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Abstract

In this paper, we assess how daily ozong) (@easurements from the Infrared Atmospheric
Sounding Interferometer (IASI) on the MetOp-A ptaith can contribute to the analyses of the
processes driving £variability in the troposphere and the stratosplaerd, in the future, to the
monitoring of long-term trends. The temporal eviolatof O; during the first 6 years of IASI
(2008-2013) operation is investigated with multiste regressions separately in four different
layers (ground-300 hPa, 300-150 hPa, 150-25 hP& [2Ba), by adjusting to the daily time
series averaged in 20° zonal bands, seasonal aedr lirend terms along with important
geophysical drivers of ©Ovariation (e.g. solar flux, quasi biennial osditbas). The regression
model is shown to perform generally very well watlstrong dominance of the annual harmonic
terms and significant contributions from @rivers, in particular in the equatorial regionesd
the QBO and the solar flux contribution dominater®particularly, despite the short period of
IASI dataset available to now, two noticeable stetally significant apparent trends are inferred
from the daily IASI measurements: a positive trémdhe upper stratosphere (e.g. 1.74+0.77
DU/yr between 30°S-50°S) which is consistent witheo studies suggesting a turnaround for

stratospheric @recovery, and a negative trend in the troposphetbe mid-and high northern
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latitudes (e.g. -0.26+0.11 DU/yr between 30°N-5Q°&pecially during summer and probably
linked to the impact of decreasing ozone precuesoissions. The impact of the high temporal
sampling of IASI on the uncertainty in the deteration of Q trend has been further explored
by performing multivariate regressions on IASI nidyntaverages and on ground-based FTIR

measurements.

1 Introduction

Global climate change is one of the most importamtironmental problems of today and
monitoring the behavior of the atmospheric constits (radiatively active gases and those
involved in their chemical production) is key todemstand the present climate and apprehend
future climate changes. Long-term measurementshedet gases are necessary to study the

evolution of their abundance, changing sourcessama in the atmosphere.

As a reactive trace gas present simultaneouslyenttoposphere and in the stratospherg, O
plays a significant role in atmospheric radiatieecing, atmospheric chemistry and air quality.
In the stratosphere,s0s sensitive to changes in (photo-)chemical antadyical processes and,
as a result, undergoes large variations on seasmoahnnual time scales. Measurements pf O
total column have indicated a downward trend iatespheric ozone over the period from 1980s
to the late 1990s relative to the pre-1980 valwgsch is due to the growth of the reactive
bromine and chlorine species following anthropogemmissions during that period (WMO,
2003). In response to the 1987 Montreal Protocdl ismmamendments, with a reduction of the
Ozone-Depleting Substances (ODS; Newchurch eR@03), a recovery of stratospheric ozone
concentrations to the pre-1980 values is expedtednfann, 1996). While earlier works have
debated a probable turnaround for the ozone haevesy (e.g. Hadjinicolaou et al., 2005;
Reinsel et al., 2002; Stolarski and Frith, 2006V already indicated in 2007 that the total
ozone in the 2002-2005 period was no longer deergaseflecting such a turnaround. Since
then several studies have shown successful ideatidn of ozone recovery over Antarctica and
over northern latitudes (e.g. Mader et al., 20Hbwet al., 2011; WMO, 2011; Kuttippurath et
al., 2013; Knibbe et al., 2014; Shepherd et all420Nevertheless, the most recent papers as

well as the WMO 2014 ozone assessment have walbeeduse of possible underestimation of
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the true uncertainties in the ozone trends attibuto decreasing Effective Equivalent
Stratospheric Chlorine (EESC), against overly oggiim conclusions with regard to a possible
increase in Antarctic stratospheric ozone (Kramareval., 2014 ; WMO, 2014; Knibbe et al.,
2014; de Laat et al., 2015; Kuttippurath et al.120Varai et al., 2015). The causes of the
observed stratospheric;©hanges are hard to isolate and remain uncertagisely considering
the contribution of dynamical variability to the pgent trend and the limitations of current
chemistry-climate models to reproduce the obsewmati The assessment of ozone trends in the
troposphere is even more challenging due to tHadnte of many simultaneous processes (e.g.
emission of precursors, long-range transport, astptere-troposphere exchanges —STE-), which
are all strongly variable temporally and spatigiyg. Logan et al., 2012; Hess and Zbinden,
2013; Neu et al., 2014). Overall, there are stitlay large differences in the value of the O
trends determined from independent studies andelatémostly from ground-based and satellite
observations) in both the stratosphere and theosqipere (e.g. Oltmans et al., 1998; 2006;
Randel and Wu, 2007; Gardiner et al., 2008; Vigaxret al., 2008; Jiang et al., 2008; Kyréla et
al., 2010; Vigouroux et al., 2014). In order to noye on this and because; @as been
recognized as a Global Climate Observing SystemQ& Essential Climate Variables (ECVs),
the scientific community has underlined the needagfuiring high quality global, long-term and
homogenized ozone profile records from satelliffandel and Wu, 2007; Jones et al., 2009;
WMO, 2007; 2011; 2014). This specifically has résailin the ESA Ozone Climate Change
Initiative (Os-CCl; http://www.esa-ozone-cci.org/).

The Infrared Atmospheric Sounding Interferomet&S(l) onboard the polar orbiting MetOp,
with its unprecedented spatiotemporal samplinghef dlobe, its high radiometric stability and
the long duration of its program (3 successiveruments to cover 15 years) provides in
principle an excellent means to contribute to thalyses of the ©variability and trends. This is
further strengthened by the possibility of usingSIAmeasurements to discriminates; O
distributions and variability in the tropospheradahe stratosphere, as shown in earlier studies
(Boynard et al., 2009; Wespes et al., 2009; Dufgual, 2010 ; Barret et al., 2011; Scannell et
al., 2012; Wespes et al., 2012; Safieddine et28l13). Here, we use the first 6 years (2008-
2013) of the new @dataset provided by IASI on MetOp-A to performiratfanalysis of the ©
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time development in the stratosphere and in th@osphere. This is achieved globally by using
zonal averages in 20° latitude bands and a muidteatinear regression model which accounts
for various natural cycles affecting;OWe also explore in this paper to which extent the
exceptional temporal sampling of IASI can countihee the short period of data available for

assessing trends in partial columns.

In section 2, we give a short description of IA8daof the Q retrieved columns used here.
Section 3 details the multivariate regression maeld for fitting the time series. In Section 4,
we evaluate how the ozone natural variability iptaeed by IASI and we present the time
evolution of the retrieved Oprofiles and of four partial columns (Upper Stegtbere —UST-;
Middle-Low Stratosphere —MLST—; Upper Troposphewver Stratosphere —UTLS—; Middle-
Low Troposphere —MLT-) using 20-degree latitudiaakrages on a daily basis. The apparent
dynamical and chemical processes in each latitadel land vertical layer are then analyzed on
the basis of the multiple regression results usirsgries of common geophysical variables. The
“standard” contributors in the fitted time serias,well as a linear trend term, are analyzed in the
specified altitude layers. Finally, the trends indel from IASI are compared against those from

FTIR for six stations in the northern hemisphere.

2 IASI measurements and retrieval method

IASI measures the thermal infrared emission of Hagth-atmosphere between 645 and 2760
cm ™ with a field of view of 2x2 circular pixels on tlggound, each of 12 km diameter at nadir.
The IASI measurements are taken every 50 km aloadrack of the satellite at nadir, but also
across-track over a swath width of 2200 km. IASivides a global coverage twice a day with
overpass times at 9:30 and 21:30 mean local soter The instrument is also characterized by a
high spectral resolution which allows the retriesbhumerous gas-phase species (e.g. Clerbaux
et al., 2009; Clarisse et al., 2012).

Ozone profiles are retrieved with the Fast OptirRaltrievals on Layers for 1ASI (FORLI)
software developed at ULB/LATMOS. FORLI relies onfast radiative transfer and on a
retrieval methodology based on the Optimal Estiomaiethod (Rodgers, 2000). In the version
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used in this study (FORLI-4£v20100815), the © profile is retrieved for individual IASI
measurement on a uniform 1 km vertical grid ona@ts from surface up to 40 km. The a priori
information (a priori profile and a priori covariem matrix) is built from the
Logan/Labow/McPeters climatology (McPeters et 2007) and only one singles@ priori
profile and variance-covariance matrix are usece idirieval parameters and performances are
detailed in Hurtmans et al. (2012). The FORLl{fdofiles and/or total and partial columns have
undergone validation using available ground-bas@d;raft, Q sonde and other satellite
observations (Anton et al., 2011; Dufour et al.120Gazeaux et al., 2012; Parrington et al.,
2012; Pommier et al., 2012; Scannell et al., 2@&tjen et al., 2014). Generally, the results
show good agreements between FORLI&Md independent measurements with a low bias
(<10%) in the total column and in the vertical gmfexcept in UTLS where a positive bias of
10-15% is reported (Dufour et al., 2012; Gazeawd.eR012; Oetjen et al., 2014).

