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for the nadir instruments in UTLS te&km (from 3 km)
with argument that nadir has better horizontal coverage
and add request for assimilated product from the
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in the UTLS region. The requirements implicitly include
capabilities of TIR sourets. (remark CMUG)

- data requirements tables added

1 1 29/04/2011 | Final version approved by ESA

2 0 15/06/2011 | Revised according to preliminary remafkem CMUG

2 1 21/11/2011 | Revised according to final remarks from CMUG

2 2 18/09/2014 | Start Documentor Phase 2
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1 | ntroducti on

1.1 Purpose

This User Requirement Docume(RD) of the Ozone_cci projeds summarisingthe user
requirements fothreeozone ECV(Essential Climate Variablgroducts total ozone colums)
nadirbasedozone pofiles, and limbbasedozone profils. Any ECV is generally based on an
intermedi ate dataset called a “Fundament al Cl
An FCDR denotes a loAgrm data record, involving series of instruments, with potentially
changing measurement approaches, but with overlaps and calibrations sufficient to allow the
generation of homogeneous products providing a measure of the intended variable that is
accurate and stable enough fom@ie monitoring. FCDRs include the ancillary data used to
calibrate them.This document is established consisting of a complete, structured set of
individual enduser requirements for titreeozoneECV products and the FCDRs required to
achieve hem.

The user requirements in this document are based on the ozone regtsreiGCOS (GCOS
92; GCSOB107; GCOS138; GCOS143), the CMUG, IGACO(2004) and the WMO rolling
requirementgWMO, 2020) The first consolidated version of this URD (v1.1) was published
2011. An important update was produced durifgzone_cciPhase2 (URD v3.0, 2016)to
provide a refinement of the ozone profile requirements for-teng monitoring and this version

aligned with the final report o fquirements dor * Op er
monitoring of stratospheric ozone at high vertical resolution; Operoz: Operational ozone
observations using | imb geometry’ (ESA, 2015)

In 2019/2D20 an openconsultationby the World Meteorological Organization (WMOh ECV
requirementsvasorganized WMO/GCOQOS, 202Q)Subsequently an aabc group of expertsas
beenworking onthe observationafrequirementfor ECV ozonewhich wereproposed tdGCOS
in 2020.

In version 3.1 of this URURD v3.1,March 2021), based on the user input and discussions in
the adhoc group,slightly revised andnewly proposed GCOS requiremense-empting on
updated GCOS requiremerdse listedin the extersion of Section 3.1. In Section 6 (slight)
changedo the ozone user and pnact requirement$or Ozone_cciare provided and discussed
based on th&COS reviewincludinglatest insights from the user commuratfythe ozone ECV
products

The Climate Research Group (CRG) of the Ozone_cci project has interpreted these requirements
ad “transl ated?” them to the requirements for
Ozone_cci projectThe scientific rationale behind the selection of the Ozone_cci data products is

also given as appropriate throughout the document.
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1.2 Scope

The scope of the URD is defined in relation to other project documantsding theProduct
Specification DocumentPSD. The user requirements include per product type (total column,
nadir ozone profile, and limb ozone profile) the quantitative ozoreréguirements, including
(total) uncertaint, spatial resolutionpbservatiorfrequency, time period, araerall stability. It

also includes a clarification (rationale) for the given requirements for traceaSpegific data
product requirements wittespect to e.g. data format and specific error specificatiomgiven

in full detail in thePSDfor the respective level, level3 and leveld ozone data products.

In Chapter 3 we describe the various existing requirements on ozone products for climate
research, especially the requirements from GCOS and CMUG. In CHapieactivities of the

CRG, responsible for this documeatgintroduced Chapter 5 introduce$i¢ scientific rationale

for the Ozone_cci products and Chapter6, the final requirements, their rationaledatheir
traceability are given.

2 ApplicabueeBhd references

CMUG, 2010: Requirement Baseline Documemteliverable 1.2,Climate Modding User
Group version 1.3, November 2010

ESA, 2015: User requirements for monitoring the evolution of stratospheric ozone at high
vertical resolution; Operoz: Operational ozone observations using limb georadgy.\an
Weele, M., R. Miller, M. RieseR. Engelen, M. Parrington, \H. Peuch, M. Weber, A.
Rozanov, B. Kerridge, A. Waterfall, andReburn(ESA Contract 4000112948/14/NL/JK

GCO0S92, 2004:Implementation plan for the global observing system for climate in support of
the UNFCCC, composed byWorld Meteorological Organization, Intergovernmental
Oceanographic Commission, United Nations Environment Programme, and International
Council for Science, October 2004, (WMKD No. 1219)

GCO0S107, 2006: Systematic observation requirements for satetiged products for Climate,
GCOS - 107, composed by World Meteorological Organization and Intergovernmental
Oceanographic Commission, September 2006, (WNDONo. 1338)

GCO0S138, 2010 Implementation plan for the global observing system for climate in sty

the UNFCCC (2010 wupdate), composed by World Meteorological Organization,
Intergovernmental Oceanographic Commission, United Nations Environment Programme, and
International Council for Science, August 201600S184, GTOS76, WMO-TD No. 1523)
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GCOS143, 2010: Guideline for the Generation of Datasets and Products Meeting GCOS
Requirements, (WM D No. 1530)

IGACO, 2004 The changing atmosphere. An integrated global atmospheric chemistry
observation theme for the IGOS partnership. Report of the ratemly Global Atmospheric
Chemistry Observation (IGACO) theme ted®eptembe004 (ESA SR1282, GAW No. 159,
WMO-TD No. 1235)

WMO, 2020: OSCAR@bserving Systems Capability Analysis and Review ;Tool
https://www.wmesat.info/oscar/observingrequireme(lttest access, September 2020)

WMO / GCOS, 2020Public Consultation on the ECV Requirements
https://gcos.wmo.int/en/eeeview-2020
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3 Avail amineeeogui r ement s

3.1 Global Climate Observing System (GCOS)

The goal of the Global Climate Observing Syste(@COS is to provide continuouggliable,
comprehensive data and informatmmthe state and behaviour of the globahatesystem The

aims of GCOS which are directly related@aone_ccare (1) monitoring the climate system, (2)
detecting and attributing climate change, and (3) assessing impacts of, and supporting adaptation
to, climate variability and change.

Environnental climate variables (ECVsre requiredto improve our understandingof the
climate systemln conjunction withnumericalmodellingthey supporthindcasts angrojections
of the climate systemin the context of Ozone_cgi a better understanding of natural and
anthropogenic forcirng affecting the atmospheric ozone distributionand ozonelimate
interactionswill be aimed for through the development of FCDRs for ozdhemerical models,
in particular ChemistraClimate Models (CMs) arevaluabletools to improveour knowledge
about dynamical, physical and chemical processes in the atmosgpltefeedback mechanisms,
and how they are influencen the futureby climate change.

In addition to climaterequirements observations ofmost of the ECVs have many more
important application areas: for example, all standard meteorological variables are fundamental
to support numerical weather forecasting; tropospheric ozone, aerosols, and their precursors are
important for air quality; vegétion and landisage maps are used for forestry and
ecological/biodiversity assessments. Each application has differngertaing and
spatial/temporal resolution requirements but an appropriately sustained composite observing
system for all ECVsould ke a major response to the needs of all GEOSS applications and
Societal Benefit Areas including Climate.

Through the development of a set sdtellitebasedozone FCDRSOzone_cci= provides a
significant contribution to GCOS.ong-term consolidatesbzonedata sets based on different
satellite instrumentarethe foundationfor improved modebuality evaluation, allowing a more
detailed insight into individuatlynamical and chemicagrocesses. For example, so far global
information derived from satellite strumentsabout the vertical distribution of ozone and its
short and longterm variabilityis patchy and contains large uncertainties.

Longterm consolidated data sets are mainly required for: (1) Monitoring the Earth climate
system on longer (decadaliie scales; (2) Investigation of logrm changes as well as of short
term variability; (3) Improved description of processes in numerical models for more robust
assessment of future evolution.
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Table 1: The GCOS target requirements on ozone basg8@DS107 (pages 23+24).

