Author Responses to Reviewer Comments

We thank the reviewerfor their usefuland constructiveommentgfeedback We also thank Owen
Cooper for his useful comments on our manuscript in relation to the Ti0ggcial editionWe have
reproduced their comments below in black text, followed by our responses in redRiedse note, we
KFE@S ydzyo SNI f A &TRS R ovwsS/0 dogaméniSiolBig@ationwhen addressing
comments relevant to both reviewerény additions to the manuscript are in blue text and our
reference toline numbers is based on the originadlybmitted manuscript.

Revi e wGmmmefts: s

This manuscript provides a global assessment of the lampospheric ozone (LTCO3) retrievals from

four satellite instruments, mainly focusing on vertical sensitivities and-teng stabilities. It then goes

on to create a harmonized loAgrm (19962017) time series of LTCO3, from which irdenual

variations in global LTCO3 are evaluated. As the first effort to investigate this issue, this paper is well
designed and does not exhibit obvious flaws. The topic is significant consideringathgestrelevance

of LTCO3 with anthropogenic activities and ozone radiative forcing than tropospheric ozone. Certain
details are lack in the present form of this manuscript, which | encourage the authors to elaborate more
during the revision. | support theublication of this paper on ACP if the following comments can be
addressed.

1) One paragraph of discussing why LTCO3 warrants investigation (relative to tropospheric ozone)
should be added to the Introduction Section. For example, LTCO3 (if detectabled caore relevant
with surface ozone pollution and anthropogenic ozone radiative forcing.

We have added the following paragraph after Line 71:

AwWhile many studies have previously focussed on;{€Q. Gaudett al. (2018); Ziemke et al. (2019)),
several nadhviewing ultravioletvisible (UWis) sounders can retrieve 3ketween the surfaceéo 450
hPa (i.e. lower tropospheric column,@TCE). The retrieval scheme frothe Rutherford Appleton
Laboratory (RALSpace exploits information from the; Buggins bands (32535 nn), as well as the
Hartley band (27€807nm),to retrieve high quality LTG@nd was selected for the ESXCland EU
Copernicus Climate Change Servisg a result, the RAL Space Li@@ducts (and equivalent from
other providers) are valuable resources to investigate global and regigral@@edair quality (e.g.
Richards et al., 2013; Pope et al., 2018; Russo et al., 2028).

We have added the following reference for Russo e{2023):

Russo, M.R., Kerridge, B.J., Abraham, N.L., et al. 3888onal, interannual and decadal variability of
tropospheric ozone in the North Atlantic: comparison of WMCA and remote sensing observations for
20052018 Atmospheric Chemistry and PlossP3(11),61696196 doi: 10.5194/acp23-61692023

The paragraph starting on Line 72 has been modified slightly to account for some acronyms being
defined in the new paragraph above:

dn this study, we explore the spatiotemporal variability of L31@&n several UWis sounders
produced by RAL Spaged



2) The satellite sensitivity to LTCO3 (DOFs) varies spatially, especially following the distribution of LTCO3
abundances. So hemispheric averaged DOFs in Table 2 cannot provide a comprehensivinsigiigh

of this sensitivity. | suggest to additionally include a map or histogram of DOFs (associated with Figure 3)
of each instrument. Another issue to further investigate is: should we also consider DOFs at each

location when evaluating the significanegderived trends in LTCO3? Are DOFs too small in some

"green polygons" in Figures 6 and 7?

We point thereviewer to our response to the comments from Reviewer #2 comment #2.

3) Figure 2: in many cases, LTCO3 from Ozone Sondes and a priori are clobeotbara while applying
the AKs (satellite and sonefeK) modifies them into different (usually opposite) directions (e.g., in the
OMI global case). Should provide an explanation on this issue.

The prior profile is based on a climatology (McPeters .eP@D7) which is itself derived from a multi

year ozonesonde ensemble. The ozonesonde and a priori are therefore expected to be close. The sign of
the change fronsondeto sondeadjusted for averaging kernel and prigepends on both aspects. The
adjustedsonde will move further away from the prior than the unadjusted sonde if the influence of

higher layers on the lower troposphere layer retrieval is large enough and pulls in that direction. It

should also be noted that while intuitively vertical smearirayn the stratosphere would be expected to
increase the tropospheric layer retrieval (so AK adjustment would decrease the sonde value), in the case
of OMI there is a negative excursion in the AK in the low&atosphereso the opposite is true.

To clariy this in the manuscript we have added on Page 5 Line 173:

GThis increase in LT@®hen theOMI AKs are applied to the ozonesondes contrasts with the other
satellite instruments. While theertical smearingrom the stratospherenould intuitively be expected to
increase the tropospheric layer retrieval, and thus the AK adjustritedécreases the ozonesonde
value, in the case of OMI there is a negative excursion in the AKs into therlogtestratosphere (see
Figure 1, so the opposit®ccurse @

TheMcPeters et b, (2007) reference is below.

McPeters, R.D., Labow, G.J., and Logan, J.A. 2007. Ozone climatological profiles for satellite retrieval
algorithms. Journal of Geophysical Research, 112 (DOS398);//doi.org/10.1029/2005JD006823.

