispersion observations.  
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Table 4.12 - Major QA/validation quantities, their corresponding typical values, and indication user requirement 
(UR) compliance for the Ozone_cci+ L2 nadir ozone profile products. 

QA quantity (GCOS UR) TIR: IASI-A/B/C v2015 CDR 

Time period (1996-2010) 2008-2023 

L2 observation frequency  
(daily to weekly) 

Both daytime and nighttime daily 

Horizontal resolution (20-200 km) 12 km 

Vertical resolution  
(6 km to troposphere) 

Fixed 1 km grid but 10-15 km kernel width and UTLS 
oscillations 

DFS 2-4 with meridian and seasonal dep. 

Vertical sensitivity Outliers around UTLS and below 

Height registration uncertainty  
/ retrieval offset 

5-10 km on average, but strong features 

Systematic uncertainty estimated from comp. bias < 10 % (stratosphere) to 10-30 % (UTLS) pos. 10-20 % 
neg. (troposphere) 

Random uncertainty estimated from comp. spread 10-50 % 

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

~10 % in stratosphere, 20-30 % in troposphere, higher 
in UTLS 

Dependence on influence quantities SZA dependence, also reflected in sensitivity 
dependence 

Stability (1-3 %/dec.) 5-10 %/decade pos. and neg. 
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5 Validation of Limb Ozone Profile Data Products 

5.1 Introduction 

This section reports on the assessment of the Level-2 and Level-3 limb ozone profile datasets of the 
Ozone_cci+ Climate Research Data Package (CRDP), accessible from 
https://climate.esa.int/en/projects/ozone/data. 
 
The Level-2 CRDP consists of a HARMonized dataset of OZone profiles (also named HARMOZ) from the 
following list of limb/occultation sensors: GOMOS, MIPAS and SCIAMACHY on Envisat, OSIRIS on Odin, ACE-
FTS on SciSat-1, OMPS-LP on Suomi-NPP and NOAA-21, SAGE II on ERBS, HALOE on UARS, SABER on TIMED, 
MLS on EOS-Aura, POAM III on SPOT-4, SAGE III on Meteor-3M and ISS. Each HARMOZ data set is screened 
for outliers by the instrument experts, presented on an identical vertical grid (altitude or pressure) and 
archived in the same NetCDF data format. The Level-3 CRDP consists of a gap-free 3D-gridded profile data 
record at high spatial (1° x 1°) and temporal (daily) resolution, combining data from eight sensors (Aura MLS, 
OSIRIS, GOMOS, MIPAS, SCIAMACHY, OMPS-LP/SNPP, ACE-FTS, SAGE III/ISS).  
 
A description of data format, sensors, retrieval algorithms and ex-ante uncertainty characterisation can be 
found in the Product User Guide [RD5], the Algorithm Theoretical Baseline Document [RD4] and the End-to-
End ECV Uncertainty Budget [RD6]. 

5.2 Harmonized validation methodology 

The validation of the HARMOZ ozone profile datasets is based on comparisons with respect to correlative 
ground-based measurements. The validation methodology for Level-2 data products (Sect. 5.4) is described 
extensively by Hubert et al. [RD45], any deviations will be motivated below. Essentially the same method can 
be applied to the Level-3 LIMB-HIRES products (Sect. 5.5), given their high spatiotemporal resolution. 
Ground-based observations are acquired at a variety of ozonesonde, lidar and microwave radiometer (MWR) 
ǎǘŀǘƛƻƴǎ ǇŜǊŦƻǊƳƛƴƎ ƴŜǘǿƻǊƪ ƻǇŜǊŀǘƛƻƴ ǿƛǘƘƛƴ ²ahΩǎ Dƭƻōŀƭ !ǘƳƻǎǇƘŜǊŜ ²ŀǘŎƘ όD!²ύΣ ǘƘŜ bŜǘǿƻǊƪ ŦƻǊ 
the Detection of Atmospheric Composition Change (NDACC) and the Southern Hemisphere Additional 
Ozonesonde program (SHADOZ).  
 
