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Abstract. The stratospheric contribution to tropospheric
ozone (O3) has been a subject of much debate in recent
decades but is known to have an important influence. Re-
cent improvements in diagnostic and modelling tools pro-
vide new evidence that the stratosphere has a much larger5

influence than previously thought. This study aims to char-
acterise the seasonal and geographical distribution of tropo-
spheric ozone, its variability, and its changes and provide
quantification of the stratospheric influence on these mea-
sures. To this end, we evaluate hindcast specified-dynamics10

chemistry–climate model (CCM) simulations from the Euro-
pean Centre for Medium-Range Weather Forecasts – Ham-
burg (ECHAM)/Modular Earth Submodel System (MESSy)
Atmospheric Chemistry (EMAC) model and the Canadian
Middle Atmosphere Model (CMAM), as contributed to the15

International Global Atmospheric Chemistry - Stratosphere-
troposphere Processes And their Role in Climate (IGAC-
SPARC) (IGAC–SPARC) Chemistry Climate Model Initia-
tive (CCMI) activity, together with satellite observations
from the Ozone Monitoring Instrument (OMI) and ozone-20

sonde profile measurements from the World Ozone and
Ultraviolet Radiation Data Centre (WOUDC) over a pe-
riod of concurrent data availability (2005–2010). An overall
positive, seasonally dependent bias in 1000–450 hPa (∼ 0–
5.5 km) sub-column ozone is found for EMAC, ranging from25

2 to 8 Dobson units (DU), whereas CMAM is found to be
in closer agreement with the observations, although with
substantial seasonal and regional variation in the sign and
magnitude of the bias (∼−4 to +4 DU). Although the ap-

plication of OMI averaging kernels (AKs) improves agree- 30

ment with model estimates from both EMAC and CMAM
as expected, comparisons with ozone-sondes indicate a pos-
itive ozone bias in the lower stratosphere in CMAM, to-
gether with a negative bias in the troposphere resulting from
a likely underestimation of photochemical ozone production. 35

This has ramifications for diagnosing the level of model–
measurement agreement. Model variability is found to be
more similar in magnitude to that implied from ozone-sondes
in comparison with OMI, which has significantly larger vari-
ability. Noting the overall consistency of the CCMs, the influ- 40

ence of the model chemistry schemes and internal dynamics
is discussed in relation to the inter-model differences found.
In particular, it is inferred that CMAM simulates a faster
and shallower Brewer–Dobson circulation (BDC) compared
to both EMAC and observational estimates, which has im- 45

plications for the distribution and magnitude of the down-
ward flux of stratospheric ozone over the most recent clima-
tological period (1980–2010). Nonetheless, it is shown that
the stratospheric influence on tropospheric ozone is signifi-
cant and is estimated to exceed 50 % in the wintertime ex- 50

tratropics, even in the lower troposphere. Finally, long-term
changes in the CCM ozone tracers are calculated for different
seasons. An overall statistically significant increase in tropo-
spheric ozone is found across much of the world but particu-
larly in the Northern Hemisphere and in the middle to upper 55

troposphere, where the increase is on the order of 4–6 ppbv
(5 %–10 %) between 1980–1989 and 2001–2010. Our model
study implies that attribution from stratosphere–troposphere
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exchange (STE) to such ozone changes ranges from 25 % to
30 % at the surface to as much as 50 %–80 % in the upper
troposphere–lower stratosphere (UTLS) across some regions
of the world, including western Eurasia, eastern North Amer-
ica, the South Pacific and the southern Indian Ocean. These5

findings highlight the importance of a well-resolved strato-
sphere in simulations of tropospheric ozone and its implica-
tions for the radiative forcing, air quality and oxidation ca-
pacity of the troposphere.

1 Introduction10

Tropospheric ozone (O3) has wide-ranging implications for
air quality, radiative forcing and the oxidation capacity of the
troposphere (Fiore et al., 2002a; Myhre et al., 2013). Whilst
ozone is typically regarded as a pollutant at ground level, ad-
versely affecting human health and ecosystems (Paoletti et15

al., 2014), it is a primary source of the hydroxyl (OH) radi-
cal which acts to cleanse the troposphere by breaking down
a large number of pollutants, along with some greenhouse
gases (Seinfeld and Pandis, 2006; Cooper et al., 2010). De-
spite this, ozone is also a greenhouse gas itself, exerting the20

largest radiative forcing in the upper troposphere due to the
inherent low temperatures in the upper troposphere (Lacis
et al., 1990). Since ozone has a relatively short global mean
lifetime in the troposphere (∼ 3 weeks), along with spatially
and temporally highly varying sources and sinks (Lelieveld25

et al., 2009), it is not well mixed, with large spatial and tem-
poral variations in ozone abundance as a result over seasonal,
inter-annual and decadal timescales. This is reinforced by the
strong dependence on sunlight as well as precursor emis-
sions, which have both natural and anthropogenic sources30

(Cooper et al., 2014).
A large fraction of the ozone in the troposphere is formed

through photochemical reactions of precursor molecules
such as carbon monoxide (CO), nitrogen oxides (NOx) and
volatile organic compounds (VOCs). Since the late 19th cen-35

tury, however, changes in the tropospheric ozone burden can
be largely attributed to anthropogenic precursor emissions,
which have led to a significant increase in baseline (HTAP,
2010; Cooper et al., 2014) and also background (Fiore et
al., 2002b; Zhang et al., 2008; Stevenson et al., 2013) ozone40

volume mixing ratios (VMRs), particularly in the Northern
Hemisphere mid-latitudes (although it should be noted that
this attribution is derived purely from modelling studies).
Ozone may be produced either in situ or non-local to pre-
cursor source regions, as determined by the synoptic meteo-45

rology, with the potential for long-distance advection prior
to photochemical destruction or deposition, given a life-
time of several weeks in the troposphere (Lelieveld et al.,
2009). For instance, tropospheric ozone levels across west-
ern North America are particularly susceptible to increasing50

Asian emissions due to long-range transport across the Pa-

cific (Hudman et al., 2004; Cooper et al., 2010; Lin et al.,
2014, 2015). An additional influence is that of the exchange
of stratospheric and tropospheric air masses, which leads to a
net downward flux of ozone and a subsequent enhanced tro- 55

pospheric ozone burden (Holton and Lelieveld, 1996; Lamar-
que et al., 1999), especially in mid-latitude regions (Miles et
al., 2015).