Accuracy 10% (troposphere)
20% (stratosphere)
Horizontal resolution 5-50 km (troposphere)
50-100 km (stratosphere)
Vertical resolution 0.5 km (troposphere)

0.5-3 km (stratosphere)
Observation frequency 3-hourly

Stability 1% (troposphere)

0.6% (stratosphere)

The GCOShorizontal and vertical resolution and observation frequency are mainly justified on
the commonly used (standard) resolution of currently available and used model systems (e.qg.
Morgenstern et al., 2010, for the CCMs). For the troposphere regional moeledftear used

which have a much higher horizontal resoluti®he required hazontal esolution (i.e. 54.00

km) is too high; it would be sufficient to have 1300 km.

The GCOS user requirement for accuracyable lis a requirement for closeness ofegment
between product values and true values. As true values are unknown, users are provided in
practice with product values that are estimates of true values, and producers may also provide
estimates of the uncertainties of their product values.

For example,a monthly mean ozone data set (mixing ratios) on a horizontal 2x2deg. grid with a
vertical resolution of Zm coveringmultiple decadesvould be an extremely valuable tool for
model validation, in particular if met@atais providedike the errorm each bin, a quality marker
(maybe the number of cloud free measurements used), etc.

GCOS requirementsare technology aware though not limited to current observational
capabilities. Tardge requirements( * Go a | ' pefer noi dgsired requirements for fiure
(operational) observations. This URD however setsevablaiser and data requirements for the
ozone ECV and FCDRderived from existing observations (and with known attributéghe
past 30 yearsas well agncluding thefuture targetsThe trandation of GCOS requirements to
practical ozone ECV product requiremeistdiscussed in Sectigrd to 6 of this URD,

In Table 1a we list th&ull set ofrolling requirements in the OSCAR database of WMO (WMO,
2020, https://www.wmesat.info/oscar/observingrequirementetest access in September 2020)

for longterm monitoring The coverage for each ECV product is global unless indicated
otherwise.Note that the OSCAR database includes ozone observational requirements also for
other application areas such as NWP and air quality and for e.g. shaseg observations.

In Table 1b theatest set of requirements including the tentatipelatesfollowing the user
consultation process 20192020are listedwith respect tdong-term monitoring
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Table 1a: Thecurrentozone ECV requirements in the OSCAR datalfastongterm monitoring applications
(latest access in September 2020 Goal; T = Threshold®BL = Planetary Boundary Layer; FT = Free
TropospheretTLS = Upper Troposphere Lower Stratosph&i&S = Middle and Upper Stratosphere; M =
MesosphereSome requirements on uncertainty and stability are not given.

Total Column G/T Unit
Horizontal resolution 20 /50 km
Vertical resolution n/a n/a
Temporal resolution 4 hr
Timeliness n/a n/a
Measurement uncertainty 2 (i.c. max(2%,; 5 DU) %

Stability

1

% / decade

Mole fraction PBL / FT G/T Unit
Horizontal resolution 20/ 50 km

Vertical resolution 5 km
Temporal resolution 4 hr
Timeliness n/a n/a
Measurement uncertainty Not given %

Stability Not given % / decade
Mole fraction UTLS GI/T Unit
Horizontal resolution 100/ 200 km

Vertical resolution 1/2 km
Temporal resolution 4 hr
Timeliness n/a days
Measurement uncertainty Not given %

Stability Not given % / decade
Mole fraction MUS / M G/T Unit
Horizontal resolution 100/ 200 km

Vertical resolution 3 km
Temporal resolution 24 hr
Timeliness n/a days
Measurement uncertainty Not given %

Stability Not given % / decade
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Table 1b: Tentativeozone ECV requirementm longterm monitoringfollowing the WMO/GCOS user
consultation proceg®WMO, 2020. G = Goal; B = Breakthrough; T = Threshold. VMR/olume Mixing Ratio.

Total Column G/B/T Unit
Horizontal resolution 5/20/100 km

Vertical resolution n/a n/a
Temporal resolution 05/1/24 hr
Timeliness 1/7/30 days
Measurement uncertainty 1/2/3 %

Stability 1/2/3 % / decade
Tropospheric Column G/B/T Unit
Horizontal resolution 5/20/50 km

Vertical resolution n/a n/a
Temporal resolution 05/1/24 hr
Timeliness 1/7/30 days
Measurement uncertainty 5/10/15 %

Stability 1/2/3 % / decade
Stratospheric Column G/B/T Unit
Horizontal resolution 5/20/100 km

Vertical resolution n/a n/a
Temporal resolution 05/1/24 hr
Timeliness 1/7/30 days
Measurement uncertainty 1/3/5 %

Stability 1/2/3 % / decade
VMR Troposphere G/BI/T Unit
Horizontal resolution 1/5/13 km

Vertical resolution 1/3/5 km
Temporal resolution 05/1/24 hr
Timeliness 1/7/30 days
Measurement uncertainty 2/5/10 %

Stability <1/2/3 % / decade
VMR UTLS G/BI/T Unit
Horizontalresolution 20/50 /100 km

Vertical resolution 05/1/3 km
Temporal resolution 1/23/7 hr
Timeliness 1/7/30 days
Measurement uncertainty 2/5/10 %

Stability 1/2/3 % / decade
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VMR Middle and Upper |G/B/T Unit
Stratosphere

Horizontal resolution 20/100 /500 km

Vertical resolution 1/3/10 km
Temporal resolution 1/23/7 hr
Timeliness 1/7/30 days
Measurement uncertainty 5/10/15 %

Stability <1/2/3 % / decade
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3.2 Climate Modelling User Group (CMUG)

The main objective of the Climate Modelling User Group (CMUS$Yo provide guidelines

within ESAs Climate Change Initiativédo the currently eleven syirojects to facilitate the
optimal use of the data products produckdparticular it is necasry to foster thecientific
exploitation of global satellite data products for the community of climate modellers and
chemistryclimate modellersThe Climate Research Group (CR®)ithin Ozone_ccirefines

these user requirements as well as necessaryifspeeon for the required data productBhey

help to integrate and assess the global ozone data products in the context of humerical models.
Moreover theypromoteand supporthe use of ozone data productgyinated from thigroject.

Table 2: The CMUGrequirements on ozon€MUG, D1.2, version 1.3, November 201@SEOB stands for
“Single sensor uncertainty estimates for every obser\y

Horizontal Vertical Observing
Parameter Application Resolution | Resolution Cycle Pre(c:%!s}lon Ac?;',rf cy St?gl:lty o?ep;er:r
(km) (km) (h) ’ i °
Ozone profile
Madel
Higher . 3.0
Development 500 3 48 15 15% o SSEOB
:ltratos-phere and Evaluation Yeldecade
Reanalysis and
mesosphere 1.0
Data 100 1 (5 5 5% o ¢ SSEOB
(HS & M) Assimilation te/decade
Model 2.0
Development 100 2 72 15 15% it SSEOB
Is-;jr;irsph ore |20 Evaluation Jeldecade
(LS) Reanalysis and 10
Data 75 1 3] 5 5% o -"décade SSEOB
Assimilation i
Madel 2.0
Development 100 2 72 20 20% o i SSEOB
::Lgph;;phere and Evaluation te/decade
(HT) Reanalysis and 10
Data 20 1 5] 5 5% o -"décade SSEOB
Assimilation i
Madel 2.0
Development 50 2 72 20 20% o i SSEOB
hﬂgﬁgphere and Evaluation t=/decade
(LM Reanalysis and 1.0
Data 10 1 3 10 10% 9%/decade SSEOB
Assimilation i
Ozone
Madel 5.0
Development 50 72 15 15 o -"décade SSEOB
Troposphere | and Evaluation i
column Reanalysis and 2.0
Data 10 3 5 5 Lo SSEOB
Assimilation Jeldecade
Maodel 5.0
Development 50 72 15 15 %-"décade SSEOB
Total and Evaluation
column Reanalysis and 2.0
Data 10 5 5 5 o i SSEOB
Assimilation te/decade
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3.3 IGACO observational requirements on ozone

The IGACO(2004)requirements are platform independent and assume an integrated approach,
in the case of ozone using satellites, ozone somdsgy (aircraft, balloon, surface) and ground
based remote sensing.

Table 3: The IGACO (2004) observational requirements omone. In the last column the target and threshold
values are separated by a *“/"'. The delay time between
operational use in chemical weather forecast, air quality, and oxidation efficiency; DAYS t&SVIBE global

distributions, ozone depletion, trend analysis and verification of international agreements; MONTHS for climate
research and modelling. LT = lower troposphere; UT = upper troposphere; LS = lower stratosphere; USM = upper
stratosphere, mesosgre; TOC = total ozone column; TTOC = tropospheric total ozone column.