Results for each of the Ozone_cci+ Level-2 and Level-3 limb profile CRDP are organized as follows 

¶ Study of the co-location sample between HARMOZ and correlative datasets, and a brief discussion 
of the corresponding validation sample (Level-2 only); 

¶ Presentation and analysis of the comparison results:  
o bias and dispersion as a function of altitude (or pressure), latitude and validation data source; 
o long-term stability over the entire time series as a function of altitude (or pressure); 
o dependence on other parameters, e.g. geophysical, instrument-related or auxiliary (Level-2 

only); 
o compliance with user requirements [RD10]. 

5.3 Conversion of profile representations 

The native representation of the ozone profile data reported for satellite, ozonesondes, lidars and MWRs 
differs from each other (see Table 5.1). In order to minimize the number of manipulations of the Ozone_cci+ 
satellite data records under investigation, the validation analyses are performed ςwhenever possibleς in the 
reported representation of the satellite ozone data record under study: ozone mole concentration 
(equivalent to ozone number density) at either fixed altitude (e.g. HARMOZ ALT) or fixed pressure levels (e.g. 
HARMOZ PRS).  
 

https://climate.esa.int/en/projects/ozone/data
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Conversions of ozone partial pressure measurements versus pressure or altitude by ozonesonde into other 
representations is done using pressure, temperature and (in recent years) GPS altitude measured by the 
coupled radiosonde. Conversions of lidar ozone number density measurements versus altitude into other 
representations was done using ancillary pressure and/or temperature information extracted from ERA5 
meteorological reanalyses provided by ECMWF. Observations of atmospheric temperature by different 
ground-based and satellite instruments are quite consistent in the troposphere and lower stratosphere, but 
they tend to diverge above ~30 km [RD81]. Reanalysis temperature data in middle and upper stratosphere 
are hence more uncertain, which constitutes a potential non-negligible source of (time-dependent) 
uncertainty in representation-converted ozone profile data. MWR typically retrieve ozone profiles as volume 
mixing ratio versus pressure, but number density, altitude and temperature are reported in the data file as 
well. Several sources of ancillary meteorological data are used throughout the MWR network (NCEP, ECMWF 
ƻǇŜǊŀǘƛƻƴŀƭΣ Χύ ǿƘƛŎƘ Ƴŀȅ ƛƴǘǊƻŘǳŎŜ ǳƴŎŜǊǘŀƛƴǘȅ ƛƴ ǘƘŜ ŎƻƴǾŜǊǘŜŘ Řŀǘŀ ǎŜǘǎΦ CƻǊ ǘƘƛǎ ǊŜŀǎƻƴΣ ŀƭƭ a²w 
validation analyses are performed in the pressure domain. 
 
Table 5.1 summarizes the characteristics of each measurement source. Since the conversion of lidar data 
uses the same source of auxiliary data (ECMWF reanalysis) as that used for ESA and Third Party Mission data, 
the analyses remains insensitive to intrinsic deficiencies in the ERA5 data. 

Table 5.1 - Characteristics of the satellite and ground-based measurements of the ozone profile. Bold indicates 
the native representation of the data files. In the case of HARMOZ data, this may differ from the native 
representation of the satellite ozone retrievals. 

 Ozone unit Altitude Air pressure  Air temperature  

HARMOZ PRS Mole concentration 
Retrieved /  
ERA-Interim / 
ERA5 

Retrieved / ERA-
Interim / ERA5 

Retrieved /  
ERA-Interim / ERA5 

HARMOZ ALT Mole concentration 
Retrieved /  
ERA-Interim / 
ERA5 

Retrieved / ERA-
Interim / ERA5 

Retrieved /  
ERA-Interim / ERA5 

Ozonesonde Partial pressure Provided Measured Measured 

Stratospheric lidar Number density Measured ERA5 ERA5 

Microwave 
radiometer 

Volume mixing ratio Re/analysis Retrieved Re/analysis 



 Product Validation and Intercomparison Report (PVIR) 
 Issue: 5.2 ς Date of issue: 12.05.2025 
 Reference: Ozone_cci+_PVIR_5.2 (Final) 

 
 

 
 Page 61-157 

 
 

5.4 Level-2 limb profile products 

5.4.1 Validation method 

The uncertainty of a single ozone profile by ground-based instruments is comparable to that obtained by 
satellite sensors. Nonetheless, a large sample of co-located satellite and ground-based profiles at numerous 
stations around the globe, allows us to derive meaningful estimates of systematic error, random uncertainty 
and long-term stability of the limb/occultation data records. The complementarity of the ozonesonde, lidar 
and MWR measurement techniques and network design allows further cross-checks which are crucial in 
achieving a robust assessment of satellite data quality. 
 
