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Abstract

The Tropospheric Emission Spectrometer (TES) on Aura and Infrared Atmospheric
Sounding Interferometer (IASI) on MetOp-A together provide a time series of ten years
of free-tropospheric ozone with an overlap of three years. We characterise the differ-
ences between TES and IASI ozone measurements and find that IASI’s coarser vertical
sensitivity leads to a small (< 5 ppb) low bias relative to TES for the free troposphere.
The TES-IASI differences are not dependent on season or any other factor and hence
the measurements from the two instruments can be merged, after correcting for the off-
set, in order to study decadal-scale changes in tropospheric ozone. We calculate time
series of regional monthly mean ozone in the free troposphere over Eastern Asia, the
Western United States (US), and Europe, carefully accounting for differences in spatial
sampling between the instruments. We show that free-tropospheric ozone over Europe
and the Western US has remained relatively constant over the past decade, but that,
contrary to expectations, ozone over Asia in recent years does not continue the rapid
rate of increase observed from 2004—2010.

1 Introduction

Tropospheric ozone adversely impacts human health and ecosystems at the Earth’s
surface, and plays a key role in photochemistry throughout the troposphere. Ozone also
acts as a greenhouse gas in the upper troposphere (e.g. Gauss et al., 2003; Worden
et al., 2008; Bowman and Henze, 2012). Sources of tropospheric ozone include photo-
chemical production from non-methane volatile organic compounds (NMVOCs) and
carbon monoxide (CO) in the presence of nitrogen oxide radicals (NO,) as well as
transport from the stratosphere into the troposphere (e.g. Worden et al., 2009; Young
et al., 2013; Neu et al., 2014).

The lifetime of ozone in the free troposphere is on the order of several weeks (e.g.
Stevenson et al., 2006). Hence regional changes in ozone precursor emissions or
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in transport can have implications for tropospheric ozone concentrations on a global
scale. In recent years, rapid urbanisation and industrialisation in China have led to
large changes in ozone precursor emissions. Measurements over Asia have shown
ozone increasing in the decade leading up to 2010 (e.g. Tanimoto et al., 2009; Wang
etal, 2012; Lee et al., 2014). Increases in NO,, (for NO, see e.g. van der A et al., 2008;
Hilboll et al., 2013) and NMVOCs (for formaldehyde see De Smedt et al., 2009) — as
well as tropospheric ozone (Beig and Singh, 2007) — have been observed from space,
although CO has been shown to be decreasing over China (Worden et al., 2013).

Emissions from China dominate the Asian pollutant outflow (e.g. Zhang et al., 2009).
Several studies report trans-Pacific transport of pollution plumes (e.g. Zhang et al.,
2008; Singh et al., 2009). With increasing Asian pollution, an enhancement of ozone
concentrations in the Western US is expected (Jiang et al., 2015). Several model stud-
ies (e.g. Jacob et al., 1999; Wild and Akimoto, 2001; Fiore et al., 2009; Reidmiller et al.,
2009; Lin et al., 2012; Fry et al., 2013, 2014) evaluated the intercontinental impact of
ozone precursors emissions in mid-latitude industrial areas on the ozone concentra-
tions in downwind regions. Increases in Asian pollution have previously been assumed
to be associated with positive trends in ozone in the Western US (Jaffe and Ray, 2007;
Parrish et al., 2009; Cooper et al., 2010; Verstraeten et al., 2015).

Pollutant trends for Europe and Northern America do not provide such a consistent
picture. Ebojie et al. (2015) have found negative albeit not significant trends of tropo-
spheric ozone columns over the Western US analysing SCIAMACHY measurements
for the period of 2003 to 2011. On the other hand, parts of Europe show a significant
negative trend in the SCIAMACHY data (Ebojie et al., 2015). Cooper et al. (2014) com-
piled ground-based surface ozone measurements and lowermost tropospheric mea-
surements from aircraft and ozone sondes and calculated trends beginning 1990—-1999
through 2000-2010 and found mostly positive trends for the Western US and negative
ones for the Eastern US. Europe showed a positive ozone trend in this data set. How-
ever as pointed out by Cooper et al. (2014), European ground-based measurements do
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not show a positive trend from about 2000 onwards. NO, tropospheric columns have
been reported to decrease over North America and Europe (e.g. Hillboll et al., 2013).