Horizontal resolution (km) LT <5/50
uT 10/100
LS 50/100
USM 50 /200
TOC 10/50
TTOC 10/50
Vertical resolution (km) LT 213
uT 2/4
LS 2/4
USM 2/4
Temporal resolutioighr) LT 2
uT 2
LS 6-12
USM 24
TOC 12
TTOC 2
Precision(random erro{%) LT 1/5
uT 1/10
LS 2/20
USM 2/4
TOC 1/5
TTOC 1/5
Truenesgtotal error)(%o) LT 2/10
uT 2/20
LS 2/20
USM 5/30
TOC 2/10
TTOC 2/10
Delay All HOURS / DAYS toWEEKS
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3.4 Across-ECV requirements and international climate modelling

Potentialsynergy is foreseen for tltembined use of different ECVs, including ozone, in climate
model evaluations. Climate process validations, such as pioneered 6Clieal community

for climatechemistry interactions, are likely to be expanded to the integrated climate system in
the next years, and will lead to more sophisticated protesed Eartibystem validation
exercises. The ozone ECV products will be an imtiegart of these, e.g. related to changes in
transport regimes in troposphere and stratosphere, and stratesppeghere dynamical
couplings as well as chemistcfimate interactions. Process validation in an E&yhtem
context would be enhanced bhetchoice of one or more golden years across the different ECV
projects.Taken fom the perspective of the ozone observationsytfae 2008 has been used as
golden year in Phaskof Ozone_ctc

The stratospheric ozone laystill is and has been an important research topic for the3(@ast
years sincethe discovery of the ozone hole in 1985. In recentsyda focusof scientific
investigationss more on ozonelimate connectionand the coupling of the troposphere and the
stratosplkre in a changing climat®nsidering the depletion of the ozone layer in the past and the
expected recovery ifuture decadesThere are several internationally organised activities which
are regularly summarising the current status of scientific aesviéind describing the actual
knowledge in particular pointing out the uncertaintiesour currentunderstandinge.g. WMO,
2011).

The validation of data derived from numerical models is a corner stone of scientific activities.
Numerical models are used combination with observations tonderstand anéxplain mean
conditions as well aspatial and temporafariability of distinct quantities describing atmospheric
conditions and specific featuresspecially those affecting the ozone lag@PARC CCMVal,
2010)

Validation of ChemistrnClimate Models (CCMs; see SPARC CCMVal, PDhas demonstrated

that most models are able to simulafmtial structures and temporal behaviotithe ozone

layer, but that there are other large uncertainkes.example, mesurements prove thabpical
lower-stratospheric water vapo amounts decreased by roughly 0.5 parts per million (ppm)
around 2000 and remained low through 20D8is followed an apparent but uncertain increase

in stratospheriovater vapor amounts from19802000. The mechanisms driving loterm
changes in stratosphemater vapar arestill not well understoodDessler et al., 2G1). So far,

CCMs predict increases of stratospheric water wapmncentrationsbut confidence in these
predictionsis low. Confidence is low since these same models (1) have a poor representation of
the seasonal cycle tropical tropopauseemperatures (which control global stratospheric water
vapor abundances) and (2) canmeproduce past changes in stratosphericewaapar
abundancesNew consolidated water vapour data products in combination with data derived
from CCM simulations should help to get a deeper insight in those processes relevant for the
short and longterm variability of the water vapour distriboti in the upper troposphere and the
stratosphere.

In conclusion,the tropical upper troposphere / lower stratospheréne atmospheric region
where we have the most obvious indication for circulation changes (ireasec of tropical

Pagel6-48



User Requirement Document
Issue: 3.2 Date of issue: 05/03/2021
Reference: Ozone_cci_URD_3.1

upwelling. Longter ozone measuremsnprovide alink between clinate-change, tropical
upwelling (as part of the®werDobsonCirculation) and lower tropical ozone.
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4 OzonecCili mate Research Group

4.1 Introduction

The targeted specialised climate research community aithe at/aluatiorof chemistryclimate
models (CCMs) with particular focus on letgym numerical simulations using CCMs for the
detailed investigation of model feedbacks between ozone chemistng depleting substance
(ODS) trends, and climate. This research community is intensively involved in international
activities of climate research including stratospheric and tropospheric responses and feedbacks.

The climate research community is represehtwithin the project by the Climate Research
Group CRG), which consists of Climate research experts specialised in the modelling of global
climate and its feedback with chemistry. It is led by Dr. M. Dameris from DLR.

- DLR: the team at DLHRPA, represerdgd by M. Dameris, has been developing coupled
chemistryclimate models (CCMs) sincabout 5 years. Scientific investigations have
been carried out focussing on individual dynamical and chemical processes in the
atmosphere and their feedback mechanisms.

- UCAM: the UCAM team represented by P. Braesicke has acknowledged expertise
studying the interactianbetween atmospheric composition and climate, with particular
emphasis on modelling the stratospheric ozone J|awtratospheréroposphere
exchangesandattributing stratospheric (pesblcanic) ozone changes

- KNMI: the modelling team at KNMI, represented by M. van Weele, hasdmpring
extended knowledge of the climate system and its predictability through contrgaiation
national and international efforts in the area of observation, monitoring and modelling of
the climate system.
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4.2 Ozone Climate Research DLR

So far DLR is analysing results derived from different simulations with the cheristrgte

model E39CA, concentrating on investigation related to the evolution of the stratospheric ozone
layer in a changing climate: Transient simulations covering thecgeetween 1960 and 2050

have been performed and validated against observations (e.g. Stenke et al., 2009; Garny et al.,
2009; Loyola et al., 2009). In addition specific sensitivity studies in-filwe mode (i.e. fixed
boundary conditions for single ges) have been implemented to investigate specific mechanisms
and processes (e.g. Garny et al., 2011). The results of E39CA simulations are considered in
recent international evaluation exercises and assessment reports (e.g. SPARC CCMVal, 2010,
WMO, 2011).In a first step, the output of E39CA will be used for evaluation purposes in
“Ozone_cci ”.

Currently DLR is implementing a new model version, i.e. EMAC (Jbckel et al., 2006), which in

parts built up on E39CA. EMAC contains a more detailed description efhiskry in the
troposphere and improved parameterisations ofssale processes. Results of first EMAC
simulations wil |l be also used for comparisons
column values as well as partial columns and ozonel@gsaferived from global observations are

required for detailed investigations of sh@nd longterm variability of the ozone layer to better
understand recent changes and to provide a more solid basis for prognostic studies. Moreover,
this requires londerm, consistent data sets allowing statistically feasible analyses.

A focus of scientific research at DERA is oninvestigations othemistryclimate connections,
the coupling of the troposphere and the stratosphere,-teimy changes of atmospheric
chemistry and dynamics in a changing climate, e.g. ozone recovery in Yhee@tury. In this
project, among others the output of E39&Ad EMACwiIll be used for evaluation purposes of
the ozone ECVs.

E39CA

The coupled chemistrglimate model E39CAStenkeet al., 2009)is an upgraded version of
E39C (Dameris et al., 2005). Thaodel top is centred at 10 hPa, with 39 levels between Earth
surface and the model top; the horizontal resolutonyhich the tracer transport, model physics
and chemistry are caltated,is approximately 3.75°x3.75°. The chosen time step is 24 min.

The quality of E39CA has been intensively checked by evaluations with observations (e.g.
Loyola et al., 2009; Stenke et al., 2009) and with respect to other CCMs (e.g. SPARC CCMVal,
2010). The results of E39CA have been used for assessment studies (e.g. WMO, 2011) and for a
variety of proces®riented studies (e.g. Garny et al., 2009; 2011; Kremser et al., 2009; Kunze et
al., 2010).

EMAC

The ECHAM/MESSy Atmospheric Chemistry (EMAC) mbde a numerical chemistry and
climate simulation system that includes subdels describing tropospheric and middle
atmosphere processes and their interaction with oceans, land and human influences (Jockel et al.,
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2006). It uses the Modular Earth Subma8gstem (MESSy) to link mulinstitutional computer
codes. At DLRPA, EMAC is the successor model system of E39CA. Currently, firsttiemg
simulations are performed and model results are validated.