Stratosphere–troposphere exchange (STE) of air is gov-
erned non-locally by the wave-driven large-scale merid- 60

ional circulation, the Brewer–Dobson circulation (BDC)
(Holton et al., 1995; Shepherd, 2007; Butchart, 2014). The
BDC induces preferential troposphere-to-stratosphere trans-
port (TST) in the tropics, in contrast to mid- to high-latitude
regions where stratosphere-to-troposphere transport (STT) 65

must prevail to conserve mass continuity (Holton et al.,
1995). The BDC, and thus STE, exhibits strong seasonal-
ity in both hemispheres with the circulation strongest dur-
ing wintertime but especially in the Northern Hemisphere,
due to the largest wave-induced forcing occurring at this time 70

(Holton et al., 1995). Given a photochemical lifetime of sev-
eral months in the lower stratosphere, analogous to transport
timescales, seasonality in the BDC results in a significant en-
richment of ozone and other chemical tracers in the extrat-
ropical lower stratosphere over winter (Hegglin et al., 2006; 75

Krebsbach et al., 2006); with the largest VMRs achieved
close to the tropopause in early summer (Prather et al., 2011;
Škerlak et al., 2014). Whilst it is recognised that the STE flux
of ozone in the extratropics reaches a seasonal maximum in
late spring and early summer (Yang et al., 2016), this inci- 80

dentally coincides closely with the seasonal minimum in the
downward STE mass flux of air (Škerlak et al., 2014; Yang et
al., 2016). This strongly implies that the ozone VMR at the
tropopause controls the seasonality in the downward ozone
flux. Staley (1962) was the first to note that it is in fact the 85

displacement of the tropopause altitude seasonally in each
hemisphere that primarily governs the downward mass flux:
maximum in spring as the tropopause rises and minimum in
autumn as the tropopause falls relative to the average state.
Analysis of deep STE events, where direct entrainment of 90

stratospheric air into the planetary boundary layer (PBL) oc-
curs, indicates that the downward transport of ozone is pri-
marily controlled by the mass flux for these events, with a
peak in early spring (Škerlak et al., 2014).

Whilst it is accepted that STE is an important and signif- 95

icant source of upper-tropospheric ozone (e.g. Holton et al.,
1995), the influence on near-surface ozone levels is poorly
understood. Globally, Lamarque et al. (1999) estimated that
STE increases the average tropospheric column amount by
only a modest ∼ 11.5 % using a three-dimensional global 100

chemistry transport model. However, on a monthly resolved
basis, this influence was shown to increase to ∼ 10 %–20 %
in the lower troposphere and ∼ 40 %–50 % in the upper tro-
posphere. More recent modelling studies, however, show a
much larger influence. The annual mean estimated influ- 105

ence of the stratosphere is shown to range between 25 %
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and 50 % in the lower and middle extratropical troposphere,
with the largest influence in the Southern Hemisphere where
other sources of ozone provide a smaller contribution to
the tropospheric ozone budget, according to various mod-
elling studies (e.g. Lelieveld and Dentener, 2000; Baner-5

jee et al., 2016). Hess and Zbinden (2013) found from ob-
servations that lower-stratospheric (150 hPa) ozone explains
nearly 70 % of the variance in mid-troposphere (500 hPa)
ozone trends and variability over Northern Hemisphere mid-
latitude regions, including Canada, the eastern US and North-10

ern Europe. Furthermore, a number of mid-latitude case
studies have demonstrated that STT events may provide
a much larger contribution to surface ozone in some sea-
sons (typically spring) and more locally on timescales of
hours to days given favourable meteorological conditions.15

Over a 3-month period between April and June 2010, Lin
et al. (2012) concluded that the stratosphere was the source
of 20 %–30 % of surface O3 across the western US using
the high-resolution (∼ 50×50 km2) GFDL AM3 chemistry–
climate model (CCM), with episodic enhancements of some20

20–40 ppbv of the surface maximum 8 h average (MD8A)
ozone estimated from 13 identified stratospheric intrusion
events. Similarly, model-based studies find evidence for a
significant stratospheric contribution to the pronounced tro-
pospheric summertime ozone maximum over the eastern25

Mediterranean and the Middle East (EMME) (Zanis et al.,
2014; Akritidis et al., 2016) and the Persian Gulf (Lelieveld
et al., 2009), with influence as far down as the PBL where
near-surface ozone levels are known to frequently exceed EU
air quality standards.30

Observationally based studies show a wide range in the
level of stratospheric influence. In conjunction with a beryl-
lium (Be)-based mixing model, Dibb et al. (1994) showed
that the stratosphere has a maximum influence during spring
in the Canadian Arctic of a mere 10 %–15 % at the surface.35

Greenslade et al. (2017) also found only a small stratospheric
contribution (1 %–3.5 %) to the mean tropospheric ozone
burden for three sites neighbouring the Southern Ocean, al-
though with exceedances of 10 % during individual events.
A number of Europe-focussed studies highlight the signifi-40

cance of the stratosphere during episodic events, particularly
over Alpine regions where elevated regions are sometimes di-
rectly impacted by stratospheric intrusions (e.g. Stohl et al.,
2000; Zanis et al., 2003; Colette and Ancellet, 2005). This
influence is typically largest in winter and spring (smallest45

in summer), although the seasonality exhibits greater com-
plexity at some high-altitude locations, which is largely site-
dependent. Significant enhancements in surface ozone, in as-
sociation with stratospheric intrusions, have also been de-
tected across the Himalayas during winter especially (up to50

25 % contribution), in direct contrast to minimal influence
during the summer monsoon season (e.g. Cristofanelli et al.,
2010). Summertime ozone-sonde campaign measurements
over the north-eastern US (Thompson et al., 2007a, b) im-
ply a stratospheric contribution of ∼ 20 % to 25 % to the55

tropospheric column ozone during summer 2004, which is
comparable to the budget inferred from European profiles
(Colette and Ancellet, 2005). A similar level of influence is
found on average in the middle and upper troposphere for 18
North American sites based on summer ozone-sonde cam- 60

paign data between 2006 and 2011 (Tarasick et al., 2019).
Ozone-sonde measurements from all seasons between 2005
and 2007 reveal a larger influence still (34 % or 22 ppbv)
over south-eastern Canada, decreasing to 13 % (5.4 ppbv)
and 3.1 % (1.2 ppbv) in the lower troposphere and bound- 65

ary layer respectively, with typical occurrence of STT of 2–
3 days (4–5 days) during spring and summer (autumn and
winter).

