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Response to Referee #1.

We are grateful to the referee for her/his caredalding of the manuscript and for her/his commants
suggestions. Responses to individual commenththet been quoted [...] are given here below.

Major comments

[The authors have performed a careful statistiaadlgsis of a particular dataset. However, the mamips
does not discuss potential issues associated hatldataset that was used. The authors cite a nuotber
papers that deal with characterization and validatiof the IASI-FORLI dataset, but do not discugsatn
the potential issues with the dataset that thes@&svwmay have raised. Of particular relevance fas tliork

on trends is the previous work by Boynard et ab1§] (a paper on which all authors in this work wer
involved and cited in this work in the list of pepé¢hat deal with characterization of the IASI-FAQRL
dataset) that has shown that the IASI-FORLI datas®y have its own issues in terms of drifts witketi
Figure 15 in Boynard et al. [2016] shows comparisaf IASI-FORLI with sondes over time. The figure
appears to show a distinct negative drift in th&I&ORLI surface-300 hPa ozone compared to sondes
over the 2008-2015 time period. This is highly valg to the results reported in this work, but v
discussed.]

We thank the referee for pointing that importaiatdee out.

At the time of the initial submission, no drift ihe IASI dataset was reported in previous papergh@r

in Boynard et al., 2016) or in IASI quality assessittreports ever. From the Boynard et al 2016 paiper
was not obvious that IASI-sondes comparison wawistgpa drift between the 2 datasets. It was ob\Wous
not our intent to leave that feature out of theaksion.

From an instrumental point of view there is notdrifthe IASI radiance data. This can easily besssd

as there are currently 2 IASI flying which show sanradiance measurements. IASI is the reference
instrument used in the Global Space-based Intab@ébn System (GSICS). Its instrumental design
(based on the Michelson interferometry which spseattl, hence, attenuates the effect of the degpadat

if any, over the whole spectral range, as opposedJV¥ sounders) prevents any instrumental
degradation/drift and assure a very good radiomaticuracy andtability. The good performance of IASI

is indeed confirmed from the excellent stabilitytive recorded radiances that are monitored daitiieat
EUMETSAT ground segment, and from a series of ssfaévalidation studies which are mentioned in
Section 2 of the manuscript.

However, it is true that two recent validation esipents lead by Arno Keppens/BIRA-IASB and Anne
Boynard/LATMOS that were not available at the tiofie¢he submission but that are now submitted t® thi
QOS special issue (and listed in the referencaeosgctuggest a drift between IASI and the sonda.dat
Actually, the drift has been demonstrated in Boginetral. (this issue) to result from a “jump” iretbhASI

Os time series between the period before and aftpteS@er 2010. The reasons for this jump are still
unclear. It translates to an “artificial” negatigeft of around ~2.8 DU/dec in the N.H. (cfr Boydaet al.,
this issue) and, more particularly, of around ~R2F/dec in the mid-latitudes of the N.H. (based ba t
stations characterized by the better temporal sag)pIThe amplitude of that drift is lower than thiee of
the averaged negative trend derived from the MLEv@N.H. (-5 DU/dec on average in summer; i.e. the
drift cannot fully explain the trends reportedhe {present study). Furthermore, the drift stroniglgreases
(<|1] DU/dec on average) after the jump and becoevesi non-significant for most of the stations
(significantly positive drifts are also found faymse stations) over the periods before or aftejuthm.
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For overcoming the drift issue and avoiding anyeptil overestimation of the amplitude of the nagat
trends derived from the whole IASI dataset, thestamt term used in the MLR model has been sptit int
two components: one covering the period beforgutmg and one after the jump. We show that the tiesul
trends are quite similar to the previous ones.drigular, the band-like pattern of negative treimdthe
N.H. in summer is still clearly observed (i.e. tingpact of the jump was likely compensated by the
adjustments of other covariates in the previousehoehression). The only major difference betweden t
regression results is that significant negativadsethat were detected in the high latitudes ofSh¢ are
now turning non-significant (cfr Figure 1 here helwhich compares the distribution of @ends derived
from the two regression models). These new resudtsncorporated in the paper. The changes tha hav
been made to address the reviewer’s concern inthed®llowing:

e The drift reported in the two companion papersiw alearly mentioned in the revised manuscript:

- In Section 2, L.118-124: “Note, however, that &tdri the N.H. MLT Q over the whole IASI
dataset is reported in Keppens et al. (this isand)Boynard et al. (this issue) from comparison
with Oz sondes. This drift (~2.8 DU/dec in the N.H.) iswh in Boynard et al. (this issue) to result
from a discontinuity (“jump” as called in Boynartas., this issue) in September 2010 in the IASI
Ostime series, for reasons that are unclear at preSerthermore, the drift strongly decreases (<|1]
DU/dec on average) after the jump and it becomes @on-significant for most of the stations
(significant positive drift is also found for soreetions) over the periods before or after the jump
separately.”

- In Section 2, L.137-140: “In order to take accoohthe observed “jump” properly, we modified
the previously used MLR model so that the congtamt is split into two components covering the
periods before and after the September 2010 “jsmparately.”

- In Section 2, L.428-430: “Note that the constamintén the SLR is split into two components
(covering the periods before and after the Septe2®ED “jump”) to take account of the observed
“jump (see Section 2).”

» Thefigures 1 to 8 of the manuscript have thereti@en reprocessed and they depict now the results
derived from the improved regression model (inalgdiwo constant terms to account for the
“jump” in Sep 2010 instead of only one constantntewer the whole 1ASI period).

» Finally, some words of caution have been addelércbonclusion section about a possible impact
of the reported drift on the trend estimates: “Néwaless, it is worth noting that there could be a
possible impact of the sampling (because of thecckmnd quality filters applied) and of the “jump”
in September 2010 that has been identified in A% Hataset (see Section 2), in both MLR and
SLR trends.”

[Also, in considering trends from the IASI-FORLboe dataset, the influence of clouds on samplirgihbu
to at least be mentioned somewhere. If | understzorectly, the IASI-FORLI retrievals are only
performed for relatively clear-sky cases. We mégttect there to be changes in cloudiness over anee,
this could potentially impact trend estimates foermal-IR ozone.]

Actually, changes in cloudiness over time are nepected to directly impact on the trend estim&dedy
the FORLI retrievals with a cloud fraction in theldl-of-view lower than 13%, i.e. only the clearabmost-
clear scenes, are analyzed in this study. The marithreshold of 13% for the cloud cover has beemwsh
in previous studies to be good enough to consiaerlASI pixel as clear for the sQetrievals (i.e. the
atmosphere can be treated as a non-scattering mexithe radiative transfer code; cfr Clerbauxlet a



93

94

95

96

97

98

99
100
101
102
103
104
105
106
107
108
109
110
111
112
113
114
115
116
117
118
119
120
121
122
123
124
125
126
127
128
129
130
131
132
133
134
135
136
137
138
139
140
141
142

2009; Hurtmans et al., 2012). It is now clearly timred in the revised Section 2 (L.104-106) thetdloud
contaminated IASI scenes are filtered out:

“... measurements (defined with a solar zenith ammgle sun < 80°) which are characterized by a good
spectral fit (determined here by quality flags daskbd or sloped residuals, suspect averaging lsgrnel
maximum number of iteration exceeded,...) and whimnespond to clear or almost-clear scenes (a filter
based on a fractional cloud cover below 13% has beelied; cfr Clerbaux et al., 2009; Hurtmanslegt a
2012)...".

Note also that the use of quality flags (e.g. baseldrge residuals ...) that are specified in Seciturther
helps in filtering the cloud contaminated IASI seen

We agree, however, that the use of a cloud fikad(of other quality flags) might influence the gdinyg

of the dataset and, hence, that it might impadhertrend estimates. The effect of the temporaldaride
spatial samplings on the trend biases was alreamhtiomed in Section 4.3. It is also now indicatedhie
conclusion Section (L.570-573):

“Nevertheless, it is worth noting that there colodda possible impact of the sampling (becauseeoflthud
and quality filters applied) and of the “jump” ir@ember 2010 that has been identified in the Hefhset
(see Section 2), in both MLR and SLR trends.”

[There is no substantive discussion of how thedsdrom this analysis of IASI-FORLI data comparthwi
those reported from radiosondes or from other $itsgedlatasets. The authors do have some discugsion
the introduction about difficulties and limitatioassociated with previous trend studies, and satteer
vague, qualitative statements in Section 4.1 ahout the trends determined from this work are caests
with findings in the literature However, there iense implication here, from this paragraph in the
introduction, and from the lack of specific disdaasof results from othestudies in the conclusions, that
the trends reported here from this IASI-FORLI as&yprovide definitive and absolute answers. |tfelt
there ought to be some more discussion of thesdtsen the context of the recent Gaudel et al.grap
associated with the Tropospheric Ozone AssessnepatrR(This paper, for which the authors of thiarkv
were also involved as co-authors, had previousgnbavailable for public comment and is currently in
review for Elementa.) | appreciate that a recoratitn of the differences in the trends from diffeere
satellite datasets reported in the Gaudel et alARDpaper is outside the scope of this manuscrim, la
appreciate that the Gaudel et al. paper used adlimegression approach rather than the more riggou
multivariate approach advocated for in this worlonétheless, | feel strongly that the point thatehere
discrepancies between trends from different dasagetiuded in Gaudel et al. ought to be raised more
prominently in this manuscript.]

We apologize if it is felt from reading the papeattwe were so definitive in our conclusions. We\aell
aware that the accurate trend determination idfeudt task and we wanted to make the point that o
results, in particular the comparison between Mb8 8LR trends in the dedicated Section 4.3 which
clearly highlights large differences in trend esties, open perspectives for better determiningrateu
and realistic trends and for further resolving thend biases between the existing datasets. Some
clarifications have been brought in the last paxplgrof the conclusion Section (L.582-587):

“This study supports overall the importance of ggih) high density and long term homogenized stgell
records, such as those provided by IASI, and (B)ptex models with predictor functions that descthmee
Os-regressors dependencies for a more accurate de&tion of trends in tropospherig©as required by
the scientific community, e.g. in the Intergovermtae Panel on Climate Change (IPCC, 2013) - and for
further resolving trend biases between independigtaisets (Payne et al., 2017; the TOAR report) ...”

We understand the concern of the reviewer consigehe different results/conclusions presented tmere
comparison to those from TOAR. However, as itéadly stated in the manuscript (e.g. in the intabidun,
in the introductory paragraph of Section 4.1 an8edtion 4.3), the lack of homogeneity in termsiroe-
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varying instrumental biases, of measurement periofdspatial and temporal samplings, of boundavifes
the G columns and of vertical sensitivity and resolutminthe measurements (cfr the TOAR-climate
assessment report), combined with differencesémtbthodology used (MLR vs SLR) makes impossible
to “quantitatively” compare our results with thdsem previous/parallel studies. The best we caisdo
“qualitatively” discuss them with respect to theast published findings that, furthermore, mostigus

on changes in £precursor emissions. It is what we have specifickine in Section 4.1.