In this study, only daytime £IASI observations from good spectral fits (RMStlé spectral
residual lower than 3.5xFow/cnt.sr.cm') have been analyzed. Daytime IASI observations
(determined with a solar zenith angle to the suB0%) are characterized by a better vertical
sensitivity to the troposphere associated withghdr surface temperature and a higher thermal
contrast (Clerbaux et al., 2009; Boynard et alQ@0Furthermore, cloud contaminated scenes
with cloud cover < 13% (Hurtmans et al., 2012) wenmoved using cloud information from the

Eumetcast operational processing (August et aL.2p0

An example of typical FORLI-@averaging kernel functions for one mid-latitudesetvation in
July (45°N/66°E) is represented on Fig.1. The layleave been defined as: ground-300hPa
(MLT), 300-150hPa (UTLS), 150-25 hPa (MLST) and wb@5 hPa (UST), so that they are
characterized by a DOFS (Degrees Of Freedom fonaBigclose to 1 with a maximum
sensitivity approximatively in the middle of theyéas, except for the 300-150 hPa layer which
has a reduced sensitivity. Taken globally, the D@®1Sthe entire profile ranges from ~2.5 in
cold polar regions to ~4.5 in hot tropical regiodepending mostly on surface temperature, with
a maximum sensitivity in the upper troposphere ianthe lower stratosphere (Hurtmans et al.,

2012). In the MLT, the maximum of sensitivity isoand 4-8 km altitude for almost all
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situations (Wespes et al., 2012). The sharp deemrgfasensitivity down to the surface is inherent
to nadir thermal IR sounding in cases of low swféemperature or low thermal contrast and
indicates that the retrieved information principatbmes from the a priori in the lowest layer.
Figure 2 presents July 2010 global maps of aver&g@dLI-O; partial columns for two partial
layers (MLT and MLST), and of the associated DOIRS @ priori contribution (calculated as
Xa-A(Xa), whereX, is thea priori profile andA, the averaging kernel matrix, following the
formalism of Rodgers (2000)). The two layers exthibiferent sensitivity patterns: in the MLT,
the DOFS typically range from 0.4 in the cold pakegions to 1 in regions characterized by high
thermal contrast with medium humidity, such as tmed-latitude continental Northern
Hemisphere (N.H.) (Clerbaux et al., 2009). Lower BEvalues in the intertropical belt are
explained by overlapping water vapor lines. In castt the DOFS for the MLST are globally
almost constant and close to one, with only sliglaer values (0.9) over polar regions. Tde
priori contribution is anti-correlated with the senstifyias expected. It ranges between a few %
to ~30% and does not exceed 20% on 20° zonal a®ragthe troposphere (see Supporting
Information; Fig. S3, dashed lines), while the eprcontribution is smaller than ~12% in the
middle stratosphere. These findings indicate thatlASI MLST time series should accurately
represent stratospheric variations, while the tgages in the troposphere may reflect to some
extent variations from the upper layers in additiorthe real variability in the troposphere. In
order to quantify this effect, the contributiontbe stratosphere into the tropospheric ozone as
seen by IASI has been estimated with a global 33aBnucal transport model (MOZART-4).
Details of the model-observation comparisons cafobad in the Supplement (see Fig. S2 and
S3). We interestingly show that the stratospheviatribution to the MLT columns measured by
IASI varies between 30% and 60%, depending onutditand season (Fig. S5). The limited
vertical sensitivity of IASI contributes to this ey smaller part (~10%-20%) than the natural
stratospheric influence (~20% to 45%) (See Fig.aBd S5). In addition, we find that the
contribution of the natural variability (from bothe troposphere and the stratosphere) on the
MLT O3 columns is larger than 50% everywhere. In the 30N-band where the DOFS is the
largest (See Fig.2 (b)), this contribution reach®5% from which ~25-35% originates from the
stratosphere and ~55% from the troposphere (Figl®6 and (b)). Nevertheless, the
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contamination of IASI MLT @ with variations in stratospherics®as to be kept in mind when
analyzing IASI MLT Q.

3 Fitting method

3.1. Statistical model

In order to characterize the changes in ozone meddly IASI and to allow a proper separation
of trend, we use a multiple linear regression maelounting for a linear trend and for inter-
annual, seasonal and non-seasonal variations delatphysical processes that are known to
affect the ozone records. More specifically, thaetiseries analysis is based on the fitting of

daily (or monthly) median partial columns in di#et latitude band following:

O,(t) =Cst+x, [rend+ " [a, [€ospat) +b, Bin(nat)] + zm: X, X porm; (£) + £(t) (1)

j=2

wheret is the number of days (or months), is the 6-year trend coefficient in the data=

2n/365.25 for the daily model (orr2L2 for the monthly model) anX . are independent

normj
geophysical variables, the so-called “explanat@wyables” or “proxies”, which are in this study
normalized over the period of IASI observation (2@D13), as:

X porm(®) = X 1) = Xmectard /DX max = X 2)
e(t) in Eq. (1) represents the residual variation whéchot described by the model and which is
assumed to be autoregressive with time lag of 1(dayt month). The constant terr@gt) and

the coefficientsa,,b,,x; are estimated by least-squares method and ttaeidard errors &, )

are calculated from the covariance matrix of thefficients and corrected to take into account
the uncertainty due to the autocorrelation of tbiseresidual as discussed in Santer et al. (2000)
and references therein:

Y [0, - yY@©F

02 = (YY) 2 i 3)
n—-m 1-9

Where Yis the matrix with the covariatestrénd,coshat),sin(nat), X ) sorted by

norm, j

column,y is the vector of the regression coefficients cqroesling to the columns of , n is the



202
203
204
205
206
207
208
209
210
211
212
213

214

215

216
217
218
219
220
221
222
223
224
225
226
227
228
229
230
231

number of daily (or monthly) data points in the @irseries, m is the number of the fitted

parameters, and is the lag-1 autocorrelation of the residuals.

The median is used as a statistical average sirisemore robust against the outliers than the
normal mean (Kyrola et al., 2006; 2010). Note tkatilarly to Kyrdla et al. (2010), the model
has been applied onzQOnixing ratios rather than on partial columns buthaut significant

improvement on the fitting residuals and R values.

3.2. Geophysical variables

In Eq. (1), harmonic time series with a period gfear and a half year are used to account for the
Brewer-Dobson circulation and the solar insolati@ and k) coefficients), and for the
meridional circulation (aand b coefficients), respectively (Kyrola et al., 2010¥hile these

effects are of a periodic nature, the geophysiaabbles (X,) are used here to parameterize the

ozone variations on non-seasonal timescales. Togedproxies a€,,,,QBO",QBO*, ENSO,

NAO/AAQ the first three being the most commonly useda¢idard”) proxies to describe the
natural ozone variability, i.e. the solar radioxflat 10.7 cm and the quasi-biennial oscillation
(QBO) which is represented by two orthogonal zonal conegmts of the equatorial stratospheric
wind measured at 10 hPa and 30 hPa, respectivglyRandel and Wu, 2007). The three other
proxies,ENSO, NACand AAQ, are used to account for other important fluchgtilynamical
features: the El Nifio/Southern Oscillation, the tHoAtlantic Oscillation and the Antarctic
Oscillation, respectively. Table 1 lists the setelcproxies, their sources and their resolutions.
The time series of these proxies normalized over 2800-2013 period following Eq. 2 are
shown in Fig.3 (a) and (b) and they are shortlydbed hereafter:

- Solar flux the F10.7 cm solar radio flux is an excellenticatbr of solar activity and is
commonly used to represent the 11 year solar cytlis. available from continuous routine
consistent measurements at the Penticton Radior@iteey in British Columbia which are
corrected for the variable Sun-Earth distance tegulffrom the eccentric orbit of the Earth
around the SurDver the period 2008-2013, the radio solar fluxeases from about 65 units in
2008 to 180 units in 2013 and is characterized Bpexific daily “fingerprint” (see Fig.3 (a)).
Note that because the period of IASI observatiomssdhot cover a full 11 year solar cycle, it

8
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could affect the determination of the trend in tlegression procedure. The difficulty in
discriminating the solar flux and linear trend term a known problem for such multivariate
regression: it feeds into their uncertainties ahdcan lead to biases in the coefficients
determination (e.g. Soukharev et al., 2006).

- QBO termsThe QBO of the equatorial winds is a main commbreé the dynamics of the
tropical stratosphere (Chipperfield et al., 199402, Randel and Wu, 1996; 2007; Logan et al.,
2003; Tian et al.,, 2006; Fadnavis and Beig, 2008udhecorne et al.,, 2010). It strongly
influences the distributions of stratospherig @opagating alternatively westerly and easterly
with a mean period of 28 to 29 months. Positive aedative vertical gradients alternate
periodically. At the top of the vertical QBO domathere is a predominance of easterlies, while,
at the bottom, westerly winds are more frequentoider to account for the out-of-phase
relationship between the QBO periodic oscillatiamghe upper and in the lower stratosphere,
orthogonal zonal winds measured at 10hPa (Fig.Gage) and 30hPa (Fig.3a; green) by the
ground-station in Singapore have been considered (iRandel and Wu, 1996; Hood and
Soukharev, 2006).