The current understanding of the seasonal and regional cli-
matology of tropospheric ozone is severely constrained by 70

the paucity of in situ measurements from ozone-sondes and
aircraft measurements, which are spatially and temporally
biased, although the advent of satellite remote-sensing plat-
forms in recent years for the inference of global tropospheric
ozone abundance has reduced uncertainty to a significant ex- 75

tent (Parrish et al., 2014). Relatively long (∼ decadal) global
satellite datasets of tropospheric ozone now exist from sev-
eral platforms (e.g. the Ozone Monitoring Instrument, OMI;
the Tropospheric Emission Spectrometer, TES; the Total
Ozone Mapping Spectrometer, TOMS; the Microwave Limb 80

Sounder, MLS)TS1 that have been extensively validated with
respect to in situ and ground-based remote-sensing measure-
ments as well as inter-satellite comparisons. Nonetheless,
there are inherent limitations with retrieving tropospheric
ozone from spaceborne instruments, and this has implica- 85

tions for the accuracy of resultant satellite-based climatolo-
gies (Gaudel et al., 2018). Scientists, however, require tools
such as CCMs, which offer sensitivity simulations and spe-
cific diagnostic variables that are not available from observa-
tions alone, to elucidate the drivers of variability and longer- 90

term changes in the global distribution of tropospheric ozone,
which includes the quantification of the stratospheric influ-
ence. Additionally, CCMs can be used to assess and quantify
the causes of tropospheric ozone features through the analy-
sis of photochemical production and loss rates, together with 95

transport tracer simulations. The latter can serve to identify
the relative importance of in situ photochemical production,
long-range transport and stratospheric influence. Nonethe-
less, such simulations are subject to a number of constraints,
including limitations in model horizontal and vertical res- 100

olution, complexity of the implemented chemistry scheme,
and the realism of simulated transport characteristics. Above
all, however, the largest unknown by far is the accuracy of
the precursor emission inventories used in CCM simulations
(Hoesly et al., 2018). 105

In this study, the seasonal climatology, inter-annual vari-
ability and long-term evolution of the influence of strato-
spheric ozone on tropospheric ozone and its geographical de-
pendencies is investigated with the aim to update and extend
the findings of Lamarque et al. (1999). A summary of the dif- 110
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ferent data sources used is given in Sect. 2. As a first step in
Sect. 3, we test the realism of two state-of-the-art CCMs by
comparing their ozone estimates with the ozone distributions
derived from OMI satellite measurements over a common
baseline period, together with spatially and temporally lim-5

ited vertical profile information provided by ozone-sondes.
Noting the model biases with respect to the observations, the
fine-scale vertical resolution offered by the CCMs is then
exploited to analyse regional and seasonal variations in the
vertical distribution of O3 in Sect. 4, together with ozone10

of stratospheric origin (O3S) and the relative contribution of
O3S to the total amount of O3 (the stratospheric ozone frac-
tion: O3F) to infer the importance of the stratosphere in de-
termining tropospheric ozone levels. Finally, height-resolved
seasonal changes in model O3 and O3S are examined glob-15

ally between 1980–1989 and 2001–2010 in Sect. 5. The find-
ings presented in both Sects. 3 and 4 are discussed within the
context of the wider literature. Finally, Sect. 6 will provide
a summary of the findings, along with an overview of the
utility of the models for improving our understanding of the20

spatial distribution and changes in tropospheric ozone.

2 Data sources

2.1 CCM simulations

This study uses RefC1SDCE1 specified-dynamics hindcast
simulations, conducted for the Chemistry Climate Model Ini-25

tiative (CCMI-1) (Hegglin and Lamarque, 2015; Morgen-
stern et al., 2017), of both ozone (O3) and stratosphere-
tagged tracer ozone (O3S) for the period 1980–2010 in-
clusive from two state-of-the-art CCMs: European Cen-
tre for Medium-Range Weather Forecasts – Hamburg30

(ECHAM)/Modular Earth Submodel System (MESSy) At-
mospheric Chemistry (EMAC; Jöckel et al., 2016) and the
Canadian Middle Atmosphere Model (CMAM; Scinocca et
al., 2008). These two models were primarily selected due
to the close similarity in the O3S tracer definition (detailed35

below in Sect. 2.1.1 and 2.1.2 respectively), which is either
absent or defined differently in other CCMI models and is
fundamental to the quantification of the stratospheric influ-
ence and attribution to recent changes in tropospheric ozone
in this study. O3S decays according to the same reactions40

used in the O3 simulations, although the reactions leading to
photochemical production of ozone are omitted for the O3S
tracers (Roelofs and Lelieveld, 1997). In each simulation, the
prognostic variables: temperature, vorticity and divergence
as well as (the logarithm of) surface pressure for ECHAM45

only (the coupled general circulation model in EMAC) from
the ERA-Interim reanalysis dataset have been used to nudge
each CCM towards the observed atmospheric state through
Newtonian relaxation, with corresponding relaxation times
of 24, 6, 48 and 24 h respectively for EMAC (Jöckel et al.,50

2016) and 24 h for all three variables in CMAM (McLan-

dress et al., 2013). Variability in sea surface temperatures
(SSTs) and sea ice concentration is directly accounted for
in both EMAC and CMAM from ERA-interim and HadISST
(provided by the UK Met Office Hadley Centre) respectively 55

(Rayner et al., 2003; Morgenstern et al., 2017). Further-
more, each model includes either prescribed decadal emis-
sions or lower boundary conditions of anthropogenic and
natural greenhouse gas (GHG) and ozone precursor emis-
sions (which act as a forcing) from the MACCity inventory, 60

which is based on the Coupled Model Intercomparison Phase
5 (CMIP5) inventory and representative concentration path-
way (RCP) projections (Lamarque et al., 2010; Hoesly et al.,
2018), alongside variability induced by other natural forcings
such as solar activity and volcanic eruptions in most simula- 65

tions (Brinkop et al., 2016). All simulations used are compli-
ant with the CCMI definitions specified by the International
Global Atmospheric Chemistry (IGAC) and Stratosphere-
troposphere Processes And their Role in Climate (SPARC)
communities (Eyring et al., 2013). The stratospheric influx 70

for CCMI models ranges from ∼ 400 to 650 Tg yr−1, which
is within the range estimated from observational studies
(IPCC, 2013). For full details of the model chemistry treat-
ments and emission inventories used, the reader is directed
to the CCMI review paper by Morgenstern et al. (2017) as 75

well as Jöckel et al. (2016) for EMAC and the relevant sec-
tion of Pendlebury et al. (2015) for CMAM. The main differ-
ence between the two models is the complexity of the tropo-
spheric chemistry scheme, namely that CMAM simulates no
non-methane hydrocarbon chemistry, with additional differ- 80

ences in the model transport schemes, the treatment of het-
erogeneous chemistry, and accounting for NOx and isoprene
emissions and representation of the Quasi-Biennial Oscilla-
tion (QBO). A brief overview of the two models and these
differences is provided below (Sect. 2.1.1 and 2.1.2). 85