It is true that direct comparisons between SLRdseabtained from a series of available independent
measurements (among others, IASI) using the sanedpend the same tropopause definition to limgt th
possible sources of discrepancies have been pexibrin the TOAR-climate assessment report.
Nevertheless, large trend biases were reportedeeetvthe different datasets and, more particularly,
between the satellite datasets. The difficultyamparing, because of the lack of homogeneity beilee
existing datasets and between the methodologiedréhds from our analysis with those reportechin t
TOAR-climate assessment report, as required byreferee, is now better underlined in the revised
manuscript, especially in the introductory Secdod (L.416-426):

“Substantial effort in homogenizing independentpospheric @ column (TOCs) datasets have been
performed in the TOAR-climate assessment reporuf@ket al., submitted to Elementa), but large SLR
trend biases remain between the TOAR datasetsriicplar, between the satellite datasets. The ddick
homogeneity in terms of tropopause calculation éaropopause definition but different temperature
profiles are used), of instrument vertical sengiég and of spatial sampling has been specifiqadiynted

as possible causes for the trend divergence.

Reconciling trend biases between the datasetdxfeapplying the vertical sensitivity of each measuent
type to a common platform, as proposed in the T@HARate assessment report) is beyond the scope of
this study, but the improvement in using a MLR éast of a SLR model for determining more
accurate/realistic trends is explored here ...”

Understanding/reconciling the trend biases is atillopen question which deserves further invesigat
That huge piece of work could be attempted if thewwe TOAR-2 project.

[The authors raise some interesting speculativeggoiibout attribution of trends in tropospheric nep
but since no rigorous attempts at attribution werade in this work, some care is needed with thguage
associated with these statements. Specific exarapgsovided in the minor comments below.]

As required by the referee, we have now taken twaasoid making too strong statements in the sestio
specified in the minor comments below (see the maoanments below related to this comment for the
changes made in the revised version).

Please, note that, by presenting our results int laf recent reported studies and by exploiting the
simultaneous @and CO measurements from IASI, we have investijai® much as possible, the potential
of IASI to derive trends and to help in understagdhe origins of the air masses. The only way twem
rigorously attempt to attribute trends would beuse a chemistry-transport model which would allow t
trace back the sources of the transported air masse use of a CTM is beyond the scope of thigipap
and could be interestingly explored in a futurelgtu

[The discussion of attribution of trends (Sectignsdlargely limited to changes in emissions. Whthis?
What about long-term variations in stratosphereptipshere exchange and the influence on tropospheric
ozone? | see that Section 4.1 mentions interanvarébility in stratosphere-troposphere exchangdhia
discussion of trends in IASI-FORLI troposphericraz the SH tropical region, but I did not undersd
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why this was not mentioned in the context of otbgions. Presumably this could also be an important
factor in mid-latitudes? (e.g. as per Verstraetéale 2015)?]

The influence of the stratosphere-troposphere gsmse on the tropospheric @ends is specifically
discussed in Section 4.1 (for the S.H. tropicaloe@nd the mid-high latitudes of the S.H.) an&attion
4.4 where one of the objectives is specificallyh@p in discriminating the tropospheric from the
stratospheric air masses at a global scale by sgimgitaneous @and CO measurements from IASI. The
contamination from the stratosphere was indeed showbe largest in the mid-high latitudes of both
hemispheres (see figure 9 of the manuscript). Weeathat the air masses identified, with th#COQ
correlation analysis, as mainly originating frone thoposphere may also reflect some minor stragygph
contributions and, hence, that the associateddremght be to some extent influenced by the vartgln

the stratosphere-troposphere exchanges. This mtftués now specifically mentioned in the paragraph
related to the trends calculated in the N.H. inrévdsed Section 4.1 and some values quantifyirg th
influence of the stratosphere into the IASI MLT wohs (taken from the supplementary materials in
Wespes et al., 2016, which estimates, with a g6, the stratospheric portion into the troposphéx
columns from IASI) have been added in Sectionsaad 4.4:

- Section 4.1, L.316-318: “We should also note,tkaen if these latitudes are characterized byavest
stratospheric contribution (~30-45%; see suppleargmaterials in Wespes et al., 2016), it mightlpar
mask/attenuate the trends in the troposphefieels.”

- Section 4.4, L.488-492 : ‘...the negative correlas for the high latitude regions might also reflgic
masses originating from/characterizing the strdiespdue to natural intrusion or to artificial nmgiwith
the troposphere introduced by the limited vertgdsitivity of IASI in the highest latitudes (strgpheric
contribution varying between ~40% and 65%; see lsuppntary materials in Wespes et al., 2016).”

The study of Verstraeten et al. (2015) has alsa beded in the reference list and referred toerdvised
Section 4.1 (L.271-275):

“... the tropospheric @increases which have been shown to mainly resarth 2 strong positive trend in
the Asian emissions over the past decades (e.@. &hal., 2013; Cooper et al., 2014; Zhang e8ll6;
Cohen et al., 2017; Tarasick et al., 2017; andeefzes therein) but also from a substantial chamgjee
stratospheric contribution (Verstraeten et al.,5Q1”

Minor comments

[In general, the paper would benefit from editing &n English language service. There are small
eccentricities in grammar throughout the paper. yfiaee so numerous that | have not attempted to list
issues of grammar in the minor corrections belowwdver,in most cases, these are not an impediment to
understanding.]

We have carefully proofread the paper in orderdaokt down those grammatical eccentricities. We have
found and corrected several of these errors iméhised version. In addition, an English languageise

will be provided by ACP during the proofreading padefore the final submission of the manuscripts t

correct any grammar mistakes/incorrect word uskfes the revised manuscript.

[The authors have chosen to describe the quantiipterest (tropospheric column from ground to 300
hPa) as tropospheric ozone columns (TOCSs) in tloikwn the previous Wespes et al. [2016] companion
paper, the authors had referred to this ground-3@@igyuantity as middle-low troposphere (MLT) ozone.
The Gaudel et al. TOAR-Climate paper states thatl&#81-FORLI TCO used in that study relies on the
WMO definition of the daily tropopause height.dems confusing to refer to the ground-300 hPa alue
as TOCs.]

We thank the referee for highlighting that issud a® agree that it might be confusing. For consiste
with those previous papers, we have substitutedCTor “MLT” through the revised manuscript.

5



241

242 [Abstract, line 23-24: “This finding supports theported decrease of O3 precursor emissions in tecen
243 years”. It would be more appropriate to say that finding “is consistent with”, rather than “suppts”.]

244 It has been changed in the revised version.

245

246  [Line 76-77: What is menat by “trend characteristie Consider an alternative choice of wording?]

247  “Trend characteristics” meant both the sign andamplitude of a trend. It has been replaced byntire
248  parameters” in the revised version.

249

250 [Lines 103-104: “These profiles are characterizgdabgood vertical sensitivity to the troposphere éme

251  stratosphere”. | am not sure exactly what the atshoean here. Please consider an alternative chaice
252 wording.]

253  This sentence has been corrected: “These profikeslaaracterized by a good vertical sensitivitytig

254  troposphere and the stratosphere”.

255

256  [Figure 2: What is the difference between gray araad crosses in Figure 2? This is not clear fratimes

257  the manuscript text or the figure caption. Als@ thosses in Figure 2 are almost impossible to $ke.
258  crosses are also tough to see in Figure 5, butaabi more visible in that figure, possibly becao$¢he

259 lighter colour scale. Please find a way to makedtmsses more visible.]

260 As in Wespes et al. (2016), the grey areas indittetethe covariate (here the linear trend terntads
261  retained by the stepwise backward elimination mede the grid cell, while the crosses indicate tha

262  regression coefficient of the covariate (which éamed by the elimination process) is turning non-
263 significant in the 95% confidence limits when aaating for the autocorrelation in the noise resicatadhe

264  end of the elimination procedure (cfr Section 3,714-177 of the manuscript). The meaning of the grey
265  areas is now given in the revised manuscript (8e@j L.185-186):

266  “The grey areas in the LT panels refer to the Linerejected by the stepwise backward elimination
267  process”.

268

269  The size of the black crosses in the Fig.2 andifited by the resolution of the grid cells (218t x 2.5°

270  lon). The resolution of the figures has been imptbin the revised version to make the crosses more
271  visible.

272

273  [Lines 216-224: This is difficult to follow, poskitbecause the authors are trying to make a general
274  statement that covers all eventualities. | wassuwé what the main point of this paragraph showdd b

275  Lines 216-224 refer to the titles of Sections 4 dridand the description of Figure 5 (annual ardceal
276  distributions of the MLR trends). We think that theferee refers to the next lines (L.224-235). For
277  clarifying the main point of that paragraph, thatsace has been rewritten (L.247-248 of the revised
278  manuscript):

279

280 “... As a result, comparing/reconciling the adjusteghds with independent measurements, even on a
281  qualitative basis, remains difficult. ...”

282

283  [Lines 246-251: | think the wording of this staterhis too strong, given the scope of this studyas also

284  surprised that this section does not mention sspalere-troposphere exchange.]

285  We are not sure how to interpret this comment awmsig that Lines 246-251 of the original manudcrip

286  refer to:

287

288  “The large Q enhancement of ~0.33£0.23 DU/yr (i.e. 3.1+2.2 Didrahe whole IASI period) stretching

289  from southern Africa to Australia over the norttseaf Madagascar during the austral winter-sprikejy

290 originates from large 1AV in the subtropical jetated stratosphere—troposphere exchanges which have
6
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been found to primarily contribute to the troposih®s trends over that region (Liu et al., 2016; 2017).
Nevertheless, this finding should be mitigated txy fact that the trend value in the S.H. tropicsfithe
same magnitude as tRMSEof the regression residuals (~2-4.5 DU; see Fig.1).

The impact of the stratosphere-troposphere exchiarggre clearly mentioned in line with what wasrfd
in previous studies, and our results have beentedsbed carefully by considering the amplitudetef
RMSEof the regression residuals.

Note that, as required by the referee in his/h&ri@ajor comment, the influence of the variabiiiiythe
stratosphere-troposphere exchanges on the MLT drbad been specifically mentioned in the revised
paragraphs related to the trends derived in the Birid over the South-East Asia in Section 4.1. {lsee
related changes made in the revised version ineg@onse to the last major comment above).

[Lines 272-281.: | found the idea that the annuallaammer trends for 2008-2016 are “amplified” relegt

to the trends for 2008-2013 hard to reconcile witie language about “leveling off”. Can the authors
please revise this paragraph for clarity?]

What we meant is that the amplitude of the negdtimed calculated from IASI is larger over 2008-201
than over 2008-2013, which supports the recentnagsan of a levelling off of troposphericsGnd,
further, suggests a possible decrease in the jpbeos Q levels.

The sentence has been rewritten for clarity (L.303):

“This finding is in line with previous studies whigoint out a possible leveling off of tropospheBicin
summer due to the decline of anthropogenigpf@cursor emissions observed since 2010-2011 ithNo
America, in Western Europe and also in some regidrishina (e.g. Cooper et al., 2010; 2012; Logan et
al., 2012; Parrish et al., 2012; Oltmans et alL®&imon et al., 2015; Archibald et al., 2017; &gki et

al., 2017). It even goes a step further by sugggstipossible decrease in the troposphesie@Is”.

[Line 433 (and also line 523): | do not think it k&g sense to talk about “air masses” in the contéxt
seasonal means. Consider changing “air masses”dotflow regions”?]

We thank the referee for that suggestion. “Air reasshave been changed to “outflow regions” and
“patterns”.

[Lines 471-482: | found this paragraph difficult follow. China is not the only place where ozone
precursor emissions have been decreasing in reaans. Perhaps it would be better just to say that
pollution outflow from Eastern Asia shows a strangesitive O3-CO relationship than the outflow from
either the Eastern US or Europe and leave it atZzhdoes not seem that there is enough informdtiere

to make definitive statements about attribution.]