The core atmospheric model is tHe generation Eunmean Centre Hamburg general circulation
model (ECHAMDS5, Roeckner et al., 2006). EMAC is available in different horizontal and vertical
resolution, e.g. the T42L90M&onfiguration, i.e. with a spherical truncation of T42
(corresponding to a quadratic Gauasgaid of approx. 2.8°x2.8° in latitude and longitude) with
90 vertical hybrid pressure levels up to 0.01 hPa (approx. 80 km altitude).

4.3 Ozone Climate Research UCAM

UMUKCA (http://lwww.ukca.ac.uk/wiki/index.php/UKCAas used by UCAMs a CCM based
on the Met Offices Unified Model (UM). The UKCA acronym derives from the fact that the

mod el is a United Kingdom s (UK) community mo

first publication describing interactive integrations with thisdel system are Morgenstern et al.
(2008; 2009). This model version participated in the SPARC CCMVal (2010) model
intercomparison and contributed to the UNEP/WMO 2010 (2011) assessment of the ozone layer.
This model superseded our earlier CCMs (e.g. Pylal.e 2005) and has now been updated
towards a new model version. Even though the name has not changed, the current UMUKCA is
based on a newer version of the UM (currently 7.3; previously 6.1) and has benefitted from
updates in parameterisations and fioralities. Note that the model is still very similar to the
earlier version described in Morgenstern e{2009).

Currently, UMUKAC uses the 6l2vel version of the UM. The 60 levels go from the surface up

to 84 km, with a resolution of 1km or below ama the tropopause. Two horizontal standard
resolutions are in use: N48 corresponding to an Arakagrid of 3.75°x2.5° and N96,
corresponding to a grid of 1.875°x1.25° (longitudexlatitude). The dynamical core of the model is
described by Davies et al. (@®). Unlike most climate models, the models formulation is-non
hydrostatic and the vertical coordinate system is hyieight. Advection in the model is semi
Lagrangian (Priestley, 1993). Gravity wave drag comprises an orographic (Webster et al., 2003)
ard a parameterised spectral component (Scaife et al., 2002); the latter addresses subgridscale
momentum transport from the troposphere to the middle atmosphere. Radiation follows Edwards
and Slingo (1996) with 9 bands in the lerayd 6 in the shortwave paof the spectrum. In the

version considered here the model is run in an atmospinéyenode forced with prescribed sea
surface temperatures (SSTs) and sea ice. A comprehension ocean model is coupled, but will not
be used in the framework of this projethe stratospheric chemistry is described in Morgenstern

et al. (2009). Since the publication of this paper the photolysis model has been updatedxo Fast
(Neu et al., 2007), the chemistry schemes for the stratosphere and the troposphere have been
merged(optional), and the nudging capability (the option to constrain the model with observed
meteorology) has been continuously developed and exploited (Telford et al., 2008 and 2009).

Apart from CCMVal runs, attribution studies for volcanic disturbancesenfermed (Telford et
al., 2009), and support the attribution of observed ozone changes and variability. Sensitivity
studies are used to establish important chemdinyate interactions (Braesicke et al., 2010).
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Deficiencies identified in integrations tife recent past are taken into account when interpreting
projections of ozone throughout the 21st century.

Classic requirements: UMUKCA as currently used by UCAM is a chemistlymate model
capable of performing seasonal to centennial integrations.rdtitegs of the recent past are
regularly performed with this model system (e.g. 1960 to present day). Validation of the
modelled ozone includes assessments of the total ozone annual cycle, estimates of interannual
variability, and trends in comparison tbservations. In addition, latitudeeight crosssections

of ozone mixing ratios are compared with well established satellite climatologies, usually
concentrating on zonal and monthly mean distributions (Morgenstern et al., 2009). In addition,
attribution sudies for volcanic disturbances are performed (Telford et al., 2009), and support the
attribution of observed ozone changes and variability. Deficiencies identified in integrations of
the recent past are taken into account when interpreting projectiozsmé throughout the 21
century. A joint assessment of many CCMs, including UMUKCA, can be found in the SPARC
CCMVal Report and in WMO 2010 (see citations above).

Forthcoming requirements: In the future, a stronger emphasise will be on the compaaisdn
validation of the vertical structure of ozone changekhis will require homogenised
longitudinally resolved ozone products with a quality flag and binned in a suitable way (ozone
being a function of longitude, latitude, height and time). Currenteynbdel can be run with a
satellite and flight track emulator to sample the model like observations, also considering a
vertical weighting (e.g. an averaging kernel), if required. At the moment this is done for case
studies only, but a more general usensisaged. Further exploitation of the nudged UMUKCA
(Telford et al., 2008 and 2009) in conjunction with ER®erim is planned.

4.4 Ozone Climate Research KNMI

Ozoneclimate interactions are being studied at the climate research department of KNMI, both
from an observational and a modeling perspective. A major component of the ozone research at
KNMI is the combination of observations and models, e.g. by dataikgsn but also for the
evaluation of the physical and chemical processes in numerical model simulations.

During the 1990¢he TM3 global chemistriransport model was developaddapplied toe.g.

assess the impact of emissions on climate forcingy Ksearch topics on ozone included
stratospheréroposphere exchangegzone radiativeforcing and the establishment of a
climatology based on ozone sondes and satellite data (e.g. van Velthoven and Kelder, 1996;
Bintanja et al., 1997; Fortuin and Kelder,989. The assimilation of satellite nadir ozone
observations was first pioneered using the GOME and SCIAMACHY ozone observations and
later operationalized (e.g. Eskes et al., 2003). In 1999 an ozone monitoring station was
implemented by KNMI in Paramaribd&urinam It is part of the SHADOZ network and
important for ozone satellite validation and studies focusing on tropospheric ozone at tropical
latitudes (e.g. Valks et al., 2003pzone sondes are launched in the Netherlands since 1993.
Nadir satellite obg®ations of ozone columns and ozone vertical profiles and their assimilation
are a major area of research in the Climate Observations division (e.g. van der A et al., 2009; de
Laat et al., 2009). Chemistglimate interactions of ozone, aerosols and the#cursors are a
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major area of research in the Chemistry and Climate divisReanalysis and scenario
simulations as well as process studasozonearebeen performed (e.gan Noije et al., 2004,
2006. The most impdant tool forcurrent research onzoneclimate interactions is the EC
Earth/TM5 modeling framework (Hazeleger et al., 2010) which is described in more detail
below. In a slightly different configuration TM5 has beencoupled to the ECMWF IFS
atmosphere model in the MACC project providirgarreal time atmospheric services including
ozone in the framework of GMESSince July 2015, FS, the integrated compositidRS
model version which was largely based on the TM5 modules as coupled in GEMS/MACC is
now used inthe Copernicus Atmosphere Kitoring Service Ozone forecasts and analysis
including their verification are provided operationally, see
https://atmosphere.copernicus.eu/services/ctayer-ultra-violet-radiation The satellite data
requirements for ozone are driven by the differgpie of researctapplicationssummarized
aboveand include off-line homogenized level time series for process evaluations on time
scales spanning from hours/days to months/years, and homogenizetshulthent longerm

data sets for ozordimate inteactions(Level 3 and Level 4)Nearreal time level2 product
requirements as requirddr the Copernicus Atmosphere Monitoring Serviaes not part of the

user requirements for the Ozone_cci project.

EC-Earth

The ECEarth consortiumis a grouping ofEath system scientists fromaver ten European
countries(http://www.ecearth.org). EC-Earth(Hazeleger et al., 2010 designed to bridge the
gap between NWP and Earth system nhioate and isused for basic research, for developing
climate projections angredictions, and for delivering climate information to usérscentral
element of thestrategy is @ continwally synchronizehe atmospherdand and ocean modue
between the EEarth model and a reference configuration ofEElneopean Centre for Medium
Range Weather Forecas(§CMWF) forecast systemTo serve the climate science and
prediction, he EGEarth consortiuntouplesvarious novel and improvefarth systemmodules

to the model.The TM5 chemistrjtransport model is thatmospheric chemistry and aerosol
module of EGEarth.