As described in detail by Hubert et al. [RD45], the ground-based ozone profile observations are first screened 
according to the prescriptions by the data producers. Then, pairs of satellite and ground-based profiles that 
probe sufficiently overlapping air masses are searched for in a ±6 h (MIPAS, Aura-MLS and SABER) or ±12 h 
time window (all other instruments) and within 500 km radial distance (all instruments). Given the high 
sampling frequency of MWR instruments, the comparison to MWR profile data is done in a smaller window, 
less than 300 km and within 1 h or 6 h (depending on MWR station). When more than one satellite profile 
co-locates with a single ground-based profile, only the closest satellite profile is retained. Tightening the co-
location window leaves the bias virtually unchanged and reduces the dispersion in the comparisons by a few 
percent. In a third step, the ozone unit is converted to mole concentration where necessary, see Section 5.3, 
after which sonde and lidar measurements are smoothed to the vertical resolution of the satellite data set. 
To this end, a triangular window function is applied to smoothen each ground-based ozone profile in the 
altitude domain. The base width of the triangle is equal to the (altitude-dependent) vertical resolution 
reported along with the co-locating satellite profile. The shape of the window function was found to have a 
negligible impact on the final conclusions. This smoothing step is omitted for the MWR profiles since their 
resolution is poorer than that of the satellite data. Finally, the vertically smoothed ground-based profiles are 
regridded to the fixed altitude or pressure grid of HARMOZ, using the pseudo-inverse interpolation method 
by Calisesi et al. [RD35]. These pre-processing steps lead to a screened and co-located set of satellite and 
ground-based profiles in the same ozone coordinate and the same vertical coordinate and grid. 
 
Statistical indicators for the analysis are derived as described in Sections 4.1 and 5.1 of Hubert et al. [RD45]. 
The selection of sites used for the drift analysis are those mentioned in this paper. The MWR drift analysis 
only considers data from Mauna Loa and Lauder. 
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5.4.2 Envisat GOMOS ALGOM2s v1 

The results in this section were obtained for Level-2 ALGOM2s version 1, file version 2, for the number density 
versus altitude profile representation (HARMOZ ALT). 

5.4.2.1 Co-locations / Validation sample 

Figure 5.1 shows the latitudeςtime distribution of the ozonesonde, lidar and microwave radiometer (MWR) 
measurements co-locating with GOMOS ALGOM2s v1 data. The sampling covers most latitude zones and is 
quite homogeneous in time, except for an interruption of GOMOS operations in the first half of 2005. Most 
GOMOS polar day profiles were screened out by the retrieval team at FMI, since twilight and bright limb 
viewing conditions degrade the quality of the retrieved profile. 

5.4.2.2 Bias and dispersion 

The median bias and half the 68 % interpercentile of the relative difference between GOMOS ALGOM2s v1 
and GAW/NDACC/SHADOZ ozonesondes, NDACC lidars or NDACC MWRs are shown in the figures below. 
Figure 5.2 details the vertical and meridian dependence of the bias and dispersion at 5° latitude resolution, 
while Figure 5.3 shows the same information calculated in 30° latitude zones. 
 
The median bias is less than 4 % between 20-45 km, except in the Arctic where it reaches -8 to -10 % around 
25 km and 28 km. Above the stratopause, GOMOS occultation and MWR data are within 6 %. The meridian 
structure of the bias in the UTLS follows the meridian structure of the tropopause. Between the tropopause 
and 20 km the bias is positive in the Southern Hemisphere (5-10 %) and negative at other latitudes (5-15 %). 
At all latitudes a clear underestimation of ozone can be seen at the tropopause (-15 % or more). 
 