2.1.1 EMAC

RC1SD-base-10 simulation results (without nudging of the
global mean temperature) from the interactively coupled
EMAC model are used in this study, which have a T42 (trian-
gular) spectral resolution, equating to a quadratic Gaussian 90

grid of ∼ 2.8◦ by 2.8◦ and 90 vertical hybrid sigma pres-
sure levels up to 0.01 hPa (Jöckel et al., 2016). EMAC uses
the flux-form semi-Lagrangian (FFSL) transport scheme for
chemical constituents, water vapour, cloud liquid water and
cloud ice (Lin and Rood, 1996), with the chemistry submod- 95

els MECCA (Sander et al., 2011) and SCAV (Tost et al.,
2006) describing the kinetic systems in the gaseous and aque-
ous or ice phase respectively. Comprehensive atmospheric
reaction mechanisms that include basic O3, CH4, HOx and
NOx chemistry, non-methane hydrocarbon (NMHC) chem- 100

istry up to C4 and isoprene, halogen (Cl and Br) chemistry,
and sulfur chemistry is all included in the chemical scheme.
Relevant for the representation of heterogeneous chemistry
in the stratosphere, deviations from thermodynamic equilib-
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rium are accounted for, which has implications for the dis-
tribution of polar stratospheric clouds (PSCs) and associated
ozone depletion. In the troposphere, an offline representation
of aerosol (dust, sea salt, organic carbon, black carbon, sul-
fates and nitrates) provides surfaces for heterogeneous chem-5

istry. Emissions of lightning NOx , soil NOx and isoprene
(C5H8) are parameterised online for EMAC using the sub-
model ONEMIS (Kerkweg et al., 2006; Jöckel et al., 2016).
The model provides a consistent handling of the photolysis
(submodel JVAL; Sander et al., 2014) and shortwave radia-10

tion schemes (submodel FUBRAD; Kunze et al., 2014), with
particular regard to the evolution of the 11-year solar cycle
(Morgenstern et al., 2017). The QBO is internally generated
by the model, although zonal winds near the Equator are
nudged towards a zonal wind field (Brinkop et al., 2016) with15

a 58-day relaxation timescale to ensure realistic simulation
of the QBO magnitude and phasing (Jöckel et al., 2016). For
tracing stratospheric ozone, an additional diagnostic tracer
O3S is reset to the standard ozone tracer above the tropopause
(using the World Meteorological Organization, WMO, ther-20

mal definition equatorward of 30◦ N and S and using the 3.5
potential vorticity unit, PVU, dynamical tropopause defini-
tion poleward of 30◦ N and S) as defined in every model time
step. The O3S tracer is transported across the tropopause and
subject to the tropospheric ozone sink reactions. The corre-25

sponding chemical loss of O3S (LO3S) is diagnosed and in-
tegrated and, in addition to its dry-deposition, provides a di-
rect measure for the stratosphere-to-troposphere exchange of
ozone (Jöckel et al., 2006, 2016).

2.1.2 CMAM30

Simulations from the atmosphere-only CMAM are used here
with a T47 spectral resolution (equivalent to ∼ 3.75◦ by
3.75◦) on the linear Gaussian grid used for the physical pa-
rameterisations in CMAM, with 71 vertical hybrid sigma
pressure levels which extend to 0.01 hPa (Hegglin et al.,35

2014; Pendlebury et al., 2015). The model uses spectral ad-
vection of “hybrid” moisture for transport (Merryfield et al.,
2003) and a similar spectral advection of “hybridized” trac-
ers for chemically active tracers exhibiting strong horizon-
tal gradients (Scinocca et al., 2008). Whilst a representation40

of heterogeneous chemistry on PSCs is provided, the model
does not account for nitric acid trihydrate (NAT) or polar
stratospheric cloud (PSC) sedimentation (resulting in den-
itrification). Heterogeneous chemistry calculations are also
made in the troposphere through prescribing sulfate aerosol45

surface area densities. Chemistry is calculated throughout
the troposphere, although the only hydrocarbon considered
is methane. To account for isoprene (C5H8) oxidation in
CMAM, an additional 250 Tg-CO yr−1 in emissions (includ-
ing an additional 160 Tg-CO yr−1 from soils) is included,50

distributed as Guenther et al. (1995) isoprene emissions. Un-
like EMAC, soil NOx emissions are not calculated online for
CMAM and are instead prescribed, with lightning NOx emis-

sions parameterised from the Allen and Pickering (2002) up-
draft mass flux scheme (Morgenstern et al., 2017). In con- 55

trast to EMAC, consistency in the radiation and photoly-
sis schemes has not specifically been imposed. Although
CMAM does not generate a QBO internally, a representation
of the QBO is induced in the specified-dynamics simulations
through nudging to ERA-Interim. The stratospheric ozone 60

(O3S) tracer uses the WMO thermal tropopause definition as
the threshold for tagging ozone as stratospheric across all lat-
itudes, with an additional criterion that the tropopause must
be < 0.7 in hybrid-sigma coordinates to prevent erroneous
identification at high latitudes, during winter especially. Ev- 65

ery time step, the O3S tracer is set equal to the model ozone
above the tropopause, while below the tropopause the O3S
tracer has an imposed first-order loss rate equal to the model-
calculated first-order chemical loss rate of Ox defined as
Ox = O3+O(1D)+O(3P)+NO2+HNO4+2×NO3+3× 70

N2O5. The O3S tracer also undergoes dry deposition at the
surface with the same dry-deposition velocity as calculated
for ozone.