The Tropospheric Emission Spectrometer (TES), launched on-board the Aura satel-
lite in 2004, was specifically designed to measure tropospheric ozone by means of fine
spectral resolution (0.1 cm_1) radiance measurements in the thermal infrared. How-
ever, the near-global TES record of tropospheric ozone ended in 2011 when the TES
observing strategy shifted away from routine global survey measurements in order to
focus on special observations over select regions, to preserve the lifetime of the in-
strument. The Infrared Atmospheric Sounding Instruments (IASI), flying on the MetOp
satellites since the launch of MetOp-A in 2007 and continuing with Metop-B in 2012,
are designed for both atmospheric composition and numerical weather prediction ap-
plications (Clerbaux et al., 2009). Although the spectral resolution of the IASI measure-
ments, at 0.5 cm'1, is coarser than TES, IASI retrievals have been shown to provide
a wealth of useful information on tropospheric ozone (e.g. Dufour et al., 2010; Safied-
dine et al., 2013; Oetjen et al., 2014). The IASI instruments offer the dual advantages
of extensive spatial coverage and a record that is assured to continue well into the
future with the launch of the Metop-C platform in 2018. Here we show that TES and
IASI ozone measurements can be combined and used to investigate changes in tro-
pospheric ozone over the past decade, with a focus on Eastern Asia, the Western US
and Europe.

2 Satellite measurements of tropospheric ozone from TES and IASI:
observations and retrieval approach

IASI-1 flies in a sun-synchronous orbit on MetOp-A. The local overpass times at the
equator are 09:30 and 21:30LT. IASI is a scanning instrument and achieves global
coverage twice daily. At nadir, the footprint is a circle with 12km diameter, while on
the sides of the swath the footprint is elongated elliptically to 20km x 39km. TES on
the AURA satellite, on the other hand, measures in the nadir only, with a rectangular
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surface footprint of 5.3km x 8.3km. TES orbits are separated by 22° longitude and in
the nominal observation mode (which is used in this study, and called global survey),
measurements are taken every 182km along the flight track. The equator crossing
times are 01:45 and 13:45LT. TES has a spectral resolution of 0.1 cm™" full-width half-
maximum (FWHM) and a spectral sampling of 0.06 cm™'. IASI measures with a coarser
resolution of 0.5¢cm™' FWHM and a sampling of 0.25 cm™', resulting in slightly less
vertical information for the trace gas retrievals (Oetjen et al., 2014). The noise equiva-
lent differential temperatures are 0.15 at 280K and 0.3 at 300K for IASI and TES, re-
spectively. In this work, the TES optimal estimation retrieval algorithm (Bowman et al.,
2002, 2006) has been applied to the IASI radiances in order to maintain consistency
between the records in terms of a priori constraints and retrieval method. One differ-
ence we maintain is that for TES, temperature, clouds, and emissivity, all important
parameters for an accurate ozone retrieval, are also retrieved with the TES algorithm
in steps before the actual ozone analysis. For IASI, we use the operational EUMETSAT
level 2 data for temperature and clouds and we use the Zhou climatology for emissiv-
ity (Zhou et al., 2011). For TES, we use the publicly available V05 level 2 Lite data
(http://tes.jpl.nasa.gov/data/). Details for the retrievals can be found in (Bowman et al.,
2006; Kulawik et al., 2006; Oetjen et al., 2014).

3 Construction of a combined ozone record

Combining TES and IASI measurements into a merged time series requires careful
consideration of differences in sensitivity and sampling. No differences due to the re-
trieval settings are expected since the same algorithm, a priori profiles and constraints
have been applied to the radiances of the two instruments. In this section, we describe
the methodology for comparing and homogenising the datasets.
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3.1 Characterisation of retrieval profile differences