4) Figure 3: The increasing trends in LTCOS3 (as discussed later in the paper) might be responsible for
some differences between instruments averaged for varying periods. This fact and the expected impacts
on the intercomparison here should be discussed.

This is a good point. We have added the following sentence on Page 5 Line 195:

GThese differences in the GOMEand GOME/OMI LTC@seasonal averageselikelyto be at least
partly due to underlying LTG@ndencies betweelthe respective instrument time periods. This is
investigated further in Section 3&.®

5) Line 24@43: More details should be provided to justify the choice to only drop 2003 in the merging
for GOMEL, since 2002 seems also to potetigantroduce artificial trends.



The reviewer is correct thain Figure 4 in the tropics, the year 2002 does have a low bias like 2003.

Having said that, the SH biases are small and the NH biases are lower in-300® (5 than 2002 {~

3.0 DU). Therefore, 2002, on the whole, does seem as affected adpes2003.Also, both GOM&

time-series in Figure 5 show similar values for 2000 to 2002, so 2002 does not appear to be substantially
lower than neighbouring years. Finally, as SCIAMACHY does not have a full year of data for 2002, there is
no full dataset to gapfill 2002. As a result, with the data sets available, we are confident in the

harmonised data set we have created. To make it clearer why we have included 2002 in our harmonised
time-series, we have added on Lig63:

OWhile GOMEL in the tropics Figure 4 for 2002 has aegativebias (~5.0 DU) in comparison to the
ozonesondes, the biases for the other latitude bands are less distinct. The regional averageadld&30
for 2002 inFigure 5are also comparable to neighbouring years (e.g. 2000 and 2001). BCH\Valso
does not have a full year of data for 2002, so we have included the GCMB?2 data in our analysis ®

6) Figure 1 is unnecessary (at least in the main text) consideringateareand relevant information is
already available in Table 2.

We agree witiReviewer #1 that we do not need Figure 1 and Table 2. However, we are more inclined to
remove Table 2 and leave Figuradlit provides useful information on the structure of the AKs for the
different instruments. However, we have updated Figure 1 in line Ratiiewer #22 @mment #2.

Revi ewer 2's Comment s:

Ly dKAAa 62Nl = t2LIS SiG I o teiN@rdiakabilityiylonerl y 3Sa G A3 A

tropospheric ozone from RAL Spacet)%¥ & al G St f A0S LINRPRdzOGaé¢ GKIFG A&
TOARI special issue. Given their extensive expertise with the data, however, the authors sometimes
seem to be too brief/gick in passing their message and conclusions to a possibinfessed

audience. Therefore, the following clarifications/improvements are suggested:

1. Lines 15, 67, 135, 137, 1180: In contrast with common practice based on the work of Rodgers
(2000), tre terms (vertical) sensitivity and degrees of freedom are both used without distinction.
Whereas the former rather refers to the integrated weighting function (averaging kernel row
sum) as a measure of the fraction of the info that comes from the retrj¢kallatter refers to

a

iKS 1SNYyStaQ RAFI2yLt StSySyida 2yte Fa Iy AYRA

retrieved. Ideally, the authors would address both, though clearly distinguished, in their
discussion. Other retrieval performance meeesilike the effective vertical resolution of the
LTCO3 layer and the retrieval weight offset would be most helpful in the discussion, but might
not be mandatory.

On Page 2 Lines 639 we havealreadydefined thelink between the verticadensitivity and the AK:

G¢KS OSNIAOKE aSyairidroraide OFy 6S NBFSNNBR G2 I+ a
NEBfIFGA2yaKALI 0S06SSy LISNIdNDFiGAz2ya G RAFFSNBy
For the definition of the DOFS on Page 4 LliA5 we have added the sentence:

oHere, the DOFS represaithe number of independenpiecesof informationon the vertical profilen
the retrieval (i.e. the sum of the AK diagonalyp



In terms of other performance metrics, as suggeste®byiewer #2 comment #2, we have added
seasonal maps (i.e. new Figure 3) of the DOFS for thesLTCO

2. Relatedly, for Figure 1: Is this for all retrieved satellite pixels within 90° latitude bands? For
clarity, possibly provide the effective latitude rangaedanumber of averaged observations) for
each month given the lack of observations during polar night? Additionally, it would be helpful
to specify whether the lowest red curve indeed corresponds to the LTCOS retrieval, and to what
extent this kernel agreewith or differs from ideal AK behavior (for results discussion). On the
other hand, for a full and proper interpretation of the results in Figs. 6 and 7, it would be
appropriate to have a view on the DFS (or integrated sensitivity) on the same spatiatices
(latitude-longitude boxes) as Figs. 6 and 7), or at least the spatiotemporal resolution of Fig. 4.
The shifts in spatiotemporal resolutions between all consecutive figures (except for 6 and 7)
seems to hamper a fully correlative interpretation.

Reviewer #1 made a similar point in theomment #6 stating that Figure 1 was unnecessary given the
information in Table 2However, we prefer to keep Figure 1 as it provides useful information on the
structure of the AKs and there are subtle differenbesween hemispheresnonthsand instruments
However, in line witlReviewelQ &2 comment, wehaverestricted the AK plot to 60°S&N to avoid the

polar night (i.e. similar latitude range to Figures 6 and 7). We have also added N= in each panel to state
the number of retrievals used in the average AK plot.