- NAO, AAO and ENSO The EI Nifio/Southern Oscillation is represenigdthe 3-month
running mean of Sea Surface Temperature (SST) dremm@ degrees Celsius) in the Nifio
region 3.4 (region bounded by 120°W-170°W and ). Raw data are taken from marine
ships and buoys observations. The North Atlantat Antarctic Oscillations are described by the
daily (or monthly) NAO and AAO indices which arenstructed from the daily (or monthly)
mean 500-hPa height anomalies in the 20°N-90°Noregnd 700-hPa height anomalies in the
20°S-90°S region, respectively. Detailed informatifor these proxies can be found in
http://www.cpc.ncep.noaa.goviChese proxies describe important dynamical featwbgch
affect ozone distributions in both the tropospheme the lower stratosphere (e.g. Weiss et al.,
2001, Frossard et al., 2013; Rieder et al., 20t8;raferences therein). The daily or 3-monthly
average indexes used to parameterize these fliarigadre shown in Fig. 3 (b). The NAO and
AAO indexes are used for the N.H. and the S.H. {i8&@m Hemisphere), respectively (both are
used for the equatorial band). These proxies haen bncluded in the statistical model for
completeness even if they are expected to only haweak apparent contribution to the IASI
ozone time series due to their large spatial vditialn a zonal band (e.g. Frossard et al., 2013;
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Rieder et al., 2013). We have verified that inahgda typical time-lag relation between ozone
and the ENSO variable from 0 to 4 months did ngtrowe the regression model in terms of
residuals and uncertainty of the fitted parametdssa consequence, a time-lag has not been
taken into account in our study.

- Effective equivalent stratospheric chlorine (EBESThe EESC is a common proxy used for
describing the influence of the ODS iy @ariations. However, because the IASI time series
starts several years after the turnaround for #ome hole recovery in 1996/1997 (WMO, 2010),
their influence is not represented by a dedicatedypbut is rather accounted for by the linear

trend term.

Even if some of the above proxies are only spetifiprocesses occurring in the stratosphere, we
adopt the same approach (geophysical variableselnaol regression procedure) for adjusting
the IASI G; time series in the troposphere. This proves udafgarticular to account for the
stratospheric contribution to the tropospheric taf€30-60%; see Section 2 and Supporting
Information, Fig. S5) due to stratosphere-troposplexchanges (STE) and to the fact that this
tropospheric layer is not perfectly decorrelatemhfrthe stratosphere. This has to be kept in mind
when analyzing the time series in the tropospharésection 4. Specific processes in the
troposphere such as emissions of ozone preculsmgrange transport and in situ chemical
processing are taken into account in the modehénhiarmonic and the linear trend terms of the
Eq. 1 (e.g. Logan et al., 2012). Including harmderens having 4- and 3-month periods in the
model has been tested to descriked€pendency on shorter scales (e.g. Gebhardt, &044),

but this did not improved the results in terms esiduals and uncertainty of correlation

coefficients.

3.3. Iterative backward variable selection

Similarly to previous studies (e.g. Steinbreclalet2004; Mader et al. 2007, 2010; Knibbe et al.,
2014), we perform an iterative stepwise backwairdiehtion approach, based on p-values of the
regression coefficients for the rejection, to setbe most relevant combination of the above
described regression variables (harmonic, linear explanatory) to fit the observations. The

minimum p-value for a regression term to be remofedt tolerance) is set at 0.05, which

10
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corresponds to a significance of 95%. The initialdel which includes all regression variables is

fitted first. Then, at each iteration, the variableharacterized by p-values larger than 5% are
rejected. At the end of the iterative process, tlmaining terms are considered to have

significant influence on the measureg\@riability while the rejected variables are caesed to

be non-significant. The correction accounting fog autocorrelation in the noise residual is then
applied to give more confidence in the coefficiesgermination.

4 Ozone variations observed by IASI

In this section, we first examine the ozone vaoiagiin IASI time series during 2008-2013 in the

four layers defined in the troposphere and theagpnere to match the IASI sensitivity (Section

2). The performance of the multiple linear modeleimluated in subsection 4.2 in terms of

residuals errors, regression coefficients and &s®sut uncertainties determined from the

regression procedure (Section 3). Based on thisshaeacterize the principal physical processes
that affect the IASI ozone records. Finally, thaligbof IASI to derive apparent trends is

examined in sub-section 4.3.

4.1 Qs time series from IASI

Figure 4 (a) shows the time development of dailyn@mber density over the entire altitude
range of the retrieved profiles based on daily @esli The time series cover the six years of
available IASI observations and are separatedreetB0-degree latitude belts: 30°N-50°N (top
panel), 10°N-10°S (middle panel) and 30°S-50°St@motpanel). The figure shows the well-

known seasonal cycle at mid-latitudes in the trppese and the stratosphere with maxima
observed in spring-summer and in winter-springpeetively, and a strong stability of ozone

layers with time in the equatorial belt. At highitiades of both hemispheres, the high ozone
concentrations and the large amplitude of the sedstycle observed in MLST and UTLS are

mainly the consequence of the large-scale downwigward Brewer-Dobson circulation

which is prominent in late winter below 25 km.

Figure 4 (b) presents the estimated statisticaledainty on the © profiles retrieved from
FORLI. This total error depends on the latitude #mel season, reflecting, amongst other, the

11
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influence of signal intensity, of interfering watknes and of thermal contrast under certain
conditions (e.g. temperature inversion, high thérowamtrast at the surface). It usually ranges
between 10 and 30% in the troposphere and in th&SUTUpper Troposphere-Lower

Stratosphere), except in the equatorial belt duegdow Q amounts (see Fig.4 (a)) which leads

to larger relative errors. The retrieval errorsasaally less than 5% in the stratosphere.

The relative variability (given as the standard ideon) of the daily median DOtime series
presented in Fig.4 (a) is shown in Fig.5, as ationaf time and altitude. It is worth noting that,
except in the UTLS over the equatorial band, theabdity is larger than the estimated retrieval
errors of the FORLI-@data (~25%v/s~15% and ~10%s ~5%, on average over the troposphere
and the stratosphere, respectively), reflecting the high natural temporal variability of;@n
zonal bands is well captured with FORLI (Dufouratt 2012; Hurtmans et al., 2012). The
standard deviation is larger in the troposphere imnthe stratosphere below 20 km where
dynamic processes play an important role. The &rgalues (>70% principally in the northern
latitudes during winter) are measured around 9-13kitude. They highlight the influence of
tropopause height variations and the STE procebssdise stratosphere, the variability is always
lower than 20% and becomes negligible in the egiztoegion. Interestingly, the lowest
troposphere of the N.H. (below 700 hPa; <4km) isrkeeé by an increase in both;O
concentrations (Fig. 4a) and standard deviatioesu@en ~30% and ~45%) in spring-summer,
the latter being larger than the total retrievabei(less than 25%, see Fig. 4 (b)). The lower
tropospheric column (e.g. ground-700 hPa) can gdiganot well be discriminated because of
the weak sensitivity of IASI in the lowermost lagdSection 2). However, the measurements in
northern mid-latitudes in spring-summer are charatd by a larger sensitivity. In the ground-
700hPa columns, we find that the apriori contrimsi do not exceed 40% and they range
between 10% and 20% over the continental regiongdtition, thestratosphere-troposphere
exchanges are usually the weakest in summer. Ta®sbheric contributions into the 1ASI
MLT columns are estimated to be the lowest in trarser mid-latitudes N.H. (e.g. ~35% in
the 30°N-50°N band; See Fig. S5 (b) of the Suppidjreend, as mentioned in Section 2, the
real natural contribution originating from the togphere reachess5% (cfr Fig.S6 (b) in

Supplement)This certainly helps in detecting the real varigpibf Oz in the N.H. troposphere,
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and, the increase in the observed concentratiodsirarthe variability may likely indicate a
photochemical production ofsGssociated with anthropogenic precursor emisgiens Logan

et al., 1985; Fusco and Logan, 2003; Dufour et24110; Cooper et al., 2010; Wilson, et al.,
2012; Safieddine et al., 2013). Changes in biomasgsbiogenic emissions of NACO and non-
methane organic volatile compounds (NMVOC) may ghkamy a role. However, they only
represent a small part of the total emissions f@y Nand CO (e.g. ~23%s 72% for the
anthropogenic NQemissions and ~40%s 60% for the anthropogenic CO emissions from the
emissions dataset used in the Supplement), whiléithgenic emissions of NMVOC represent

the largest contribution to the total (~80%).