The meridian structure of the dispersion sɲȄ follows that of the tropopause. Above 20-25 km the half IP-68 
spread is about 5 % at the equator and increases gradually up to 10-15 % at the poles. Below ~20 km the 
dispersion increases rapidly, reaching 40 % around 18 km at the equator and around 11 km at the poles. The 
dispersion seen in the comparisons is a few percent larger than the ex-ante random uncertainty sex-ante (not 
shown here) provided in the GOMOS data files. The latter is 1-4 % above ~20 km and increase rapidly up to 
15-25 % at lower levels. 
 

 

Figure 5.1 - (Left) Latitudeςtime distribution of co-locations between GOMOS ALGOM2s v1 ozone profiles and 
ground-based measurements (GAW/NDACC/SHADOZ ozonesonde, NDACC stratospheric ozone lidar and 
NDACC MWR). The colour code indicates the spatial distance between satellite/ground-based profile. (Right) 
Number of co-located pairs per 5° latitude band for ozonesonde (blue), lidar (green) and MWR (red). 
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Figure 5.2 - Altitudeςlatitude cross-section of the median percent bias (left) and of the half IP-68 spread (right) 
between GOMOS ALGOM2s v1 ozone profile data and the global ozonesonde network, calculated over the 
ŜƴǘƛǊŜ Dhah{ ǘƛƳŜ ǇŜǊƛƻŘ ŀƴŘ ƛƴ рϲ ōƛƴǎΦ .ƭŀŎƪ ƭƛƴŜǎ ƛƴŘƛŎŀǘŜ ǘƘŜ ƳŜŘƛŀƴ όǘƘƛŎƪύ ŀƴŘ мˋ ǎǇǊŜŀŘ όǘƘƛƴύ ƻŦ ǘƘe 
tropopause altitude. 

 

Figure 5.3 - (Top) Median bias between GOMOS ALGOM2s v1 ozone profile data and ozonesonde, lidar and 
MWR data, by 30° latitude. (Bottom) Same, but for the half IP-68 spread. The lowest horizontal line indicates 
the median tropopause altitude over the co-location sample. 
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Figure 5.4 - Global network-averaged 
drift of GOMOS ALGOM2s v1 ozone 
profile data with respect to 
ozonesonde, lidar and MWR data, 
calculated over the 2002-2011 time 
period. The shaded region represents 
нˋ ǳƴŎŜǊǘŀƛƴǘȅ ƻƴ ǘƘŜ ŀǾŜǊŀƎŜ 
decadal drift. 

 

5.4.2.3 Long-term stability 

Figure 5.4 shows the drift of GOMOS ALGOM2s v1 ozone profile data with respect to co-located ozonesonde, 
lidar and MWR network data. Drift values are generally insignificant, negative and less than 3 % per decade 
between ~25-50 km. The -8 % per decade estimate around 55 km may be indicative of decreased stability in 
the mesosphere, though drift uncertainty is less reliable as only two MWR sites are used and uncertainties 
arise from the conversion of MWR VMR data to number density. Drift values in the lower stratosphere and 
UTLS region range from -5 % to -10 % ǇŜǊ ŘŜŎŀŘŜ ŀƴŘ ǊŜŀŎƘ ǘƘŜ нˋ ǘƘǊŜǎƘƻƭŘ ŦƻǊ ǘƘŜ ǎƻƴŘŜ ŎƻƳǇŀǊƛǎƻƴǎ 
between 20-25 km. GOMOS drift relative to lower stratospheric lidar data, on the other hand, remains 
insignificant and flips sign at 20 km. Below ~20 km the uncertainty of the drift estimates increase rapidly due 
to increases in measurement noise and atmospheric variability; which explains the difference in sign between 
sonde and lidar results. This makes it difficult to obtain conclusive results in this part of the atmosphere. 

5.4.2.4 Dependence of data quality on other parameters 

The dependence of GOMOS ALGOM2s v1 data quality with respect to reference measurements has been 
studied also as a function of further parameters, including: star magnitude, star temperature, illumination 
condition, and occultation obliquity. There were no clear signs that the bias or dispersion correlate with any 
of these parameters. Any apparent dependence turned out to originate mainly from the correlation of the 
parameter with altitude and latitude. 
 
