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Abstract

This Climate Assessment Repo@AR) of ESAOG6s O zfocases ogtooposphepia oagnes ¢ t
in particular comparing different global climatologies (i.e. climati@iaigneans based on longer time
periods), evaluating spatiotemporal variability of ozone in the troposphere as well as analysing long
term trends. For this, respective ozone data sets have been compared. The compilation of the findings
presented and disczed in this report is based on currently available-tengn ozone data series,

including those prepared within the framework of the ESA Ozone_cci project, which are based on
multi-year observations from spabased instruments. In addition, mwdécadakimulations of
ChemistryClimate Models (CCMs) are used to support the respective analyses and help verify and
classify the results. The evaluation of the different data sets shows clearly that the derived global
distributions of tropospheric ozone arefeliing in detail. For the observational data, one possible
reason for that is that the applied retrieval methods to derive the corresponding ozone data products
are using different requirements and preliminary information or other boundary conditiorts, whic
strongly affect the data. In addition, the creation of consistent time series for longer periods (years to
decades) represents a challenge because the used observations originate from different measuring
systems. However, such lotgrm data sets are ressary to allow the derivation of robust trend
estimates. Moreover, the identification of statisticallynificanttrends is hard because the natural
(internal) tropospheric ozone fluctuations are relatively large in comparison with the expected long
termchanges of the tropospheric ozone content. Therefore, the determined tropospheric ozone trends
are often depending on the length of the analysed period. Nevertheless, it follows from our study that
robust trends can be identified in some regions, espeitiahe (sub) tropics. In this context, results

from multi-year simulations of CCMs can support the evaluation of the tropospheric ozone data
products derived from measurements, for instance by disclosing obvious errors and thus helping to
reduce the mage of uncertainties.

Finally, to update the last CA@®ameris et al.2022, a short summary of the most important results
of the current AWMO Scientific Assessment of Ozo

1. Introduction

The International Global Atmospheric Chemistry Project (IGAC) created in recent years the
Tropospheric Ozone Assessment Report (TO&RYy.igacproject.org/activities/ TOART.he
assessment report is organized as a series of scientificgyemrved paper®Among others, they



contain overviews about the current knowledge of the global tropospheric ozone distribution and
trends. TOAR is an important basis for comparing and classifying new tropospheric ozone data sets, in
this case the data products developethénESA Ozone_cci project.

Global observations over several years (decades) derived from grairthdrne and satellitebased
measuring systems are available (e.g., Gaudel et al., 2018; Tarasick et al., 2019; Wang et al., 2022).
The determined troposphic column ozone (TCO3) data sets often differ significantly, which is partly
due to the fact that the algorithms used for the creation of the respective (level 1, 2 or 3) data products
(i.e. calibration and retrieval algorithms, assumptions made, pfamnation) are themselves

sometimes very differeninother challenge is the creation of consistent longer data series from
different data sources (e.qg. different instruments), which certairkgsriadifficult to derive suitable

longer data series allamg robust trend estimates.

The TOAR surface ozone data base (Schultz et al., 2017) considers adequately tested series of
measurements, which provide information of tropospheric ozone, for instance derived from ground
based Fourier Transform Infrared (IRlor lidar instruments, through measurements with Dobson

and Brewer spectrometers and ozonesondes. For instance, ozonesonde measurements are collected
worldwide (see for example the World Ozone and Ultraviolet Radiation Data Centre, WOUDC,
available at hps://woudc.org/data.php). They contain ozone profile information from the surface up

to about 35 km.

Furthermore, the data aircraft observations from theelvice Aircraft for a Global Observing System
database (IAGOS) provide additional important infation about the tropospheric ozone distribution
since 1994 (Wang et al., 2022).

TOAR also includes tropospheric ozone data, which have been measured by-batelite
instruments since 199f)r instance, by OMI (Ozone Monitoring InstrumeMROPOMI
(TROPOspheric Monitoring InstrumeniILS (Microwave Limb Sounder), GOME/GOME (Global
Ozone Monitoring Experiment), IASI (Infrared Atmospheric Sounding Interferom&@8&itRIS
(Optical Spectrograph and InfraRkdaging System), MIPAS (Michelson Interferetar for Passive
Atmospheric Sounding), SCIAMACHY (SCanning Imaging Absorption SpectroMeter for
Atmospheric CHartographY), OMPIS? (Ozone Mapping and Profiles Suiitéimb Profiler), and
GOMOS (Global Ozone Monitoring by Occultation of Stars). To makesthre=asured (raw) data
usable accordingly for scientific purposes, different retrieval algorithms have been applied to the
original data, in most cases to derive TCO3 products.

Overall, this means that sometimes very different results are obtained. Tise@inmcover and
eliminate errors and reduce uncertainties.