We have also taken this a stéprther by adding a new Figu2showing the spatial distribution of the
seasonal DOF®/e have also regriddetthe horizontal resolution of Figure 3 to that of Figure 6 and 7 for
consistency, as suggested by Reviewer #2. The new Rguet Figure 1 for the D@are presented

below with updated/new manuscript textVe have also deleted the sentendéhe OMI, GOME,

GOME2 and SCIAMACHY level 2 data were aggregated on a 1.0°x1.0° spatial grid using the gridding
approach of Pope etal., (2018). FNRY t I P8 o [ Ay Sa oy
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Figure 1 Average averaging kernels (AKs) for the instruments list€dlle 1for the northern and

southern hemispherg®0°S60°N)in January and July of 2008 (1998 for GAMHE he average degrees

of freedom of signal (D@-is shown as is DEETC®which repesents the DGFin the lower

tropospheric column ozone (LTL® represents the number of retrievals in each averagawskage
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Figure2: Seasonal distributions of LT{@grees of freedom of signal (DOFS) in DJF AridrJBOMEL,
GOME2, OMIland SCIAMACHY averaged over the full record for each instrument.

On Page 4 Line 144 we have added discussion on the new Figure 2:

AWhile Figure 1provides spatial averagaformation on LTC£DOFS,Figure 2shows spatial maps for
DecemberJanuaryrebruary (DJF) and JudelyAugust (JJA)ver the respective instrument records
The largest LTGOOFs occur over the ocean ranging between approximately 0.4 and 0.6 for-GOME



GOME2 and SCIAMACHY, while OMI laager ocean values between 0.7 and 0.8. Over land, the4{ TCO
DOFS tend to be lowandbetween 0.3 and 0.5 for GOME GOME2 and SCIAMACHY. Again, OMI has
large values on landf between 0.4 and 0.7. Depending on the hemispheric seasorsuhanertime

(JJA in NH and DJF in SH) b D@PBS are larger for each instrument. Overall, OMI (GOMé&irievals
containthe largest (lowest) information on LTEO @

We have also added on Pagé.ine 280:

0As shown irFigure 2 there is sufficieninformation (e.g. LTGADOSmostly > 0.5) in the tropics and
mid-latitudes for the instruments used to form the merged LTG&a. Tls providesconfidence in this
merged LTCgecordfor longterm temporal analysis. ®

For the new Figure 1, the text dtage 4 Lines 13243 has been updated to reflect some changes to the
figure:

“Figure Irepresents average AKs for all the instruments listeBiahle 1for 2008 (1998 for GOME) in
the northern (NH) and southern (SH) hemisphdyesveen the equator and 60 & N Of the four RAL
Space products, OMIz@rofiles appear to contaithe most information with degrees of freedom of
signal (DOFS) of 5.0 or above for the full atmosphere. SCIAMACHY has the lowest sensitivity with
average DOFS ranging between2ahd4.64. The DOStendsto be larger in NH for all the products,
though there is no clear pattern in the seasonality (i.e. January vs. July). In terms gf QMC@&gain
has greater sensitivity than the others with average hemispheric and seasonar@@¥fg between
0.63 and 0.8. For GOMHA (GOMRE2), the LTCEDOFS range between (.and 0.50 (B9and 0.4).
SCIAMACHY LT{WDFS range between 0.44 and2.bherefore, while SCIAACHY has the lowest
overall sensitivity to full atmosph&rozone, it ha reasonably good information in the LT:C& do the
other instruments. These results are robust given the large number of retrievals (N) that have been used
to derive the average AKs (i.e. N > 65,000 in all casds)

Also,on Page5Lingg86my 1> ¢S KI ies, weBonipare @8 largiim seasonal (December
JanuaryFebruary, DJF, and JudelyAugust, JJA) spatial distributions of RAL Spaceslpr@idicts
(Figure 3.€6 A (Hére, dve compare the lontgrm seasonal (DJF and JJA) spdigributions of RAL
Space LTG@roducts Figure 3.6 @

The text relating to Figure 2 in Section 3.1 has now been updated to discuss Figure 3 with the addition of
the new figure. On Page 4 Line 341 p £ (i ®hB is in@&igatedifurther lmp-locating the products

with the merged ozonesonde data set, over their respective mission periods, globally and in the NH and
SHFEigure 34 KI & 0 S S yTheanpadt of BdRsatéllReertical sensitivity is furthenvestigated

by cclocating theproducts with the merged ozonesonde data set, over their respective mission periods
(globally and in the NH and p&hd the AKs applied to assess the impact on the ozonesdfiitpse

3)E P

3. Lines 536 and 6264: The inconsistencies between the instruments as described in Gaudel et
al. (2018) also originate from different prior information choices, and differert¢opl
definitions for vertical integration and ozone burden calculations.