In addition, the bias, the dispersion and the long-term stability of GOMOS ALGOM2s v1 ozone are in very 
good agreement in four different profile representations (combinations of altitude/pressure and number 
density/VMR). This indicates that the auxiliary pressure and temperature profiles included in the GOMOS 
HARMOZ data files and in the correlative data files are consistent. 
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5.4.2.5 Compliance with user requirements 

From the results reported above it can be concluded that the GOMOS ALGOM2s v1 ozone profile data record 
is compliant with all but one sampling and resolution requirement. Data quality does not meet the 
requirements in the lowermost part of the ozone profile, but improves at higher altitudes. User requirements 
for random uncertainty are met for 60°N-60°S between 25-50 km and for decadal stability between 20-
50 km. At lower and higher altitudes there are indications of a negative drift that is not compliant with 
requirements, though individual results are not significant. Assessing compliance of random uncertainty in 
polar regions proves challenging due to the unquantified but likely considerable contribution by natural 
variability to the observed dispersion. As a result, compliance is flagged as not fulfilled over the entire vertical 
range, even though this may not reflect the actual data quality. 

Table 5.2 - Compliance of GOMOS ALGOM2s v1 with user requirements (URD v4.1): full compliance (green), partial 
compliance (orange) and no compliance (red). 

 User requirement Compliance / evaluation 

Horizontal resolution < 100ς300 km order of 100-250 km [RD91] 

Vertical resolution < 1ς3 km 2ς3 km  

Observation frequency < 3 days 3 days 

Time period (1980-2010) ς (2003-2010) 08/2002 ς 12/2011 

Total uncertainty in height registration < ± 500 m 60ς150 m  

Dependences ς latitude, altitude 

 
 Lower stratosphere Middle atmosphere 
Layer [km] 10-15 15-20 20-25 25-30 30-35 35-40 40-45 45-50 50-60 

 Uncertainty including only random component 
User requirement < 8-16 % < 8 % 

¶ Arctic   (large natural variability)   

¶ Mid NH          

¶ Tropics          

¶ Mid SH          

¶ Antarctic   (large natural variability)   

 Long-term stability 
User requirement < 1-3 % per decade 

¶ Ground network          
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5.4.3 Envisat GOMOS Bright Limb v1.2 

The results in this section were obtained for Level-2 Bright Limb processor version 1.2, file version 1, for the 
number density versus altitude profile representation (HARMOZ ALT). 

5.4.3.1 Co-locations / Validation sample 

Figure 5.5 shows the latitudeςtime distribution of the ozonesonde, lidar and MWR measurements co-locating 
with GOMOS Bright Limb v1.2 data. The sampling covers most latitude zones and is quite homogeneous in 
time, except a short interruption of GOMOS operations in the first half of 2005. It is well distributed over the 
time series and over seasons, except at high latitudes during polar night.  

5.4.3.2 Bias and dispersion 

The median bias and half the 68 % interpercentile range of the relative difference between GOMOS BL v1.2 
and GAW/NDACC/SHADOZ ozonesondes, NDACC lidars or NDACC MWRs are shown in the figures below. 
Figure 5.6 details the vertical and meridian dependence of the bias and dispersion at 5° latitude resolution, 
while Figure 5.7 show the same information calculated in 30° latitude zones. 
 
GOMOS bright limb ozone data is biased low relative to ground-based data between 25-30 km and the 
stratopause. The underestimation varies slightly with latitude and becomes clearly larger with increasing 
altitude until ~40 km, where it reaches -10 % to -15 %. A rapid transition to positive bias values is seen 
towards the stratopause and extends well into the mesosphere. Below 25-30 km, there is an overestimation 
of up to 5 % in the Northern Hemisphere and the tropics, but not at more southern latitudes. Our analysis 
corroborates the findings by [RD89]. We refer to latter publication for a discussion of the origin of the bias 
structure. 
 
The structure and magnitude of the dispersion is very similar to that of the ALGOM2s data. Below 25-30 km 
the bright limb data are slightly more noisy than GOMOS occultation data, the dispersion is ~1-2 % larger. 
The ex-ante uncertainty (not shown here) for both GOMOS data sets is generally very similar, except between 
32-40 km and above the stratopause where the expected uncertainty is clearly larger (by ~5-10 %). 
 