On the other hand, loAgrm (decadal) Chemist@limate Model (CCM) simulations were created

(e.g. around the Chemist@limate Model Initiative (CCMI) supported by the WCRP SPARC project,
among others accompanied for the WMO scientific 0zone assessments) representing the past decades,
which also contain different specifications and assumptions (e.g. the spatial resolution of the CCMs,
use of different parameterisations, or the use of diffeemission inventories). These medased

data sets enable a direct comparison with respective values derived from obsellvati@ns.the

possibility to identify obvious similarities and major differences of the data record used, i.e. allowing a
more robust evaluation (bench mark) of the available data, for instance to quantify the range of
uncertainties.

The main objective of ESECI is to provide reliable lorterm Climate Data Records (CDRs), which
are essential to assess the state and evohitigiobal climate. The aim of the Ozone_cci project is to
assemble consistent ozone data sets based on European satellite instruments that have been in
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operation since the mitl990s. An important contribution to the ESA Ozone_cci+ project (second
phase othe project) is the determination of tropospheric ozone trends, in particular looking at the
appropriate data products derived from ldagn measurements of the European satellite instruments.
For this purpose, in a first step the derived global mean3Tdi€ributions in Ozone_cci are

compared and evaluated qualitatively and quantitatively with already existing (i.e. published in peer
reviewed journals) TCO3 climatological mean distributions. Furthermore, they are compared with
corresponding results fromulti-decadalChemistryClimate Model (CCM) simulations. LoAgrm
changes are then derived and evaluated on this basis. Similarities and differences are identified and
discussed, allowing a classification of the trend statements.

As mentioned by Tarasgic et al . (2019), as part of the TOAR,
changes of biases for satellite measurements of tropospheric ozone is an area of concertefan long
trend studieso. Therefore, i ndeopzenedaagetsamnal yzes

necessary to get a clearer picture ofgpatiotemporal fluctuations of tropospheric ozone and its long

term changes. The tropospheric ozone products created and examined in the frame of the ESA

Ozone_cci project are another cornenstéor such research. The results derived from the CCM

simulations can also be used here as a support. If the used CCMs are well established and verified and

if such CCMs are driven with observed meteorology (i.e. reanalyses), their results should trédpresen
Airealityo. The differences of the simulation res
taken to estimate the range of uncertainty.

In the following section (Sec. 2) the used ESA ozone data products and methods how to derive them
are brefly described as well as the used CCM EMAC. In Section 3 TCO3 climatological means are
discussed and compared. Sections 4 and 5 presents respective trend analyses of ESA related data sets
and how they compare with other TCO3 data products published Sefdion 6 provides a summary
discussion of our findings and some final remarks. Finally, Section 7 briefly summarizes the most
important statements from the last WMO scientific assessment of ozone depletion (WMO, 2022).

2. TCO3 developed in the framework of ESA Ozone_cci based on measurements
and climate model simulations

The SUNLIT-OMI-LIMB data set

A tropospheric column ozone (TCO3) dataset has been created using a combination of total ozone
columns from OMI (Ozone Moniting Instrument) and TROPOMI (TROPOspheric Monitoring
Instrument) with stratospheric ozone column datasets from several availabigdimibg

instruments: MLS (Microwave Limb Sounder), OSIRIS (Optical Spectrograph and InfraRed Imaging
System), MIPAS (Michklson Interferometer for Passive Atmospheric Sounding), SCIAMACHY
(SCanning Imaging Spectrometer for Atmospheric CHartographY), GMP®zone Mapping and
Profiles Suitd Limb Profiler), and GOMOS (Global Ozone Monitoring by Occultation of Stars). A
detaled description of the SUNLITSynergy of Using Nadir and Limb Instruments for Tropospheric
Ozone Monitorinytropospheric ozone column prod@&WNLIT-OMI-LIMB TCO3, which is

globally available from 2006 2019, is given by Sofieva et al. (2022he TCO3dataset used here

has a 1° x 1° horizontal resolution, from the surface up to 3 km below the tropopause, providing
monthly-averaged TCO3 values.

1 TTOC_CCD (= Convective Cloud Differential data) climate product

The tropical tropospheric column ozone (TTC®@8}¥ been retrieved with the convective cloud
differential (CCD) methodThe CCD method retrieves the TCOS3 as the difference between total
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column ozone and the stratospheric column ozone (SCO3). It utilizes the processed total ozone
columns and cloud datss retrieval input. A description of the method how to create the TTOC_CCD
product is presented by Heue et al. (2016).

The TTCO3 data set covers the tropical belt froff\N2020°S in the years from 19952022, i.e.

using information from GOME/GOME2, SCMACHY, OMI, and TROPOMI (monthly averages on

al° x 1° (latitudex longitude).CCD algorithms rely on total ozone and cloud data; both are taken

from GODFITMd at a, available in ESAb6s Ozone_cci . The a
convective clouds iagboutZ0 hPa (a 10 km). We used a €limatol o
cloud column ozone for different cloud altitudes.

1 RAL Space UW/is satellite ozone products for the lower troposphere

Pope et al. (2023) investigated letegm spatiotemporal variaiiyf in lower tropospheric column

ozone (LTCO3, surface450 hPaubcolumn) by merging and harmonizing the multiple European
Space Agency Climate Change Initiative (ES&CI) products produced by the Rutherford Appleton
Laboratory (RAL). Four RAL UW/is satellite products investigated were from OMI, the Global
Ozone Monitoring Experiment (GOME), GOMEand the SCanning Imaging Absorption
spectroMeter for atmospheric CartograpHY (SCIAMACHY), all of which were developed as part of
the Ozone_cci projectheRAL products cover the full period between 1996 and 2017.