Tor RRNB&da GKA& O2YYSyidz 6S KI @S IARISrRactorKS F2ff26AY
introducing inconsistencies is the assunieapopauseheight for the different productsSome products

used the World Meteorological Organisation (WMi@finiton2 ¥ d G KS FA NE 2 KR OdzZNNBy O ¢
lapseNJ G S ¢ someithels $htegrated the @ km and 612 km subcolumns to derive the

tropospheric column. The use of differenpeori products within the retrieval scheme will have also

provided inconsistencies ®

4. Lines7ZroY LYy (GKA& adGdzRés 6S SELX 2NB (GKS aLIl GAaz2i
O2tdzyy 212yS o6[ ¢/ hoX &adaNFI OS (42 npn KtlFOoOXé tf8§
level, in terms of the fixed (?) retrieval grid and vertical sensjti{gtratospheric info permeating
the tropospheric retrieval output, also see first comment).

This pressure range is based on the legacy of the RAL retrieval scheme which has been used in previous
studies (e.gMunro et al., 1998; doi:10.1038/32392Mileset al., 2015 doi:10.5194/amt8-385-2015).
As demonstrated in thiand earliework (e.g. Russo et al (2023)10.5194/acp23-61692023 and Miles
et al., (2015), this retrieval setup derives robust estimates of lower tropospheric ozone between the
adzNFIFOS YR npn Ktld 'a F2NJ GKS GadGNFG2ALKSNAO Ay
02YYSyidsz ¢S KIGS I RRNBaaSR (KAAal. Ay NBalLkyasS G2 wS
5. Section 2.1 and Table 1: What is now in a footnote sounds too important not to be included in
the main text. The main differences between the product versions are expected to be explained,
possibly summarized as different parameter settings in Tabilesle@d of the product link for
example, which is the same for all and hence superfluous as a separate column). The
conclusions on the LTCO3 differences between the products are expected to relate to this then.

The main difference between the fv300 afw®14 retrieval versions is &t GOMEL, GOME2 and
SCIAMACHY are across scanning instruments while OMI Hasaer&y detector. Therefore, there are
subtle differences in the retrieval scheme versions to account for this. We haveremogedthe
footnote and added on Page 3 Line 95:

dThedifferences betweenthe retrieval versions (i.e. fv214 and fv300)able lare primarily linked to
the instrument types where GOME GOME2 and SCIAMACHY are acrvask scanning instruments
while OMI uses a-D array detectore ©®

6. Lines 117118: Are all cdocations considered in the analysis, or only the closest in space or
GAYSK !'faz2 Llaairote LINPOARS Y2NB AYyF2N¥IGAZ2Y 2
{2YSOKAY3 fA1S GaLl GA2NEWEZNIYT 23 ARy Ry Df Br NBESK
It is only the satellite retrievalhichis celocatedmost closelyn time and spac&ith the ozonesonde
profile. To make this clearer, we have reworded Lines 11§
LY GKA& aiddzRés ¥F2 N O2profilks Mdd dadelitd retdedals 24 gzongsbrdle/ S& 2 Yy R
profile was spatiotemporally etmcated within 500 km and Bours to allow for robust comparisons and
NBERdzOS NBLINBatSy G GA2y SNNRNRA®DE

dn this study, for comparisons between ozonesonde profiles andlisateetrievals, each ozonesonde
profile was spatiotemporally clwcated to the closest satellite retrieval. Here, all the retrievals within 6



hours of the ozonesonde launch were subsampled and then the closest retrieval in space (i.e. within 500
km) wastaken for the final cdocatedone. Therefore, there was one satellite retrieval for every
ozonesonde profile to help reduce tlspatiotemporal sampling difference errogs®

7. [ AYS MHY YOXRB&YWRSLIMBAAL S 65! 0 2y sindeSatasarell St f A G S
typically not provided as sutolumns, and certainly not on the satellite pressure grid. Please
provide a reference and/or some clarification for the conversion of the initial sonde data to this
derived product.

To clarify this we have addexh Page 4 Line 129:

oHere, the ozonesonde profile, on its original pressure grid (typically in units of ppbv or mPa) are
converted into ozone subolumns betweereach pair of levelsThese suzolumns are then aggregated
up to the larger sulrolumns (e.gthe LTC®@range is between the surface and 450 hPa) on the coarser
satellite pressure grid. ®

8. Section 3.2: Do these results agree with the ozonesonde comparisons then? Please briefly
discuss.

Yes, there is agreement in the seasonality betweenstitellite and ozonesondes LTS@lues. Using

the ozonesonde data between 1996 and 2017 we derived hemispheric DJF and JJA m#diad (25
75" LTCevalues. For the northern hemisphere in DJF and JJA, the £@l0&s were 18.0 (15.7, 20.0)
DU and 20.8 (16.7, 24.6) DU, respectively. For the southern hemisphere in DJF and JJA; tredueBCO
were 10.8 (8.2, 14.8) DU and 14.4 (12.1, 16.3), respegtiwd have added the followingaragraphon
Page 5 Line )

dThe satellite LTG®easonality is consistent with that of the ozonesondes. Here, the medidh (25
percentile, 78 percentile) ozonesondeTC@values for theNH in DJF, NH in JJA, SH ineRdSH in JJA
are 18.0 (15.7, 20.0) DU, 20.8 (16.7, 26) 10.8 (8.2, 14.8pUand 14.4 (12.1, 16.3U, respectively.
Therefore, the NH LTG@alues are larger than those in the SH and the JJA;WBLL@s are larger than
the DJF equivalent. All of vdfiare consistent with the four instrument LT@8easonal distributions. ®