The zonal representation of the @riability seen by IASI is given in Fig. 6. It@hs the daily
number density at altitude levels correspondingheximum of sensitivity in the four analyzed
layers in most of the cases (600 hPa - ~6km; 240-hfLOkm; 80 hPa - ~20km; 6 hPa - ~35
km) (Section 2). The top panel (=35 km) reflectdlwiee photochemical ©production by
sunlight with the highest values in the equatorklt during the summer (~3x¥0
molecules/cr). The middle panels (~20 km and ~10 km) showstridwesport of ozone rich-air
to high latitudes in late winter (up to ~6xX¥@nolecules/criin the N.H.) which is induced by the
Brewer-Dobson circulation. The fact that the pateat ~10km are similar to those at ~20 km
mainly reflects the low sensitivity of IASI to thkgvel compared to the others. Finally, the lower
panel (~6 km) presents high; @vels in spring at high latitudes (~1.4x3folecules/crin the
N.H.), which likely reflects both the STE processesl the contribution from the stratosphere
due to the medium IASI sensitivity to that layeedsSection 2 and Supporting Information), and
a shift from high to middle latitudes in summer @hicould be attributed to anthropogenig O
production. The MLT panel also reflects the seaksavecillation of the Inter-Tropical
Convergence Zone (ITCZ) around the Equator andattye fire activity in spring around 20°S-
40°S.

4.2 Multivariate regression results: Seasonal andxplanatory variables
Figure 4(a) shows superimposed on the time sefikeedASI 0zone concentration profile, those
of the partial columns (dots) for the 4 layers ¢catontours). The adjusted daily time series to
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these columns with the regression model define&dpy is also overlaid and shown by colored
lines. The model represents reasonably well then@za@riations in the four layers, with, as
illustrated for three latitude bands, good coedinti correlations (e.g. y?r=0.94; Ry1.s=0.91;
Rmit=0.90 and Bs=0.91 for the 30°N-50°N band) and low residuals8f6) in all cases. The
regression model explains a large fraction of tlaeiance in the daily IASI data over the

troposphere (~85%-95%) and the stratosphere (~83%-18 all cases, except for the UST with

Fitted _model

~70-95%), as estimated from( 3 (O (t)) (t)) whereo is the standard deviation relative to the
g 3

fitted regression model and to the IAS] tOne series.

However, note that the fit fails to reproduce thighkst ozone values (>5xf0molecules/cr)
above the seasonal maxima for 30°N-50°N latitudedbaspecially in the MLST during the
springs 2009 and 2010. This could be associated egtasional downward transport of upper
atmospheric NQrich air occurring in winter and spring at highitiades (Brohede et al., 2008)
following the strong subsidence within the inteAsetic vortex in 2009-2010 (Pitts et al., 2011)
or with the missing time-lags in the regression eidmttween the QBO and ENSO variables and

the response of mid-latitude lower stratospheramez(Neu et al., 2014).

Fig.7 displays the annual cycle averaged over theas recorded by IASI (dots) for the studied
layers and bands, as well as that from the fithef daily Q columns (lines). The regression
model follows perfectly the Ovariations in terms of timing of maxima and of amplitude of
the cycle. The fit is generally characterized bw leesiduals (<10%) and good correlation
coefficients (0.70-0.95), which indicates that tegression model is suitable to describe the
zonal variations. Exception is found over the SeutHatitudes (residual up to 15% and R down
to 0.61) probably because of the variation indubgdhe ozone hole formation which is not
parameterized in the regression model, and beaafutiee low temporal sampling of daytime

IASI measurements in this region.

From Figure 7, the following general patterns ia @& seasonal cycle can be isolated from the

zonally averaged IASI datasets:
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In UST (top left panel), the maxima is in the equial belt, around 4.7x® molecules/crh
throughout the year and the amplitudes are smafipemed to the averaged; @alues. The
largest amplitude in the annual cycle is foundhie N.H. between 30N and 50N wherg O
peaks in July after the highest solar elevation Jime) following a progressive buildup
during spring-summer. In agreement with FTIR obagons (e.g. Steinbrecht et al., 2006;
Vigouroux et al., 2008), a shift of thes@naximum from spring (March-April) to late
summer (August-September) is found as one moves fiigh to low latitudes in the N.H. In
the S.H., the general shape of the annual cyclelwsihows a peak in October-November
before the highest solar elevation (in Decembesgults from loss mechanisms depending on
annual cycle of temperatures and other trace g&sésr effects such as changing Brewer-
Dobson circulation, light absorption and tropicaraspause oscillations may also
considerably impact the cycle in this layer (Brassgand Solomon, 1984; Schneider et al.,
2005).

In the lower stratosphere (MLST and UTLS, top rigimtd bottom left panels), the
pronounced amplitudes of the annual cycle is dotethdy the influence of the Brewer
Dobson circulation with the highest @alues observed over polar regions (reaching ~¥x10
molecules/crhon averagers ~2x10® molecules/crhon average in the equatorial belt). The
maximum is shifted from late winter at high latiesdto spring at lower latitudes.

In MLT (bottom right panel), we clearly see a latgamispheric difference with the highest
values over the N.H. (also in UTLS). Maxima are eslied in spring, reflecting more
effective STE processes. A particularly broad maximfrom spring to late summer is
observed in the 30N-50N band. It probably pointatthropogenic production of;OThis
has been further investigated in the Supplememutitr MOZART4-IASI comparison by
using constant anthropogenic emissions in the meetéhgs (see Fig. S2). The results show
clear differences between the modeled and the wbdeMLT seasonal cycles, which
highlights the need for further investigation o ttole of anthropogenically produced &nd

the realism of anthropogenic emissions inventories.

Figure 8 presents all the fitted regression paramdncluded in Eq. 1 (Section 3) in the four

layers as a function of latitude. The uncertaimtyhie 95% confidence limits which accounts for
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the autocorrelation in the noise residual is gibgnerror bars. The constant term (Fig.8a) is
found to be statistically significant (uncertainiy3?o) in all cases. It captures the two ozone
maxima in the stratosphere: one over the NorthesarPregions in the MLST and one at
equatorial latitudes in the UST (~4.5 %i@nolecules/crf), the important decrease of @ the
lower stratospheric layers (UTLS and MLST) movingnh high to equatorial latitudes, and the
weak negative and strong positive gradients inNbghern MLT and in the UST, respectively.
The sum of the constant terms of the four layeries@etween 7.50x1®(equatorial region) and
9.50x13® molecules/crh (polar regions) and is similar to the one of titeed total column
(relative differences < 3.5%) (red line). Note tha constant terms in the UTLS region in the
mid-latitudes and in the tropics are certainly etiéel by the fact that the FORLIs@rofiles are
biased high by ~10-15% in this layer and latituéeads (Dufour et al., 2012; Gazeaux et al.,
2012). The representativeness of the 20-degred avaeages in terms of spatial variability has
been examined by fitting the IASI time series fpedfic locations in the N.H. (results shown
with stars in Fig.8a): the constant terms are fotmdbe consistent, within their uncertainties,
with those averaged per latitude bands in all caesr the polar region where;Ghows a large

natural variability, the regression coefficientisaracterized by a large uncertainty.

The regression coefficients for other variablegr{famic and proxy terms) which are retained in
the regression model by the stepwise eliminatiavcgdure are shown in Fig.8 (b). They are
scaled by the fitted constant term and the erras lvapresent the uncertainty in the 95%
confidence limits accounting for the autocorrelation the noise residual. A positive (or
negative) sign of the coefficients indicates theg &ssociated variables are correlated (or anti-
correlated) with the IASI ©time series. Note that if the uncertainty is lartpan its associated
estimate (i.e. larger than 100%, correspondingitereor bar overlapping the zero line), it means
that the estimate becomes statistically non-sigaifi when accounting for the autocorrelation in
the noise residuals at the end of the eliminati@mtgss. This is summarized in Table S1 of the
Supplement. The contribution of the fitted variabieto the IASI Q variations is estimated as
J([an; B, X; J.[cos(nax); sin(nat); X om; J)
a(0,(1))

signal of harmonic or proxy terms and to the IASItidhe series. From Figure 8, we find that:

whereo is the standard deviation relative to the fitted
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The annual harmonic term (upper left) is the mained of the Q variability and largely
dominates (scaled;+b; around £ 40%) over the semi-annual one (uppet;riggaleda,.b,
around = 15%). In UTLS and MLST, its amplitude dsges from high to low latitudes
likely following the cycle induced by the Brewer-Bson circulation ¢fr. Fig.6 and Fig.7)
and the sign of the coefficient accounts for thaten-spring maxima in both hemispheres
(negative values in the S.H. and positive onesha N.H). The annual term contributes
importantly around 45%-85% of the observeg v@riations, except in the 10°N-30°N and
equatorial bands (10%-30%), while the influencetlod semi-annual variation on;0s
smaller (10%-25%) and highly variable between theds. In the UST, the amplitudes vary
only slightly (around -5% to 5%) and account foe tweak summer maximum. The
contributions of the annual harmonic term are estiéth between 5%-30%. As expected, the
uncertainties associated with the annual termse@ngweak and most of the harmonic terms
(annual and seasonal) are statistically significant

The QBO and solar flux proxies are generally mirfscaled coefficients <10% and
contributions <15%) and they are often statistjcalon-significant contributors to O
variations after accounting for the autocorrelatiorthe noise residual (see Table S1 in the
Supplement), except in equatorial region (scaledffimdents of 10-15% in UTLS and
contributions up to 75% and 21% for QBO and SFpeetvely) where they are important
drivers of Q variations (e.g. Logan et al., 2003; Steinbre¢h&le 2006b; Soukharev and
Hood, 2006; Fadnavis and Beig, 2009). Previousiestubave indeed supported the solar
influence on the lower stratospheric equatorialasgits (e.g. Soukharev and Hood, 2006;
McCormack et al., 2007). Note that the QB(roxy (data not shown) has negative
coefficients for the mid-latitudes, which is indinvith Frossard et al. (2013).