1 The RD1SD simulation from the CCM EMAC

The ChemistryClimate Model (CCM) EMAC (e.g. JOockel et al., 2016) was used for a-oedtdal
hindcastreference simulation (RD1) driven by specified dynamics (SD), i.e. by observed meteorology,
covering the period from 19802019. The RD1SD simulation was performed on the basis of
specifications (i.e. boundary conditions) within the framework of CCMiijdint IGAC/SPARC

CCM Initiative (CCMI) was established to coordinate IGAC and SPARC CCM evaluation and
associated modeling activities. In the second phase of CCMI (i.e. CCMI2) the boundary conditions
were adjusted regarding the recent IPCC climate siss#g report (AR6, IPCC, 2021) and WMO
scientific assessment of ozone (WMO, 2022).

With the CCM EMAC the RD1SD simulation was conducted in a T42 (triangular) spectral resolution
of the ECHAMS5 base model, corresponding to a quadratic Gaussian grid sf2&”in latitude and
longitude. The vertical resolution is with 90 (L90MA) model levels reaching up to 0.01 hPa into the
middle atmosphere (MA; approximately 80 km). The RD1SD simulation has been branched off from
restart files (i.e. 1 January 1979) bétcorrespondingfreeunni ng hi ndcast si mul at
by Newtonian relaxation towards ERAreanalysis data (Hersbach et al., 2019). The Newtonian
relaxation (nudging) of the ECHAMS5 base model is applied in spectral space for the prognostic
variables divergence, vorticity, temperature, and the (logarithm of the) surface pressure. The nudging
strengths are not applied homogeneously in the vertical: the boundary layer and the stratosphere
middle atmosphere above 10 hPa are not nudged with traraigiens of intermediate strengths in
between. The nudging further implies that the sea surface temperatures (SSTs) anit¢he sea
concentrations (SICs).

With respect to the CCM EMAC simulation results, we are determining the TCO3 by integrating the
tropaspheric ozone content from the surface up to heights with an ozone mixing ratio of 150 ppbv.
This 0zone mixing ratio is taken as the threshold value for recognizing-tfedlet ozonopause,

which marks the region of strong vertical ozone gradient bettireetnoposphere (with ozone mixing
ratios of less than 150 ppbv) and stratosphere (with ozone mixing ratios of greater than 150 ppbv),
independent of the analyzed geographical region (tropicslatiiddes, polar regions). Studies, which
are based on theCM EMAC RD1SD simulation data show that if one compares the determined
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TCO3 values by using different definitions of the tropopause (e.g. using a fixed pressure layer or the
temperature lapse rate criteria, i.e. the lowest level at which the lapsear@i@sés to 2 K/km or less)

or the ozonopause, the absolute TCO3 values usually differ by significantly lower than 10% and the
distribution pattern hardly differ (Figure 1, top row). Using an ozonopause definition with a fixed
ozone mixing ratio has the amivtage of a smoother transition from the tropical region to the middle
latitudes is guaranteed. Comparisons of the TCOS3 global trend estimates using different definitions of
the top of the troposphere indicate that the derived TCO3 trend pattern andavalloesking very

similar (Figure 1, bottom royv
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Figure 1: TCO3 climatological means (top row; in Dobson Unit, DU) and global TCO3 trends
(bottom row; in DU per decade) derived from the CCM EMAC RD1SD simulation for the period 1995
T 2019 usinglifferent definitions with respect to the top of the troposphere: (left column) the pressure
thresholds in the tropics (309N30°S) is set on 100 hPa and in the ektopics (30° 90°N/S) it is

set on 250 hPa; (right column) the ozonopause is fixedrixiag ratio of 150 ppbv for all latitudes.



3. TCO3 climatological means

In the paper by Gaudel et al. (2018) different tropospheric ozone climatodogipsesented and
discussed, showing annual mean distributions of TCO3 (in Dobson Unit, DU; Figure 2). One map
(Figure 2, top left) is based on ozonesonde measurements (i.e. TOST, sta@mdgfborymapped
Ozonesonde dataset for the Stratosphere amgbSphere). TOST is addmensional, longerm ozone
dataset derived from 0zone soundings using a trajebemsgd ozone mapping methodology. The
other five maps are showing also TCO3 climatologies, which are derived from three satellite
instrument measuneents using different measurement techniques, i.e. OMI, MLS, and IASI. The
results presented in Figure 2 has also been prepared applying various retrieval ,mdtichdesults

in different sensitivities to ozone in the different parts of the troposeimer¢he therefore lead to
different TCO3s valueRlease note that the shown TOST product represents the geographic area from
80°NT 80°S and is considering the years from 2008 to 2012. The five-bpaed data sets are
representing TCOS for the period fini2010 to 2014 and the illustrations shown are limited to the
latitudinal range from 60°N 60°S.