The NWPsystem of the ECWMForms the basisf the EC-Earthmodel (hence the name EC
Earth) The atmospheric model of EEarth versior8, which is the current refence version, is
based on ECMWHFHFIntegrated Forecasting System (IFS) cyclérd The latest standard
configuration(operationalin 2016) runs at T159 horizontal spectral resolution withvertical
levelandmodel top at 0.01 hPahe EC Earth consortium contributed with EC Earth version 2
to Coupled Model Intercomparison Projest(CMIP5) that providd input to the IPCC Fifth
Assessment Repo(R013) In 2016 the preparations are made to contribute with EC Earth
version 3 to CMIP6, includingoupled ECEarth TM5 simulations for AerChemMIP

TM5

TM5 is a global chemistryransport model with twavay nested grids. Regions for which high
resolution simulations are desired can be nested in the coarser global domain. The current TM5
model implementation is based on its predecessors (TM2, TM3, ThM#isampto-date in e.qg.

its chemistry and aerosol processing, advection scheme, and meteorological preprocessing of the
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wind fields (Krol et al., 2005)The TM5 model is developed and maintained jointly by the
Institute for Marine and Atmospheric Reseatdtrecht (IMAU, The Netherlands), the Joint
Research Centre (JRC, Iltaly), the Royal Netherlands Meteorological Institute (KNMI, The
Netherlands), and NOAA ESRL (USAn off-line mode the meteorological and surface fields
which drive TM5 are based on opeaoatl forecasts or reanalysi®lfls from the ECMWF IFS
mode| but TM5 can also be run dme as a mdule inside ECEarth ECMWEF EC Earth or
ERA-Interim reanalysiglata are interpolated to the TM5 grid¢sking care that air mass is
conserved On the glbal domain TM5 is now mostly applied at 3x2 degrees (lon x lat)
resolution. In zoom regions higher resolutions may be defined of e.g. 0.5x0.25 d@dpees.
tropospheriechemistry model version of TM5 is described in Huijnen et al. (2010). TM5 and its
predeessors participated in various tropospheric chemistry qfmaltel intercomparisons over
the last decade (e.g. Stevenson et al., 2006). Although the focus of TM5 is on tropospheric
chemistry, stratospheric ozone variations are taken into account egdimg linearized
chemistry, relaxatiomo an ozoneclimatology or satellite ozone observatidivan der A, 20%).

In the Ozone_cciproject simulations using different EC Earth/TM5 model configuratiams
used.
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5. Rati oha®zonei_cmgroduct s

This setion introducesthe rationale behind product developments Gzone_cci Some
applications of recently available ozone date describedGaps regarding missing informatio
(observations) are identified atite additional value of expected data productsetaleveloped

is determined. A detailed evaluation of models is a necessary prerequisite for robust assessment
studies of the future evolution of the ozone laydter a short introduction on the role of ozone

in the atmosphere and its link with climadracted from the ITTSection 5.1)representative

CCM applications arériefly introduced (Sectio®.2). Available ozone data products used for
recent investigations are described in Sect®f. Section 54 provides examples of
intercomparison studiesried out for internationally organised evaluation exercises.

5.1 Introduction

Ozone is the most important radiatively active trace gas in the stratosphere. Ozone absorbs the
solar radiation between the wavelength range of about 240 to 30Ratiation below 280 nm

(UV-C) is extremely dangerous, but it is completely absorbed by ozone. Radiation in the
wavelength range of 280 to 320 nm, called-B\fadiation, can penetrate through the whole
atmosphere, but its intensity is significantly redude@ to ozone absorption (an approximate

rule ofthumb is that 1% decrease in stratospheric ozone leads to 2% increasdinadidtion
reaching t he EBhas $evesl harmful &ffeatsepprticuldulyvat damaging DNA.

It is a cause of melanonfand other types of skin cancer) and the formation of eye cataracts. It

has also been linked to the damage of some materials, crops, and marine organisms. Ozone in
stratosphere is therefore protectingeour plan

The absorbed UV radiation by ozone is the main energy source of the stratosphere and
establishes much of its temperature structure and dynamics. In the troposphere the temperature
decreases with increasing height, but in the stratosphere the tempstatisréo increase due to
absorption of solar radiation by ozone. In the troposphere atmospheric constituents are rapidly
mixed, whereas the vertical mixing of gases in the stratosphere is very slow. Ozone affects not
only the Eart h’ absorpteodof solar UY nadidiiandbgt elso byptlye absorption

of terrestrial radiation in the infrared at mo
greenhouse gas in the troposphere.

At the Earth's surface, ozone comes into direct contact wikfolims and displays its
destructive side. It damages forests and crops; destroys nylon, rubber, and other materials; and
injures or destroys living tissue. It is a particular threat to people, who exercise outdoors or who
already have respiratory problem¥Vhen ozone pollution reaches high levels, pollution alerts are
issued urging people with respiratory problems to take extra precautions or to remain indoors.
Ozone has been linked to tissue decay, the promotion of scar tissue formation, and cell damage
by oxidation. It can create more frequent attacks for individuals with asthma, cause eye irritation,
chest pain, coughing, nausea, headaches and discomfort. It can worsen heart disease, and
bronchitis. Ozone in the troposphere is toxic to human beingsiang other livings that breathe

it and therefore it is often referred to as °
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Radiative forcing of climate between 1750 and 2005
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Figure 1. Summary of the principal components of the radiative forcing of climate change.
All these radiative forcings result from one or more factors that affécta®d and are
associated with human activities or natural processes. The values represent the forcings in
2005 relative to the start of the industrial era (about 1750). Human activities cause significant
changes in londjved gases, ozone, water vapounface albedo, aerosols and contrails. The
only increase in natural forcing of any significance between 1750 and 2005 occurred in solar
irradiance. Positive forcings lead to warming of climate and negative forcings lead to a
cooling. The thin black line atthed to each coloured bar represents the range of uncertainty
for the respective value. (Figure adapted from Figure 2.20PGIC Fourth Assessment
Report: Climate Change 2007)

Due to the dual role of ozone the climate impact of changes in @omwentrations varies with

the altitude at which these ozone changes of€éigure 1) The major ozone losses that have

been observed in the lower stratosphere due to the hprodoced chlorineand bromine
containing gases have a cooling effect on thehBasurface. On the other hand, the ozone
increases that are estimated to have occurred in the troposphere because of air pollution have a
warming effect on the Earth's surface, thereby contributing to the greenhouse effect.

The possibleeombinedclimateimpact of these ozone changssurrentlynot well understood.
Conversely, changes in the climate of the Earth could affect the behaviour of the ozone layer,
because ozone is influenced by changes in the meteorological conditions and by changes in the
atmospheric composition that could result from climate chadye major issue is that the
stratosphere will probably cool in response to climate change, therefore preserving over a longer
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time period the conditions that promote chlorocaised ozone depleti in the lower
stratosphere, particularly in poleggions.However higher up in the stratosphere where ozone is
primarily constrained by photochemistry, the cooling will reduce the efficiency of ozone loss
processes thereby leading to an increase ofb#dome concentration and therefore a possible
“supecovery” of t he ostlldhaveto bditmlylasseshked.s e pr ocesse.

5.2 Modelled ozone data

In 2003 the" Stratospheric Processes And their Role in ClihéBPARC) core project of the
World Climate Research Programme (WCRP) initiated the CCM Validation (CCMVal) activity.
Since then dngterm (decadal) simulations performed with CCMs are internationally
coordinated by this activityCCMVal aims toimprove understanding of CCMs and their
underlying general circulation models through proaasanted evaluation, along with discussion
meetings and coordinated analyses of science results. Coordinated model simulations have been
carried out during the preparation phases of the two recent Wbléhtlic Assessments of
Ozone Depletion in 2006 and 2010 (WMO, 2007; 2011). The output of all participating CCMs
(e.g. 18 for WMQ 2011) has been stored on compatible (spatial and temporal) grids (depending
on the data product) and in a unified formad.(CF compliant netCDfon a central data archive.
Further information can be foundlatp://www.pa.op.dir.de/CCMVal/

Section5.4 provides examples of typical results for comparisons between model datbeauty
available data from spad®rne observations.

5.3 Observed ozone data

For recent evaluation exercises and assessment studies the following ozone data products have
been used:

0  Monthly mean total ozone columns (e.g. derived from TOMS, SBUV/2, ,GBOME
(1+2), and SCIAMACHY));

0 data from ozone stations; in parts altitude resolved information from -bpace
instruments (e.g. HALOE, MLS, MIPAS).