2.2 Observations

2.2.1 OMI 75

OMI is a Dutch–Finnish UV–visible nadir-viewing solar
backscatter spectrometer aboard the NASA-Aura satellite
launched in July 2004. The satellite has a retrograde, sun-
synchronous polar orbit (inclination of 98.2◦) at an alti-
tude of 705 km, providing some 14 orbits a day with a 80

local equatorial crossing time in the ascending node of
13:45 local time (Levelt et al., 2006). OMI operates in the
270–500 nm spectral intervalTS2 and has a spectral resolu-
tion of 0.42–0.63 nm (Foret et al., 2014). OMI is the first
of a generation of instruments which use 2-D detector ar- 85

rays, providing concurrent sampling at all across-track po-
sitions, as opposed to platforms which use a 1-D detector
array to scan across track. OMI supplements the observa-
tional knowledge of ozone from other longstanding satel-
lite platforms, such as NASA’s TOMS instrument and ESA’s 90

Global Ozone Monitoring Experiment (GOME) instrument,
at a much enhanced spatial resolution (e.g. 13 km× 24 km
for OMI compared with 40 km× 320 km for GOME in the
along-track and across-track directions nominally at nadir).
The across track resolution, however, becomes significantly 95

coarser away from nadir; reaching 13 km× 150 km towards
the edge of the swath (corresponding to an angle of 57◦ from
nadir). The swath is 2600 km wide at the surface resulting
from a wide field of view of 114◦, with a near-global cov-
erage time of 1 day (Levelt et al., 2006; Foret et al., 2014). 100

Temperature-dependent spectral structure in the region be-
tween 320 and 345 nm (the Huggins Band) contains the in-
formation required for the retrieval of ozone in the tropo-
sphere region (Miles et al., 2015). The logarithm of the ozone
(VMR) on a fixed pressure grid (surface pressure, 450, 170, 105
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100, 50, 30, 20, 10, 5, 3, 2, 1, 0.5, 0.3, 0.17, 0.1, 0.05, 0.03,
0.017, 0.01 hPa) provides the basis for the retrieved profiles
(Miles et al., 2015).

This study uses 1000–450 hPa (0–5.5 km) sub-column
ozone values retrieved from OMI, as derived using the5

Rutherford Appleton Laboratory (RAL) height-resolved op-
timal estimation profiling scheme (Miles et al., 2015; Gaudel
et al., 2018) for one in four 50× 50 km samples in every
100× 100 km bin, which has been further optimised to in-
crease sensitivity to tropospheric ozone. These “Level-2”10

(L2) data have been averaged into monthly mean 2.5◦× 2.5◦

(∼ 275 km) gridded “Level-3” (L3) data between 2005 and
2010. This resolution is more comparable with the resolu-
tion of the CCM simulations used in this study for model
comparisons (Sect. 3). Validation against ozone-sondes for15

this sub-column, after applying averaging kernels (AKs) to
account for vertical smearing associated with the satellite re-
trieval, yields a relatively low retrieval bias of ∼ 1.5 Dobson
units (DU) (6 %) (Miles et al., 2015). The sign of the bias
is latitude-dependent for lower-tropospheric ozone: there is20

underestimation in the Southern Hemisphere by ∼ 15 %–
20 % (1–3 DU) and overestimation in the Northern Hemi-
sphere by ∼ 10 % (2 DU). These systematic biases can be
attributed to inaccuracies in the radiative transfer modelling,
which are partially rectified through the use of a priori infor-25

mation to shift the erroneous retrieved profiles towards the
true values (Mielonen et al., 2015). An additional monthly
mean, (linearly interpolated) latitude-dependent bias, identi-
fied with respect to the global ozone-sonde ensemble, was
also corrected for in the OMI data used in this study. Other30

filtering criteria used to enhance the quality of the dataset in-
clude omission of observations with a cloud fraction greater
than 0.2 and a solar zenith angle exceeding 80◦. This estima-
tion differs from other techniques such as cloud slicing (e.g.
Ziemke and Chandra, 2012) and residual methods such as35

total-column ozone (TCO) from OMI minus vertical profile
measurements from the MLSTS3 (e.g. Ziemke et al., 2011).
In comparison with the OMI–MLS method, the OMI–RAL
profiling scheme is more (less) sensitive to the lower (upper)
troposphere (Gaudel et al., 2018). To ensure a direct compari-40

son with other datasets in order to test the level of agreement
with models and ozone-sonde observations, AKs should be
applied to induce such smearing of information that inher-
ently occurs in UV–nadir satellite measurements. The influ-
ence of AKs is critically evaluated for the 1000–450 hPa sub-45

column for both the models and ozone-sondes in Sect. 3.
OMI is regarded as a very stable platform, with the ra-

diometric degradation during the instrument’s lifetime esti-
mated to have been just ∼ 2 % in the UV and ∼ 0.5 % in the
visible channel, which is significantly lower than other com-50

parable instruments (Levelt et al., 2018). Despite this, the
quality of radiance data began to decline from 2007 onwards
(but particularly starting from 2009) across all wavelengths
in a progressively larger number of across-track views, cor-
responding to rows in the 2-D detector arrays, suspected to55

be blocked by insulation blankets covering the instruments
which have become damaged. This one main anomaly is sub-
sequently referred to as the row anomaly (Schenkeveld et al.,
2017). Although OMI has relatively high sensitivity to the
troposphere, sensitivity is much weaker near the surface due 60

to the limited penetration of photons and subsequent reduced
signal in the backscattered radiance spectrum (Sellitto et al.,
2011), with factors such as surface albedo and aerosols in
the PBL also resulting in additional interference (Liu et al.,
2010). 65

2.2.2 Ozone-sondes

Vertical ozone profile data over the period 1980–2010 were
derived from the World Ozone and Ultraviolet Radiation
Data Centre (WOUDC); an archive of balloon-borne in situ
measurements of ozone, together with other variables such as 70

temperature, humidity and pressure. Ozone-sondes typically
provide a vertical resolution of ∼ 150 m from the surface
up to a maximum altitude of approximately 35 km, although
not in all cases (Worden et al., 2007; Nassar et al., 2008).
Most sonde stations launch ozone-sondes on a weekly basis, 75

but a number of European sites provide measurements 2–3
times a week (Worden et al., 2007). The WOUDC archive
contains measurements from primarily electrochemical con-
centration cell (ECC) sondes, but also from two other in-
struments: the Brewer–Mast (BM) and the Japanese ozone- 80

sonde (KC) (SPARC, 1998), which all yield measurements of
ozone equivalently. The reader is directed to Liu et al. (2013)
for further details of the WOUDC measurement network, in-
cluding a map and table of all observation sites. The accuracy
of sonde measurements is typically estimated to be within the 85

range of ±5 %, depending on various factors. Precision be-
tween the various sonde types is estimated to be within±3 %,
with systematic biases of less than ±5 % within the lower to
middle stratosphere (12–27 km altitude range), provided that
profile measurements have been normalised with respect to 90

ground-based total ozone measurements (SPARC, 1998).
Uncertainties are, however, much larger in the troposphere

due to lower ozone VMRs, yielding a relatively low signal-
to-noise ratio, which increases the susceptibility to both in-
strumental errors and instrumental variability. Sonde perfor- 95

mance can additionally be affected by local air pollution,
which can further enhance the level of uncertainty. System-
atic differences between different instruments in the tropo-
sphere were estimated to vary between 10 % and 15 % in
various intercomparison campaigns between 1970 and 1990 100