 

Figure 5.5 - (Left) Latitudeςtime distribution of co-locations between GOMOS Bright Limb v1.2 ozone profiles 
and ground-based measurements (GAW/NDACC/SHADOZ ozonesonde, NDACC stratospheric ozone lidar and 
NDACC MWR). The colour code indicates the spatial distance between each satellite/ground-based profile. 
(Right) Number of co-located pairs per 5° latitude band for ozonesonde (blue), lidar (green) and MWR (red). 
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Figure 5.6 - Altitudeςlatitude cross-section of the median percent bias (left) and of the half IP-68 spread (right) 
between GOMOS Bright Limb v1.2 ozone profile data and the global ozonesonde network, calculated over 
the entire GOMOS time period and in 5° bins. Black ƭƛƴŜǎ ƛƴŘƛŎŀǘŜ ǘƘŜ ƳŜŘƛŀƴ όǘƘƛŎƪύ ŀƴŘ мˋ ǎǇǊŜŀŘ όǘƘƛƴύ ƻŦ 
the tropopause altitude. 

 

 

Figure 5.7 - (Top) Median bias between GOMOS Bright Limb v1.2 ozone profile data and ozonesonde, lidar 
and MWR data, by 30° latitude. (Bottom) Same, but for the half IP-68 spread. The lowest horizontal line 
indicates the median tropopause altitude over the co-location sample. 
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Figure 5.8 - Global network-averaged 
drift of GOMOS Bright Limb v1.2 
ozone profile data with respect to 
ozonesonde, lidar and MWR data, 
calculated over the 2002-2012 time 
period. The shaded region represents 
нˋ ǳƴŎŜǊǘŀƛƴǘȅ ƻƴ ǘƘŜ ŀǾŜǊŀƎŜ 
decadal drift. 

 

5.4.3.3 Long-term stability 

Figure 5.8 shows the drift of GOMOS Bright Limb v1.2 ozone profile data with respect to the co-located 
ground-based data. The sign of the drift is generally negative between 20-40 km, but quantitative results and 
significance vary by reference instrument. The most compelling evidence of negative drift is found below 
~25 km where both lidar and sonde results are significant. Drift is about -10 % per decade at 21 km and about 
-1 to -3 % per decade at 30 km. MWR comparisons over this vertical range are noisier but the derived drift is 
broadly consistent with the other results. The stability between 30-40 km is more difficult to assess given the 
tension between lidar and MWR results. The former is based on more than a handful of stations and does 
not show a significant drift. The latter, on the other hand, suggest a significant drift of -4 % per decade. But 
since that is based on just two sites we are inclined to put more confidence in the lidar results. In the 
mesosphere no drift is noted either. 

5.4.3.4 Dependence of data quality on other parameters 

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

From the results reported above it can be concluded that the GOMOS Bright Limb v1.2 ozone profile data 
record is compliant with most of sampling and resolution requirements. No data are provided in the lower 
stratosphere, below 20 km. Requirements on random uncertainty are met between 25-40 km and partially 
slightly above and below. Requirements on decadal stability are met between 30-45 km, at lower altitudes a 
large negative drift is observed which becomes significant below 25 km. Assessing compliance of random 
uncertainty in polar regions proves challenging due to the unquantified but likely considerable contribution 
by natural variability to the observed dispersion. As a result, compliance is flagged as not fulfilled over the 
entire vertical range in the Arctic, even though this may not reflect the actual data quality. 

Table 5.3 - Compliance of GOMOS Bright Limb v1.2 with user requirements (URD v4.1): full compliance (green), 
partial compliance (orange) and no compliance (red). 

 Requirement Compliance / evaluation 

Horizontal resolution < 100ς300 km 300ς400 km [RD90] 

Vertical resolution < 1ς3 km 2ς3 km [RD89] 

Observation frequency < 3 days 3 days 

Time period (1980-2010) ς (2003-2010) 04/2002 ς 04/2012 

Total uncertainty in height registration < ± 500 m 60ς150 m 

Dependences ς latitude, altitude 

 
 Lower stratosphere Middle atmosphere 
Layer [km] 10-15 15-20 20-25 25-30 30-35 35-40 40-45 45-50 50-60 

 Uncertainty including only random component 
User requirement < 8-16 % < 8 % 

¶ Arctic   (large natural variability)   

¶ Mid NH          

¶ Tropics          

¶ Mid SH          

¶ Antarctic          

 Long-term stability 
User requirement < 1-3 % per decade 

¶ Ground network          
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5.4.4 Envisat MIPAS IMK/IAA v8 

The results in this section were obtained for Level-2 IMK/IAA version 8, file version 2, for the number density 
versus altitude profile representation (HARMOZ ALT). Validation results for an earlier processor version (v7) 
of the MIPAS IMK/IAA data set can be found in the Appendix of this document. 
 