Estimates of tropospheric ozone based on IASI radiances and the TES optimal esti-
mation algorithm (IASI-TOE) have been validated against sonde data in previous work;
details of the prior constraints, retrieval levels and spectral windows, as well as the
predicted and actual errors and the biases with respect to the sondes, can be found
in Oetjen et al. (2014). Biases of TES ozone with respect to ozonesondes are inves-
tigated in Verstraeten et al. (2013). Both instruments show a similar positive bias in
the upper troposphere/lower stratosphere in comparison to sondes. This bias is be-
lieved to originate from incorrect spectroscopic parameters (e.g. Oetjen et al., 2014).
Here, we quantify differences between TES and IASI-TOE ozone in order to assess
the feasibility of merging the time series of the two instruments. We select four TES
global surveys (GSs) approximately three months apart (3—4 August 2008, 1-2 Novem-
ber 2008, 17—18 February 2009, 26—27 May 2009; a GS takes about 26 h and these
were chosen since they had the highest number of successful retrievals in the cor-
responding months) and compare the ozone profiles and retrieval sensitivities with
co-located IASI-TOE retrievals. The coincidence criteria are 55km (corresponding to
0.5° latitude) and 5 h. The time difference, which is larger than typically used for defin-
ing coincident trace gas profiles, is driven by the different overpass times of the Aura
and MetOp-A satellites. TES scenes with an average cloud optical depth of 0.1 or less
and IASI scenes with a cloud fraction of 6 % or less are included. Further for TES, the
data were filtered by the retrieval quality and the C-curve flags (see TES user guides,
http://tes.jpl.nasa.gov/documents/) and IASI was limited to retrievals with a ,1/2 less than
1.3 (see Oetjen et al., 2014). Because of IASI’s dense sampling, there can be multiple
IASI co-locations for a TES scene. Overall, there are 3992 IAS|I measurements and
745 TES measurements for the four TES global surveys. Results of the TES-IASI com-
parison are shown in Fig. 1 for all GSs together. The average results did not change
when looking at the individual GSs, at different latitude band, or at seasonal differ-
ences. Panels a and b show the average profile of the sum of the rows of the averaging
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kernel (AK) matrices and of ozone along with their standard deviations, respectively.
The TES sensitivity is slightly better than IASI throughout most of the atmosphere as
expected due to the finer spectral resolution of TES compared to IASI. The differences
in the sensitivity are likely the reason for the different ozone profile shapes for TES and
IASI-TOE; while the mean IASI-TOE ozone follows the general shape of the a priori
profile (although not its absolute values), the mean TES profile shape deviates from
the a priori profile shape in the mid- and upper-troposphere. The large standard de-
viation on the ozone profile in the stratosphere results from the rather large latitudinal
range that is covered by the measurements: 50° S—80° N. This also includes some pro-
files affected by the ozone hole at high latitude. The relative differences are shown in
panels ¢ and d, plotted as the mean of the individual differences. On average, 1ASI
ozone abundances are less than those from TES between the surface and ~ 250 hPa,
with a maximum difference of —13 % at 500 hPa. Above 250 hPa, IASI-TOE ozone is
greater than TES ozone, with a maximum difference of 8 % at about 150 hPa. Note that
the differences between IASI-TOE and TES approach zero at the surface and towards
the top at the atmosphere because the retrievals essentially return the a priori in these
regions due to the low sensitivities. The IASI-TOE precision in the free troposphere
was estimated to be better than 20 % (Oetjen et al., 2014). TES precision in the free
troposphere has previously been shown to be 10-15 % (Boxe et al., 2010). Therefore
TES and IASI-TOE ozone profiles agree well within their respective uncertainties.

3.2 Characterisation of differences for column-averaged mixing ratios

In the following, we present results on column-average mixing ratios between 681 and
316 hPa, a range where both the TES and IASI-TOE ozone retrievals show good sen-
sitivity. This range includes 5 retrieval vertical grid points and the data is the same
collocated data as in Sect. 3.1.

The differences between TES and IASI partial column mean mixing ratios as a func-
tion of the IASI-TOE sensitivity is shown in Fig. 2. The sum of the averaging kernel
matrix in the relevant pressure range is used as a measure of the sensitivity. The diam-
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eter of the symbols is proportional to the mean IASI-TOE ozone mixing ratio. Although
the sensitivity of the ozone retrievals depends on the amount of ozone itself and al-
though there is a wide range of the (IASI — TES) differences, these differences appear
to be independent of the sensitivity and the actual ozone amount (see Fig. 2). Apart
from instrument specifications, the sensitivity of infrared instruments towards ozone
depends on the atmospheric and surface temperatures, water vapour amount, residual
cloud contamination, surface emissivity, and the amount of ozone itself. Collocated re-
trievals should all be affected in a similar way by these external parameters. However,
the instrumental difference in the spectral resolution of TES and IASI results in different
weighting functions that gives a simple offset between the ozone retrievals.

The normalised frequency distribution of the offset of the data of Fig. 2 is shown in
Fig. 3. The distribution of the difference between TES and IASI-TOE follows roughly
a Gaussian function with the maximum at (-3.9 + 0.2) ppb. For merging the TES and
IASI-TOE data series, only the location of the peak value is important. The width of
the frequency distribution is determined by the precision of the measurements and
the collocation error. The points with very large IASI-TOE differences are generally
associated with large IASI-TOE ozone values. Most likely, this is symptomatic of the
loose temporal coincidence criterion. Atmospheric phenomena that cause very high
ozone in the free troposphere (e.g. biomass burning or stratospheric intrusions) often
occur on time scales shorter than 5h.

