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Abstract Evaluation and attribution of variability and trends in tropospheric ozone requires consideration
not only of the spatial distribution of ozone precursor emissions and their changes in time but also of
variations in transport at regional and global scales. Satellite measurements of tropospheric ozone are now
beginning to provide the vertical resolution, length of record, and density of coverage needed for
disentangling the factors that influence variability and trends. A recent study by Wespes et al. (2017), utilizing
an 8 year data set from the Infrared Atmospheric Sounding Instrument (IASI) satellite instrument to
perform a global scale, spatially resolved analysis of influences of geophysical drivers on tropospheric
ozone variability, represents a key step toward understanding long-term changes in the distribution of
tropospheric ozone and its corresponding impacts on air quality, chemistry, and climate.

1. Introduction

Tropospheric ozone adversely impacts human health and ecosystems at the Earth’s surface [Weinhold, 2008;
Jerrett et al., 2009; Hatfield et al., 2008, Turner et al., 2016] and plays a key role in photochemistry throughout
the troposphere. Ozone also acts as a greenhouse gas in the upper troposphere [e.g., Intergovernmental Panel
on Climate Change, 2007;Worden et al., 2008]. Sources of tropospheric ozone include both in situ photoche-
mical production from precursors (nitrogen oxides, carbon monoxide, and methane and nonmethane
volatile organic compounds) and downward transport of stratospheric ozone. The lifetime of ozone varies
from a few hours in highly polluted regions to a few weeks in the free troposphere [Stevenson et al., 2006;
Young et al., 2013]. Understanding long-term changes in the distribution of tropospheric ozone and its
corresponding impacts on air quality, chemistry, and climate therefore requires not only comprehensive
measurements of the spatial distribution and temporal changes of ozone precursor emissions but also
monitoring of transport at regional and global scales and evaluation of natural variability on seasonal and
interannual time scales.

Surface ozone is monitored at thousands of sites around the world, and extensive long-term in situ data sets
have been used to quantify surface ozone trends since the 1980s, with a few sites providing longer records
whose quality is difficult to establish [e.g., Cooper et al., 2014, and references therein]. However, even these
robust networks cover only a fraction of the Earth’s surface, primarily in developed countries. Routine vertical
profiling, moreover, is limited to sparse ozonesonde and lidar sites and airports where commercial aircraft
fitted with instrumentation make regular takeoffs and landings. The scarcity of ozone measurements across
large regions of our Earth, combined with tropospheric ozone’s inherently high spatial and temporal variabil-
ity, can lead to large sampling biases that may preclude accurate determination of long-term changes [Lin
et al., 2015]. The complex interactions between photochemistry and dynamics further complicate the attribu-
tion of the causes of variability and trends.

In this study,Wespes et al. [2017] analyze an 8 year record of ozone from the Infrared Atmospheric Sounding
Instrument (IASI) satellite instrument and evaluate the extent to which midtropospheric ozone variability in
different regions of the globe can be captured by regression models based on geophysical drivers (e.g., solar
flux, the Quasi-Biennial Oscillation—QBO, North Atlantic Oscillation—NAO, El Niño–Southern Oscillation—
ENSO). Satellite measurements of tropospheric ozone can provide dense global sampling that can greatly
reduce sampling biases relative to sparse ground-based networks, though they do not fully resolve the
vertical structure of ozone. Satellite-based estimates of tropospheric column ozone (TCO), for example, have
been constructed from measurements in the ultraviolet (UV)/visible (VIS) portion of the spectrum using
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so-called “cloud-slicing” techniques [e.g., Ziemke et al., 2005], by using a combination of total column UV/VIS
measurements and stratospheric profile measurements from either limb sounders [Fishman et al., 1990;
Ziemke et al., 2006, 2011] or nadir solar backscatter measurements [Fishman et al., 2003]. While tropospheric
ozone profile retrievals with limited vertical resolution have also been demonstrated using UV/VIS satellite
measurements [Liu et al., 2010], measurements in the thermal infrared, such as those utilized in this paper,
exhibit stronger sensitivity to the vertical structure of tropospheric ozone and allow greater separation of
atmospheric layers. Thermal infrared satellite measurements of tropospheric ozone have been robustly char-
acterized and have demonstrated sufficient accuracy and precision to evaluate regional long-term variations
in ozone in the free troposphere [Verstraeten et al., 2013; Boxe et al., 2010;Worden et al., 2007; Boynard et al.,
2009; Dufuor et al., 2012].