The above data sets cover different time periods and have been derived from different
instruments. For aiatological assessments and investigations of-terg changes (i.e. trends)

many individual instrument records are too short. Even though TOMS is widely used, the long
data set is a result of merging shorter periods observed with different TOMS inggumen
Therefore, an obvious problem is that the recent total ozone data sets are mostly not consistently
harmonised and do not provide a solid basement for robust analyses efasidotbngterm
fluctuations. That is why the scientific community falls bagion using different data sets or
merged data for those investigations (see Section 3.3), making reliable scientific conclusions
difficult. Merged data sets are often based on data assimilation techniques, i.e. techniques build
upon numerical model systemshich on their part have uncertainties due to specific
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assumptions (e.g. parameterisations, simplifications, interpolation). The total uncertainty of such
data products is often unknown, the accuracy of given values is mostly undefined.

Moreover, vertially resolved information (ozone profiles) on longer time scales (decades) are
rare; so far it is mostly available from single observation wards (e.g. ground based
measurements, radiosondes), i.e. global coverage is weak, particularly in the Southern
Hemisphere.

In the following, wherever necessary, Level(orbits), Level3 (gridded), and Level
(assimilated) final data products are distinguished.

5.4 Linking modelled and observed ozone data

This section provides some examples for typical recenuatiahs of ozone data derived from

CCM simulations. Example are presented how available data products are used for evaluation
purposes to identify strength and weaknesses of the models. Among others, the given examples
should demonstrate that the evaluatod numerical models carried out so far with available data
products isnot sufficient and needs further action, in particular regarding improved data products
derived from observations.

Figure 2 shows a comparison of measurements provided by the satellite instrument MLS
(Microwave Limb Sounder, onboard of the Upper Atmosphere Research Satellite, UARS) with
results derived from 18 different CCMs (Chapter 2 in SPARC CCMVal, 2010). Note that the
conmparison is limited to values describing the monthly deviations from annual mean values; no
information is provided about absolute values. The analysis shows that the annual cycle of ozone
at 1 hPa (stratopause region) and 46 hPa (lower stratospheretlis wedsreproduced by the
CCMs, although there are obvious differences in detail.

Figure 3 shows comparisons of vertically resolved information derived from HALOE (Halogen
Occultation Experiment, also onboard of UARS) with CCM data. The comparisoned bas
monthly mean values (due to the sparse global coverage during a single month); obviously the
availability of ozone data in Polar Regions is small. Beneficial is the provision of an uncertainty
range in HALOE data, here given as a standard deviation.

Figure4 illustrates the longerm evolution of total ozone values in a specific latitudinal region

(in this case the southern polar hemisphere). Observations are included in the Hiigerasb
representing the “r eal articyldr cafepabservations (indecatedby p a s
“0OBS”) ar e a mer ged data set compil ed from
observations, especially used in the time period before 1979. Here the observations are given
without any indication of a rangd uncertainty.
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Figure 2: Anomalies of monthly mean ozone mixing ratios (in ppmv) at 1 hPa throughout the year, 40°S (left),
Equator (middle) and 40°N (right) from several years of MLS observations (black lines) and for the GZMVal
CCMs (monthly zonamean ozone in the early 2000s from selected years; colour lines). MLS data are averaged for
a six degree latitude band centred on the selected latitudes. (b) Same as (a) but at 46 hPa, 72°S (left), Equator
(middle), and 72°N (right). (Figure3 from SPARC CCMVal, 2010.)
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Figure 3: Climatological zonal mean ozongixing ratios from CCMs and HALOE (in ppmv). Vertical profiles at

(a) 80°N in March, (b) Equator in March, and (c) 80°S in October. Latitughodiles at 50 hPa in (d) March and

(e) October. he grey area shows HALOE +1 standard deviation (s) about the climatological zonal mean. ¢Figure 8
3 from SPARC CCMVal, 2010.)
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Figure 4: 1980 baselin@adjusted multimodel trend (MMT) estimates of annually averaged total ozone for the
latitude range 60°80°S for the month of October (heavy dark grey line) with 95% confidence and 95% prediction
intervals appeéamg as light and darkgrey shaded regions about the trend (upper panels). The badjliséed
individual model trend estiates, and unadjustéalvness fit to the observations are additionally plotted. CCM¥/al
results appear on the left and CCMMatesults appear on the right. The lower panel shows the same analysis of
CCMVal-2 data but for a baseline adjustment employing a 1960 referencérigitiee 912 from SPARC

CCMval, 2010.)

Figure5 gives a nice example for a future oriented comparison of observations and CCM results.
It is based on climatological mean values which needstiamg, consolidated data series. The
data basis of observatis are measurements from the three satellite borne instruments: For the
first time global total ozone columns from the European satellite sensors GOME2JERS
SCIAMACHY (ENVISAT), and GOME2 (METORA) are combined and added up to a
continuous time seriegtarting in June 1995 (Loyola et al., 2009).
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Figure 5: Seasonal mean values of total ozone (June 1995 to May 2008, in Dobson Units, DU) from satellite
instruments GOME, SCIAMACHY, and GOME (top) and a respective simulation of the CCM E39(®ottom).
(Figure 9 fromLoyola et al., 2009.)

Statistical analyes, e.g. to investigate the internal variability of the atmospheric (model) system
(as presented in FiguB requires longerm time series. This is the basement for the detection

of statistically significant changes. A detailed knowledge of such pagesr{@t observations as

well as in model results) is a necessary prerequisite to distinguish between regular fluctuations of
the atmospheric system and abnormal changes. At least such a comparison provides another
possibility to check the quality of thenabspheric model.
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Figure 6: Seasonal mean values of total ozone standard deviations (June 1995 to May 2008, units: DU) from
satellite instruments (top) and the E38Gimulation (bottom). (Figure 7 from Loyola et al., 2009.)

Figure7 illustrates another conventionally confrontation of measured and modelled data. In this
case the aim is to demonstrate that the model is able to reproduce bottarehtohgterm
fluctuation adequately. Moreover, it is used to demonstrate the rejiadfithe model, in

particular with regard to the assessment of the future evolution of the ozone layer.

Total Ozone Anomaly (60°N-60°5)

-w
E30C-A (R1) —
— E3C-A®RY) 2
TOMS/SBUV -
01— GoME-1a2/SClA. -
g
<

20

Ozone Anomaly [DU]

@ W

.10 1 | I | I | 1 | 1 | 1 | 1 | 1
1960 1970 1980 1990 2000 2010 2020 2030 2040 2050
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Figure 7: Total ozone anomalies over 60°N to 60°S. The mean annual cycle for 1995 to 2004 is subtracted from
satellite measurements (orange and esd) two E39CA model simulations R1 from 1960 to 2004 (cyan) and R2

from 1960 to 2050 (blue). The inset shows a clasdor years where satellite measurements are available. (Update
of Figure 9 from Loyola et al., 2009.)
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Models in conjunction with higlyuality observations can be used to attribute ozone changes.
Telford et al. (2009) used a CCM to attribute the ozone loss due to the eruption of Mt Pinatubo in
1991. The blue line in Figur8 shows the quasgilobal ozone loss modelled in their nudged

CCM. Subtracting the modelled ozone loss from the observed ozone produces a residual
“dynamical” o0ozone change that <correlates very
two valuable results: A consistency check of the CCM and a quantification of dnutatite

signal.
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(=}
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Figure 8. Time series of global ozone anomalies. Blue: ozone change due to volcanic aerosol; Black: residual
ozone change; Red: a QBO based ozone proxy. Note the good agreement between the black and red line.

As mentioned, these exatap are shown to demonstrate how evaluation of model results (here
in particular derived from CCMs) has been typically done in recent years. The main deficiencies
of available ozone data sets derived from satellite sensors for a complete evaluatiomtef clim
models and CCMs are the following:

(1) Individual measurements for the same time period from different satellite instruments
often show significant absolute differences; sha@md longterm fluctuations show
different behaviour including varying amplitiglef anomalies;

(2) consistent time series are too short to perform reliable climatological mean values and
robust statistical analyses, particularly in the Northern Hemisphere;

(3) consistent ozone data series are not long enough to investigateedonghangesi.e.
trends);

(4) consistent vertically resolved, global information of atmospheric ozone content is not
available for longer periods (i.e. several years) to investigatetéong variability and
trends at different altitudes separately;

(5) detailed estimatesf @otal errors (i.e. range of uncertainty including instrument drift etc.)
of data products derived from satellite measurements are rarely available.
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The end data products whiehecreated in the Ozone_cci project, i.e. merged regridiohedti-
sensor data sets covering letegm (multiyear) periods, represent a significant additional value

to recently available data products because they will obviously reduce the above mentioned
inadequatenesses.
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6 Produequirremerntracamdyi |

6.1 Introduction

ECV data setsproduced within theozone_cciproject fall into two categories, a column
integrated product (total ozone) and two vertically resolved products (limb and nadir sounded
ozone profiles).Product requirements fett the natte of the products. Each data value is
required to have an error bar. In the case of total ozone (expressed in DU, x) the error will be
given as a delta total ozone value in DU (09
confidence interval. In the casaf limb ozone profiles two error bars are required, one
representing an altitude range the other representing a volume mixing ratio range and both
representing at least a 95% confidence interivegure 9 illustrates this requirement. From a
climate modding perspective it would be acceptable to translate the height error into an
additional mixing ratio error. Other applications, like data assimilation, might prefer a distinct
reporting of errors.