Actually the Q-CO covariance (COd.co that is discussed and analyzed in that paragpaphides
additional information to Bs.co and dQ/dCO (that are discussed in the paragraphs abovihen
manuscript). It describes the joint variability @ and CO, and clearly allows to identify North-Eaét
India and East of China in summer as the regiotisarN.H. characterized by the largest@D variability
and, hence, by the most intense pollution episdofesomparison with Eastern US and Europe). For
avoiding possible misunderstandings, some clatifioa have been made in the revised version (L.524-
531):

“... To conclude, the particularly strong positive-OO relationship in terms of &3co, dOs/dCO and
COVos.co measured over and downwind North-East India/E&ashaCin summer in comparison with the
ones measured downwind East US and over Europeatedihat South-East Asia experiences the most
intense pollution episodes of the N.H. with theyést Q-CO variability (CO\bz.co> 40x1F° moP.cm?)

and the largest £enhancementdQs/dCO > 0.5) over the last decade. The stropgCO relationship in

7



340 that region is associated with the significant éase that is detected in the I1AS Ievels downwind East
341  of Asia (see Section 4.1)..."

Regression model including only 1 constant term

(over the whole IAS| period)

342

Regression model including 2 constant terms (before and after Sept 2010)
< e == oo T

[DU/yr]
-0.8 06 -0.4 -0.2 0 0.2 04 0.6 0.8
343

344  Fig.l: Comparison between the seasonal distributions of the adjusted trends (in DU/yr) obtained
345 from the MLR modéd including one constant term (over the whole IASI period) vs those obtained
346  fromthe MLR model including two constant terms (one before and one after Sept 2010).

347
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Response to Referee #2:

We thank the referee for her/his comments. Resgawesadividual comments that have been quoted [...]
are given here below.

[There are major differences between IASI trendgh(for this submitted paper and in the TOAR) and
trends measured from other independent sourcampbspheric ozone. The reported negative trends (in
both NH and SH) for IASI tropospheric column ozdoenot appear to be reproduced by other key data
sources of tropospheric ozone. This paper doesarapare IASI trends with several key studies amdse
and also does not compare IASI trends directly thidse derived from other independent data. Theeatir
paper will require major analysis/changes by theéhaus — they should compare more extensively with
other studies on tropospheric ozone trends and reit® differences. In addition the authors should
compare with either ECC sondes or aircraft measuwm@® (or even both) to evaluate the trends from.IAS
As a note, just like the ECC sondes, aircraft daien MOZAIC+IAGOS for 1994-recent are public domain
and can be compared on a region-by-region basik ISl trends. A recent paper by Petetin et al1@0
examined the long record of MOZAIC+IAGOS aircrafippospheric ozone for 1994-2012 and did not
measure negative trends in any season as repomtee for I1ASI. Here is a paper that describes the
MOZAIC and IAGOS ozone instruments and showslleatio time series can be joined for trend studies:
Instrumentation on commercial aircraft for monitogi the atmospheric composition on a global scéde: t
IAGOS system, technical overview of ozone and cammnoxide measurements Philippe Nédélec, Romain
Blot, Damien Boulanger, Gilles Athier, Jean-Marc s, Benoit Gautron, Andreas Petzold, Andreas
Volz-Thomas & Valérie Thouret Tellus B: Chemical &hysical Meteorology Vol. 68, Iss. s1,2016. Near
daily MOZAIC/IAGOS ozone profiles are available eb&rankfurt since 1994. These profiles extend from
the surface to 12 km and cover the full depth efttbposphere at the latitude of Frankfurt.

There is no drift in the observations as theserimsents are routinely calibrated. In terms of dgtality

and sampling frequency, Frankfurt is the world’st@ata record of tropospheric ozone profiles and i
ideal for evaluating monthly satellite troposphedzone products. The MOZAIC/IAGOS data are open
access. Monthly mean profiles on pressure surfaaase easily provided by Herve Petetin. He caa als
limit the analysis to the portions of profiles maeesl below the tropopause. Papers by Hervé Petetin:
Herve.Petetin@aero.obs-mip.fr, Laboratoire d’Aégily Université de Toulouse, CNRS, UPS, France.
The following paper shows no tropospheric ozonedra Frankfurt for 1994-2012 in any season, except
for winter where ozone has actually increased. TOAR-Climate provides an update with data through
2013 and gets similar results. Petetin, H., V. TequA. Fontaine, B. Sauvage, G. Athier, R. Blat, D
Boulanger, J.-M. Cousin, and P. Nédélec (2016), r@ttrizing tropospheric ozone and CO around
Frankfurt between 1994-2012 based on MOZAIC-IAGID$adt measurements, Atmos. Chem. Phys., 16,
15147-15163, doi:10.5194/acp-16-15147-2016. hthpsav.atmos-chem-phys.net/16/15147/2016/

The following paper demonstrates that many profilesavailable at Frankfurt during the morning, arcd

the time of the IASI overpass:

Petetin, H., et al. (2016), Diurnal cycle of ozaheoughout the troposphere over Frankfurt as meedur
by MOZAIC-IAGOS commercial aircraft, Elem. Sci. Ant  4:129, DOIl:
http://doi.org/10.12952/journal.elementa.000129/.]

We thank the referee for his/her comments and stiggeabout reconciling the trend divergence as
recorded from independent datasets, but, at the same, we feel that this is well strongly beyomhe t
scope of the present paper. Also the discussidheuapper tropospherics@alls outside of the manuscript
which focuses, on purpose, on the middle-low trppesic Q column from IASI. We would like to draw
the attention of the referee to the following:

* As co-authors of that TOAR-Climate paper lead byGaudel and O. Cooper, we are of course
aware of the trend divergence between the TOARsd&awhich is for now an open question and

9



397
398
399
400
401
402
403
404
405
406
407
408
409
410
411
412
413
414
415
416
417
418
419
420
421
422
423
424
425
426
427
428
429
430
431
432
433
434
435
436
437
438
439
440
441
442

which deserves further investigation (that huge@ief work will be attempted if there is a TOAR-

2 project). We hope that the reviewer will appregithat such a multi-instrument analysis is
completely beyond the scope of this paper. In tiesgnt study, we use the dataset from a single
instrument (IASI) and we intend to go further irethnalysis of the ozone time series and,
specifically, we seek to derive significant trernilsropospheric @by applying to the IASI data
record a full multilinear regression (MLR) modelinstead of the straightforward but over-
simplistic least-squares single linear regress&irR) method used in the TOAR-climate. In fact
the shortcomings from the SLR over the MLR are Hjpedly discussed in the dedicated section
4.3 of the present manuscript, which demonstrdtesnterest of the MLR for better determining
accurate/realistic trends and for further resolvirgnd biases between independent datasets (see
also the conclusion section).

We also would like to recall here that the TOARy@te assessment report has identified as
possible causes for the trend bias in TOCs therdiffces in the tropopause calculation (same
tropopause definition but different temperaturefifge are used) and in the instrument vertical
sensitivities and sampling. This is described ie TOAR-climate report at the end of the
Tropospheric Ozone Burden Section 5.7 (Ozone testignation): “... This can be taken into
account by sampling and applying the AKs of eaclasueement type to a common model
simulation with a known trend in tropospheric coluozone to find the resulting trend bias, if any.
These validation and model sampling exercises lvdlithe focus of future intercomparisons of
remotely sensed tropospheric column ozone dataupted This is an important but huge piece of
work which will be attempted in the follow-on TOAROoject.

The difficulty in comparing, because of the lackhomogeneity between the existing datasets and
between the methodologies, the trends from oulyaisalvith those reported in the TOAR-climate
assessment report, as required by the refereemisoetter underlined in the revised manuscript,
especially in the introductory Section 4.3 (L.4136%

“... Substantial effort in homogenizing independeapbspheric @column (TOCs) datasets have
been performed in the TOAR-climate assessmenttréBaudel et al., submitted to Elementa), but
large SLR trend biases remain between the TOARsdttain particular, between the satellite
datasets. The lack of homogeneity in terms of fpapise calculation (same tropopause definition
but different temperature profiles are used), aftriiment vertical sensitivities and of spatial
sampling has been specifically pointed as poss#ulses for the trend divergence.

Reconciling trend biases between the datasets lfg.gpplying the vertical sensitivity of each
measurement type to a common platform, as proposte® TOAR-climate assessment report) is
beyond the scope of this study, but the improvernrensing a MLR instead of a SLR model for
determining more accurate/realistic trends is erggldnere ...”

A last point that we would like to highlight heiethat, from an instrumental point of view, there
is no drift in the IASI radiance data. This canilgdse assessed as there are currently 2 IASIdlyin

which show similar radiance measurements. IAShésreference instrument used in the Global
Space-based Inter-Calibration System (GSICS)nkgumental design (based on the Michelson
interferometry which spreads and, hence, attendhgesffect of the degradation, if any, over the
whole spectral range, as opposed to UV soundegskpts any instrumental degradation/drift and
assure a very good radiometric accuracy stadbility. The good performance of IASI is indeed

confirmed from the excellent stability in the reded radiances that are monitored daily at the
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EUMETSAT ground segment, and from a series of ssfoé validation studies which are
mentioned in Section 2 of the manuscript.

However, it is true that two recent validation esipeents lead by Arno Keppens/BIRA-IASB and
Anne Boynard/LATMOS that were not available at time of the submission but that are now
submitted to this QOS special issue (and listethénreference section) suggest a drift between
IASI and the sonde data. Actually, the drift hasrbdemonstrated in Boynard et al. (this issue) to
result from a “jump” in the IASI @time series between the period before and aftpteGeer
2010. The reasons for this jump are still uncléairanslates to an “artificial” negative drift of
around ~2.8 DU/dec in the N.H. (cfr Boynard et #ilis issue) and, more particularly, of around
~2.7 DU/dec in the mid-latitudes of the N.H. (basedthe stations characterized by the better
temporal sampling). The amplitude of that driftoiaer than the one of the averaged negative trend
derived from the MLR in the N.H. (=5 DU/dec on aage in summer; i.e. the drift cannot fully
explain the trends reported in the present stuelyjthermore, the drift strongly decreases (<|1]
DU/dec on average) after the jump and becomes rwarsignificant for most of the stations
(significantly positive drifts are also found fasrae stations) over the periods before or after the
jump.

For overcoming the drift issue and avoiding anyeptill overestimation of the amplitude of the
negative trends derived from the whole IASI databet constant term used in the MLR model has
been split into two components: one covering th@pebefore the jump and one after the jump.
We show that the resulting trends are quite sinbildhe previous ones. In particular, the band-like
pattern of negative trends in the N.H. in summetilsclearly observed (i.e. the impact of the jum
was likely compensated by the adjustments of atbeariates in the previous model regression).
The only major difference between the regressisulte is that significant negative trends that
were detected in the high latitudes of the S.H.ran turning non-significant (cfr Figure 1 here
below which compares the distribution oft@ends derived from the two regression models@séh
new results are incorporated in the paper. The ggmrthat have been made to address the
reviewer’s concern include the following:

1. The drift reported in the two companion papers asvrtlearly mentioned in the revised
manuscript:
In Section 2, L.118-124: “Note, however, that &tdrn the N.H. MLT & over the whole IASI
dataset is reported in Keppens et al. (this isand)Boynard et al. (this issue) from comparison
with Oz sondes. This drift (~2.8 DU/dec in the N.H.) iswh in Boynard et al. (this issue) to result
from a discontinuity (“jump” as called in Boynartia., this issue) in September 2010 in the IASI
Os time series, for reasons that are unclear at preSerthermore, the drift strongly decreases (<|1|
DU/dec on average) after the jump and it becomes @on-significant for most of the stations
(significant positive drift is also found for soragtions) over the periods before or after the jump
separately.”
In Section 2, L.137-140: “In order to take accoofthe observed “jump” properly, we modified
the previously used MLR model so that the congtamt is split into two components covering the
periods before and after the September 2010 “js@jparately.”
In Section 2, L.428-430: “Note that the constamintén the SLR is split into two components
(covering the periods before and after the Septe2®mE) “jump”) to take account of the observed
“jump.”
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2. The figures 1 to 8 of the manuscript have therelimen reprocessed and they depict now the
results derived from the improved regression méideluding two constant terms to account
for the “jump” in Sep 2010 instead of only one dans$ term over the whole IASI period).