TOST tropospheric column ozone, 2008-2012, Annual mean OMI/MLS tropospheric column ozone, 2010-2014,  Annual mean

OMI tropospheric column ozone, 2010-2014, Annual mean OMI RAL tropospheric column ozone, 2010-2014,  Annual mean 50

‘,7 ¢ OSSN

IASI-FORLI tropospheric column ozone, 2010-2014, Annual mean IASI-SOFRID daytime tropospheric column ozone, 2010-2014, Annual mean

Figure 10: Maps of annual mean TCO (DU) from five satellite products and ozonesondes (TOST). Annual mean
tropospheric column ozone (TCO) in Dobson unit (DU) as measured by TOST (top left), OMI/MLS (top right), OMI-SAO
(middle left), OMI-RAL (middle right), IASI-FORLI (bottom left) and IASI-SOFRID (bottom right). The data are averaged
over the period January 2010 through December 2014 and reported at 5° x 5" horizontal resolution, except for TOST,
which covers the period 2008-2012. DOI: https://doi.org/10.1525/elementa.291.f10

Figure 2: This is Figure 10 (incl. the original caption) taken over from Gaudel et al. (2018), which is
part of the TOAR.



There are obvious differencestive presented TCO3 distributions, not only in terms of the spatial
patterns, but also in terms of the maximum and minimum column values. For instance, the different
climatologies do not agree in midnd higher latitudes. This is an indication for difficed in

generating robust TCO3 results at higher latitudes based on observations. Nonetheless, there are a few
matches which can be identified, for instance low TCO3 values (around or below about 20 DU) can be
found in the tropical region of Indonesia &héd Pacific, high TCO3 values (around or higher than 40

DU) can be seen in the subtropical regions {2B0°N/S), or a pronounced TCO3 horizontal gradient
over the North American continent with high TCO3 values in the eastern part and reduced TCO3
valuesin the western pagssociated witthe Rocky MountainsThis indicates that a reliable

derivation of the TCO3 is possible in the (9uibopics and midatitudes, independent of the used data

set and the applied method for retrieving ozone.
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Figure 3: TCO3 global climatological annual means, which cover the periodsi2R082 (top) and
20107 2014 (bottom) as derived from the CCM EMAC RD1SD simulafidre ozonopause is fixed
to a mixing ratio of 150 ppbv for all latitudes.



The annual mean global TCOS3 distribution (from 90°8D°S) for the 5/ear means of 20082012

and 2010 2014 as derived from the CCM EMAC RD1SD simulation (Figure 3) show in parts a
consistent result in comparison with the presented climatologies basdxservations (Figure 2). The
tropical region (in particular over Indonesia and the Pacific) indicate low TCO3 values, whereas the
subtropical regions (north and south) are showing maximum TCO3 values (around or higher than 50
DU), which are higher thatiose derived from observations. The TCO3 &#est gradient over

North America is also identified in the model data. The model result indicates plausible low TCO3
values in both polar regions, especially very low TCO3 values (around 10 DU) are seen in the
Antarctic region.

TOR 1979-1983, months: 6 7 8 OMI/MLS  2010-2014, months: 6 7 8
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Figure 22: June—July—August mean TCO (DU) measured by TOR and OMI/MLS. June—July—August tropospheric
column ozone (TCO) in Dobson unit (DU) as measured by the TOR product for 1979-1983 (left) and OMI/MLS for
2010-2014 (right). DOL: https://doi.org/10.1525/elementa.291.f22

Figure 4: This is Figure 22 (incl. the original caption) taken over from Gaudel et al. (2018), which is
part of the TOAR.

To discuss the seasonal dependency, TCO3 climatological means for the months June, July, and
August (JJA) areonsidered. In the left part of Figure 4, the resultropospheric Ozone Residual
(TOR) representing the period from 1972983. TOR was the first satellite product to quantify
tropospheric ozone, providing TCO3 values in a horizontal resolution>ofL125° across much of the
globe from 50°N 50°N). For comparison, the corresponding OMI/MLS TCO3 values representing
the years from 2010 to 2014 are shown in the right part of Figure 4. The absolute TCO3 values are
different (as expected), but the detetT CO3 distribution is similar, with lower TCO3 in the tropical
region (with lowest values over Indonesia and the Pacific), higher TCO3 values in the northern
(summer) subtropical region, and tinentionedl CO3 EastWest gradient over North America.



RD1SD Tropospheric (O3sm150ppb) O3; mean(2010-2014) of JJA
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Figure 5: TCO3 global climatology for June, July, and August (JJA), which covers the period from
20107 2014, as derived from the RD1SD simulatioheTozonopause is fixed to a mixing ratio of 150
ppbv for all latitudes.

Again, the corresponding model régnere the JJA mean for 201@2014) derived from the CCM

EMAC simulation RD1SD shows very similar results, with low TCOS3 values in the tropics (most
pronounced over Indonesia), higher TCO3 values in the northern subtropics, and again the clear TCO3
EastWest gradient over North America (Figure 5). The differences between the northern and southern
subtropical region are not as pronounced as indicated in the TCO3 values derived from observations.
Overall, the TCO3 distribution especially in the subtropéral midlatitude regions are in very good
agreement with the TCO3 OMI/MLS product.