50 T T T T T T T T
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10 -
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Figure 9: Sketch illustrating an ozone profile and the reporting of errors.

All ozoneECV productsshouldcover continuousy extendediime periods, preferablgecadal

and beyondWe realise thathe typical lifetime of a satellite mission gsmetimesshorter;
thereforedata sets have to be merged intBGDR. Record (user friendly data sets)eed tobe

built from Level2 datg and can beadvanced into Leve? and Level4 data For example, a
Level 2 datarecordrelevant for data assimilation applicatiaze beorganised by satelkt orbit.

A Level-3 data recorchas added value by providing e.g. Lefebata on aregular grid.
Furthermore, different instruments can be merged into one {3edata recordA product using

a numerical model (data assimilation) to gexte avalue addedlatafrom any lower levebetis

called Leveld. The requirement tables in this section distinguish between research topics and
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identify targets adkvable within theOzone_cciproject. Targets that should be aspired to in
future missions to improve our research capability are identified as well.

In contrast to GCOS canonical requiremewntisich are mainljustified on the commonly used
standardresolution of currently availablend used model systems, the requirements defined in
Ozone_cciare linked todriving research topics of relevance for our Climate Research Group
These follow on the scientific rationale defined in section 4.
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6.2 Total ozone data product

Traditionally,total ozone has been used as monthly mean data with an extensive global coverage
(60°S to 60N, see UNEP/WMGScientific Assessment ddzoneDepletion: 2010, 2011). To
understand better the seasonal evolution of gztireetime for global coverage should ho

longer than 3 days. A good temporal coverage allows the assessment of climatologically
important blocking events and regional ozone chanBegional assessments will not only
require a good temporal resolution, but a good spatial resolution asnitek rder of 10Bm).

Many numerical models of the atmospherdnave grids that converge towards the poles
effectively their spatial resolution becomes betiehigher latitudes. Therefore it would be
useful if resolutionsbelow 100km could be achiewk For the detction of ozone trendper
decade the stability should be significantly smatlemn the trende.g. half). The relevance of

this requirement depenad$ courseon the length of the records availabdacillary requirements
include cloudinformation per pixel (including cloud fraction, cloinight, cloud albedoand
surface information per pixd¢burface albedo

Requirements are given on LexgWhich istherequired level fodata assimilation applications.
Aggregated multsensor LeveB products should retain these LeRetequirements as much as
possible. At least, Leved products should not be homogenized/degraded to the instrument with
thesmallest uncertaintgver the targeted time period.

The required precision iacluded in thearror budget expressed @stal) uncertaintyand would
bethe same as for thabulateduncertaintyunder the(unrealistic)assumption thaall biases in
the productgould befully characterized.
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Table 5: Requirements for total ozom®lumn fundamental climate data records (FCDRBE ozone total column
requirements are for ozone products in terms of Doson Unds the vertically integrated number of ozone
molecules per unit area; 1 DU = 2.69-10(16) molau?). Achievable and fture trget requirements agiven,

s e p ar a t—etHe fitstynuniber is the future target.

Geographical Zone

Quantity Driving Research topic Tropics Mid - Polar region
latitudes

Global torizontal Evolution of the ozone layer | 20— 100 km | 20—50/100 | 20—50/100

resolution (radiative forcing) Seasonal km km

cycle and interannual
variability; Shortterm
variability* (Exchange of air
masses streames, regime

studie$

Observation frequency | Evolution of the ozone layer
(radiative forcing) Seasonal | Daily — Daily — Daily —
cycle and interannual weekly weekly weekly
variability, shortterm
variability*

Time period Evolution of the ozone layer | (19802010 | (19832010 | (19862010
(radiativeforcing)

Uncertainty Evolution of the ozontayer | 2% (7 DU) 2% (7 DU) 2% (7 DU)
(radiative forcing

Uncertainty Seasonal cycle and 3% (10 DU) | 3% (10 DU) | 3% (10 DU)

interannual variability; Short
term variability*

Stability (after Evolution of the ozone layer | 1—-3% / 1-3%/ 1-3%/
corrections) (19802010 trend detectign | decade decade decade
radiativeforcing)

* Shortterm variability includes: Exchange of air masses, streamers, regime studies
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Table 6: Data requirements for total ozonelumn fundamental climate data records (FCDRS).

Data feature Requirement

Data format netCDF

Data conventions CF

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

Error Total area

Error characteristics (optional) Total uncertainy and its subdivision per
pixel into:

- contribution measurement noise;

- contribution of A Priori uncertainties;
- contribution of estimated spectroscopid
uncertainty

Averaging kernels

Yes for Level2

Full covariance matrix included ?

No

A priori data

Yes, per pixel

Quiality flag

1: highquality data
2: contaminated data
3: missing value

Visualisations

Basic browsable archive visualisation
(daily global maps; local/latitudinal time
series of monthly means)
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6.3 Ozone profile data product from nadir-viewing instruments

As for 6.2 data requirements are product and application spe€ifient data requirements
should reflect theactual resolutionsof numerical models used at the momdfar example,
chemistryclimate modelfCCMs) have typical horizontal resolutions in the ordér200 km at
the equatomland vertical resolutios of ~1 km in the upper troposphessndlower stratosphere.
CCMs resolve explicitly the troposphere and the stratospkRer¢he nadirviewing instruments
the intrinsiccoarser vertal resolution isacceptable (~6 km)Nadir ozone profiles observations
typically have a very good horizontal coverage. Partial coluoliservations therefore provide
an alternative to highesolution vertical profilesit is useful f the (partial) columns are
assimilatednto a Level4 product which can providenhanced vertical resolutigalative to the
nadir observationsThe vertical resolution in the upper troposphere and lower stratosphere
(UTLS) region is of particular importance for the Earth climate system imgjugiirface climate.
The temporal resolution should be in agreement with the total ozone requiresntargswill
make consistency checks and attribution studies straightforwaed minimum targeted time
period for the nadir ozone profiles covers 15 y¢a@962010). Ancillary requirements include
cloud information per pixel (including cloud fraction, cloud height, cloud albadd)surface
information per pixel (surface albedo).

Ozone_cci Phas2 updated ozone profile requirements
As part ofthe 20142015 ESA Operozstudy (van Weele et al.2015) long-term monitoring
ozone profile requirementhave been revaluated and compared to the Phhseser
requirements of th®©zone_ccproject.Note that lhe Operozstudy focused on the ozone profile
user requirementat high vertical resolun, practically excluding nadipased ozone profile
monitoring Nevertheless, dew minor changes have been applied to the nhdsed ozone
profile requirements in Talde7 and 8 in line with the updated limbased ozonerofile
requirement¢Tables 9 and 10Yhe changes include:
1 Definition of Middle Atmosphere as the atmosphere above 30 km
1 Definition ot Lower Stratosphere as the layer between the tropopause and 30 km
1 The trop@ause is defined by the (pressure) altitude using the WMO temperature
criterium (< 2K/km) or the (pressure) altitude above which the ozone mixing ratio
continues to exceed 150 ppbv
1 A 8% target for daily6-km resolutionnadirbased ozonerofile informationper 20 km
up tothe lower stratosphesnd an achievable requirement of 16% on a weekly basis
1 A data unit requirement for ozone observations in volume mixing aattboptionally
also in partial columand/or provided with a etocated temperature profile

Requirements are given on Lex&ivhich istherequired level for data assimilation applications.
Aggregated multsensor LeveB products should retain these Lefetequirements as much as
possible. At least, Leved products should not be homogenized/degraded to the instrument with
the smallest unceainty over the targeted time perioflhe required precision iscluded in the
error budget expressed as (total) uncertainty and wouldhdesame as for th&abulated
uncertaintyunder the(unrealistic) assumption thaall biases in the productsould ke fully
characterized.
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Table 7: Product requirement®r nadirbased ozone profileindamental climate data records (FCDR%)e ozone

profile requirements are for ozone products in terms of (paxiaimn mean) mixing ratiosThe tropospheric

altitude danain extends from the surface to the tropopause defined by an ozone concentration of 150 ppbv; the
UT/LS extends from about 5 80 km, and the middle atmosphere extends from aB6ub 60 km altitude. The

required coverage is globahchievable and fute@ t ar get reqguirement s’ Ehe first gi ven,

number is the future targeétiote: equirementhave beempdated imfDzone_ccPhase2.