3. Finally, some words of caution have been addedérconclusion section (L.570-573) about a
possible impact of the reported drift on the trestimates: “Nevertheless, it is worth noting
that there could be a possible impact of the samglbecause of the cloud and quality filters
applied) and of the “jump” in September 2010 thext been identified in the IASI dataset (see
Section 2), in both MLR and SLR trends.”

[In addition, the following paper in ACPD showsdemce that UT ozone has actually increased actass t
NH mid-latitudes from 1995 to 2013:

Cohen, Y., et al. (2017), Climatology and long-tewolution of ozone and carbon monoxide in the UTLS
at northern mid-latitudes, as seen by IAGOS fro@51® 2013, ACPDhttps://www.atmos-chem-phys-
discuss.net/acp-2017-778/acp-2017-778.pdf/

We thank the referee for pointing out our attentionthis recent paper. It should be noted, howéhesr
the present study is restricted to the troposph@yicolumn from the ground to 300hPa, and hence avoids
the UTLS. Finding difference in trends in these taxgers is not a surprise. Indeed, we show in goamion
paper (cfr Wespes et al., ACP, 2016; see Tablea2}lhe UTLS @from IASI (defined as the partial column
ranging from 300 to 150 hPa) is characterized bigiaificant positive trend in the mid-and high taties

of the northern hemisphere —in agreement with @ehel., 2017 — while the lower troposphergcOlumn
features a significant negative trends in the 3BERN band. This finding, in particular, demonstsatiee
possibility to decorrelate the troposphere and4fgS from the IASI measurements.

[In your paper you also mention negative trendhimSH from |ASI that are hard to explain. Youmrefiee
an ACPD paper (Zeng et al., now published in AGI,72 that combined ozonesondes with a Chemistry-
Climate Model for evaluating ozone trends for Layddew Zealand during 1987-2014. The Zeng et al.
study found evidence of negative trends for 9-1Z&lumn ozone, but no trends in upper tropospheric
ozone (6-9 km) and distinctly positive trends for tower troposphere (0-6 km). For most of the mid-
latitude troposphere (i.e., 0-9 km) the trends thaly measure for Lauder actually appear as pasitather
than negative. It is also not certain how muchrt®el2 km layer ozone is impacted by decadal desgrea
in lower stratospheric ozone. Shown below is a @impn that includes ozonesondes, Umkehr, and FTIR
ozone at Lauder (this figure appears in the supplento TOAR-Climate). While IASI-FORLI shows a
strong ozone decrease at this location, the sorfeleélR, and Umkehr data show no trends since 2000.
There seem to be substantial discrepancies inti&8ts in not just the NH but also in the SH ad heait
the authors will need to reconcile.]
On the contrary to the highly vertically resolvedone sonde profiles, I1ASI exhibits only one full
information level in the troposphere (meaning thate is no decorrelation between the sub-layetlsen
troposphere). The column ranging from the surfac0 hPa was initially chosen (cfr Wespes eRall6
and 2017) to limit as much as possible the infleeoicthe stratosphere, but also to include theudki of
the maximum sensitivity of IASI in the tropospheit Lauder, this altitude is typically around 6-&land
the stratospheric contribution to the troposphesiamns (due to the IASI limited sensitivity aneé thatural
portion from the stratosphere) is estimated to edmgfween 40 and 50% (see the Supplementary nisiteria
in Wespes et al., 2016). In other words, we cammpect to reproduce the exact same trends as those
derived by Zeng et al. in specific 3 km sub-layé&lste finally that negative trends in the UTLS amdhe
low stratosphere were also derived from IASI in 308S-50°S band (see Table 2 in Wespes et al.,)2016
and, hence, that the negative trends that we edécui the mid-latitudes of the S.H likely origiedtom
the stratosphere. This assumption is also suggésiadthe Q-CO correlation study in Section 4.4 of the
present paper and it would be in line with the arption of Zeng et al. (2017). It is clearly menéd in
Section 2 and 4.1 of the manuscript.
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537
538 The Zeng et al. reference has been updated. Pless@ur response to the first comment of Refe?ee #
539  above about reconciling trends.

Regression model including only 1 constant term

(over the whole IAS| period)

[DU/yr]

540

[DU/yr] 7

sa1 08 06 04 02 0 02 04 06 0B
542  Fig.1l: Comparison between the seasonal distributions of the adjusted trends (in DU/yr) obtained

543  from the MLR model including one constant term (over the whole IASI period) vs those obtained
544  fromthe MLR model including two constant terms (one before and one after Sept 2010).
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List of relevant changes made in the manuscript:

Section 2:

- L. 101-106: “daytime measurements (defined with a solar zeanitjle to the sun < 80°) which are
characterized by a good spectral fit (determined bg quality flags on biased or sloped residuals,
suspect averaging kernels, maximum number of iteraxceeded,...) and which correspond to
clear or almost-clear scenes (a filter based oaai6nal cloud cover below 13% has been applied;
cfr Clerbaux et al., 200; Hurtmans et al., 2012).”

- L.118-124: “Note, however, that a drift in the N.H. MLTs©ver the whole IASI dataset is reported
in Keppens et al. (this issue) and Boynard ettlais {ssue) from comparison withs®ondes. This
drift (~2.8DU/dec in the N.H.) is shown in Boynagtal. (this issue) to result from a discontinuity
(“jump” as called in Boynard et al., this issue)3aptember 2010 in the IASI@me series, for
reasons that are unclear at present. Furthermioeedrift strongly decreases (<|1| DU/dec on
average) after the “jump” and it becomes even rignificant for most of the stations (significant
positive drift is also found for some stations) iotfe periods before or after the jump, separately.

- L. 126-127: “we focus on a tropospheric column ranging fromumgia to 300 hPa (called MLT —
Middle-Low Troposphere — in this study).”

- L. 137-140: “In order to take account of the observed “jumpdpperly, we modified the previously
used MLR model so that the constant term is spiit iwo components covering the periods before
and after the September 2010 “jump”, separately.”

Section 3:

- L. 185-186: “The grey areas in the LT panels refer to the Limte rejected by the stepwise
backward elimination process.”

Section 4.1;

- L. 247-248. “As a result, comparing/reconciling the adjusteentls with independent
measurements, even on a qualitative basis, rerddficslt.”

- L. 271-275: “This tends to indicate that the troposphericii@reases which have been shown to
mainly result from a strong positive trend in thgiagk emissions over the past decades (e.g. Zhao
et al., 2013; Cooper et al., 2014; Zhang et all62@ohen et al., 2017; Tarasick et al., 2017; and
references therein) but also from a substantiahghan the stratospheric contribution (Verstraeten
et al., 2015) ...”

- L.316-318: “We should also note that, even if these latitudeslaaracterized by the lowest
stratospheric contribution (~30-45%; see suppleargmaterials in Wespes et al., 2016),
it might partly mask/attenuate the variability irettropospheric &evels:

Section 4.3:

- L.416-426: “Substantial effort in homogenizing independentptrspheric @ column
(TOCs) datasets have been performed in the TOARatd assessment report (Gaudel et
al., submitted to Elementa), but large SLR treradés remain between the TOAR datasets,

14



591
592
593
594
595
596
597
598
599
600
601
602
603
604
605
606
607
608
609
610
611
612
613
614
615
616
617
618
619
620
621
622
623
624
625
626
627
628
629
630
631

632
633
634

in particular, between the satellite datasets wiileeelack of homogeneity in terms of
tropopause calculation (same tropopause definliitndifferent temperature profiles are
used), of instrument vertical sensitivities andspétial sampling has been specifically
pointed as possible causes for the trend divergdd@eonciling the trend biases between
the datasets by applying the vertical sensitiviteach measurement type to a common
platform, as proposed in the TOAR-climate assestnmegort is beyond the scope of this
study, but the improvement in using a MLR insted 8LR model for determining more
accurate/realistic trends is explored here by ...”

L. 428-430: “Note also that the constant term in the SLR istspto two components
(covering the periods before and after the Septe®®0 “jump”) to take account of the
observed “jump” (see Section 2).”

Section 4.4:

L. 490-492: “by the limited vertical sensitivity of IASI in thehighest latitudes
(stratospheric contribution varying between ~40% 65%; see supplementary materials
in Wespes et al., 2016).”

L.529-531: “The strong GQ-CO relationship in that region is associated withsignificant
increase that is detected in the IASI|&vels downwind East of Asia (see Section 4.1)”

Conclusion Section:

L. 570-573: “Nevertheless, it is worth noting that there cob&la possible impact of the
sampling (because of the cloud and quality filegsplied) and of the jump in September
2010 that has been identified in the IASI datasee (Section 2), in both MLR and SLR
trends.”

L. 582-585: “This study supports overall the importance ahgg1) high density and long
term homogenized satellite records, such as thosdded by IASI, and (2) complex
models with predictor functions that describe ther€yressors dependencies for a more
accurate determination of trends in troposphegic.O

Throughout the manuscript:

TOC > MLT
Figures 1 to 8 have been updated. Hence, the vedtersing to these figures have been
changed accordingly in the text.

References:

L.1015-1017: “Verstraeten, W.W., J.L. Neu, J.E. Williams, K.®owman, J.R. Worden
and K.F. Boersma: Rapid increases in tropospha@n® production and export from
China, Nature Geosciences, doi: 10.1038/NGEO24985 2
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Decreasein tropospheric Oz levels of the Northern Hemisphere observed by 1ASI

Catherine WespésDaniel Hurtmans Cathy Clerbau¥?, Anne Boynard and Pierre-Francois
Coheut

1Spectroscopie de I'Atmosphére, Service de Chimiarfigue et Photophysique, Faculté des
Sciences, Université Libre de Bruxelles (ULB), Bellgs, Belgique
2LATMOS/IPSL, UPMC Univ. Paris 06 Sorbonne UnivegsitUVSQ, CNRS, Paris, France

Abstract

In this study, we describe the recent changes entribpospheric ozone gDcolumns{FocCs)
measured by the Infrared Atmospheric Soundingfietemeter (IASI) onboard the Metop satellite
during the first 9 years of the IASI operation Jary 2008 to May 2017). Using appropriate
multivariate regression methods, we discriminagmificant linear trends from other sources of
Os variations captured by IASI. The geographicalgrat of the adjustedz@rends are provided
and discussed on the global scale. Given the laaggribution of the natural variability in
comparison with that of the trend (25-8%%il5- 50%, respectively) to the totat @ariations, we
estimate that additional years of IASI measuremarggenerally required to detect the estimated
Os trends with a high precision. Globally, additior@almonths to 6 years of measurements,
depending on the regions and the seasons, arechémdietect a trend of |5 DU/decade. An
exception is interestingly found during summertheat mid-high latitudes of the North
Hemisphere (N.H.; ~ 40°N-75°N) where the large &lisdfitted trend values (~|0.5] DU/yr on
average) combined with the small model residuald%,) allow the detection of a band-like
pattern of significant negative trends. This firglmpperts is consistent withe reported decrease
in O3 precursor emissions in recent years, especiallfeunope and US. The influence of
continental pollution on that latitudinal band isther investigated and supported by the analysis
of the @-CO relationship (in terms of correlation coeffitieregression slope and covariance)
that we found to be the strongestia northern mid-latitudes in summer.