The Ozone_cci+ Level-2 CRDP includes MIPAS nominal mode observations acquired at full spectral resolution 
between July 2002 and March 2004 (L2 processor version V8H_O3_61) and at reduced spectral resolution 
between January 2005 and April 2012 (L2 processor version V8R_O3_261). There is an (altitude-dependent) 
bias between MIPAS O3 retrievals in both periods, which is why the validation analysis is differentiates each 
period. 

5.4.4.1 Co-locations / Validation sample 

Figure 5.9 shows the latitudeςtime distribution of the ozonesonde, lidar and MWR measurements co-locating 
with MIPAS nominal mode measurements for the full spectral resolution period (2002-2004) and the reduced 
spectral resolution period (2005-2012). The sampling covers most latitude bands and is homogeneous in 
time, except for an interruption of operations in 2004 and the reduced duty cycle during 2005-2006.  

5.4.4.2 Bias and dispersion 

The median bias and half the 68 % interpercentile range of the relative difference between MIPAS IMK-IAA 
v8 and GAW/NDACC/SHADOZ ozonesondes, NDACC lidars or NDACC MWRs are shown in the figures below. 
Figure 5.10 details the vertical and meridian dependence of the bias and dispersion at 5° latitude resolution, 
while Figure 5.11 and Figure 5.12 show the same information calculated in 30° latitude zones for both 
periods. 
 
MIPAS bias differs considerably for both periods with a sign and magnitude that is altitude-dependent. 
Compared to the 2005-2012 data, ozone values during 2002-2004 are up to 5 % larger below 20-25 km and 
up to 5 % smaller at higher altitudes. A positive bias of 4-8 % relative to ground-based measurements is seen 
for both periods in the middle and upper stratosphere. It typically transitions to negative values in the 
lowermost stratosphere and around the stratopause. Below the tropopause vertical oscillations (10 % and 
more, peak to peak) are noted in the bias profile relative to ozonesonde. 
 
The meridian structure of the dispersion sɲȄ is similar for both periods and follows at first order the meridian 
structure of the tropopause. In the middle and upper stratosphere the dispersion is about 4 % at the equator, 
and increases to 8-10 % at the poles. Dispersion increases rapidly below 20 km, reaching 40 % right above 
the tropopause. The dispersion seen in the comparisons is several percent larger than the ex-ante random 
uncertainty sex-ante provided in the MIPAS data files (not shown here). The latter is 2-8 % in the mesosphere, 
1-2 % in the stratosphere and rapidly increases below 20 km altitude to 20-30 % in the upper troposphere. 
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Figure 5.9 - (Left) Latitudeςtime distribution of co-locations between MIPAS IMK-IAA v8 ozone profiles and 
ground-based measurements (GAW/NDACC/SHADOZ ozonesonde, NDACC stratospheric ozone lidar and 
NDACC microwave radiometer). The colour code indicates the spatial distance of each satellite/ground-based 
pair. (Right) Number of co-located pairs per 5° latitude band for ozonesonde (blue), lidar (red) and MWR 
(orange). 

 

 

Figure 5.10 - Altitudeςlatitude cross-section of the median percent bias (left) and of the half IP-68 spread 
(right) between MIPAS IMK-IAA v8 ozone profile data and the global ozonesonde network, calculated over 
the 2002-2004 (top row) and 2005-2012 (bottom) time periods and in 5° bins. Black lines indicate the median 
όǘƘƛŎƪύ ŀƴŘ мˋ ǎǇǊŜŀŘ όǘƘƛƴύ ƻŦ ǘƘŜ ǘǊƻǇƻǇŀǳǎŜ ŀƭǘƛǘǳŘŜΦ 










































































































































