In the following the climatological mean TCO3 derived from TTOC_CCDBRKHeue, DLRIMF)

for the period 1995 2022 are compared with the results derived from the CCMENimulation
RD1SD (for 1995 2019). The ozone data product TTOC_CCD consider the total column from the
surface up to 200 hPa.

Figure 6 (upper part) is showing the TCO3 climatological mean (L2822) for the tropical region
(20°ST 20°N) based on thETOC_CCD dataThepronounced ozone minimuitentifiedin the

Pacific region and an obvious maximum in the southern tropical Atliaritiewell-known waveone
structure first discussed by Thompson et al. (2008¢ corresponding CCM EMAC RD1SD (Figure

6, middle part) simulation results show the same tropical pattern, but the difference between the
maximum and minimum TCO3 values in the tropical region is significantly lower (i.e. about 40 DU in
TTOC_CCD as opposed to about 30 DU in RD1SD). For comparise entire TCO3 (using the
threshold value of 150 ppbv 0zone mixing ratio instead of the fixed pressure level 200 hPa) are
showing similar results but in general the TCO3 values are (as expected) slightly enhanced (Figure 6,
lower part). In summary, tan be said that the tropical TCO3 values and the distribution from
TTOC_CCD agree relatively well with the corresponding results from the CCM EMAC RD1SD.
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Figure 6: (Top) Climatological mean TCO3 derived from TTOC_CCD (192®022). The tropical
tropospheric ozone column is determined globally from the surface up to 200 hPa. (Middle) For
comparison, the global distribution of TCO3 values from the RD1SD simulatidsdsalculated
from the surface up to 200 hPa. (Bottom) In addition, the TCO3 from the CCM EMAC RD1SD
simulation using the ozone threshold mixing ratio of 150 ppbv, describing-tteled ozonopause, is
shown. Please note the different color scales.
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RD1SD Tropospheric (<150ppb vs >200hPa) 03; 1995-2019
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Supplement to Figure 6Difference of the TCO3 derived from the CCM EMAC RD1SD simulation
considering the different definitions of the tropospheric ozone columns, i.e. using the ozone threshold
mixing ratio of 150 ppbv versus the 200 hPa pressure lekeldé&lta TCO3 values in the tropical

region are below about 7 DU, which is in the order of less than 10%.
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OMI-LIMB 2005-2019 mean tropospheric ozone (DU)
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Figure 7: (Top) TheSUNLIT-OMI-LIMB tropospheric ozone column (TCO3) climatology computed

for the years 2002019. (Bottom) The corresponding O3 climatological mean as derived from the

CCM EMAC RD1SD simulation. Please note: The TCO3 values for-OMB are calculatedrom

the surface up to 3 km below the tropopause, whereas the modelled TCOS is considering the complete
troposphere up to the azapause, which is determined by usihg ozone mixing ratio threshold

fixed to 150 ppbv for all latitudes.

In the following the climatological mean TCO3 derived from SUNOMI-LIMB (V. Sofieva, FMI)
for the period 2005 2019 are compared with the résuerived from the CCM EMAC simulation
RD1SD (for 2005 2019). The ozone data product OMMB consider the total column from the
surface up to 3 km below the tropopause.
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The TCOS climatologies presentEdyure 7 which are derived from SUNLFOMI-LIMB and the

CCM EMAC RD1SD simulation, show a very good agreement regarding the distribution patterns, i.e.
the regions with high and low TCO3 values are very well represented. For instance, high TCO3 values
are deternmried in the subtropical regions, and much lower values are found in the tropics, mostly
pronounced over Indonesia. Very low TCO3 values over Antarctica are identified in both data sets. A
nice agreement is also found for the northern polar (Arctic) regibnstvikingly low TCO3 values

over Greenland in both data sets. Furthermore, it can also be seen here thatwtbstematlient over

North America is well represented in the climatological means of TCO3 fromlINB and RD1SD

TCO3 data. It must be nat¢hat there are sometimes larger differences with regard to the absolute
TCO3 values, for instance in the soutdist Asian region.
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4. TCO3 trends

1 TCO3 trends discussed in recent publications (pegewed journals); comparison with climate
model results

We start with the trend analyses presented in TOAR (Gaudel et al., 2018). The data records are the
same as those in Section 3. Please note that the presented trend analyzes in Figure 8 are based on

slightly different time periods and the length of thediseries is also different-(® years). Itis
immediately noticeable that the derived trends differ greatly, even in their sign. The greatest

agreement in terms of positive trends is identified in the tropical region (280RS). Other matches
are hardo identify.