(Beekman et al., 1994; Smit et al., 1998). There is evidence
that the ECC sondes have greater precision and consistency
than either the BM or KC sondes here (e.g. WMO-III and
JOSIE campaigns), i.e. a precision of ±5 %–10 % for ECC
compared with a range of 10 %–20 % for BM and KC. A 105

small positive bias of 3 % is noted for ECC with no evidence
of biases exceeding±5 % for BM and KC (Smit and Straeter,
2004a, b).
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R. S. Williams et al.: Seasonal and geographical variability in tropospheric ozone 7

3 Tropospheric ozone (model–measurement
comparison)

In order to evaluate the utility of the models in assessing tro-
pospheric ozone and estimating stratospheric influence, the
CCM simulations (EMAC and CMAM) are first validated5

here against the OMI observations, in addition to the spa-
tially and temporally limited, height-resolved ozone-sonde
measurements. This is achieved through a combined model–
measurement characterisation of the seasonal and geographi-
cal variability of tropospheric ozone (Sect. 3.1), together with10

the inter-annual variability (Sect. 3.2) over the 2005–2010
period. Lastly, a vertically resolved assessment of the CCMs
is provided for three different mid-latitude regions (Europe,
eastern North America and the Tasman Sea) from aggregated
ozone-sonde profile measurements between 1980 and 201015

(Sect. 3.3).
Seasonal composites of monthly mean 1000–450 hPa (0–

5.5 km) sub-column ozone from OMI, together with avail-
able ozone-sonde-derived AK-fitted sub-columns, and the re-
spective differences for each AK-fitted CCM are shown in20

Fig. 1. A seasonal maximum in tropospheric ozone is evi-
dent in each hemisphere during spring, which is more pro-
nounced in the Northern Hemisphere and extended in many
regions through to summer (JJA). In contrast to the extratrop-
ics, tropospheric ozone remains low year-round (< 20 DU) at25

low latitudes although some seasonality is apparent, notably
a northward shift in the region of lowest ozone from boreal
winter into summer and the reverse from boreal summer back
to winter. This is likely associated with the seasonal migra-
tion of the Inter Tropical Convergence Zone (ITCZ), which30

closely follows the region of maximum solar insolation. In
this region, strong upwelling occurs which leads to the trans-
port of ozone-depleted air from the tropical PBL upwards
towards the tropopause. This is most pronounced across the
Maritime Continent where convective activity is climatolog-35

ically most intense (e.g. Thompson et al., 2012).
The BDC, which leads to meridional transport in ozone

and other constituents in the stratosphere, is strongest during
winter (weakest during summer), and it is this annual vari-
ability which exerts a major influence over the seasonality of40

free-tropospheric ozone (through changes in STE), in regions
of the extratropics where emissions of tropospheric ozone
precursors are at a relatively low background level (Roscoe,
2006). This is invariably the case across much of the South-
ern Hemisphere, where anthropogenic precursor emissions45

are substantially lower and more spatially confined in com-
parison with the Northern Hemisphere. In some regions such
as the South Atlantic, it is evident that tropospheric ozone is
similarly high in winter (JJA) (∼ 25–30 DU), but it is known
that this is a result of biomass burning activity in western50

Africa and resultant plumes, which are advected offshore
during the dry season in particular (e.g. Mauzerall et al.,
1998). Across Antarctica and the Southern Ocean, however,
halogen-induced stratospheric ozone depletion is likely the

dominant driver of the seasonality, leading to a minimum in 55

spring (SON), although no observations from OMI are avail-
able during the polar night (MAM and JJA). In the North-
ern Hemisphere, the strong influence of emission precursors
from widespread anthropogenic activity serves to delay and
broaden the maximum, since the peak in the in situ photo- 60

chemical formation of ozone is driven by solar insolation.
This is particularly apparent in subtropical regions such as
the eastern Mediterranean, due to favourable photochemical
conditions for the production and subsistence of ozone dur-
ing the summer months. 65

A corresponding zonally averaged monthly mean evolu-
tion, together with the respective differences for each CCM
(both with and without AKs), is additionally shown in Fig. 2
and further summarised as 30◦ latitude band averages in Ta-
ble S1 in the Supplement. Whilst the AK-fitted EMAC dif- 70

ferences with respect to OMI (Figs. 1 and 2d) show an over-
all year-round, albeit seasonally varying positive bias, par-
ticularly within the 0 to 30◦ latitude band (∼+2–8 DU), the
difference is largely negative in CMAM (∼ 0 to −4 DU), ex-
cept during spring (MAM) in parts of the Northern Hemi- 75

sphere (∼ 0 to +4 DU) and within the 30 to 60◦ S latitude
band (∼+2–6 DU). Although such differences on a zonally
averaged basis are relatively small (on the order of 10 %–
20 %), the systematic nature and seasonal dependence of
such biases is important to consider. Regional differences are 80

evidently larger, however, with differences of up to 10 DU
(50 %), such as over mid-latitude oceanic regions where both
CCMs show a positive bias relative to OMI and also with
respect to limited available ozone-sonde data from maritime
locations. Some continental regions such as eastern Asia on 85

the other hand show a negative bias in most seasons, with the
largest in winter (DJF) (5–10 DU or 20 %–40 %). A recent
study by Hoesly et al. (2018) shows discrepancies between
the CMIP5 NOx emissions database (used in CCMI emis-
sion inventories) and an updated, refined database over the 90

time frame considered, the Community Emissions Data Sys-
tem (CEDS), which could explain the pattern of biases be-
tween the continental regions of the Northern Hemisphere.
Whilst the CMIP5 emissions dataset is composed of “best
available estimates” from many different sources, the dataset 95