The contributions described by the ENSO and NAO/ApiOxies are generally very weak
(<10% and <5%, respectively), with scaled coeffitselower than 5%, and, in many cases
for the NAO/AAO proxies, they are even not statisllly significant when taking into
account the correlation in the noise residuals Tsd#e S1 in Supplement). Despite of this, it
is worth pointing out that their effects to the @ariations are comparable to the results
published in the previous studies. The negative @NBefficient in the tropical UTLS is
consistent with results from Neu et al. (2014).dereet al. (2013) and Frossard et al. (2013)
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have also shown large regions of negative coefiisi for NAO North of 40°N, and large
regions of positive and negative coefficient esteador ENSO, North of 30°N and South of

30°S, respectively.

We note that the non-representation of time-lagh@nproxy time series may be underestimating
the role of some geophysical variables gnv@riations, in particular that of ENSO and QBO in
zonal bands outside the regions where these geiephyguantities are measured (i.e. Nifio
region 3.4 for ENSO and Singapore for QB®Binally, we see in Fig.8 (b), large uncertainties
associated with the regression coefficients in UTi.8omparison with other layers, and in polar
regions in comparisons with other bands. We int&rghis as an effect from the high natural
variability of O; measured by IASI in UTLS (see Fig.5) and from miggarameterizations and
low temporal sampling of daytime IASI measuremewsr the poles, respectively.

As a general feature, the results demonstrategfeesentativeness of the fitted models in each
layer and latitude band. This good performancenhefregression procedure allows examination

of the adjusted linear trend term in Section 418Wwe

4.3 Multivariate regression results: trend over 208-2013

An additional goal of the multivariate regressioathod applied to the IASI Qime series is to
determine the linear trend term and its associategrtainty. Despite the fact that more than 10
years of observations, corresponding to the lagesof solar cycle, is usually required to
perform such a trend analysis, we could arguedtadistically relevant trends could possibly be
derived from the first six years of IASI observaso owing to the high spatio-temporal
frequency (daily) of IASI global observations, teetdaily “fingerprint” in the solar flux (see
Figure 3 (a)), possibly making it distinguishalilen a linear trend, and to its weak contribution
to Os variations (see section 4.2. and references thjeré€o verify the specific advantage of
IASI in terms of frequency sampling, we compare,the subsections below, the statistical
relevance of the trends when retrieved from the thigraveraged IASI datasets the daily

averages as above, in the 20° zonal bands for paetidl and the total columns.
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4.3.1. Regressions applied on dailys monthly averages

Figure 9 (top) provides, as an example, the 6-Vieae series of IASI @ daily averages (left
panels) compared to the monthly averages (righelgarfor the 30°S-50°S latitude band in the
UST (dark blue), along with the results from thgression procedure (light blue). Note that
either daily or monthly F10.7, NAO and AAO proxigee Table 1) are used depending on the
frequency of the IASI © averages to be adjusted. The second row in Figo9ides the
deseasonalised IASI and fitted time series, caledldy subtracting the model seasonal cycle
from the time series, as well as the residuals ¢retdles). The averaged residuals relative to the
deseasonalised IASI time series strongly vary whth layers and latitudinal bands and usually
range between 30% and 60%. The fitted signal inddl@ach proxy is shown on the bottom
panels. The @time series and the solar flux signal resultimgnfrthe adjustment without the
linear term trend in the regression model are aigwesented (orange lines ifi @nd bottom
panels, respectively). When it is not included he tegression model, the linear trend term is
only partly compensated by the solar flux term hie tdaily averages. This leads to an offset
between the fitted £time series resulting from the both regression el @vith and without the
linear term), which corresponds well to a trendrdate 1ASI period, and, consequently, to larger
residuals (e.g. 80% withowts 44% with the linear term for this example and 948thout vs
58% with the linear term for the 30°S-50°S bandha MLST illustrated in Fig. S1 of the
Supplement). This offset is observed for a lotaykks and latitudinal bands. On the contrary, the
linear term can largely be compensated by the $lobaterm in the monthly averages: the offset
is weak and the relative difference between theh bidted models is smaller (averaged
differences relative to the deseasonalised IASketsaries 0f10% in monthly dats 17% in
daily data for this example). In this example, thmear and solar flux terms are even not
simultaneously retained in the iterative stepwisekivard procedure when applied on the
monthly averages while they are when applied oty daierages. This effective co-linearity of
the linear and the monthly solar flux terms tratesdao larger model fit residuals (44% in daily
averagews60% in monthly averages in UST, relative to theedsonalised IASI time series), to
smaller relative differences between both regressiodels (with and without the linear term)
(17% in daily vs 10% in monthly data), and to largacertainty on the trend coefficients when
using the monthly data in comparison with the daljta. This even leads, in this specific
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example, to a not statistically significant lingarm of 1.21+1.30DU/yr when derived from

monthly averagegs a significant trend of 1.74+0.77DU/yr from dailyeaages.

The same conclusions can be drawn from the fitsther layers and latitude bands, especially
those where the solar cycle variation of ozoneaigd (MLST and UTLS) or where the ozone
recovery occurs (UST). A larger trend uncertairggaziated with monthly datzs daily data is

found in all situations (see Table 2, Section 4l:Bw).

This brings us to the important conclusion thagnlts to the unprecedented sampling of 1ASI,
apparent trends can be detected in FORLI4ne series even on a short period of
measurements. This supports the need for reguldr lagh frequency measurements for
observing ozone variations underlined in otheristde.g. Saunois et al., 2012). Thgt@nds
from the daily averages of IASI measurements aseudised and compared with results from the

monthly averages in the subsection below.

4.3.2. @ trends from daily averages

Table 2 summarizes the trends and their unceresimi the 95% confidence limit, calculated for
each 20° zonal band and for the 4 partial and dked tolumns. In the northern and southern
polar regions, the polar night period is not codeb®cause only IASI observations during
sunlight (over Feb-Oct and Oct-Apr for N.H. and S.dspectively) are used in this study (See
Section 2). For the sake of comparison, the tramelseported for both the daily (top values) and
the monthly (bottom values) averages, and theietamties account for the auto-correlation in
the noise residuals considering a time lag of 1-olag-month, respectively. We show that the
daily and monthly trends in all layers and alltladie bands fall within each other uncertainties,
but that the use of daily median strongly helpseilucing everywhere the uncertainty associated
with the trends for the reasons discussed abowi¢8e4.3.1). This is particularly observed in
the UST where the ozone hole recovery would odmutralso in the MLST and the UTLS where
the solar cycle variation of ozone is the largese(Figure 8)As a consequence, the UST trends

in monthly averages are shown to be mostly nonHsegnt in comparison with those from daily
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averages. Table 3 summarizes the trends in thg dedrages for two 3-month periods: June-

July-August (JJA) and December-January-Februarf)YDJ

From Tables 2 and 3, we observe very differentdseaccording to the latitude and the altitude.

From Table 2, we find for the total columns that thends derived from the daily medians are

only significant at high northern latitudes andttlfaey are interestingly of the same order as

those obtained from other satellites and assindlgtgellite data (Weatherhead and Anderson,

2006; Knibbe et al., 2014) or from ground-based suemments (Vigouroux et al., 2008)

calculated over longer time periods. The non-sigaift trends calculated for the mid- and low

latitudes of the N.H. are also comparable to tisallte published in the previous studies (Reinsel
et al., 2005; Andersen et al., 2006a; Vigouroualgt2008). Regarding the individual layers, we
find the following:

1- In the US, significant positive trends are obseruedooth hemispheres from the daily
medians, particularly over the mid- and high latés of both hemispheres (e.g. 1.74+0.77
DUlyr in the 30°S-50°S band, i.e., 12%/decade) wltae changes in ozone trends before
and after the turnaround in 1997 have been fourlzbtthe highest. Kyrola et al. (2013) and
Laine et al. (2014) report for instance a changepto 10%/decade inQrends between
1997-2011vs 1984-1997. Positive trends in the UST are consistéth many previous
observations if one considers the fact that théodecovered by IASI is later than those
reported in previous studies and that the recoxeg/ seems to increase since the beginning
of the turnaround (Knibbe et al. (2014) reports@etdr of two increase in the recovery rate
between 1997-2010 with ~0.7DU/yr and 2001-2010 wittdDU/yr in the S.H.). They could
indicate a leveling off of the negative trends tvatre observed since the second half of the
1990’s mostly from satellites and ground-based imgnnean data (e.g. WMO 2006, 2011;
Randel and Wu, 2007; Vigouroux et al., 2008; Stesnobt et al., 2009; Jones et al., 2009;
McLinden et al., 2009; Laine et al. 2014; Nair kt 2014). The causes of this “turnaround”
remain, however, uncertain. If the compensatingaichpf decreasing chlorine in recent
years and maximum solar cycle (over 2011-2012 énpteriod studied here) is probably part
of the answer (e.g. Steinbrecht et al., 2004), #fiects of changing stratospheric

temperatures and Brewer-Dobson circulation (Salbyale 2002; Reinsel et al., 2005;
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Dhomse et al., 2006; Manney et al., 2006) coula asntribute and should be further
investigated. The long-lasting cold winter/sprir@l2 in the Arctic leading to unprecedented
ozone loss (Manney et al., 2011), could explainrtbe-significant trend in the 70°N-90°N
band. This is supported by the results in winteab{& 3). From Table 3, we generally find
significant positive trends in summer N.H. and wexgbositive or even non-significant trends
in winter S.H. A non-significant trend is also adkted for the 70°S-90°S band in spring
(data not shown). This could indicate the stronfluemce of changing stratospheric
temperatures on ozone depletion from year to yeay. ODhomse et al., 2006), leading to
larger uncertainties in our trends estimations langkr fitting residuals (see Section 4.2) due
to the fact that the stratospheric temperatureoistaken into account as an explanatory
variable in the model.