TOST tropospheric column annual trend: 2003-2012 OMI/MLS tropospheric column ozone, annual trend: 2005-2016
.......... v 2 i

TCO trend, DU yr™! per grid cell

TCO trend, DU yr™! per grid cell

Figure 24: Maps of trends of TCO (DU yr') from five satellite products and ozonesondes (TOST). (top left)
2003-2012 TOST ozonesonde annual tropospheric column ozone (TCO) trends in Dobson unit per year (DU yr)
for each 5" x 5” grid cell between 80°S—80°N. White dots indicate grid cells with statistically significant trends. Also
shown are satellite products between 60°S—60"N: (top right) OMI/MLS, 2005-2016, (middle left) OMI-SAO, 2005—
2016, (middle right) OMI-RAL, 2005-2015, (bottom left) IASI-FORLI, 2008-2016, and (bottom right) IASI-SOFRID,
2008-2015. Note that OMI/MLS and IASI-SOFRID have different color scales from the rest. Trends in this figure are
based on least-squares linear regression and reported with 95% confidence intervals and p-values. DOI: https://doi.
org/10.1525/elementa.291.f24

Figure 8: This is Figure 24 (incl. the original caption) taken over from Gaudel et al. (2018), which is

part of the TOAR. Please note that the given trends are given in Dobson Unit (DU) per year.
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Figure 25: Number of products from Figure 24 with statistically significant positive and negative trends per
grid cell. (a) Number of products from Figure 24 that indicate a statistically significant positive trend in each 5° x 5°
grid cell. All six products shows significant ozone increases in five grid cells, all above Southeast Asia. (b) As in (a) but
for statistically significant negative trends. DOI: https://doi.org/10.1525/elementa.291.f25

Figure 9: This is Figure 25 (incl. theriginal caption) taken over from Gaudel et al. (2018), which is
part of the TOAR.

Figure 9 provides a simple but nice possibility to recognize other regions with robust tropospheric
ozone trends. Outstanding regions with clear positive tropospherie temd are detected in the

region of Southeast Asia, equatorial Brazil, central northern Africa, the tropical South Indian Ocean
and northern Australia. Southeast Asia is the most extensive region (Gaudel et al., 2018), which is also
mostly in line with he decadal tropospheric ozone trends since 1994 as presented in IPCC (2021; see
Figure 6.5 in Chapter 6)

For comparison, Figure 10 shows the corresponding TCO3 trend analyses determined from the CCM
EMAC RD1SD simulation. In both illustrations (i.e. from 2003012 and 2005 2014) the overall

trend patterns look very similar, but the strengths of the treiffés significantly in some regions.
Although the two periods analyzed hardly differ (shifted by only two years), there are some notable
regional differences (e.g. South America, tropical Pacific). Nevertheless, clear positive trends can be
also found ithe CCM EMAC over the African continent (north and south of the equatorial region)

and northern Australia, which are in line with the trends derived from the observational data sets.
Obvious trends in southeast Asia are also evident in the CCM, butrthegtaguite as pronounced as
observed. Overall one can summarize that some of the most noticeable TCO3 positive trends
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determined from the CCM EMAC RD1SD simulation agree with those from the observations
discussed in TOAR.

180° 120°W 60°W

120°E 180°

RD1SD Tropospheric (O3sm150ppb); from 200301 to 201212
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RD1SD Tropospheric (03sm150ppb); from 200501 to 201412
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Figure 10: Trend analysief TCO3 from the CCM EMAC RD1SD simulation for the period 2003
2012 (top) and 2006 2014 (bottom). Please note that the given trends are in Dobson Unit (DU) per
decade and that the minimum/maximum values of the color scales are slightly different.
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For completeness, in recent years additional studies with respect to tropospheric ozone trends have
been published (e.g., Ziemke et al., 2019), some of them consider also trends analyses based on
reanalysis data sets and other CCM studies (Fiore et a2; @¥#hg et al., 2022; Christiansen et al.,
2022). They will be briefly discussed in the following.
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Figure 1. (a) Trends in OMI/MLS TCO (in DU decade_l) for
2005-2016. Asterisks denote grid points where trends are statisti-
cally significant at the 2o level. (b) Same as (a) except for MERRA-
2 GMI TCO.

Figure 11: This is Figure 1 (incl. the original caption) taken over from Ziemke et al. (2019).

In the paper by Ziemke et al. (2019) TCO3 data from OMB\Mire compared with the TCO3 values
from MERRA-2 GMI (reanalysis) for the period from 2002016. Both trend images presented in
Figure 11 are indicating the strongest trends in theXgapical region, but they differ significantly

from one another siwing different change pattern and trend values. The formerly discussed regions
with robust positive TCO3 trends, i.e. equatorial Brazil, the African continent, northern Australia, and
southeast Asia, are not visible in the same way (cp. Figures 8 and 10).