1 Introduction

Os plays a key role throughout the whole troposphérere it is produced by the photochemical
oxidation of carbon monoxide (CO), non-methane telarganic compounds (NMVOCs) and
methane (Ch) in the presence of nitrogen oxides ()l@e.g. Logan et al., 1981).3@ources in

the troposphere are the in situ photochemical proalu from anthropogenic and natural
precursors, and the downwards transport of stragygp Q. Being a strong pollutant, a major
reactive species and an important greenhouse glas upper tropospherez @ of highest interest

for air quality, atmospheric chemistry and radiatiercing studies. Thanks to its long lifetime

(several weeks) relatively to transport timescalgbe free troposphere (Fusco and Logan, 2003),
16
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Os also contributes to large-scale transport of piolfu far from source regions with further
impacts on global air quality (e.g. Stohl et aQ002; Parrish et al., 2012) and climate. Monitoring
and understanding the time evolution of troposgh@siat a global scale is, therefore, crucial to
apprehend future climate changes. Neverthelessiesof limitations make Qrends particularly
challenging to retrieve and to interpret.

Since the 1980s, while thes@recursors anthropogenic emissions have increasddshifted
equatorward in the developing countries (Zhand.e2@16), extensive campaigns and routine in
situ and remote measurements at specific urbamusabsites have provided long-term but sparse
datasets of tropospherig(®.g. Cooper et al., 2014 and references thefditraviolet and Visible
(UV/VIS) atmospheric sounders onboard satellitewiole tropospheric ©measurements with a
much wider coverage, but they result either frodirect methods (e.g. Fishman et al., 2005) or
from direct retrievals which are limited by coaxsatical resolution (Liu et al., 2010). All these
datasets also suffer from a lack of homogeneitgims of measurement methods (instrument and
algorithm) and spatio-temporal samplings (e.g. Dwycet al., 2011). Those limitations, in
addition to the large natural inter-annual variapillAV) and decadal variations in tropospheric
Oz levels (due to large-scale dynamical modesp¥&iations and to changes in stratosphegc O
in stratosphere-troposphere exchanges, in precamissions and in their geographical patterns),
introduce strong biases in trends determined fraohependent studies and datasets (e.g. Zbinden
et al., 2006; Thouret et al., 2006; Logan et &12; Parrish et al., 2012 and references therein).
As a consequence, determining accurate trendsresqgai long period of high density and
homogeneous measurements (e.g. Payne et al., 2017).

Such long-term datasets are now becoming obtainaitihethe new generation of nadir-looking
and polar-orbiting instruments measuring in thertred infrared region. In particular, about one
decade of @profile measurements, with a good sensitivityhi@ troposphere independently from
the layers above, is now available from the IA&frdred Atmospheric Sounding Interferometer)
sounder aboard the European Metop platforms, aligwo monitor regional and global variations
in tropospheric @levels (e.g. Dufour et al., 2012; Safieddine et2013; Wespes et al., 2016).

In this study, we examine the troposphericddanges behind the natural IAV as measured by
IASI over January 2008-May 2017. To that end, we the approach described in Wespes et al.
(2017), which relies on a multi-linear regressiMLR) procedure, for accurately differentiating
trends from other sources ot @ariations; the latter being robustly identifienidaquantified in
that companion study. In Section 2, we briefly esvithe IASI mission and the tropospheri¢ O
product, and we shortly describe the multivariatelels (annual or seasonal) that we use for fitting
the daily Q time series. In Section 3, after verifying thefpanance of the MLR models over the
available IASI dataset, we evaluate the feasibtlitycapture and retrieve significaménd trend
parameters—characteristi@part from natural ©dependencies, by performing trend sensitivity

studies. In Section 4, we present and discussltimlgdistributions of the ©trends estimated
17
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from IASI in the troposphere. The focus is giversummer over and downwind anthropogenic
polluted areas of the N.H. where the possibilitynfer significant trends from the first ~9 years
of available IASI measurements is demonstratedallyinthe Q-CO correlations, enhancement
ratios and covariance are examined for charaabgrithe origin of the air masses in regions of
positive and negative trends.

2 1ASI O3z measurements and multivariate regression

The IASI instrument is a nadir-viewing Fourier tséorm spectrometer that records the thermal
infrared emission of the Earth-atmosphere systememn 645 and 2760 cifrom the polar Sun-
synchronous orbiting meteorological Metop seriessafellites. Metop-A and —B have been
successively launched in October 2006 and Septegid&. The third and last launch is planned
in 2018 with Metop-C to ensure homogeneous longHi&SI measurements. The measurements
are taken every 50 km along the track of the stgelt nadir and over a swath of 2200 km across
track, with a field of view of four simultaneousotprints of 12 km at nadir, which provides global
coverage of the Earth twice a day (at 9:30 AM aMirRean local solar time). The instrument
presents a good spectral resolution and a low maetiac noise, which allows the retrieval of
numerous gas-phase species in the troposphere{ergaux et al., 2009, and references therein;
Hilton et al., 2012; Clarisse et al., 2011).

In this paper, we use the FORLk@®rofiles (Fast Optimal Retrievals on Layers forSIA
processing chain set up at ULB; v20151001) retdduem the IASI-A (aboard Metop-A) daytime
measurements (defined with a solar zenith angléhto sun < 80°) whichresult—fromare
characterized bg good spectral fit (determined here by qualig$ on biased or sloped residuals,
suspect averaging kernels, maximum number of iteraxceeded,...and which correspond to
clear or almost-clear scenes (a filter based oaciidnal cloud cover below 13% has been applied;
cfr Clerbaux et al., 200; Hurtmans et al., 20TY)ese profiles are characterized by a good \&rtic
sensitivity in_te the troposphere and the stratosphere (e.g. Westpak, 2017). The FORLI
algorithm relies on a fast radiative transfer astfieval methodology based on the Optimal
Estimation Method (Rodgers, 2000) and is fully désd in Hurtmans et al. (2012). The FORLI-
Os profiles, which are retrieveshat40 constant vertical layers from surface up tkdOand an
additional 40-60 km one, have already undergoneotlgh characterization and validation
exercises (e.g. Anton et al., 2011; Dufour et2dl12; Gazeaux et al., 2012; Hurtmans et al., 2012;
Parrington et al., 2012; Pommier et al., 2012,n8ed et al., 2012; Oetjen et al., 2014; Boynard
et al., 2016; Wespes et al., 2016; Keppens eDal72Boynard et al., 2017). They demonstrated a
good degree of accuracy, of precision and of varensitivity with noinstrumentaldrift, to
capture the large-scale dynamical modes p¥®iability in the troposphere independently from
the layers above (Wespes et al., 2017), with thesipdity to further differentiate long-termsO
changes in the troposphere (Wespes et al., 206¢., however, that a drift in the N.H. MLTzO

over the whole IASI dataset is reported in Keppared. (this issue) and Boynard et al. (this issue)
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from comparison with @sondes. This drift (~2.8DU/dec in the N.H.) is whan Boynard et al.
(this issue) to result from a discontinuity (“jump% called in Boynard et al., this issue) in
September 2010 in the 1ASIs@ime series, for reasons that are unclear at pteBarthermore,
the drift strongly decreases (<|1| DU/dec on awrafter the “jump” and it becomes even non-
significant for most of the stations (significamgitive drift is also found for some stations) over
the periods before or after the jump, separately.

For theispurpose of this work, we focus on a troposphesiammn ranging from ground to 300 hPa
(called MLT — Middle-Low Troposphere — in this syidhat includes the altitude of maximum
sensitivity of IASI in the troposphere (usuallyWween 4 and 8 km altitude)hich limits as much

as possible the influences of the stratosphegiar@ that was shown in Wespes et al. (2017) to
exhibit independent deseasonalized anomalies/dy@priocesses from those in the stratospheric
layers. The stratospheric contribution into theptspheric @ columns have been previously
estimated in Wespes et al. (2016) as ranging bet®@& and 65% depending on the region and
the season with the smallest contribution as welthe largest sensitivity in the northern mid-
latitudes in spring-summer where thev@riations, hence, mainly originate from the treypioere.
We usealmostthe same MLR model (in its annual or its seasopain@ilation) as the one
developed in the companion paper (see Eq.1 an@@jo8 2.2 in Wespes et al., 2017), which
includes a series of geophysical variables in &udiio a linear trend (LT) termin order to take
account of the observed “jump” properly, we modifiee previously used MLR model so that the
constant term is split into two components covetimg periods before and after the September
2010 "jump”, separatelyThe MLR which is performed using an iterative siege backward
elimination approach to retain the most relevaplaxatory variables (called “proxies”) at the end
of the iterations (e.g. Mader et al., 2007) is sgpbn the daily IASI @time series. The main
selected proxies used to account for the natumahtians in Q are namely the QBO (Quasi-
Biennial Oscillation), the NAO (North Atlantic Odletion) and the ENSO (El Nifio—Southern
Oscillation) (cfr Table 1 in Wespes et al. (20191 the exhaustive list of the used proxies). Their
associated standard errors are estimated fronotreiance matrix of the regression coefficients
and are corrected to take into account the uncgytalue to the autocorrelation of the noise
residual (see Eg. 3 in Wespes et al. (2016)). Dimencon rule that the regression coefficients are
significant if they are greater in magnitude thatini2es their standard errors is applied (95%
confidence limits defined byc2evel). The MLR model was found to give a goodresentation

of the IASI Q records in the troposphere over 2008-2016, allgwis to identify/quantify the
main Q drivers with marked regional differences in thgression coefficients. Time-lags of 2
and 4 months for ENSO are also included hereaiténe MLR model to account for a large but
delayed impact of ENSO on mid- and high latitudes/&iations far from the Equatorial Pacific
where the ENSO signal originates (Wespes et al.7R0

3 Regression performance and sensitivity to trend
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In this section, we first verify the performancetloeé MLR models (annual and seasonal; in terms
of residual errors and variation explained by thexlet) to globally reproduce the time evolution
of Oz records over the entire studied period (JanuafB20May 2017). Based on this, we then
investigate the statistical relevance for a tretud\s from IASI in the troposphere by examining
the sensitivity of the pair IASI-MLR to the retried LT term.