In the MLST, one can see that, except in the higitude bands, the trends are either non-
significant or significantly negative. This is igr@ement with the trend analysis of Jones et
al. (2009) for the 20-25 km altitude range over 1997-2008 period, as well as with other
studies at N.H. latitudes, which investigategloDanges in the 18-25 km range between 1996
and 2005 (Miller et al., 2006; Yang et al., 2006yiket al., 2007). The results derived
separately for summer and winter in Table 3 are eddine with those of Kivi et al. (2007)
which reported contrasted trends in the Arctic MLd&pending on season.

In the UTLS, negative trends are calculated inttbpics and significant positive trends are
found in the mid- and high latitudes of N.H., théster falling within the uncertainties of
those reported by Kivi et al. (2007) for the tropaope-150 hPa layer between 1996 and 2003.
The large positive trends calculated at Northetituldes (e.g. 1.28+0.82 DUl/year in the
70°N-90°N band) contribute for ~ 30 % to the pesitirend for the total column. This result
is consistent with Yang et al. (2006) which repdrtieat UTLS contributes 50% to positive
trends for the total columns measured in the niitlides of the N.H. from ozonesondes. In
that study, these positive trends were linked tandes in atmospheric dynamics either
related to natural variability induced by potentialticity and tropopause height variations
or related to anthropogenic climate change. Hetheeapparent increase in total ozone in the
mid-latitudes of the N.H. seen by IASI would refléte combined contribution of dynamical

variability and declining ozone-depleting substaneg. Weatherhead and Andersen, 2006;
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WMO, 2006; Harris et al., 2008, Nair et al., 2014)is worth to keep in mind that these
effects are not independently accounted for in tégression model. Previous studies
reported, however, that dynamical and chemical gsses are physically coupled in the
atmosphere, making difficult to define unambigugusich drivers in a statistical model (e.g.
Mader et al., 2007; Harris et al., 2008). On a @ealsbasis (see Table 3), the trends seen by
IASI at Northern latitudes in summer are all sigrahtly positive and increasing towards the
pole. Note that the trends in upper layers mayrdarte to the ones calculated in UTLS due
to the medium IASI sensitivity to that layexfi( Section 2).

In the MLT, most of the trends are significantlygatve (Tables 2 and 3). The non-
significant trends in polar regions could be par#iated to the lack of IASI sensitivity to
tropospheric @ (see Section 2, Fig.2). On a seasonal basis, e¢hs¢ the negative trends
are more pronounced during the JJA period (aro0r2b+0.10DU/yr) for all bands except
between 30°N and 10°S. In the N.H., these reseltsl tto confirm the leveling off of
tropospheric ozone observed in recent years dah@gummer months (Logan et al., 2012).
This trend, however, remains difficult to interpbeicause it could be linked to a variety of
processes including most importantly: the declifieanthropogenic emissions of ozone
precursors, the increase of UV-inducegld@struction in the troposphere and STE processes
(Isaksen et al., 2005; Logan et al., 2012; Paetstl., 2012; Hess and Zbinden, 2013). As a
consequence, it is hard to reconcile the trenddropospheric ozone with changes in
emissions of ozone precursors. However, trendsmissons have already been able to
gualitatively explain measured ozone trends oveamesaegions but with inconsistent
magnitude between observations and model simukafjery. Cooper et al., 2010; Logan et
al., 2012; Wilson et al., 2012). It is also wonthkeep in mind that due to medium sensitivity
of 1ASI to the troposphere, the a priori contrilmatiand ozone variations in stratospheric
layers may largely influence the trends seen byl iIAShe MLT layer €fr. Section 2 and

Supporting Information).

4.3.3. @ trends from IASI vsFTIR data
In order to validate the trends inferred from IABIthe UST and in the total columns, we

compare them with those obtained from ground-b&3d& measurements at several NDACC
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stations (Network for the Detection of Atmosphe@omposition Change, available at
http://www.ndsc.ncep.noaa.gov/data/data_tbl/) bipngushe same fitting procedure and taking
into account the autocorrelation in the noise ressl A box of 1°x1° centered on the stations
has been used for the collocation criterion. Thgregsion model is applied on the daily FTIR
data for a series of time periods starting after tthrnaround point (from 1998 for mid-latitude
stations and from 2000 for polar stations), as aslfor the same periods as recently studied in
Vigouroux et al. (2014) for the sake of comparishnte that because we are not interested here
in validating the IASI columns which was achievadprevious papers (e.g. Dufour et al., 2014;
Oetjen et al., 2014) but in validating the trendiamed from IASI, we did not correct biases
between IASI and FTIR due to different vertical séwity anda priori information. The results
are given in DU/year in Table 4. We see large §icamt positive total column trends from IASI
at middle and polar stations (e.g. 5.26x4.72 DWyNy-Alesund), especially during spring.
These values are consistent with those reporté&hibbe et al. (2014) for the 2001-2010 period
in spring in the Antarctic (around 3-5DU/yr). Thiend is not obtained from the FTIR data for
which trends are found to be mostly non-significdaven not retained in the stepwise
elimination procedure in some cases) as reported/igouroux et al. (2014), except at
Jungfraujoch which shows a trend of 5.28+4.82DWiyer the 2008-2012 period. For the
periods starting before 2000, we calculated fromRETin agreement with Vigouroux et al.
(2014), a significantly negative trend at Ny-Aledufor the total column and significantly
positive trends at polar stations for the US. Idiaoin, we see from Table 4 a leveling off of O
at polar stations in the UST after 2003, as preslpteported in Vigouroux et al. (2014), which
was explained by a compensation effect betweeddheease of solar cycle after its maximum in
2001-2002 and a positive trend. These trends aneever, non-significant and inferred only

from few FTIR measurements (see Number of dayswojd able 4).

From IASI, it is worth to point out that, in all ®as, positive trends are calculated in the UST
(even if some are not significant) and that theseds are consistent with those calculated from
FTIR data covering a ~1l-year period and startifigrathe turnaround (e.g. at Thule;
1.24+1.09DU/yr from 1ASI for the period 2008-20%8 1.42+0.78DU/yr from the FTIR over
2001-2012). This is illustrated for three statigNg-Alesund, Thule and Kiruna) in Fig.10 which
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compares the time series from IASI (2008-2013 enh) with those from FTIR covering periods
starting after the turnaround (in blue). Their assi@d trends as well as the trend calculated from

FTIR covering the IASI period (in green) are alsdicated.

In order to better characterize the effect of taegoral frequency on determining statistical
trends, the IASI time series have been subsamplethtch the temporal resolution of FTIR. The
associated trend values are also indicated in TAKE row). In any cases, we observe that the
fitted trends inferred from both IASI and FTIR withe same temporal samplings are within the
uncertainties of each other and that those assdcwmith the subsampled IASI datasets are
significantly larger than those obtained with thailyl ones, leading to statistically non-

significant trends.

Even if validating the 1ASI fitted trends with inglendent datasets is challenging due to the
short-time period of available IASI measurementsl dahe insufficient number of usable
correlative measurements over such a short pahed.esults obtained for IASS FTIR tend to
confirm the conclusion drawn in subsections 4.3\d 4.3.2, that the high temporal sampling of
IASI provides good confidence in the determinatodrthe trends even on periods shorter than

those usually required from other observationalmea

6 Summary and conclusions

In this study, we have analyzed 6 years of IASIp@file measurements as well as the total O
columns based on the profile. Four layers have lusfimed following the ability of IASI to
provide reasonably independent information on tlzene partial columns: the mid-lower
troposphere (MLT), the upper troposphere — loweaatssphere (UTLS), the mid-lower
stratosphere (MLST) and the upper stratosphere YUBased on daily values of these four
partial or of the total columns in 20-degree zamadrages, we have demonstrated the capability
of 1ASI for capturing large scale ozone variabiljseasonal cycles and trends) in these different
layers. We have presented daytime vertical antutitial distributions for @as well as their
evolution with time and we have examined the unyilegldynamical or chemical processes. The
distributions were found to be controlled by phdiemical production leading to a maximum in
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summer at equatorial region in the UST, while theffect the impact of the Brewer-Dobson
circulation with maximum in winter-spring at midné high latitude in the MLST and in the
troposphere. The effect of the photochemical pradocof O; from anthropogenic precursor
emissions was also observed in the troposphereansthift in the timing of the maximum from

spring to summer in the mid-latitudes of the N.H.