In Ziemke et al. (2019) the trend analysis has been extended for the tropical regioin 2583),

studying first the period from 1979 to 2005 (Figure 12), comparing the results based on TOMs and
MERRA-2 GMI. Again, obvious differences can be foundha trend analyses. The authors stated:

fiAs with OMI/MLS and GMI TCO trends in Fig. 1 there are discrepancies between the TOMS and

model TCO trends in Fig. 4. For TOMS TCO in Fig. 4 there are regions of negative trends (in blue) of
asmuch as0.6 DUdecad’over ocean in both hemi spheres that
2019). The merged ozone data record (i.e. TOMS / OMI/MLS, spanningi 18¥E5) has been

compared with the respective MERRAGMI TCO3 record, allowing the determinations of tirends

for this much longer period in the tropics (Figure 12). In this case, the trend statements are very similar
regarding the change pattern and trend values, with the largest positive trend in southeast Asia.
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TOMS Tropo O3 trend (DU decade™) 2005-2016
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Figure 4. (a) Trends (DU decade™!) calculated for TOMS CCD
TCO measurements for the years 1979-2005. Asterisks denote grid
points where trends are statistically significant at the 2o level.
(b) Similar to (a), but for MERRA-2 GMI TCO and for 1980-2005.

Figure 12: This is Figure 4 (incl. the original caption) taken over from Ziemke et al. (2019). Please
note the error in the head line of upper part of the figure: it must bei 12006 (instead of 2006

2016).

1979-2016

TOMS + OMI/MLS tropo O:

change (DU)
W \!

1980-2016

60 120 180
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Figure 7. (a) Net changes in TOMS and OMI/MLS TCO calculated
for their combined time records (1979-2016). The net changes for
TCO are shown in the color bar in both DU and metric tons of ozone
per km? (1 DU = 0.0214 tkm—2 for ozone). Asterisks denote grid
points where net changes are statistically significant at the 20" noise
level. (b) Similar to (a), but for GMI TCO and years 1980-2016.
Net change for GMI TCO is determined similar to the satellite mea-
surements by adding together the net changes for the two records
(i.e., for GMI, the 1980-2005 and 2005-2016 periods).

Figure 13: This is Figure 7 (incl. the original ption) taken over from Ziemke et al. (2019).
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RD1SD Tropospheric (O3sm150ppb); from 198001 to 199912
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Figure 14: Longterm trend analyses based on the results derived from the CCM EMAC RD1SD
simulation: Top: 1980 1999, Middle: 2000 2019, Bottom: 1980 2019. Please note the different
color scales (different minimum/maximum values).
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Figure 14 (lower part, 1982019) shows agreement with results presented in Figure 13 (1979/1980
2016) for the (subtropical region (25° N 25° S), indicating strongest positive trends over the Indian
continent and Indonesia. Some agreement can be also seen over South Améhiesaumithern part

of the African continent with obvious positive ozone trends. The stronger trends detected in the CCM
EMAC RD1SD simulation over Central South America are caused in the first half of the period
analyzed (i.e. 198D 1999, see Figure 14pper part). This finding is in line with respective results
identified in the MERRA2 GMI data (see Figure 12, lower part). As can be seen for Figure 14
(middle part), for the period 20002019 the RD1SD data the TCO3 trend over South America is
clearly weakening (in line with the results presented in Figure 11, which based on OMI/MLS and
MERRA-2 GMI). The RD1SD data for this time period (2002019) is showing enhanced ozone
trends over India and Indonesia in comparison with the time period ofi 1B3®.
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f TCO3 trends derived from ESA Ozone_cci data products

In the following, firstly we are looking at the derived TCO3 trends based on the SLDMITLIMB

data and the CCM EMAC RD1SD simulation (Figure 15). First of all, it can be noted that the
calculatel trends are of the same order of magnitude, i.€l B8/decade. Focusing on the linear

trend estimates (top right and bottom) it is obvious that the trend pattern is looking partly different,
although some matches can be identified. The trend estingatesia particular over North and

Middle America (including the neighboring East Pacific and West Atlantic regions), in the Amazon
region, or India and SoutBast Asia. Differences become apparent over the Indian Ocean and further
east to Australia. Positt TOC3 trends are identified in the latitude region ofi360°S in both data

sets. The OMLIMB and the RD1SD data differ at higher latitudes in both hemispheres. More
analyses on this point can be found in Chapter 5.

OMI-LIMB ozone trend DU decade", 2005-2019
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Figure 15: (Top left) SUNLIT-OMI -LIMB tropospheric ozone column (from ground to 3 km below

the tropopause) trends in DU/decade. Trends are estimated using multiple linear regression applied to
deseasonalized anomalies. Solar cycle, QBO and ENSO are included as proxies. The rektiation

map is 5x5 deg. Stars indicate the regions where the estimated trends are not statistically significant.
(Top right) OMILIMB tropospheric ozone trends using the data from years RQ0A9. The trends

are estimated as linear fit of yearly data. Tésolution of the map is 1x1 deg. (Bottom) Respective

linear trend estimate based on the CCM EMAC RD1SD simulation.
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Figure 16: Analyses based on the TTOC_CCD data. Top: 198822 (status in 02023); Middle:
199571 2008 (072023); Bottom: 2002022 (status in 02023).Tropical Tropospheric Ozone
Column trends (20°8 20°N) evaluated using TTOC_CCD. Stars indicate the regidmere the
trends are statistically significant at 95% confidence level.