We have also exploited the ozonesonde data to look at the 28810 average vs. 2012017 average
differences in the old Figure 7. Here, we calculated the differences at ozonesonde sites which had
annual average data fat least75% of the 22/ears betwea 1996 and 2017. The new/updated Figure 7
is below.We have added the following text on Page 8 Line 308:

GThe ozonesondes are consistent with satellite 22960 and 2012017 average LTG@ifferences. In
the tropics, the majority of ozonesonde sites shiomreases between these two periodanging
between 0.5 and 5.0 DU. Over Europe (i.e. nomhaid-latitudes), the ozonesonde LT&dfferences
range betweenr0.5 and 0.5 DU suggesting limited LT€lange over timé&. ¢
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Figure 7 LTCO3 (DU) mergddta set from GOME (19962002), SCIAMACHY (2a8X®4) and OMI

(20052017) where the difference between the 2eABL7 average and 1998000 average is shown.

Green polygotoutlined regions show substantial differences (95% confidence level and where the

absolute difference > 1.0 DU) using the Wilcoxon Rank Test. Grey pixels are where the South Atlantic

Anomaly influence on retrieved LT®@s been masked out. Circles show differences in ozonesonde

LTC®(DU) over the same time periods as the merged sedcord.

9. Lines265iccY d.lFaSR 2y GKS RAFTFSNByOS c')

Hanno FYR Hwnnann F2NJ GKS {/L! al /I a L
linearly in time, with yearly resolution?
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Yes, thaeviewer is correct. Unfortunately, the GOMElata for 2003 and 2004 is not suitable for use in

the harmonised time series (i.e. Lines 23843). Therefore, for these two years, we adopt the

SCAMACHY spatial pattern but use the global LF€&@ling linarly interpolated in time per year to

scale the SCIAMACHY daténe with that of GOMEL 2002 and OMI 2005. To make this clearer, we

have updated the following text on Lines 2866 from:

G.FraSR 2y GKS RATFSNBYyOS oS isappliedin 2008 and 2004ikthet n np = |
{/L!Yal! /1, &LJ (iBasedontha dfferéndedétwesn200R and 2005, an annual linear

global scaling is applied in 2003 and 2004 for the SCIAMACHY spatidl filds.



10.] AYS HdcY dah@SNI t f herdihsshéaes limited 2herigd id LSEO3ZbdndedrS & (i
Mmpdpc FYR Hnnné ¢KAa OFyy2i 6S &aSSy FTNRY CAId c
on the next line. Together with that, it would seem appropriate to also discuss the decrease in
LTCO3 towards thend of the time series, from about 202914 onwards.

CKAA ¢l & F YA&dGLF1S YR a0S06SSYy mopdpc FYR Hanné &K
now been updated.

11. Lines 32€B23: The study of Wespes et al. (2018) comes with some caveatshiiald be
mentioned for proper interpretation. More importantly, this does not straightforwardly allow
O2yOf dzZRAY3 (GKFG Ftf aaddzRASa dzaiy3a Lw LINRBRdAzOG A
while studies using UVis products show significantdreasing trends in the tropics/sub
GNBLAOA®E {88 I t-BE2andBxYIVES YK A2HK fORWA R mikSy 0685 &l
AYLINR@SYSyilaeg 2y ftAYS oogpd

To account for this, we have updated the text on Page 8 LineS339

Gl 26 SOSNE (i K 8s ehall, 2R18) indiates tRBTICID3 has been significantly decreasing
between 2008 and 2017 a.5 to-0.1 DU/yr from IASI (i.e. an IR sounder). Therefore, studies using IR
products tend to show significant negative trends globally, while studies UbB#\gs products show
significant increasing trends in the tropics/sibNE LJA O& ®¢ (i 2

oHowever, the study by Wespes et al., (20ft8jn IASI (an IR soundendicated that TCQdecreased
between 2008 and 2016y -0.5 to-0.1 DU/yr Gaudelet al., (2018) reported similar Tet@ndencies

using two IASI products (IASDRLI and IASOFRID). Howevdopynard et al., (2018) and Wespes et al.,
(2018) report a stejghange in 2010 in the IABORLbzone data which could influence observed leng
term trends. Thereforestudies using IR productésvailable to TOARand Wespes (2018) are no longer
considered reliablg ®

Technical corrections:

Lines 2930: Providing a maximum does not say anything about the retrievals in generadtatbiment
is too optimistic.

2SS LRAY(HD GKS NBGASESNI (2 2dzNJ NBalLkRyaS (2 wSOASHSN]
Lines 4041: Add whether this conclusion agrees with or contrasts common literature?

This is slightly more problematic to address gitleat we are thefirst study to look at LTGGpecifically

and itstemporal evolution using a harmonised product. In SectioDiScussion and Conclusions

discuss the trends in tropical T€ahd state the similarity in our LT€&nhd suggest they are likely linked

(i.e.trends in LTCgare substantially contributing to the Tetends). Therefore, orLines 4041, we

KIFI®S dzLJRF SR a¢KSNBF2NBzZ ¢S 02y Of dzRS GKIG GKSNB K
tropical LTCO3 during the sateligeNJ @ ¢ ThérefolieKwecdnclude that there has been a substantial

increase in tropical/suttropical LTCgduring the satelliteera, which is consistent with tropospheric

column ozone (TCGPrecordsfrom overlapping timeperiods (e.g20052016)¢ &

[AYS ptY a2ySé G2 a2y 2ySé



This has been updated.