Figure 1 presents the seasonal distributions giospheric @ measured by IASI averaged over
January 2008 — May 2017 (left panels), along wli toot-mean-squared error of the seasonal
regression fitRMSE in DU; middle panels) and the contribution of fiteed seasonal model into

Fitted_moe!
the IASI G time series (in %; right panels), calculatedo‘:i(g)3 ®
a(0,®)

deviation relative to the regression models anthélASI G time series. These two statistical
parameters help to evaluate how well the fitted eh@xplains the variability in the IASI
observations. The seasonal patterns pim@asurements are close to those reported in Wespes
al. (2017) for a shorter period (see Section 2d 24 in Wespes et al. (2017) for a detailed
description of the distributions) and they cleatpw, for instance, higha®@alues over the highly
populated areas of Asia in summer. The distribstivom Fig.1 show that the model reproduces
between 35% and 90% of the dailyv@riation captured by IASI and that the residusdrs varies
between 0.01 DU and 5 DU (i.e. tRMSErelative to the IASI @time series are of ~15% on
global average and vary between 10% in the N.Hummer and 30% in specific tropical regions).
On an annual basis (data not shown), the modeh#ph large fraction of the variation in the
IASI O3 dataset (from ~45% to ~85%) and RkISEare lower than 4.5 DU everywhere (~3 DU
on the global average). The relatRBSEareisless than 1% in almost all situations indicatimg t
absence of bias.

) whereo is the standard

The seasonal distributions of the contributionhe total variatioa in FOCsthe MLTfrom the
adjusted harmonic terms and explanatory variableg;h account for the “natural” variability,
and from the LT term are shown in Fig. 2 (left aigit panels, respectivelyhe grey areas in
the LT panels refer to the LT terms rejected bydtepwise backward elimination procefhe
crossesn-the-LTpanelsndicate that the trend estimate in the grid celhon-significant in the
95% confidence limits @level) when accounting for the autocorrelationhie noise residual at
the end of the elimination procedure. While thgdainfluence of the seasonal variations and of
the main drivers - namely ENSO, NAO and QBO - anltkSI O; records has been clearly attested
in Wespes et al. (2017), we demonstrateith Fig.2 that the LT also contributes considerably to
the G variations detected by IASI in the tropospheree Th contribution generally ranges from
15% to 50%, with the largest values (~30-50%) beingserved at mid-high latitude§n the S.H.
(30°S-70°S) anéfin the N.H. (~45°N-70°N) in summer. In the S.H., tleeg associated with the
smallest tropospherics@olumns (Fig.1; left panels) and the smallestrahtontributions (<25%;
left panels), while in the N.H. summer, they ingtigly correspond to largéILT O3

20



|832
833
‘834

835
836
837
838
839
840
841
842
843
844
845
846
847
848
849
850
851
852
‘853

854
855
856
857
858
859
860
861
862
863
864
865
866
867
868
869

columnsFOcEslarge natural contributions (~50-60%) and thel@seRMSE(<12 % or <3 DU).
From the annual regression model, the natural amniand the trend contribute respectively for
30-85% and up to 40% to the total variatioAHBCsthe MLT

In Fig.3, we further investigate the robustnesghefestimated trends by performing sensitivity
tests in regions of significant trend contributiqesy. in the N.H. mid-latitudes in summer; cfr
Fig.2). The ~9-year time series of IAS} @aily averages (dark blue) along with the resutim

the seasonal regression model with and withetitidingthe LT termincludedin the model (light
blue and orange lines, respectively) are repredentthe top row panel for one specific location
(Fig.3a and b; highlighted by a blue circle in thEA panel in Fig.4). The second row panel
provides the deseasonalised IASI (dark blue ling)féted time series (calculated by subtracting
the adjusted seasonal cycle from the time seréss)lting from the adjustment with and without
ireludingthe LT termincludedin the MLR model (light blue and orange lines, exdjvely). The
differences between the fitted models with and @ath_T are shown in the third rows (pink lines).
They match fairly well the adjusted trend over th8I period (3 row panel, grey lines; the trend
and theRMSEvalues are also indicated) and the adjustmentowithT leads to larger residuals
(e.9. RMSEJa wio_1.7=3.3725 DU vs RMSEja_with LT =32134 DU in summer). This result
demonstrates the possibility to capture trend médron from ~9 years of IASI-MLR with only
some compensation effects by the other explanatargables, contrary to what was observed
when considering a shorter period of measuremeanésl@sser temporal sampling (i.e. monthly
dataset; e.g. Wespes et al., 2016). It is alsohatortnention that the {changes calculated over
the whole 1ASI dataset in summer are larger th@RiMSEof the model residuals (increase of
5.39+1.86 DWsRMSEof 32114 DU), underlying the statistical relevance of trestimates.

The robustness of the adjusted trend is verifietthatglobal scale in Fig.4 which represents the
seasonal distributions of the relative differenicethe RMSEwith and withoutreludingthe LT
includedin the MLR model, calculated aRMSEwio L.T1— RMSEuwih LT)/RMSEuwith_ LT x100] (in

%). An increase in thRMSEwhen excluding LT from the MLR is observed almegerywhere

in regions of significant trend contributions (. especially in mid-high latitudes of the S.H.
and of the N.H. in summer where it reaches 10%s Tdsult indicates that adjusting LT improves
the performance of the model and, hence, thand signal is well captured by IASI at a regional
scale in the troposphere. From the annual modeljnitrease in thRMSEonly reaches 5% at
mid-high latitudes of the S.H. (data not shown).régions of weak or non-significant trend
contribution (see crosses in Fig.2), no improveneetdgically found.

4 Oz trend over 2008-2017
4.1 Annual and seasonal trends

The annual and the seasonal distributions of thedfL T terms which are retained in the annual
and the seasonal MLR models by the stepwise eliom@arocedure are respectively represented
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in Fig. 5 (a) and (b) (in DU/yr). Generally, thed¥high latitudes of both hemispheres and, more
particularly, the N.H. mid-latitudes in summer ralsignificant negative trends, while the tropics
are mainly characterized by non-significant or weigkificant trends. Even if trends in emissions
have already been able to qualitatively explain suead tropospheric £xrends over specific
regions, the magnitude arfle—patterns—othe trend estimatesconsiderably vary between
independent measurement datasets (e.g. Cooper, @0a#l; the TOAR report — Tropospheric
Ozone Assessment Report: Present-day distributidrir@nds of tropospheric ozone relevant to
climate and global atmospheric chemistry modelwatan, Lead Authors: A. Gaudel and O.R.
Cooper — coordinated by the International Globmhdspheric Chemistry Project and available
on http://www.igacproject.org/activities/ TOAR andibsnitted to Elementa; and references
therein) for the reasons discussed in Section ltlaeyl are not reproduced/explained by model
simulations (e.g. Jonson et al., 2006; Cooper.eP@L0; Logan et al., 2012; Wilson et al., 2012;
Hess et al.,, 2013; and references therein). Assaltrérterpreting comparing/reconciling the
adjusted trendst-the-global-seale with independent measuremewn&s) on a qualitative basis,
remains difficult. Nevertheless, several of thdistigally significant features observed in Fig.5
show, interestingly, qualitative consistency wispect to recent published findings:

- The S.H. tropical region extending from the Amazortropical eastern Indian Ocean
seems to indicate a general increase with example,an annual DJFtrend of
~0.2313t0.1820 DU/yr (i.e.1-202.096-931.70DU over the IASI measurement period),
despite the large IAV ithe MLTFOCswhich characterizes the tropics and which likely
explains the high frequency of non-significant tenEnhanced £Jevels over that region
have already been analysed for previous periogsl(egan et al., 1985, 1986; Fishman et
al., 1991; Moxim et al., 2000; Thompson et al., @0B007; Sauvage et al., 2006, 2007;
Archibald et al., 2017). For instance, the lar@e enhancement of ~063+0.253 DU/yr
(i.e. 331+2.32 DU over the whole IASI period) stretching from #duern Africa to
Australia over the north-east of Madagascar dutimg austral winter-spring likely
originates from large 1AV in the subtropical jetated stratosphere—troposphere
exchanges which have been found to primarily cbuate to the tropospherics@rends
over that region (Liu et al., 2016; 2017). Nevelis, this finding should be mitigated by
the fact that the trend value in the S.H. tropgcsfithe same magnitude as RRISEof
the regression residuals (~2-4.5 DU; see Fig.1).

- The trends over the South-East Asia are mostlysigmficant and vary by season. In
spring-summer, some grid cells in India, in maidlahina and eastwards downwind
China exhibit significant positive trends reachit@45 DU/yr (i.e. ~4.2 DU over the IASI
measurement period). This tends to indicate tretrtspospheric &increasesvhich have
been shown to mainigesultrg from a strong positive trend the Asian emissions over
the past decades (e.g. Zhao et al., 2013; Coor, @014; Zhang et al., 2016; Cohen et

al., 2017; Tarasick et al., 2017; and referenceseth)but also from a substantial change
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in_the stratospheric contribution (Verstraeten let 2015) persists through 2008-2017
despite the recent decrease inpDecursor emissions recorded in China after 2@1d. (

Duncan et al., 2016; Krotkov et al., 2016; Miyazakial., 2017; Van der A et al. 2017).
This would indicate that this decrease is probatdyrecent/weak to recover the 2008 O
levels over the entire region. Note, however, tha finding has to be taken carefully
given the large model residuaRNMISEof ~2-4 DU; cfr Section 3, Fig.1) over that region
Finally, the large uncertainty in trend estiggbnover the South-East Asia might reflect
the large 1AV inthe biomass-burning emissions and lightning,NfOurces, in addition to

the recent changes in emissions.

The mid- and high latitudes of the S.H. show cfestterns of negative trends, all over the
year and in a more pronounced manner during wsgang, with larger amplitudes than
those of thdRMSEvalues (~-0.35+0.142 DU/yr on average in the 35°S-65°S band; i.e. a
trend amplitude of ~|31|£1.03 DU over the studied periodsaRMSEvalue of ~2.5 DU).
These significant negative trends in the S.H. am ho explain but, considering the
stratospheric contribution into the tropospherituoms (natural and artificial due to the
limited IASI vertical sensitivity) in the mid-highatitudes of the S.H. (~40-60%; see
supplementary materials in Wespes et al., 2016) tardnegative significant trends
previously reported from IASI in the UTLS/low stbaphere in the 30°S-50°S band, they
could be in line with those derived by Zeng e{(2017) in the UTLS for a clean rural site
of theS.H. (Lauder, New Zealangdndwhich mainly originate from increasing tropopause
height and ®@depleting substances.

-—1In the N.H., a band-like pattern of negative trersdsbserved in the 40°N-75°N latitudes

covering Europe and North America, especially dygammer. Averaged annual trend of
—0.317+0.178 DU/yr and summer trend of —0.472@16DU/yr (i.e. -3-422.8#0-651.57
DU and -4.81+2.021.47DU, respectively, from January 2008 to May 201é)estimated

in that latitudinal band. These trend values ageaicantly larger than th&MSEof the
MLR model (<3.5 DUin JJA cfr Section 3, Fig.1). Interestingly, both thenaal and
summer trends are amplifigelecomparisen-withrelative tthe ones calculated in the mid-
latitudes of the N.H. over the 2008-2013 periodA8| measurements (-0.19+0.05 DU/yr
and -0.30+0.10 DU/yr for the annual and the summeads, respectively, calculated in the
30°N-50°N band; see Wespes et al. (2016)). Thdirimis line with-is-ir-agreement-with
previous studies which point out a possible legbff of tropospheric ®in summer due
to the decline of anthropogenig recursor emissions observed since 2010-2011ithNo
America, in Western Europe and also in some regifiizhina (e.g. Cooper et al., 2010;
2012; Logan et al., 2012; Parrish et al., 2012maltts et al., 2013; Simon et al., 2015;
Archibald et al., 2017; Miyazaki et al., 201 ) even goes a step further by suggesting a
possible decrease in the tropospherdeVels Archibald et al. (2017) recently reported a

net decrease of ~5% in the global anthropogenig @éilssions in the 30°N-90°N latitude
23
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band, which is consistent with the annual significaegative trend of -2732t0.158
DUlyr for Oz estimated from IASI in that bantVe should also note that, even if these
latitudes are characterized by the lowest stra®rgphcontribution (~30-45%; see
supplementary materials in Wespes et al., 2016inight partly mask/attenuate the
variability in the tropospheric Qevels.