The dynamical and chemical contributions contaimethe daily time development of IASI;O

have been analyzed by fitting the time series chdayer and for the total column with a set of
parameterized geophysical variables, a constambrfand a linear trend term. The model was
shown to perform well in term of residuals (<10%9jrelation coefficients (between 0.70 and
0.99) and statistical uncertainties (<7%) for eéitied proxies. The annual harmonic terms
(seasonal behavior) were found to be largely dontima all layers but the US, with fitted

amplitudes decreasing from high to low latitudes agreement with the Brewer-Dobson
circulation. The QBO and solar flux terms were ghted to be important only in the equatorial
region, while other dynamical proxies accountedridhe regression (ENSO, NAO, AAO) were

found negligible.

Despite the short time period of available IASlad&t used in this study (2008-2013) and the
potential ambiguity between the solar and the lirigend terms, statistically significant trends
were derived from the six first years of daily @artial columns measurements (on the contrary
to monthly averages which lead to mostly non-sigaiit trends). This result which was
strengthened from comparisons with the regresspplied on local FTIR measurements, is
remarkable as it demonstrates the added value 8t Bxceptional frequency sampling for
monitoring medium to long-term changes in globabrez concentrations. We found two
important apparent trends:

1) Significant positive trends in the upper strpteee, especially at high latitudes in both
hemispheres (e.g. 1.74+0.77DU/yr in the 30°S-502&dlp, which are consistent with a probable
“turnaround” for upper stratospheric; @covery (even if the causes of such a turnaramed
still under investigations). In addition, the trenchlculated for some local stations are in line
with those calculated from FTIR measurements #fteturnaround.
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2) Negative trends in the troposphere at mid- aigth INorthern latitudes, especially during
summer (e.g. -0.26+0.11DU/yr in the 30°N-50°N bamdiich are in line with the decline of

0zone precursor emissions.

To confirm the above findings beyond the 6 firsangeof IASI measurements and to better
disentangle the effects of dynamical changes, eflth-year solar cycle and of the equivalent
effective stratospheric chlorine (EESC) declinetba & time series, further years of IASI
observations will be required, and more completin§j procedures (including, among others,
proxies to account for the decadal trend in the €E8r the ozone hole formation, for changes
in the Brewer-Dobson circulation, as well as inahgctime lags in ENSO and QBO proxies) will
have to be explored. Further investigation on dggessors uncertainties and on the total error on
ozone measurements should be performed as wetiderstand on the unexplained variations in
IASI O3 records.

This will be achievable with the long-term homogeume records obtained by merging
measurements from the three successive IASI inginisron MetOp-A (2006); -B (2012) and —
C (2018), and by IASI successor on EPS-SG afterl 2@erbaux and Crevoisier, 2013;
Crevoisier et al., 2014).
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Table 1 List of the proxies used in this study and theiirses

Proxy Description (resolution) Sources
F10.7 The 10.7 cm solar radio flux NOAA National Weather Service Climate Prediction Center:
(daily or monthly) ftp://ftp.ngdc.noaa.gov/STP/space-weather/solar-data/solar-features

/solar-radio/noontime-flux/penticton/penticton_adjusted/listings/
listing_drao_noontime-flux-adjusted_daily.txt or
ftp://ftp.ngdc.noaa.gov/STP/space-weather/solar-data/solar-features/
solar-radio/noontime-flux/penticton/penticton_adjusted/listings/
' listing_drao_noontime-flux-adjusted_monthly.txt
QBO" Quasi-Biennial Oscillation Free University of Berlin:
QBO* index at 10hPa and 30hPa www.geo.fu-berlin.de/en/met/ag/strat/produkte/gbo/
(monthly)
ENSO El Nifio /Southern NOAA National Weather Service Climate Prediction Center:
Oscillation - Nino 3.4 Index  http://www.cpc.noaa.gov/data/indices/
(3-monthly averages)
NAO North Atlantic Oscillation ftp://ftp.cpc.ncep.noaa.gov/cwlinks/norm.daily.nao.index.b500101.cur
index (daily or monthly) rent.ascii or
http://www.cpc.ncep.noaa.gov/products/precip/CWIlink/pna/norm.nao.
monthly.b5001.current.ascii
AAO Antarctic Oscillation index ftp://ftp.cpc.ncep.noaa.gov/cwlinks/norm.daily.aao.index.b790101.cur
(daily or monthly) rent.ascii or
http://www.cpc.ncep.noaa.gov/products/precip/CWIlink/daily_ao_inde
x/aao/monthly.aao.index.b79.current.ascii
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Table 2 Ozone trends and associated uncertainties (95%deoce limits; accounting for the
autocorrelation in the noise residuals), given lo/y@ar, for 20-degree latitude bands, based on
daily (top values) and monthly (bottom values) mediover 6 years of IASI observations. Bold
(underlined) values refer to significant (posititegnds. Values marked with a star (*) refer to

trends which are rejected by the iterative backvedirdination procedufe

DU/ yr # Ground-300hPa 300-150hPa 150-25hPa 25-3hPa Total columns
Days (MLT) (UTLS) (MLST) (UST)
70°N-9C°N 1493 -0.13+0.10 1.28+0.82 2.81+2.27 0164097 3.90+2.93
Feb-Oct 5 ; x T >
( ) -0.03+0.29 0.70+0.92 -0.04+2.60 1814281 1.37+3.62
50°N-7°N 2103 -0.08+0.09 0.73+0.51 0.97+1.30 0.55+0.36 1.93+1.71
0.170 35 1.24+1.24 2284424 0.66+0.76 4.72+5.58
30°N-50°N 2105  -0.19+0.05 0.34+0.18 -0.3420.77 0.89+0.41 0.91+1.24
-0.15+0.13 0.75+0.75 -0.37+1.65 0.87+0.52 0.33+2.25
10°N-30°N 2105 0.10£0.11 -0.03+0.10 -0.730.29 g.ggiggi 0.21+0.30
* 2910,
10°S-10N 2104  -0.41%0.12 -0.25+0.07 0.1140.26 0.44+0.19 -0.16+0.34
-0.25+0.14 -0.08+0.10 * 0.61+0.64 5
-0.11#0.64 0.13+0.83
30°S-10S 2106  -0.22+0.10 -0.08+0.04 -0.61+0.26 0.89+0.58 -0.0440.31
-0.15+0.13 -0.09+0.07 -0.45+0.36 0.80+1.23 x
-0.01+1.26
50°S-30S 2105  -0.19+0.07 -0.22+0.08 -2.17+0.58 1.74+0.77 -0.79+0.96
-0.18+0.09 -0.2740.12 -2.36+1.80 1.21+1.30 0.64+1.45
70°S-50S 2105  -0.13+0.05 0.09+0.16 0.56+0.82 0.54+0.29 1.15+1.28
-0.2240.12 0.05+0.32 0.02+1.15 0.5720.82 0.51+1.75
?g’?z 0’)5 738 -0.15+0.21 0.010.61 0.00+2.36 1.04£0.57 1.50+3.15
C - r * * * *
P -0.17+0.40 0.25+0.73 2.59+3.80 0.91+2.10 3.2845.12

T The trend values result from the adjustment efréggression model where the linear term is

kept whatever its p-value calculated during theattee process.

42



1189
1190
1191

1192
1193
1194
1195
1196
1197
1198
1199
1200
1201

Table 3 Same as Table 2 but for seasonat®nds and associated uncertainties based on daily
medians during JJA (top values) and DJF (bottoraaes)l periods. Values marked with a star (*)

refer to trends which are rejected by the iteratimekward elimination proceddre

DU/ yr # Ground-300hPa 300-150hPa 150-25hPa 25-3hPa Total columns
Days (MLT) (UTLS) (MLST) (UST)
7°N-9C°N 613 -0.18+0.08 1.13+0.65 -0.91+1.52 1.72:0.51 1.36+1.15
(Feb-Oct) 48 - - - - -
SON-7ON 551 -0.23#0.07 1.03+0.37 0.62+1.64 1.67+0.48 3.01+1.64
527 .0.09:0.12 1.7441.30 0.73+1.73 -0.66.+0.79 1.56+2.66
30°N-50°N 551 -0.30%0.10 0.42+0.30 -0.3020.65 0.84:0.25 1.17+1.35
529  -0.24%0.09 0.28+0.28 10.82.40.90 0.62.40.49 -0.81.+1.05
10°N-30°N 551 -0.05+0.16 0.17i0.0§ -0.34+0.30 0.36+0.27 -0.09+0.54
529 0.18+0.14 0.01.40.09 -1.05.40.45 0.49+0.54 -1.14+0.44
10°S-10N 551  -0.06.+0.10 0.0440.08 -0.84+0.86 0.32+0.42 -0.56+0.74
529  -0.70.+0.23 0.3240.10 1.64+1.77 0.53+0.59 0.3440.93
30°S-10S 551  -0.26%0.09 -0.06+0.07 -0.56+0.40 1.06+0.55 0.240.43
530 -0.15:0.11 0.06+0.12 0124031 1.48+0.53 1.56+0.92
50°S-30S 551  -0.21#0.05 -0.16+0.09 -0.52+0.54 0.49+0.59 -0.44+0.83
529  -0.10:0.06 -0.14+0.06 -2.83+0.64 3.40+0.85 0.470.52
70°S-50S 551  -0.25:0.06 1.03+0.60 2.63+1.65 0.98+0.62 3.4432.47
529  -0.10+0.04 0.19+0.24 0.52+0.48 1.66+0.70 1.72+0.74
90°S-70S - - - - - -
(Oct-Apr) 523 -0.21:0.20 -0.46+0.80 0.16+2.53 1.18+0.67 0.98+3.27

t The trend values result from the adjustment efrdgression model where the linear term is

kept whatever its p-value calculated during theatiee process.
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1202
1203
1204
1205
1206
1207
1208