We are only now reaching the point where we have tropospheric ozone data sets with the length of record
and density of coverage that allow for the rigorous spatial analysis of interannual variability of ozone in the
troposphere as presented byWespes et al. [2017]. Their work expands on previous studies such as the work of
Fishman et al. [2003], who utilized measurements from the Total Ozone Mapping Spectrometer and the Solar
Backscattered Ultraviolet instruments to construct monthly climatologies of tropospheric column ozone over
a time period of two decades, providing sufficient temporal resolution to illustrate interannual variability in
select regions, such as northern India. More recently, satellite-based studies have evaluated natural varia-
bility in tropospheric ozone over limited regions. Ziemke et al. [2010], for example, quantify changes in tro-
pical TCO associated with ENSO, and Creilson et al. [2005] examine variations in TCO over the northeastern
Atlantic and Pacific Oceans resulting from dynamical changes associated with the Arctic Oscillation. Neu
et al. [2014] used 6 years of satellite measurements to quantify relationships between ENSO/QBO, the
stratospheric circulation, and stratospheric and tropospheric ozone over northern midlatitudes using mea-
surements from the Microwave Limb Sounder (MLS) and the Tropospheric Emission Spectrometer (TES) on
NASA’s Aura satellite. Wespes et al. [2017] clearly demonstrate the ability of the IASI data set to capture
large-scale variability of midtropospheric ozone independently from variation in the layers above and pro-
vide a comprehensive analysis of the contributions from large-scale dynamical modes of variability, namely,
the QBO, ENSO, and NAO, to spatially resolved ozone changes, with marked regional differences in the
regression coefficients. They find that dynamical variability dominates year-to-year changes in tropospheric
ozone, with the regression models explaining more than 70% of the variance, and are able to quantify the
impact of ENSO on ozone variability in middle and high latitudes, far from the low-latitude region where
this signal originates.

Understanding and quantifying natural seasonal and interannual variability in tropospheric ozone is critical to
improved attribution of long-term changes. A number of studies have highlighted the importance of
temporal changes in stratosphere-troposphere exchange (STE) in determining short-term trends in tropo-
spheric ozone [Lin et al., 2015; Hess and Zbinden, 2013; Tarasick et al., 2005; Ordóñez et al., 2007]. Using an ana-
lysis of deseasonalized time series of TES and MLS measurements as well as NOx emissions constrained by
NO2 measurements from the Ozone Monitoring Instrument (OMI), Verstraeten et al. [2015] found that
ENSO/QBO-driven variability in STE accounted for approximately one half of the increase in ozone over
eastern China from 2005–2010 and offset ~one half of the expected decrease in ozone over the western
U.S. during the same period.

Recognition of the importance of satellite records, such as those presented byWespes et al. [2017], in under-
standing long-term variations and trends in tropospheric ozone is growing within the international commu-
nity. While the current record length of satellite observations of tropospheric ozone limits utility for robust
trend analysis, commitments are in place for futuremissions that will extend the record of tropospheric ozone
out to 2035 and beyond. For example, the European Organization for the Exploitation of Meteorological
Satellites has well-defined plans for future IASI and IASI-Next Generation measurements on board the
MetOp and MetOp Second Generation series of satellites. On the U.S. side, the Cross-track Infrared Sounder
(CrIS) record will extend forward with future instruments on the Joint Polar Satellite System series. Satellite
measurements are now referenced in the regular assessments of distribution of and trends in tropospheric
ozone from the Intergovernmental Panel on Climate Change (IPCC) [Intergovernmental Panel on Climate
Change, 2013], and in the State of the Climate Reports published in the Bulletin of the American
Meteorological Society [Blunden and Arndt, 2016]. Satellite records are also utilized in the Tropospheric
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Ozone Assessment Report (TOAR),
an activity coordinated by the
International Global Atmospheric
Chemistry Project (http://www.igac-
project.org/TOAR) that will be pub-
lished soon in Elementa. In addition
to an extensive analysis of surface
ozone measurements relevant to
human health and ecosystems, this
initial TOAR effort provides the first
comprehensive intercomparison of
ground-based, balloon-borne, air-
craft, and satellite measurements of
the distribution of and changes in
ozone in the free troposphere and
includes the IASI measurements uti-
lized by Wespes et al. [2017]. Future
TOAR efforts will seek to understand
the sources of measurement differ-
ences, with the goal of improving
model predictions of ozone for policy-
relevant applications.