Quantity

Height range

Driving Research topic

Troposphere

UT/LS

Middle
Atmosphere

Horizontal
resolution

Regional differencem
evolution of the ozone
layerand tropospheric
ozone burdeffradiative
forcing); Seasonal cycle
and interannual variability;
Shortterm variability*

20—-200 km

20 —200 km

200—-400 km

Vertical
resolution

Height dependenoaf
evolution of the ozone
layer and the tropospheric
ozone burdeffradiative
forcing); Seasonal cycle
and interannual variability;
Shortterm variability*

6 km—
Tropospheric
column

6 km— partial
column

6 km— partial
column

Observatn
frequency

Evolution of the ozone
layerand the tropospheric
ozone burdeffradiative
forcing); Seasonal cycle
and interannual variability;
Shortterm variability*

Daily —weekly

Daily —weekly

Daily —weekly

Time period

Evolution of the ozone
layerand tropospheric
ozone burdefradiative
forcing)

(19802010)—
(19962010)

(19802010)—
(19962010)

(19802010)—
(19962010)

Uncertainty

Evolution of the ozone
layer and tropospheric
ozone burdeffradiative
forcing)

8%

8%

8%

Uncertainty

Seasonatycle and
interannual variability;
Shortterm variability*

16%

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

8%

Stability

Evolution of the ozone
layer and tropospheric
ozone burdefradiative

forcing); trends

1-3% / decade

1-3% / decade

1-3% / decade

* Shorttermvariability includes: Exchange of air masses, streamers, regime studies
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Table 8: Data requirements for naelirased ozone profieindamental climate data records (FCDRS)

Data feature Requirement

Data format netCDF

Data conventions CF

Data units Ozone mixing ratio (optional: also in

partial ozone columand/or with ce
located temperature prof)le

Error characteristics Total uncertaintyand its subdivision per
pixel and per layer into:

- contribution measurement noise;

- contribution smoothing eor

- contribution of A Priori uncertainties;

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

Averaging kernels included ? Yes, per pixel
Full covariance matrixncluded ? Yes, per pixel
A priori data included ? Yes, per pixel
Flags Quality per pixel (good, bad, uncertain);

Pixel type; Snow/ice; Suglint; Solar
Eclipse; SoutkAtlantic Anomaly

Visualisations Basic browsable archive visualisation
(profile crosssection per orbit; monthly
maps at standard pressure levels;
local/latitudinal time series of monthly
means at standard pressure levels)
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6.4 Ozone profile data product from limb-viewing instruments

As for 6.2 data requirements are product and application specific. Current data requirements
should reflectthe actual resolutions of numerical models used at the moment. For example,
chemistryclimate models (CCMshavetypical horizontal resolutions in the ordeir 200 km at

the equator and vertical resolutions of kih in the upper troposphere and lower stratosphere.
For practical purposes of monitoring a coarser vertical resolution is acceptable (~3 km), but a
higher vertical resolution (<1 km) should be aspired to. The time resolution should be in
agreement with thtotal ozone requiremenisthis will make consistency checks and attribution
studies straightforward:he minimum targeted time period for the limb ozone profiles covers the
period from 2003 onward (20a3010) although for climate research longer terroorels would

be desirableMany shoriterm processes as well as seasonality and-ameual variability in

ozone in climate models can already be validated with a couple of pe&iary requirements
include cloud information per profile including clotréction, cloud height and themperature
profile.

Ozone_cci Phas2 updated ozone profile requirements
As part ofthe 20142015 ESA Operozstudy (van Weele et al.2015) long-term monitoring
ozone profile requirementhave been revaluated and compateto the Phasé& user
requirements of th€@zone_cciproject. TheOperozstudy focused on the ozone profile user
requirements at high vertical resolutuion. Some changes have been applied to the ozone profile
requirements in Tab$O and 10below. Thechangs include:
1 Definition of Middle Atmosphereas the atmosphere above 30 km
1 Definition ot Lower Stratosphere as the layer between the tropopadsz) km
1 The tropopause iglefined by the (pressure) altitude usirthe WMO temperature
criterium (< 2K/km) or the (pressure) altitude above which th®sone mixing ratio
continues taexceedl50 ppbv
T A 8% (> 20 km) and 16% (< 20 kmarget for daily 3km resolution ozone profile
informationper 100 kmin the lower stratosphere and an achievable requiremenrkimof 2
resolution weekly profileper 200 km
1 A 8%target for daily Zkm resolution ozone profile informatigrer 200 kmin the middle
atmosphere and an achievable requirement-krih4esolution weekly profileper 400
km
1 A data unit requirement for ozone obs#rgns in volume mixing ratio and optionally
also in partial column and/or provided with alooated temperature profile

Requirements are given on Lex&lvhich istherequired level for data assimilation applications.
Aggregated multsensor LeveB praducts should retain these Lex&frequirements as much as
possible. At least, Levé products should not be homogenized/degraded to the instrument with
the lowest accuracy over the targeted time pefibe. required precision iacluded in the error
budget expressed as (total) uncertainty and wouldhieesame as for thabulated uncertainty
under thgunrealistic)Jassumption thadll biases in the producteuld befully characterized.
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Table 9: Product requirement®r limb-based ozone profilezindamental climate data records (FCDR%)e ozone
profile requirements are for ozone products in terms of (paxdiaimn mean) mixing ratiod.he lower stratosphere
(LS) extendsrom the tropopause (defined as ozone > 150 ppbv) to &@dah, and the niddle atmosphere extends
from about30 to 60 km altitude. The required coverage is gloBahievable and future target requirements are
gi ven, s e p‘aThafirsendmbbrys tha future targétote: equirementshave beempdaed inOzone_cci
Phase?2.

Height Range

Quantity Driving Research topic | Lower Middle
Stratosphere Atmosphere

Horizontal Regional differences in the

resolution evolution of the ozone 100—-200 km 200-400 km

layer (radiative forcing)
Seasonal cycle and
interannual variability;
Shorttermvariability*

Vertical Height dependenoaf
resolution evolution of the ozone 1-2km 2—4km
layer (radiative forcing)
Seasonal cycle and
interannual variability;
Shortterm variability*

Observation Seasonal cye and

frequency interannual variability; Daily —weekly Daily —weekly
shortterm variability*

Time period Evolution of the ozone (19862010)— (2003 | (19802010)— (2003
layer (radiative forcing) 2010) 2010)

Uncertaintyin Evolution of theozone 500 m +500 m

height attribution| layer(radiative forcing)
Seasonal cycle and
interannual variability;
Shortterm variability*

Uncertainy for Evolution of the ozone 8% 8%

mixing ratio layer (radiative forcing)

Uncertainy for Seasonal cycle and

mixing ratio interannual variability; 16% (< 20 km) 8%
Shortterm variability* 8% (> 20 km)

Stability Evolution of the ozone 1-3% / decade 1-3% / decade
layer (radiative forcing)
trends

* Shortterm variability includes: Exchange of air masses, streamsgyise studies
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Table 10: Data requirements for limbased ozone profileindamental climate data records (FCDRS).

Data feature Requirement

Data format NetCDF

Data conventions CF

Data units Ozone mixing ratio (optional: also in

partial ozone columand/or with ce
located temperature prof)le

Error characteristics Total uncertaintyand 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 contamation; Solar
Eclipse; SoutkAtlantic 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)

6.5 Recommendations on level 1 data product from climate user
perspective

The quality ofLevetl is essential, but the relationship with Le2ednd Level3 data products is
primarily up to the retrieval specialist§herdore, thereare no requiremes on Levell data
products from a climate user perspective.
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