Table 4 Ozone trends and associated uncertainties (95%deoce limits), given in DU/year
over NDACC (Network for the Detection of Atmosple@omposition Change) stations in the
N.H. based on daily medians of IASI (within a ghdx of 1°x1° centered on stations, two first
rows) and FTIR observations (successive rows fiferdint time intervals). Italic values{2ow)
refer to trends inferred from subsampled IASI datad bold values refer to statistically
significant trends. Values marked with a star éfer to trends which are rejected by the iterative

backward elimination proceddre

DU/yr Data # 25-3hPa Total columns
periods days (US)
Ny-Alesund 2008-2013 1239 0.56+0.73 5.26+4.7;
(79°N) Subsamp.
Mar-Sept 2008-2012 82 -0.29+4.58 6.26+18.11
2008-2012 84 -3.58+4.58 2.24420.78
2003-2012 168 -0.17+0.70 -4.84+3.01
2000-2012 288 0.640.60 x
1999-2012 320 oy -1.02+2.40
0.62+0.55
1995-2012 383 -2.35+1.40
1995-2003 167 1.03:0.66 )
- 1.25+1.05 1.31+2.39
3.333.41
Thule (77°N) 2008-2013 1094 1.24+1.09 4.97+4.72
Mar-Sept Subsamp.
2008-2012 231 1.31+2.69 0.1047.36
2008-2012 340 -2.10+2.89 0.39+11.59
2003-2012 697 0.86+0.89 > 774
2000-2012 776 1.33+0.86 _i;;;i'gg
1999-2012 779 1.69+0.88 1954174
1999-2003 138 3.73+2.90 T
4.86+10.13
Kiruna (68°N) 2008-2013 1236 0.21+1.42 4.41+4.00
Mar-Sept Subsamp.
2008-2012 226 0.97+4.05 3.7846.03
gggg'gglg 253 -1.9746.04 -3.75+6.64
- 1 7 *
2.26%3.68
2000-2012 913 0.15:0.67 3.6944.20
1999-2012 984 1.60+1.29 R
1996-2012 1183 1.10+0.98 -0.43+1.64
1996-2003 596 1.11+0.54 1.82+1.77
1.2641.21 1.12+3.77
Jungfraujoch 2008-2013 1580 2.95+0.61 5.64+3.15
(47°N) Subsamp.
2008-2012 524 3.72+1.14 5.61+5.11
2008-2012 565 1.60+1.80 5.28+4.82
1998-2012 1582 0.10+0.35 -0.28+0.86
1995-2012 1771 0.0240.33 0.85+0.79
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Zugspitze (47°N) 2008-2013 1729 3.17+0.56 5.53+2.92

Subsamp.

2008-2012 538 3.56+1.63 5.99+4.49

2008-2012 597 0.71+1.22 3.46+3.79

1998-2012 1472 0.0840.32 0.81+0.98

1995-2012 1525 0.23+0.32 1.36+1.01
Izana (28°N) 2008-2013 1803 0.56+0.65 1.28+0.77

Subsamp.

2008-2012 380 0.32+1.28 0.11+1.95

2008-2012 443 0.240.80 0.91+2.44

1999-2012 1257

0.4620.25 0.20+0 33
1209 T The trend values result from the adjustment efrégression model where the linear term is

1210  kept whatever its p-value calculated during theatiee process.
1211
1212
1213
1214
1215
1216
1217
1218
1219
1220
1221
1222
1223
1224
1225
1226
1227
1228
1229
1230
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Figure 1. Typical IASI FORLI-Q averaging kernels, in partial column units, cquoesling to
one mid-latitude observation in July (45°N/66°E) éach 1 km retrieved layers from ground to
40 km altitude (color scale) and for 4 merged layground-300 hPa; 300-150 hPa; 150-25 hPa;
25-3 hPa (grey lines). The total DOFS and the D@F®ach merged layers are also indicated.
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1241  Figure 2. Distributions of (a) @columns, (b) DOFS and (&) priori contribution (given as a %)
1242  in the ground-300hPa (MLT) and 150-25hPa (MLST)elayfor IASI Q, averaged over July
1243 2010 daytime data. Note that the scales are differe
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Figure 3. Normalized proxies as a function of time for thegipd 2000-2013 for the solar F10.7
cm radio flux (blue) and the equatorial winds at{@®en) and 30 hPa (orange), respectively (top
panel), and for the El Nifio (red), north Atlantiscdlation (purple) and Antarctic oscillation

(light blue) indexes (bottom panel).
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Figure 4. (a) Daily IASI Q; profiles (1x16? molecules/cri) for the period 2008-2013 and over
the range of the retrieved profiles as a functiériime and altitude, in three latitude bands:
30°N-50°N (top), 10°S-10°N (middle), 30°S-50°S fbat). Superimposed daily IASIartial
columns (scatters) and the associated fits (solek) from the multivariate regressions for the
MLT (ground-300hPa), UTLS (300-150hPa), MLST (15hkPa) and UST (above 25hPa)
layers. The IASI measurements and the fits have Isealed for clarity. (b) Estimated total
retrieval errors (%) associated with daily IAS] @ofiles.
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1266  Figure 5. Daily IASI Os variability (%), expressed aw(O,(t))/0, ¢)]100%, whereo is the

1267  standard deviation, as a function of time anduwlgtin three latitude bands: 30°N-50°N (top),
1268  10°S-10°N (middle), 30°S-50°S (bottom).
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1274  Figure 6. Daily IASI O3 number density (1x6 molecules/crf) at 35 km (top row), 19 km
1275  (second row), 10 km (third row) and 6 km (bottorwy@s a function of time and latitude. Note

1276  that the color scales are different.
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Figure 7. Monthly medians of measured (scatters) and @dittine) IASI Q columns averaged
over the period 2008-2013, for the UST, MLST, UT&/® MLT layers and for each 20-degrees
latitude bands (color scale in the top-right pan€he fit is based on daily medians. Error bars
give the & standard deviation relative to the monthly medialues. Correlation coefficient (R)
between the daily median observations and therditadso indicated. Note that the scales are
different.
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Figure 8. (a) Fitted constant factors (Cst, see Eg.1, Se@®jofrom the 6-years IASI daily O
time series for the 20-degree latitude belts, saphr given for the 4 layers and for the total
column. The stars correspond to the constant fditted above ground-based measurement
stations: Ny-Alesund (79°N), Kiruna (68°N), Harest@60°N), Jungfraujoch (47°N), lzana
(28°N). (b) Regression coefficients of the variagbletained by the stepwise procedure, given in

% as [(regression_coefficients])/fitted_Cst]x100&tentification for the variables: Annual (top
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1299 left) and Semi-Annual variations (top right) tern@B0O at 10 and 30 hPa (bottom left), solar
1300 flux (bottom right). Note that the scales are di#fg. The associated fitting uncertainties (95%
1301  confidence limits) are also represented (error)bars
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Figure 9. Daily (a) and monthly (b) time series of @easurements and of the fitted regression
model in the UST for the 30°S-50°S latitude barg (tow), of the deseasonalised @ row),

of the difference of the fitted models with andhwitit the linear term {3ow), and of the fitted
signal of proxies ([regression coefficients*Proxy§F (blue), QBO (QBH + QBO™ green),
ENSO (red) and AAO (purple) (bottom) (given in DUhe averaged residuals relative to the

deseasonalised IASI time series are also indiqétgd
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Figure 10.Daily time series of @FTIR (blue symbols) and IASI (red symbols) measw@ets in
the UST at Ny-Alesund (top), Thule (middle) andnlagbottom), covering the 1995-2012 and
the 1999-2012 periods, respectively (given in Dt)e fitted regression models (dark blue and
dark red lines, for FTIR and IASI, respectively)dathe linear trends calculated for periods
starting after the turnaround over 1999/2000-2012 @aver 2008-2012 for FTIR (light blue and
green lines), and the 2008-2013 period for IASh(me line) are also represented (DU/yr). The

trend values given in DU/year are indicated.
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