has limited temporal resolution (10-year intervals), contains
inconsistent methods across emission species, and lacks un-
certainty estimates and reproducibility. The CEDS dataset
addresses some of these shortcomings by also factoring in
activity data to estimate country-, sector- and fuel-specific 100

emissions on an annual basis, which is further calibrated to
existing inventories through emission factor scaling. The sign
of the biases is more complex and spatially variable in sum-
mer (JJA) but are typically low (−3 to+3 DU), implying that
the CCMs are reasonably consistent overall with the OMI 105

measurements during this season. In the Southern Hemi-
sphere, the general positive bias is weaker (particularly in
austral winter and spring), and most regions show a negative
bias in at least one season. Model–measurement agreement

www.atmos-chem-phys.net/19/1/2019/ Atmos. Chem. Phys., 19, 1–32, 2019



8 R. S. Williams et al.: Seasonal and geographical variability in tropospheric ozone

Figure 1. Seasonal composites of monthly averaged 1000–450 hPa (0–5.5 km) sub-column O3 (DU) (left to right) for 2005–2010 from
(a) OMI, (b) EMAC minus OMI and (c) CMAM minus OMI. Circles denote (a) equivalent ozone-sonde-derived sub-column O3 (DU),
(b) EMAC minus ozone-sonde differences and (c) CMAM minus ozone-sonde differences. All data were regridded to 2.5◦ resolution (∼
275 km). All model and ozone-sonde sub-column data have been modified using AKs to ensure a direct comparison.

here is typically higher compared with the Northern Hemi-
sphere, particularly for latitudes where O3 precursor emis-
sions are lower and in the less photochemically active sea-
sons (i.e. autumn and winter). This could indicate that CCMs
simulate excessive photochemical production of ozone in the5

Northern Hemisphere particularly (Young et al., 2013; Shep-
herd et al., 2014) or that the role of tropospheric sinks (e.g.
through wet and dry deposition or other loss reactions) is un-
derestimated (Revell et al., 2018), with our results indicating
regionally differing magnitudes in these biases.10

Both Fig. 2 and Table S1 show the importance of apply-
ing AKs (on a monthly mean zonally averaged basis) in
order to diagnose the agreement between the two datasets,
by enabling a like-for-like comparison, since it is clear that
both CCMs significantly underestimate the amount of tro-15

pospheric ozone overall at both middle and high latitudes,
relative to the OMI observations (Fig. 2b–c). The effect of
applying the AKs (Fig. 2d–e) is shown to significantly re-
duce or even eradicate the negative bias (poleward of 30◦ N
and S), and it is this difference which indicates the approxi-20

mate magnitude of the influence vertical smearing has on the
retrieved OMI sub-column measurements. A residual nega-

tive bias (∼−2 to −6 DU) also exists in the Southern Hemi-
sphere during spring (SON) over the Southern Ocean south
of 60◦ S (adjacent to Antarctica). This might relate to differ- 25

ences in the representation of a transport barrier such as the
edge of the wintertime polar vortex, which influences mix-
ing in the surf zone region and is eradicated in this season,
together with disparities in the magnitude of the Antarctic
ozone hole, which has implications for vertical smearing, in- 30

fluencing the resultant tropospheric ozone burden. Indeed, a
cold-pole bias which leads to a delayed onset in the seasonal
breakdown of the polar vortex is an inherent bias common to
most CCMs (McLandress et al., 2012). Biases in much of the
tropics appear also to be connected to dynamics which favour 35

long-range transport (e.g. trade wind circulations) originat-
ing from regions of known precursor emissions (e.g. biomass
burning from South America), although differences in the
chemical schemes may also be influential and would require
further analysis. 40

Differences with AKs show that EMAC is in slightly better
agreement with OMI across the Southern Hemisphere extra-
tropics, although CMAM is in closer or comparable agree-
ment over the tropics and the Northern Hemisphere. The
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R. S. Williams et al.: Seasonal and geographical variability in tropospheric ozone 9

Figure 2. Zonal-mean monthly averaged 1000–450 hPa (0–5.5 km) sub-column O3 (DU) for 2005–2010 from (a) OMI, (b) EMAC minus
OMI without AKs, (c) CMAM minus OMI without AKs, (d) EMAC minus OMI with AKs and (e) CMAM minus OMI with AKs.

model is especially consistent during JJA and SON over the
continents in particular (Fig. 1b and c). Furthermore, a high
level of agreement between the ozone-sonde and OMI ob-
servations is apparent in all four seasons (Fig. 1a), confirm-
ing that the OMI retrieval algorithm correctly captures the5

regional and seasonal climatological features in tropospheric
ozone. Some sonde sites, however, show consistently smaller
amounts of ozone (e.g. western North America and Green-
land), although this may be attributed to the high elevation
(e.g. mountain summit locations) of these sites relative to10

the average topographical elevation of a 2.5◦ grid cell within
which the OMI observations are averaged, which inherently
leads to lower amounts of ozone within the partial column.

3.1 O3 inter-annual variability

As a metric of inter-annual variability, seasonal aggregates15

of the computed relative standard deviation (RSD) of the
monthly mean ozone for OMI, each CCM and ozone-sondes
are shown in Fig. 3, as calculated in Eq. (1) below:

RSD=
N∑
i=0

σi

µi
/N, (1)

TS4where N is the number of months in a season, σi is the20

standard deviation of each month calculated over all years
and µi is the multiannual monthly mean of each month.
Variability in the tropics is enhanced due to the significantly
lower mean tropospheric ozone, in comparison with the ex-
tratropics. It should be noted that the calculated RSD is sig-25

nificantly lower for ozone-sondes compared to each CCM
and particularly the OMI measurements, which is currently
being investigated further.