Now we are focusing on thHETOC_CCD Convective Cloud Differential datalimate productThe
tropical tropospheric column ozone (TTCO3) has been retrieved with the convectiveitfiengahiibl
(CCD) method. Itovers the tropical belt from 28 7 20°S in the years from 19952022, i.e.

GOME, SCIAMACHY, OMI, GOME-2 (A,B and C)and TROPOMI (monthly averages od’ax 1°
(latitudex longitude);latest updates relative keue et al. (2016). In Figure 16 the corresponding
trend analyses are presented covering the periodsi12@22 (upper part), 19952007 (middle part),
and 2008 2022 (lower part). The two analyzed spdriods obviously differ significantly in terms of
their sign of trend. In the first time period in most tropical areas the trend of the TTCOS is positive
whereas it is mostly negative in the second period. Thetkmngtrend estimated for the complete
period (i.e. 199% 2022) are mostly relative weekiine order of about +1 DU/decade.
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RD15D Tropospheric (200hPa) 1995 - 2019
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Figure 17: Analyses based on the results of the CCM EMAC RD1SD simulation. Attention: Different
color scales!
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Figure 17 shows the corresponding TCO3 trend results as derived from the CCM EMAC RD1SD
simulation. Focusing on the tropics, the leagm trend estimated for the complete period (i.e. 1995
2019) looks similar to TTOC_CCD regarding the overall trencepatbver the tropical oceans (i.e.
Pacific, Atlantic and Indian ocean) and also in parts over the adjacent continents (i.e. South America
and Africa; Figure 17, top part). The TTCO3 trends determined for the twpesidals from the CCM
EMAC RD1SD simulatyn results (Figure 17, middle and lower part) show good agreement with the
TTOC_CCD results (Figure 16, middle and lower part), again in particular over the oceans. In
addition, for the period 19952007 (middle parts in Figures 16 and 17) there are siteenatches

over Brazil, South India and Indonesia. For the period 200®&19 (lower parts of Figures 16 and 17)
there is a match over Africa, but over South America, South India and Indonesia they do not agree, i.e.
the signs of trends are opposite.

The model results presented in Figure 17 provide some additional information how the TCOS3 trends
derived for the tropics are embedded into the global picture. Interestingly, th¢regical regions
behave very differently.
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OMI-LIMB, 2008 - 2019, from ground to 3 km below tropopause
‘ - —— » S & (]
20 g

N

o

'
N

-20

[SSUN .

-150 -100 -50 0

trend in tropospherlc column ozone

1 1 1 I

-20-15-1.0-05 0.0 05 1.0 15 20

DU/decade
RD15D Tropospheric (200hPa) 2008 - 2019

180°  120°W  6O°W 60°F 120°E 180°
60°N 60°N
30°N ; 30°N

. . 3 d
0 . %% 0°
p H L eV

30°5 : 30°s
60°5S 60°S

180°  120°W  60°W 0° 60°F 120°E 180°

-4 -3 -2 -1 0 1 2 3 a4

03 column trend per decade (DU/Decade)

Figure 18: Comparisa of the (Top) OMILIMB (TCO3 up to 3 km below the tropopause); (Middle)
TTOC_CCD (TCO3 up to 200 hPa); (Bottom) RD1SD CCM simulation (TCO3 up to 200 hPa) for the
period from 2008 to 2019.he units are the same in all three images, i.e. DU/decade.

Finally, the three TCO3 data sets SUNEOMI-LIMB, TTOC_CCD and CCM EMAC RD1SD are
compared concentrating of the tropical region (i.e. 2028°N) for the period from 2008 to 2019, for
which all data sets are available (Figure 18). The derived TTCO3 tremad©ft-LIMB and RD1SD
agree quite well in terms of the change pattern and the magnitude of the DU per decade values. The
trend patterns derived from the TTOC_CCD agree in parts, for instance in the northern tropics over
the Pacific, the southern Atlantiajtthere are also large differences, for example over Brazil and
Indonesia. Overall, the TTOC3 trend values (in DU/decade) derived from the TTOC_CCD are lower
than those trend values derived from GIMMB or RD1SD.
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RD1SD Tropospheric (O3sm150ppb); from 199501 to 201912
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Figure 19: Trend analyses based on th€ M EMAC simulation RD1SD, here for the two different

periods of 199% 2019 and 2005 2019, to be consistent with the ozone data trend analyses based on
the two ESA ozone data produ&@gNLIT-OMI-LIMB TCO3and TTOC _CCD.Thifspeci fi ed
dynamicso reference si mul at-5reamalysiRiBta (Bi@dhly i s

averages on T42, which is about 282.8° (latitudex longitude).

In conclusion, Figure 19 shows the corresponding tropospheric ozone column (TCO8y4tdisd

based on the CCM EMAC RD1SD simulation with respect to the different periods (i.e. 2029
and 2005 2019) for the discussion with the respective ESA Ozone_cci data products, i.e.
TTCO_CCD and SUNLITOMI-LIMB. The definition of the TCO3 is basl on the ozone mixing

nudged

ratio threshold value of 150 ppbyv, i.e. describing the ozonopause. Figure 19 indicates that the chosen
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