3.3 Sampling considerations

Between 2004 and 2011, the nominal mode of TES operation involved GSs with regular
sampling over the globe. In 2011, the TES observing strategy shifted away from routine
GS measurements in order to focus on special observations over select regions, to
preserve the lifetime of the instrument. IASI-1, on MetOp-A, has been operational since
2007. IASI-2, on MetOp-B, was launched in 2012. The IASI series will be continued with
future missions, with 1ASI-3 on MetOp-C planned for 2017/18 and three IASI-NG (next
generation) missions planned after that.
31032
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IASI data is not currently routinely processed through the TES algorithm, which was
originally set up for relatively small TES-like, rather than |ASI-like, data volumes. There-
fore, for this work we choose to process a subset of IASI scenes over selected regions
of interest (ROIs — shown in Fig. 4) for the construction of the combined time series. We
evaluate the consistency of the TES and IASI-1 monthly mean column-average mixing
ratios for these ROIs, using the overlap between datasets in the years 2008-2011.

Compared to 1ASI, the TES sampling is sparse. One approach to constructing the
time series would be to restrict the data to collocated TES and IASI points, for cases
where both are deemed to be sufficiently clear-sky. However, we find that this approach
leads to an unacceptable reduction in the number of TES data points (see below).
Therefore, we instead choose to sub-sample the IASI data over the ROls without the
requirement of co-location with TES points. The impact of the IASI sub-sampling is
explored below.

IASI scenes with sample sizes ranging from 50 to 2000 were randomly selected
within the Eastern Asia ROI for May 2009. The resulting monthly mean ozone is pre-
sented in Fig. 5. The error bars are the 95 % confidence limits CL for the mean X, gz,

assuming a normal distribution calculated from:
o
CL=Xmeanﬂ:1.96ﬁ (1)

with o being the sample standard deviation and N the sample size. These confidence
limits for the monthly mean are an approximation since ozone itself is neither temporally
nor spatially uncorrelated in the atmosphere. The actual sample standard deviation (not
shown) does not change with the sample size and hence the confidence limits vary
with the square-root of the sample size only. This indicates that it is valid to assume
a normal distribution for the ozone, at least for the given example. We conclude that
a sample of 200 IASI scenes is sufficient for an uncertainty of 1.9 ppb or better for an
area the size of the Eastern Asia box. This is about 2—3 % of the mean mixing ratio for
the chosen ROIs and about 10 % of the variation observed for the deseasonalised time
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series (see Sect. 4). The areas of the Western US and Europe ROls scale by a factor
of 1.28 and 1.20, respectively, and we are aiming to sample at least 250 scenes for
those ROls. In many cases, larger sample sizes have been used. This is due to the
fact that a larger number than the number of target scenes is selected first and then
the actual throughput of successfully retrieved ozone profiles depends on the quality
screening (see Fig. S1 in the Supplement for the sample sizes). On average for all the
years in the time series below, the IASI limits of confidence are 1.9, 1.7, and 1.5ppb
for the Eastern Asia, Western US, and Europe ROI, respectively. In the example shown
in Fig. 5, the TES confidence limit is 2.3 ppb for 128 scenes. In general, there are less
TES scenes than IASI scenes and the average confidence limit for all ROIs for TES
monthly mean ozone is 2.6 ppb. The degrees of freedom for signal for both TES and
IASI for the considered altitude range are between 0.7 and 0.8. An example for the
spatial distribution of the satellite scenes is presented in Fig. 6 for 206 IASI data points.

4 Results

Figure 7 shows the time series of partial column ozone for the 3 ROlIs. In these figures,
the IASI monthly means have been adjusted by a constant value of +3.9 ppb based
on our analysis in Sect. 3.2. There is an overlap of about 3years between TES and
IASI for Eastern Asia and the Western US ROls. Over Europe, the overlap is only
~ 2years because the latitude range of the TES GSs was limited to 30° S—50° N from
2010 onward. Here, the cloud screening thresholds are 2.0 for the TES average cloud
optical depth and 13 % cloud fraction for IASI scenes.