[ AYS cnY NBY2@S aiKIFIi GKSNB A&t
This has been removed.

[AYS T1nY Gaz2 YAIKG GKS LINROSa
extend/rephrase.

2 S KI @S NBALIKINKG S SARY &0 NHzY Sy 1aQ GSNIAOFET aSyaAridadiridais
variability in retrieved Tgand so trends may also differ between produéts. 6 A @K G & S A y & (i NHzY Sy
vertical sensitivitiegliffer, they are likely tde influenced differently bprocesses controlling EO

temporal variabilityin different layers of the tropospherée.g. lower troposphere influencedore by

precursor emissions vs. the upper troposphere subjecte to influence fromstratospherie

tropospheric exchange). Therefore, the differing vertical sensitivities, and thus thindOare
retrieving, could be driving the inconsistencies in reported 3t@&Dds between products.

[AYS TyY NBLKNIaAS aLINBaSyida INB NBadzZ daté

WeKl @S NBG2NRSR LYy 2dzNJ YIFydzZzaONARLIIE aSOiA2y W RAAC
LINBaSyida FNB NBadzZ Ga FyR 2dz2NJ O2y Ot dzalkhauy ak RAaOdzaai
manuscript,Section 2 discusses the satellite/ozonesonde datasised Section 3 presents are results,

while Section 4 summasies ourconclusions and discussion poigtsp

[AYS doHY NBY2@S a2l 2yS¢

§a O2yG(NRBEtAYI O NRA

Q)¢

This has been removed.
Line 112: The IAFIORLI products are not in Table 1.

2§ KI @S padiis 6f iW&RAL and IASDRLI product listed Fable £ with éproductsfrom
RAL listed iTablele &

[AYS mMTcY NBLKNIA&S aiAa NBYlIAyaé

Il S RSt SGSR (GKS daAra¢o

[AYS HAaTY NIYGKSNI aO2NNBOGSR F2NE GKFYy G2t SNI G§SR¢
We prefer our terminology in thigstance.

Figure 4: Mention latitude ranges for different drift results in caption.

hy nd¢H ¢S Khe @tBudd bRidsSaRe 980°S, 30°S0°N and 3®0°Né ®

Figure 5: Is there a reason for not mentioning SCIAMACHY in the caption BX0B2005 period?

OnlLine51® S K I @ SThe ReRgBdrecord also includes globally scaled b @&® from
SCIAMACHY for 2003 and 2804

[AYS HymMY G&AYAL L NE

This has been corrected.



[AYS HYyTY Gt ANR@GIYy2 Si¢

This has been corrected.

[AYS HydY SNISLIKNISA § Xd& ¢ K

hyS [AYS Hyd KA A&There are sm&l Slystersl &ildsritidabomaliase d &
Owen Cooper’s Comment s:

1. DA aOdzaaA2y 2F GNByRayY ¢KS SELINBaarzy aadl dAadacl
manuscript, however this expression is now recognized as being problematic and it should be
abandoned and replaced by the more useful method of reportingeatids (with uncertainty,

e.g. 95% confidence intervals) and allgdues, followed by a discussion of the trends and the
F dzi K2NR& 2LIAYA2Y NBIFNRAYI GKSANI O2yFARSYOS Ay
influential paper by Wasserstein et §2019), published in the journal, The American
Statistician, that has already been cited over 1400 times (according to Web of Science). This
advice was adopted by the first phase of TOAR (Tarasick et al., 2019) and will also be used by
TOARI. Some otherecent papers on ozone trends that have taken this advice are: Chang et al.,
2020; Cooper et al., 2020; Gaudel et al., 2020; Chang et al., 2022; Wang et al., 2022. Because
these papers report all trend values, uncertainties, and aflies, and also sicuss the trend
results, there is no confusion regarding the findings, and one does not even notice that the term
GadlrdAadAOlrtte aAaayarTaol ydlstatst@al ghidefinedpioBdes | G | f f
calibrated language for describing t@sand uncertainty, similar to the approach of IPCC.
In line with the collective comments from Owen Cooper, we have added a new Table (see Owen
/ 22 LISNDRa O02YYSyd | uatredddin BKigtimde b bdtwegh S8BIN \fitd / h
the corresponding walues and 95% confidence intervals. Howewer,view continues to be thahe 5
year anomaly maps provide an importansualaspect to thekey result from thigaper. It provides
clearview ofthe spatial changes in LT&@er the merged instrument record. The polygoutline
NBEIA2ya |fa2 LINPOARS dzZaSTdzZ AyF2NNIGA2Yy 2y GKSNB
climatological median value andy&ar median value (i.e. wherbe pvalue is <0.05). Therefore, we
retainthe58 ST NJ YIF LI FylfeaAxa odzi Ay fAYyS 6AGK hgSy [ 22LJ
GadlriraidAOrtte aAxayAFAOLYyGE NBLAEFOAY3I Al 6AGK Iy

2. Below is a figure from Chapter 2 8\C AR6 Wi Gulev et al., 2021) summarizing observed
global ozone trends. TOARwill produce a similar figure from all recent ozone trend studies
published in the TOAR Community Special Issue (as well as from studies not in the special
issue). Trensd from all new satellite studies can be added to the Highid panel, but the trends
must be reported in units of ppbv/decade, withvalues and 95% confidence intervals. Your
study currently reports ozone changes in Dobson units from eyeds period tathe next.