In the past few decades, a large
portion of anthropogenic ozone pre-
cursor emissions has shifted from
the developed to the developing
world [e.g., Krotkov et al., 2016] (see
Figure 1). Since in situ ozonemonitor-
ing in developing nations remains
limited, satellite coverage of these
regions is particularly important.
The spatial shift in emissions has
important implications not only for
understanding air quality but also
for understanding the radiative

impact of tropospheric ozone, since the climate impacts of emissions have been shown to vary accord-
ing to the spatial distribution of those emissions [Bowman and Henze, 2012]. Zhang et al. [2016] discuss
the importance of the overall equatorward shift in emissions since 1980 for the net increase in global
tropospheric ozone since that time and for regional changes in ozone radiative forcing. While long-term
satellite measurements of ozone precursors such as those shown in the figure have a critical role to play
in addressing the challenges associated with evaluation and attribution of variability and trends in
tropospheric ozone, it has been shown that chemistry-climate models with emissions constrained by
observations cannot reproduce the magnitude of observed ozone changes [Parrish et al., 2014]. The
observation-model discrepancy reported by Parrish et al. can reflect the influence of low-frequency
climate variability that free-running chemistry-climate models are not expected to reproduce exactly.
As discussed in Wespes et al. [2017], large-scale dynamics drive much of observed midtropospheric
ozone variability. Thermal infrared measurements such as those from IASI are particularly valuable not
only for quantifying ozone variability but also for understanding the role of long-range transport in
regional ozone changes because of their ability to resolve midtropospheric ozone. For example, the
Verstraeten et al. [2015] study described above, which used thermal infrared ozone measurements from
TES, found that transport of ozone and its precursors from China offset ~43% of the reduction in free
tropospheric ozone over the western United States that was expected between 2005 and 2010 as a
result of regional emissions reductions.

Figure 1. Modified from Krotkov et al. [2016]. Relative changes (compared to
2005) in OMI tropospheric NO2 columns over the world’s five most polluted
regions. Gray circles show deseasonalized monthly columns. Black filled cir-
cles show annual means. Vertical bars show standard deviations. Red dia-
monds show bottom-up emission estimates for power plants in the Ohio
River Valley (eastern U.S.) and from coal-fired power plants in Northeast India.
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Wespes et al. [2017] provide a valuable contribution as the community works toward understanding and attri-
buting trends and variability in tropospheric ozone and their regional and global impacts. The vertical resolu-
tion of the IASI data set, which allows for resolving tropospheric variability independently from that in the
stratosphere, was a key strength of this work. In recent years, numerous studies have demonstrated the gains
in vertical resolution achievable via satellite retrievals using retrievals from multiple instruments, capitalizing
on the information content of different wavelength regions [Worden et al., 2007; Natraj et al., 2011; Fu et al.,
2013; Cuesta et al., 2013; Miles et al., 2015]. Multispectral data sets from pairs of instruments such as the
Atmospheric InfraRed Sounder with OMI, IASI with the Global Ozone Monitoring Experiment (GOME-2),
and the Cross-track Infrared Sounder (CrIS) with the Ozone Mapping Profiler Suite have the potential to
provide the spatial coverage of the data sets presented in Wespes et al. [2017] but with greater scope for
resolving vertical structure.

Despite the improvements in vertical resolution offered by multispectral approaches, current satellite
measurements of tropospheric ozone remain limited in terms of sensitivity to near-surface ozone, which is
an important consideration for the utilization of satellite data in air quality studies and would offer valuable
information for disentangling the effects of emissions and transport. Spaceborne remote sensing of
near-surface ozone would be highly desirable. One area that has shown promise, at least in simulations, is
the combination of channels in visible wavelengths with other spectral regions [Natraj et al., 2011;
Zoogman et al., 2017]. However, sensitivity to surface reflectance presents a challenge for this approach
and these retrievals have not, to date, been demonstrated with actual measurements.

Although spaceborne measurements of near-surface ozone are not currently available, near-surface ozone
does show correlation with ozone in the vertical range where the current satellite measurements have
sensitivity and use of satellite measurements of tropospheric ozone within a data assimilation framework
can lead to positive impacts on characterization of surface ozone within models [Parrington et al., 2009;
Zoogman et al., 2014]. Coincident measurements of additional trace gases, such as carbon monoxide, can
provide additional constraints in a data assimilation context, provided that the error correlation statistics
can be well characterized [Zoogman et al., 2014].

Long-term continuation of satellite data sets and the integration of records from past, current, and future
sensors will be critical for determining how ongoing changes in the global distribution of emissions and
climate-driven shifts in dynamical variability impact the evolution of tropospheric ozone.
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