Data gaps in the time series occur for several reasons. Data has been removed if an
instrument has missing data for more than a week of any given month or if the ROl is not
completely sampled spatially by an instrument. Also, since the IASI data is chosen with
a random number generator from all of the available scenes, if the initial distribution
of scenes is already biased and not random due to some missing orbits caused by
instrumental problems, then a specific time or location can be oversampled relative to
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the rest of the month or region. This data is removed as well. TES and IASI agree well
for the overlap period; differences are mostly within the range of less than 4.5 ppb as
expected from the calculated confidence limits (see Sect. 3.3). In particular, Eastern
Asia shows very good agreement between TES and IASI-TOE ozone for 2008—2011,
giving confidence in the consistency of the time series. There are a few cases where
IASI ozone exceeds TES ozone by more than the confidence limits of the monthly
mean, e.g. February 2008 for Eastern Asia or January 2009 for the Western US ROI.
These instances can be traced back to some localised enhanced ozone which was
not detected by TES’ coarser sampling and in these cases the required condition for
randomness for using Eq. (1) is not fulfilled. The variation over the 10 years of data is
dominated by the seasonal cycle.

Figure 8 shows the deseasonalised time series for the 3 ROlIs, in order to better
show the long-term variations in ozone for the 2004—2014 time period. We remove the
seasonal variation by calculating the mean ozone over all of the years for each month
and subtracting this mean from the respective months in the time series. For the years
where TES and IASI overlap, the mean of the 2 data points is used. From Novem-
ber 2004 to May 2005, TES measured with a somewhat sparser sampling pattern than
the period after May 2005 and consequently the error on the monthly mean is larger
for this portion of the time series because there are fewer data points to average (see
Fig. S1). This data was excluded from the calculation of the overall monthly mean used
to deseasonalise the data.

As seen in Fig. 8, ozone over Eastern Asia rose relatively steadily from 2004—2010,
but dropped suddenly in 2011. This is also clearly apparent when looking only at the
annual maxima in Fig. 7. While ozone has been somewhat increasing once again since
2011, a clear upward trend is not observed and ozone has also not yet reached pre-
2011 values. Analysis and attribution of the ozone changes over Eastern Asia is under
investigation in a follow-up study. In contrast to Eastern Asia, ozone over the Western
US and Europe has remained relatively constant over the past decade. The time series
for these regions are dominated by interannual variability, some of which is coherent
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in all three regions (for example, high ozone in spring 2008 and high ozone in 2010
followed by lower ozone in 2011).

5 Summary and discussion

We have assessed the consistency between time series of tropospheric ozone from
TES and IASI-TOE retrievals, using a consistent retrieval algorithm applied to the ra-
diances of both instruments. TES exhibits slightly better sensitivity than IASI, due to
the finer spectral resolution of the TES instrument. Despite the small differences in
sensitivity, the time series of the 681-316 hPa partial column-averaged ozone mixing
ratios show good agreement for the years 2008—2011, after the removal of a constant
-3.9ppb offset from TES in the I1ASI-TOE record.

Combined TES and IASI monthly-mean time series were constructed for three re-
gions of interest: Eastern Asia, the Western US and Europe. Ozone has remained
relatively constant over the Western US and Europe over the past decade, and ozone
changes in those regions are dominated by seasonal and interannual variability. The
deseasonalised time series for Eastern Asia, on the other hand, shows an overall in-
crease between 2004 and 2010, with a drop in 2011 followed by a slow or no increase
through 2014. Somewhat surprisingly, ozone over Eastern Asia has not yet returned to
pre-2011 levels. To the best of our knowledge, only one study, by Chen et al. (2014),
suggests that the rapid increase in ozone over Asia may have levelled-off in recent
years. That study, however, focused on Taiwan and found that a change in the slope of
the ozone trend from 1994—-2012 occurred in 2007. The complex temporal changes in
ozone over Eastern Asia show that ozone changes driven by changing concentrations
of precursor gases and other sources, such as stratosphere—troposphere-exchange,
still need to be better-understood in the context of long-term trends and prognoses.
Understanding what drives changes in ozone over Eastern Asia is particularly critical
for air quality in the Western US, since it has been speculated that transport of increas-
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ing ozone from Asia may contribute to non-attainment of EPA air quality standard in the
future (e.g. Hudman et al., 2004).

The Supplement related to this article is available online at
doi:10.5194/acpd-15-31025-2015-supplement.
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Figure 2. Differences between IASI-TOE and TES 681-316 hPa average ozone mixing ratio as
a function of the sum of the IASI-TOE AK matrix in the same pressure range. The size of the
markers is proportional the the IASI-TOE ozone mixing ratio. The offset between IASI-TOE and
TES does neither depend on the measurement sensitivity nor the ozone mixing ratio.
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