Could you report these values as trends in units of ppbv/decade? You can choose whichever
latitude bands you like when reporting the zonal trends, but useful intervals would be 10 or 15
degrees.



As mentioned in our responsetog Sy / 2 2 LISNND dve iageYadtled a new Table and-sub
section in Section 3 to discuss zonal trends in LTi@&e, for the latitudinal trends, we have the values
as DU/decade and ppbv/year withvalues and 95% confidence ranges.

Latitude Band LTC®@Trend LTC@Trend p-values
(DUdecade) (95% (ppbv/decade) (95%
Confidence Interval))  Confidence Interval)
cnc{ X [ I 4] 4.49(251,6.48) 10.37 (5.79, 14.95) 0.00
npc{ > [l d] 1.85(0.11,3.59) 4.27 (0.26, 8.28) 0.03
onc{ > [ I G] 0.94¢1.05,2.93) 2.17 (2.42, 6.76) 0.35
Mpc{ X [ 289(127 452 6.68 (2.94, 10.43) 0.00
nc X [ FdA{J 3.93(3.134.72) 9.06 (7.23, 10.89) 0.00
Mpchb X [ 4] 4.12(3.25 4.97) 9.50 (7.51, 11.48) 0.00
0 1 ¢ batitue < 45°N| 1.33 ¢0.34, 3.01) 3.08 (0.78, 6.95) 0.11
npchb XX [ G| 049¢1.14, 2.13) 1.14 (2.64, 4.91) 0.55

Table2: LTC@trends DU/decade anghpbv/decade) for latitude bands (15° bins) between 60°S and
60°N. The 95% confidence intervals of the trends are shown in brackets. The {vaheep are also

shown.

We have added the following std®ction(note Figure 7 has been updated Figure 8 with the new DOF
figure).

3.6.Longterm LTC®@Trends

dn line with TOARI, we have added additi@imetrics on the temporal change in LT&®er the
merged instrument record. Here, we have calculated the linear trends indiff @6’ latitude bins
between 60°S50°N along with the 95% confident range and associatedlpes (sed@able 3. In the
tropical latitudes (15°80°N), all the linearends show substantial increasing trends (24892
DU/decade) between 1996 and 2Q&il with pvalues tending to 0.0. This is consistent with the LsTCO
positive differences (3:8.0 DU) between th&9962000and20132017averagegFigure8). In the
northern midlatitudes (3660°N), thee are smalkr positive trends (1.33 and 0.49 DU/decade) but the
95% confidencealuesintersect with 0.0 and have largeralues. Again, this is consistent with the
nearzero differences between the 199800 and 2012017 averages{gure8). In the southern mid
latitudes (3660°S), the trends are substantially positive (1.85 and 4.49 DU/decade) witiz ewexgr-
values. Again, this is consistent with the substantial differences4®.®U) between the 1998000 and
20132017 averages. The 43°S trend is small at 0.94 DU/decade witmaderatep-value of 0.35
indicating this not to be significast ®

3. This paper reports satellite ozone retrievals for the lower troposphere, which is defined as the
surface to 450 hPa. Typically, when one thinks of the lower troposphere, the layer from the
surface to about 700 or 600 hPa comes to mind, for example theB@ME?2 product focuses



on the lower troposphere and spans the layer from the surface to 3 km. The layer from the

surface to 450 hPa also includes the region of the atmosphere that is typically thought of as the
mid-troposphere (608400 hPa). In cold montteat high latitudes the tropopause is often as low

as 300 hPa, in which case the surfd&® hPa layer spans most of the troposphere. To avoid

confusion with other products/definitions, and to highlight that the new RAL product also spans

the midtroposphele, can the product be referred to as lowerid tropospheric? Line 321 The

paper sates that IR satellite instruments tend to report negative ozone trends globally, but |

R2y Qi GKAYy]l GKFG adzOK | 3ISYSNItATFdGAZ2Yy OFy 06S

Overall, we are inclined to retathe definition of LTCg&¥or our analysis. Figure 3 from the originally
submitted manuscript clearly shows spatial signals of ozone originating from the surface/boundary
layer. The AKs in Figure 1 from the originally submitted manuscript also show peéivigrin

lower troposphere (i.e. below 700 hPaherefore, the retrieved ozone signal in this szsddumn
emanates fronthe lower troposphere and thus we retain the current definition.

Ly NBaLRyaS Tk papd@tesiityRealitéinsttuments tend to report negative
21 2yS GNBYR&a 3Jft2o6lftfex odzi L R2y Qi (KAedthis Kl G ad
Ay NBalLlRyasS (2 wSOASESNI I HQEA O2YYSYyd | mmo
4. Gaudel et al (2018) compared two IASI ozone products and the tReidy” QG | £ g @& | ANS
shown in Figure 23, In the northern tropics H&SIRLI shows a weak positive trend ®3SFRID
is negative), while at northern mildtitudes IASSOFRID shows no trend but HSIRLI is
strongly negative. After the publication ohGdel at al. (2018), Boynard et al. (2018) reported a
negative drift in the IASA instrument. If this drift is taken into account in updated IASI trends
then the negative trends may not be so strong.