4.2 Expected year for trend detection

In this section, we further verify that it is indepossible to infer, from the studied IASI period,
the significant negative trend derived in the 40°3N band in summer (~|0.5| DU/yr on average,
see Section 4.1) by determining the expected year fvhich such a trend amplitude would be
detectable at a global scale. This is achievedbgating the minimum duration (with probability
0.90) of the IASI @ measurements that would be required to deteceradtof a specified
magnitude, and its 95% confidence level, followihg formalism developed in Tiao et al. (1990)
and in Weatherhead et al. (1998):
23

. _| 33, _[1+®

N { r \/1—cb] Ea(d)

yr

CL,. =|N"&® N @&°® Eq (2)

Where N " is the number of the required years, is the standard deviation of the autoregressive
noise residuak,, r , is the magnitude of the trend per ye@,is the lag-1 autocorrelation of the

noise. The magnitude of the variation and of thi@arrelation in the noise residuals are taken
into account for a better precision on the trertonege. Given that large variance{) and large

positive autocorrelatior® of the noise induce small signal-to-noise ratid &ng trend-like
segments in the dataset, respectively, these tveoneders increase the number of years that would
be required for detecting a specified trer@l. .is the 95% confidence limits which is not
symmetric aroundN and depends orB, an estimated uncertainty factor calculated as
4 1+
3/DV1-0

in @ (the uncertainty ino, being negligible given that only a few years ofadare needed to

, with D the number of days in the IASI datasets, whicloants for the uncertainty

estimate it; cfr Weatherhead et al. (1998)). Assult, based on the available IASI-A and proxies
datasets and assuming that the MLR model usedsistiidy is accurate, we estimate, in Fig. 6 (a)
and (b), the expected year when atr®nd amplitude of |[5| DU per decade (r.g= |0.5| DU/yr

which corresponds to the averaged absolute valtreditted negative trends in the N.H. summer;
see Fig.5b) is detectable, and its associated naducomfidence limit, respectively. The results in
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Fig. 6 clearly demonstrates the possibility to infeom the available IASI dataset, such significan
trends in the mid- and high latitudes of the NiHsummer and fall (trend detectable from ~2016-
2017 with an uncertainty of ~6-9 months; cfr Fig.8bn the contrary, the tropical regions and the
N.H. in winter-spring would require additional ~m@nths to 6 years of measurements to detect
an amplitude of [0.5] DU/yr (trend significant ofdlgm ~ 2017 — 2023 or after depending on the
location and the season). Note also that the stsintpgative trends (up to -0.85 DU/yr, ig.=

|0.85] DU/yr, see Fig.5b) observed in specificargiof the N.H. mid-latitudes would only require
~6 years of IASI measurements for being detectbd.mid- and high latitudes of the S.H. would
require the shortest period of IASI measurementiébecting a specified trend, with only ~7 years
+ 6 months of IASI measurements to detect a |0ByEXrend (trend detectable from ~2015). That
band-like pattern in the S.H. corresponds to therewith the weakest IAV and contribution from

large-scale dynamical modes of variability in tASI MLT columns-FOEgsee Section 3, Fig.1

and 2), which translates into smatf and ®. Note however that an additional few months of

IASI data are required to confirm the smaller negatrend of ~-0.35 DU/yr measured on average
in the S.H. (see Fig.5; a period ~9 years * 6 n®h#ing necessary to detect a trend amplitude of

|3.5| DU/dec). Given that large, means large noise residual in the IASI data, ¢lgéons of short

or long required measurement period coincide, aeard, well with the small or higRMSE
values of the regression residuals (see Sectibig3}1).

The regions of the longest measurement periodsreztjun the tropics for a trend detection (up to
~16 years of IASI data) correspond to known pasteihwidespread high £D(a) above intense
biomass burnings in Amazonia and eastwards acmssal Atlantic (Logan et al., 1986; Fishman
et al., 1991; Moxim et al., 2000; Thompson et200Q0, 2007; Sauvage et al., 2007), (b) eastwards
Africa across the South Indian Ocean which is silie large variations in the stratospheric
influences during the winter-spring austral periddA-SON) (Liu et al., 2016; 2017), (c)
Eastwards Africa across the North Indian Oceannttial likely due to large lightning NO
emissions above central Africa during the wet seasssociated with the northeastward jet
conducting a so-called “Qiver” (Tocquer et al., 2015) and (d) above regiof positive ENSO
“chemical” effect in Equatorial Asia/Australia ardstwards above northern and southern tropical
regions (Wespes et al., 2016) explained by reduaidalls and biomass fires during El Nifio
conditions (e.g. Worden et al., 2013). In fact, tnoflsthese patterns (a, b and d) are closely
connected with strong El- Nifio events which extémel duration of the dry season and cause
severe droughts, producing intense biomass bumemmgsions, for instance, over South America
(e.g. Chenetal., 2011; Lewis et al., 2011) anatisdsia/Australia (e.g. Oman et al., 2013; Valks
etal., 2014; Ziemke et al., 2015), and whpelturb_altethe tropospheric circulation by increasing
the transport of stratospheric @to the troposphere (e.g. Voulgarakis et al.,120eu et al.,
2014) and the transport of biomass burning air ss&sthe Indian Ocean (Zhang et al., 2012). In
summary, these large-scale indirect ENSO-relatedti@ns in tropospheric £and the lightning
NOx impact on @, which are not accounted for in the MLR by speaiépresentative proxies, are
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misrepresented in the regression models. They entrge noise residuals, i.e. large, and,
hence, extends the time period needed to deteehd of any given magnitude.

Figure 6, finally, suggests that a long duratioals required, especially in summer, above and
east of China to quantify the anthropogenic impactthe localFOCS-changesin the MLT:
additional 3+1.5 years or 5+1.5 years for a givehor |3.5| DU/dec trend are respectively
calculated. This result could be explained by lapgeturbations inFOCSsthe MLT columns
induced by recent decreases after decades of abbopnstant increases in surface emissions in
China (e.g. Cohen et al., 2017; Miyazaki et al1 20

4.3 Multi-linear vs singlelinear model

Even if MLR have already been used for extractmegds in stratospheric and totad @lumns
(e.g. Mader et al., 2007; Frossard et al., 201&8d&iet al., 2013; Knibbe et al., 2014), singledin
regressions (SLR) without discriminating the nat(chemical and dynamical) factors describing
the & variability are still commonly used (e.g. Coopdr ad., 2014; the TOAR report —
Tropospheric Ozone Assessment Report: Presentistapdtion and trends of tropospheric ozone
relevant to climate and global atmospheric chemisiodel evaluation, Lead Authors: A. Gaudel
and O.R. Cooper submitted to Elementand references therein). They are, however, suspect
to contribute to trend biases retrieved betweeapeddent measurements. In addition to the time-
varying instrumental biases, trend biases canlaseelated to differences in the spatial and the
temporal samplings (e.g. Doughty et al., 2011; Sauet al.,, 2012; Lin et al., 2015n the
measurement period, in the upper boundary of eoldmns, in the algorithrand in the vertical
sensitivity of the measurements. Thedaartificially alters the characteristics of tloeisded layer

by contaminations from the above and the belowrtalgading to a mixing of the trend but also
of the natural characteristics originating from shedifferent layers (e.g. troposphere and
stratosphere). The differences in the studied geriothe tropopause definiticend in the spatio-
temporal sampling might also imply differences e thatural influence on the measureg O
variations. While the impact of the natural conitibn is taken into account in the MLR model, it
might introduce an additional bias in the trenced®ined from SLR, making further challenging
to compare trends estimated from a seriesinbbmogeneoudndependent measurements.
Substantial effort in homogenizing independent dsgheric @ column (TOCs) datasets have
been performed in the TOAR-climate assessment ré@audel et al., submitted to Elementa),
but large SLR trend biases remain between the TA@#&Rsets, in particular, between the satellite
datasets where the lack of homogeneity in termfragopause calculation (same tropopause
definition but different temperature profiles aged), of instrument vertical sensitivities and of
spatial sampling has been specifically pointedassible causes for the trend divergence.
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Reconciling the trend biases between the datasetpplying the vertical sensitivity of each
measurement type to a common platform, as propiosis® TOAR-climate assessment report is
beyond the scope of this study, buh&itmprovement-tmitatiorin using aMSLR instead of a
MSLR model for determiningnore accurate/realistttends is explored here by comparing the
seasonal distributions of the trends estimated R (see Fig. 5 (b) in Section 4.1.) and from
SLR (presented in Fig.7Note that the constant term in the SLR is splib itwo components
(covering the periods before and after the Septe2®E) “jump”) to take account of the observed
“lump” (see Section 2)The highest differences in the fitted trends\detifrom the two methods
are found in the tropics and in some regions ofntind:latitudes of the N.H. They likely result
from overlaps between the LT term and other cotesidor instance, the regiosisthewith high
significant SLR trends (~0.3&5 DU/yr over the tropical western and middle Pagiflaring the
period extending from September to May match thggores ef-with strong El Nifio/Southern
Oscillation influence (cfr Fig. 8 and 12 in Wesgesl., 2016). On the contrary, the MLR model
lends generally weak significant negative or n@mniicant trends in the Pacific Nifio region
during that period and it would even need additict&ato 4 years of IASI measurements for
detecting the fitted SLR trends (see Section aboMeg effect of ENSO in overestimating the
fitted SLR trend is further illustrated on Fig. &ieh represents the time series gfddserved by
IASI and adjusted by the annual MLR model (top raang with the deseasonalized times series
(middle row) and the fitted SLR and MLR trends (bot row). The fitted signal of the ENSO
proxy from the MLR regression (calculated ®sX following Wespes et al. (2017)) is also

norm, j
represented (bottom row). That example clearly shthat the ENSO influence is considerably
compensated by the adjustment of the linear trenthé SLR regression (annual trend of -
0.2948:0.0286DU/yr from SLR vs -Gt323t0.692 16DU/yr from MLR for that example). Finally,
differences between the SLR and the MLR modelsabs® observed in the regiafwith strong
positive NAO influence over the Icelandic/Arctiqgren during MAM (see Wespes et al. (2016)
for a description of the NAO-relatecs©hanges). On the contrary, the sub-tropical SxiHibé
negative trends from both the SLR and the MLR.eKuilts from the weak natural IAV and
contributions in troposphericsGabove that region (see Section 3, Fig. 1 and Bjchw hence,
limits the compensation effects.

In summary,#—despite the fact thatonsidering a long period of measurements is usuall
recommended in SLR study gass-ever overconthe dynamical cycles and, hence, to help in
discriminating their influences from trends, westtbatit-is-net-aceurate-enrougonsidering that
some dynamics have irregular or no particular pieity (e.g. NAO, ENSOJ)t is not accurate
enough Furthermore, accurate satellite measurementspdspheric @at a global scale are quite
recent, limiting the period of available and congide datasets (e.g. Payne et al., 2017). As a
consequence, we support here that using a reliabléivariate regression model based on
geophysical parameters and adapted for each speaditinded layer is a robust method for
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differentiating a “true” trend from any other soescof variability and, hence, that it should help
in resolving trend differences between independatdsets.