Weaddresedi KA a Ay NBaLRyasS (i#11.wSOASSHSNI I HQa O2YYSyl

5. Ziemke et al. (2019) found a positive drift in the OMI/MLS product and added a correction to
their final product to account for the drift. The submitted paper reports drift values for all
products but only found the GOMEEdrift to be of concern and rejéad that particular dataset.
The drift for OMI was reported as 0.22 DU/yr in the tropics, but deemed insignificant. But still,
after 15 years the drift would add up to 3.3 DU, which is more tha@(% of the tropical
tropospheric ozone column. Was a cartien applied to account for drift?

Analysidrom the RAL Space team©MI dat produced using their retrievacheme over mextended
period indicates thabias ininput UVreflectance data occumpainlyin yearsmore recent tharthose
used inour analis(i.e. after 2017)Therefore, we areonfident in the approach we have usedaweoid
possible effects of OMI instrument degradatidrne datdfiltering stated in Section 2.dims toremove
retrieved LTCé&valuesthat arenot suitable for usén scientific analysis (i.e. not of sufficient quality).
Pixels/rows substantidy influenced by theso-calledOMI row anomaly drop out as the record
progresses and thus thecrosstrack samplinglrops This can be seen froffigure R1which shows the
number of LTC&retrievalsfor each OMI row (note there are 60 OMI rows but to improve the signal
noiseratio in theRALOMI fv214 product, pairs of rows wecembinedwhen retrieving LTCG{pper year
in several latitude bands. Here,@mumber of retrievals per year is >500,000 at the start of the time



series (e.g. round 2068009) and then decreases to approximately >250,000 retrievals per year at the
end (e.g. 2012017) for some latitude bands/pixels. White regions show where trermiL TC{lata

for that OMI row for that year e.g. all data for row 29 drops off after 2009. However, there &lstifje
proportion of data per year per latitude band (i.e. several million) meaning that there is sufficient data

for our study.
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Figure R1Frequency distribution of OMI fv214 LT:C@rievals in each OMI rosime bin for the
latitude bands: 3660°S, E830°S, B0°N and 3@0°N.

Secondlythe satelliteozonesonde bias trend in the tropics (0.22 DWigure 4 had a pvalue of
0.0103 Here, the biases are typicaHly.0 to-3.0 DUin 20052007, tend to near zero in 2012012 and
decrease again te2.0 to-1.0 DU in 2012017. Therefore, there is a ndimear pattern in the bias and
yes the linear trend is positive, but robustness of the value is limited by the bias variabilitg @WI
record. Therefore, if the OMI row anomaly, as expected, wgidttl a deterioration in the OMI LT€O
with time, there would be a linear bigwopagating in timewhich is not observed. Secondly, when the
merged data set is derived, the GOMIBiascorrected and OMI timeseries between 2005 and 2010 are
averaged together as shavby the black line in Figure 5. Therefore, this is likely to outweigh an
underlying trend in the OMI data due to the row anomatys also worth pointing out that the GME1
biases with the ozonesondes (i.e. 192@00) in the tropics are neaero while the OMI biases between
2013 and 2017 are slightly negative. Therefore, based on the satsiiitde biases between the start
and end of the record, the merged LT{3Bould have a negative bias trend which is likely slightly
buffering the reported positive differences in Figure 7 in the tropics.

As a result of the number of retrievals still used in the OMI record through time and the caveats with the
OMltozonesonde tropial bias trend 0f0.22 DU/year, we are confident we have accounted dor

mitigated againstany influence the OMI row anomaly has on the temporal changes reported in this
study. However, to make this clear to the reader we have adieBage 3 Line 99:

aThese filters also remove OMI pixels influenced by the OMI row anofalyes et al., 2018%o0 there
isreducd OMI data coveragever the record However, we find this has minimal impact ourresults
with substantial proportions of data (e.millions of retrievalgper yearat the start and end of the OMI
record)availablefor analysis in our stud§. ®

New reference:

Torres, O., Bhartia, P.K., Jethva, H. and Ahn, C. 2018. Impact of the ozone monitoring instrument row
anomaly on the longerm record of aerosol product®tmospheric Measurement Techniqugs, 270k
2715, doi:10.5194/amt11-2701-2018.

Minor Comments:
l0AGNI OO [AYBX6poAUZKRE 8204 RIO0SGHHISNI & a1 26 SOSNE
We have changed this accordingly.

Line 44 Here and throughout, references to IPCC AR5 should be updated with References to IPCC ARG.

For this work, the relevant chapters of IPCC ARGI\A/@ Chapters 2 (Gulev et al., 2021), 6 (Szopa et al.,

2021) and 7 (Forster et al., 2021). Forexampl& S f F 6 Sad Lt/ / SadAYlIiS 2F 21
forcing (ERF) is +0.47 [0.24 to 0.70] V2117562019, tropospheric + stratospheric ozone) (Forster et

al., 2021).

We have updated the reference for the IPCC ozone radiative forcing range accoodifglge 2 Line
49-50.