4.4 Continental influence

In this section, we use the capabilities of IASEimultaneously measurezs@nd CO in order (1)

to differentiate tropospheric and stratospherigrasses, (2) to identify the regions influenced by
the continental export/intercontinental transpd®gpollution and (3) to evaluate that continental
influence on troposphericz@rends as observed by IASI. Similar tracer cotiates between CO
and Q have already been used to give insight into th&tqaihemical @ enhancement in air
pollution transport (e.g. Parrish et al., 1993;tBehi et al., 2005). However, there are only a few
studies using global satellite data for this puephang et al., 2006; Voulgarakis et al., 2010;
Kim et al., 2013) and the analysis of the@D relationship for better understanding the origfi

Os trends in the troposphere has, to the best okanwledge, never been explored.

We-provide-iFig.9a and 98howthe seasonal patterns of the ©O correlations (referred asR
co) and of thedOs/dCO regression slopes calculated in the troposplfiene the surface to 300
hPa) over the studied IASI period (January 2008ay 017). ThalOs/dCO regression slopes,
which represent the so-called-OO enhancement ratio, is used to evaluate thephemical @
production in continental outflow regions. ThesRo and thedO3/dCO distributions are similar
and clearly show regional and seasonal differeinceke strength of the $CO relationships.
Regions-of The patterns pbsitive and negative correlations allows to dieanateair+assesthe
outflow regionscharacterized by photochemical @oduction from precursors (including CO) or
CO destruction (both identified by positivefRo) fromthese the regionsharacterized by £oss
(chemical destruction or surface deposition) orshpng stratospheric contaminations (both
identified by negative &.co). Negative RBz.coanddOs/dCO are measured-theathigh latitudes
of both hemispheres all over the year, but moreigpally at high latitudes of the S.H. in summer-
fall (with Ros.co<-0.25 on averages in DJF and MM&)theGiven thahigh latitudes experience
more Q destruction than the low latitudes due to a lackumlight, the negative correlations for
the high latitude regions might also reflect airsses originating from/characterizing the
stratosphere due to natural intrusion or to aréifimixing with the troposphere introduced by the
limited vertical sensitivity of 1ASI in the highesatitudes $tratospheric contribution varying
between ~40% and 65%; see supplementary mataritespes et al., 20L.6These processes are
likely at the origin of the band-like pattern ofgative trends in the S.H. discussed in Sections 3
and 4.1. Negative &.coanddOs/dCO are also found above the Caribbean, the AradminBula
and the North Indian Ocean in JJA/SON and the Satiémtic in DJF. They are in line with Kim
et al. (2013) and they likely reflect the influerafdightning NQ which produce ®but also OH
oxidizing CO (e.g. Sauvage et al., 2007; Labradat.e2004).
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Strong positive correlations are identified in b&4-co anddOz/dCO patterns over the tropical
regions and for mid-latitudes of both Hemisphemasnd) the peak of photochemistry in summer.
Maxima (Roz-co>0.8 anddOs/dC0O>0.5) are detected in continental pollution avtflregions in
the N.H., especially downwind South-East Asia anerothe South Africa/Amazonia/South
Atlantic region. These £CO correlation patterns from IASI are fully consig with those
measured by TES (Zhang et al., 2006; 2008; Voukimet al., 2010) and by OMI/AIRS (Kim et
al., 2013), which have been interpreted with gladba@M'’s as originating from Asian pollution
influence and from combustion sources includingraes burning, respectively. The high positive
Ros-co found in JJA at mid-latitudes of the N.H. are d&gd in a lesser extent in DJF reflecting
the decreasing photochemistry. It is also waetlpoining out in Fig. 9 the clear hemispheric
differences in the &.coanddOs/dCO values at mid-high latitudes and, more partityl#he shift

of positive Ryz-coanddOs/dCO towards higher latitudes of the N.H. during stenfe.g. Rs-co=
0.24 in summevs0.038 in spring in the 35°N-55°N band). As a coussce, these results suggest
that the band-like pattern of negative trends meaisby IASI in summer might substantially
reflect the continental pollution influence andnbte, that it could result from the decline of
anthropogenic ®precursor emissions. Nevertheless, interpretiggO correlations in the free
troposphere, especially in photochemically agedupoh plumes far from the emission sources
towards the highest latitudes, remains complicatethe mixing of the continental combustion
outflow with stratospheric air masses, in additothe background dynamic and photochemistry
(e.g. Liang et al., 2007).

Finally, we also provide in Fig.9glebal the seasonphtterns of @CO covariances (CQ34-co).
They confirm the band-like pattern of the weak ratuariation captured in the.H. mid-latitudes
S-H-(see Sections 3 and 4.1) and help identifying ¢éggon downwind East China, the northern
mid-latitudespetiution-outflow regionand the South tropical region as the ones witthtbleest
pollution variability, in addition to the stronge€s-CO correlationsFiratyTo conclude the
particularly strong positive £CO relationship in terms of d3.co, dOs/dCO and COVsz.co
measured over and downwind Noghastindia/East China in summer in comparison withdhes
measured downwind East US and over Europe indibatéhe South-East Asia experiences the
most of the intense pollution episod&sthe N.with the largest @CO variability (COVos-co>
40x10° moP.cnt?) withandthe largest @enhancementdQs/dCO > 0.5) over the last decade
The strong @CO relationship in that region-explaining is asated withthe significant increase
that is detecteih the IASI O3 levelsdownwind East of Asidsee Section 4.1) despite the net
decrease in §precursor emissions recorded in China after 261l Cohen et al., 2017; Miyazaki
et al., 2017).

5 Conclusions

In this study, we have explored, for the first tjntlee possibility to infer significant trends in

tropospheric @ from the first ~10 years (January 2008 — May 20a7)the-IASI daily
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measurements at a global scale. To this end, Mld®/a@es have been performed by applying a
multivariate regression model (annual and seadonallations), including a linear trend term in
addition to chemical and dynamical proxies, ondgidimean tropospheric ozone time series. This
work follows on the analysis of the main dynamidaters of Q variations measured by IASI,
which was recently published in Wespes et al. (200 have first verified the performance of
the MLR models in explaining the variations in gldime series over the whole studied period. In
particular, we have shown that the model reprodadasge part of the £variations (>70%) with
small residuals errorlRMSEof ~10%) in-theatnorthern latitudes in summer. We have then
performed @ trend sensitivity tests to verify the possibility capture trend characteristics
independently from natural variations. Despitevleak contributiorirem-ofthetrends to the total
variation inFOECs the MLT @ columnsatthe global scale, the results demonstrate the poggibili
to discriminate significant trends from the expkamgavariables, especially in summer at mid-high
latitudes of the N.H. (~45°N-70°N) where the cdmition and the sensitivity dfietrendcs are the
largest (contribution of ~30-50% and a ~10% inceaasheRMSEexcluding the LT in the model).
We then focused on the interpretation of the gldfgaild estimates. We have found an interesting
significant positive trends in the S.H. tropicajjien extending from the Amazon to the tropical
eastern Indian Ocean and over South-East Asia ringspummer which should however be
carefully considered given the hif@MSEof the regression residuals in these regions.Mhie
analysis reveals a band-like pattern of high sigaift negative trends in the N.H. mid-high
latitudes in summer (—0.47+0.16 DU/yr on averageh@ 45°N-70°N band). The statistical
significance of such trend estimates is furtherifieel by estimatingbased on the autocorrelation
and on the variance of the noise residuals, thénmim number of years of IASI measurements
that are required to detect a trend of a |5| DUfdagnitude. The results clearly demonstrate the
possibility to determine such a trend amplituderfithe available IASI dataset and the used MLR
model at northern mid-high latitudes in summer, levlmuch larger measurement periods are
necessary elsewhere. In particular, the regiwsth the longest required periddghlight, in the
tropics, highlight a series of known processes that are closely cetatehe EI-Nifio dynamic,
which underlies the lack of associated paramet@izsin the MLR model. The importance of
using reliable MLR models in understanding largatscx variations and in determining trends
is further explored by comparing the trends inféfrem MLR androm SLR, the latter being still
commonly used by the international community. Theparison has clearly highlighted the gain
of MLR in attributing the trend-like segments intural variations, such as ENSO, to the right
processes and, hence, in avoiding misinterpretatfotapparent” trends in the measurement
datasetsNevertheless, it is worth noting that there coutdabpossible impact of the sampling
(because of the cloud and quality filters applill of the jump in September 2010 that has been
identified in the IASI dataset (see Section 2hath MLR and SLR trend&inally, by exploiting

the simultaneous and vertically-resolvegladd CO measurements from IASI, we have provided
and used the £CO correlations in the troposphere to help—determining the
origins/characteristics ofhe—ai—masses—with patterns négative or positive trends. The

distributions have allowed us to identify, in pautar, strong positive £CO correlations,
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regression slopes and covariance in the N.H. ntitldtes and northward during summer, which
suggests a continental pollution influence in thid.Nband-like pattern of high significant negative
trends recorded by IASI and, hence, a direct effettie policy measures taken to reduce emissions
of Oz precursor species.

This study supports overall the importance of ugidigh density and long terfimmogenized
satellite records, such as those provided by IA&d, (2) complex models with predictor functions
that describe the £regressors dependencfes a moreaccurates determimtioningof trends in
tropospheric ®@- as required by the scientific communigyg. in the Intergovernmental Panel on
Climate Change (IPCC, 2013) - and for further résgl trend biases between independent
datasets (Payne et al., 2017; the TOAR report pdspheric Ozone Assessment Report: Present-
day distribution and trends of tropospheric ozoelevant to climate and global atmospheric
chemistry model evaluation, Lead Authors: A. Gauglall O.R. Cooper). Determination, with
IASI, of robust trendsi-the-glebal-sealim tropospheric @at the global scalwill be achievable

in the near future by merging the homogeneogprofiles from the three successive instruments
onboard Metop-A (2006); -B (2012) and —C (2018}fpkans and from the IASI-Next Generation
instrumentonboard the Metop Second Generation series ofitest€Clerbaux and Crevoisier,
2013; Crevoisier et al., 2014). A long record opiwspheric @measurements will be also assured
by the Cross-track Infrared Sounder (CrlS) onbdhel Joint Polar Satellite System series of
satellites.
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the regression model, calculated [Hsox (U(O3F‘ttecj ~model (t))/a(OS(t)))J (in %, right panel). Data
are averaged over a 2.5°x2.5° grid box.
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1267  Fig.2. Seasonal distributions of the contribution frora #easonal and explanatory variables into
1268 IASI G variations estimated as

the
4:m
1269 100><a( Z[an;bn;Xj][cos(nai);sin(nwt);Xnmmj]] a(0,(t))| (in %, left panels) and of the

n=1;j=2
1270 contribution from the linear trend calculatedB0x o(x,., rend)/a(0,(t))] (in %, right panels).

1271 The grey areas and crosses refer to the non-signtfigrid cells in the 95% confidence limits (2
1272 level). Note that the scales are different.
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Fig.3. Examples of daily time series of IASk@easurements (dark blue) and of the fitted sedsona
regression models with (light blue) and withoutafuge) the linear term in the tropospher@ (1
row). Daily time series of the deseasonaliseqdDservations and regression modelsp#v) and

of the difference of the fitted models with andhitit the linear trend term as well as the adjusted
annual trend (pink and grey lines, respectivefyrodv) (given in DU). TheRMSE(annual and for
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indicated.
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