Although OMI shows much higher variability than the
models, there is good agreement in regions of high RSD30

across much of the tropics (> 10 %), which is largest dur-
ing SON, at least from the OMI observations. The highest
RSD is consistently found over the western Pacific and the
Maritime Continent close to the Equator, where it approaches
20 % for both OMI and the CCMs (particularly CMAM). The35

region is strongly influenced by some of the main drivers

of natural variability, including the El Niño–Southern Os-
cillation (ENSO) and the Madden–Julian Oscillation (MJO).
Throughout the tropics, high variability may also be asso-
ciated with the QBO. Although the QBO is a stratospheric 40

phenomenon, studies show that the alternating phases of the
zonal equatorial wind can influence tropospheric ozone by
as much as 10 %–20 % (∼ 8 ppbv) (e.g. Lee et al., 2010).
The RSD is generally lower for OMI outside of the trop-
ics, although significant variability (> 10 %) is still evident 45

for some regions in different seasons. The CCMs in contrast
show very low RSD over much of the extratropics (< 5 %),
with only a subtle spatial structure evident in the seasonal
composites. Equivalent composites of the absolute standard
deviation (not shown) show some variability, however, at 50

mid-latitudes during winter and spring in each hemisphere
(up to 2 DU), principally in oceanic regions, and this may
indicate sensitivity to the main extratropical cyclone tracks.
Higher RSD is, however, shown across Antarctica during the
polar day and over the Southern Ocean (up to 10 %), which 55

is collocated in the corresponding OMI seasonal compos-
ites. This may largely be a retrieval artefact caused by ver-
tical smearing, which is highly dependent on the tropopause
height, since comparative RSD fields from the CCMs with-
out AKs show no such structure (not shown). 60

3.2 O3 vertical distribution assessment

To evaluate the vertical agreement of the CCM O3 VMR
tracer simulations, monthly mean ozone-sonde-derived mea-
surements were interpolated and averaged between ±20 hPa
of the 22 different model pressure levels between the surface 65

(∼ 1000 hPa) and the lower stratosphere (100 hPa) for three
different extratropical regions. Figure 4 shows the monthly
mean evolution averaged over all sites (left), together with
the respective percentage differences relative to the nearest
model grid columns in EMAC (middle) and CMAM (right), 70

within each bounding box (region): (a) Europe (30–65◦ N,
15◦W–35◦ E), (b) eastern North America (32.5–60◦ N, 92.5–
55◦W) and (c) the Tasman Sea (55–15◦ S, 140–180◦ E). The
absolute differences are also shown in Fig. S1. Table S2a–
c additionally provide a summary of this information on a 75
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10 R. S. Williams et al.: Seasonal and geographical variability in tropospheric ozone

Figure 3. Seasonal composites (left to right) of monthly 1000–450 hPa (0–5.5 km) sub-column O3 relative standard deviation (RSD) (%) for
2005–2010 for (a) OMI, (b) EMAC and (c) CMAM. Circles denote (a–c) the seasonal RSD calculated from ozone-sonde measurements.
Model and ozone-sonde sub-column data have again been modified using AKs to ensure a direct comparison.

seasonal basis for six selected pressure levels in each region.
These regions were selected for the assessment due to the
relatively high number of ozone-sonde sites in close proxim-
ity. Furthermore, the variability in emissions of ozone pre-
cursors and stratospheric influence, due to varying upper-5

troposphere–lower-stratosphere (UTLS) dynamics in these
predominantly extratropical regions, make these regions suit-
able for evaluating the realism to which the CCMs simulate
these influences.

The seasonality in ozone VMR is shown to be very similar10

in both Europe (Fig. 4a) and eastern North America (Fig. 4b)
as expected for two regions of similar latitude in the same
hemisphere. In the stratosphere, a springtime maximum (au-
tumn minimum) is clear, although the timing is not syn-
chronous at all pressure levels, with a tendency for a delayed15

maximum (minimum) in each region with increasing pres-
sure (decreasing altitude). This is also apparent for the Tas-
man Sea region (Fig. 4c), albeit with a reversed seasonality.
This can be attributed to the BDC in the lower stratosphere,
which leads to a gradual accumulation of ozone during win-20

tertime in the lowermost stratosphere and a subsequent grad-
ual depletion of ozone during summertime as the circulation
weakens (Logan, 1985; Holton et al., 1995; Hegglin et al.,
2006). For all regions, this delayed signal in the maximum
(minimum) in ozone VMR propagates down into the tropo-25

sphere (identified here as the region < 100 ppbv), with the
exception of the springtime maximum over the Tasman Sea,
which peaks earlier with increasing pressure (decreasing al-
titude) from the tropopause (around late September) towards
the surface (early August). Clearly though, there is a large 30

difference in the climatological ozone VMR throughout the
year between this region and both Europe and eastern North
America; the Tasman Sea region reflecting only a very lim-
ited influence from emission precursors. The composite pro-
duced for this region likely provides a reasonable represen- 35

tation of the natural background influence of the stratosphere
on tropospheric ozone in the extratropics, in contrast to the
other two regions.

The computed model–ozone-sonde monthly mean differ-
ences (Fig. 4) reveal notable differences both between each 40

model and each region in the troposphere (∼ 300–1000 hPa)
as high as 20–30 ppbv (> 50 %). EMAC shows an almost
universal positive bias between 0 % and 40 % (0–20 ppbv)
throughout the year for all three regions, which contrasts with
the overall negative bias in the stratosphere (∼ 100–300 hPa) 45

(except over eastern North America). Some seasonal depen-
dence in the tropospheric bias is evident over Europe and
eastern North America, with the largest (smallest) difference
between September and May (June and August), on the order
of∼+20 %–60 % (+10–20 ppbv) outside of boreal summer. 50
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R. S. Williams et al.: Seasonal and geographical variability in tropospheric ozone 11

Figure 4. Monthly evolution of the vertical distribution of mean O3 VMR (ppbv) derived from ozone-sonde measurements (left column);
EMAC minus ozone-sonde differences (%) (middle column) and CMAM minus ozone-sonde differences (%) (right column) over the period
1980–2010 inclusive for three different world regions: (a) Europe (n= 18), (b) eastern North America (n= 14) and (c) the Tasman Sea
(n= 6). The ozone-sonde–model 100 ppbv contour is additionally highlighted in bold (ozone-sonde 100 ppbv contour indicated again by
dashed line – middle and right column).

In contrast, no obvious seasonal variation in the bias is appar-
ent over the Tasman Sea region. For CMAM, a generally neg-
ative, seasonally dependent bias (∼ 5 %–20 % or 5–10 ppbv)
is apparent in the lower to middle troposphere over Europe
and particularly eastern North America, most pronounced5

during summer (JJA), whereas an overall positive bias (up
to 10 %–40 % or 5–20 ppbv) exists over the Tasman Sea and
is largest in the free troposphere. Both the seasonal character
of the negative bias over Europe and eastern North America
(largest during the most photochemically active months), to-10

gether with the difference in the sign of the bias between the
troposphere and the UTLS, strongly implies a difference in
the implementation of the tropospheric chemistry scheme in
CMAM compared with EMAC, since prescribed emissions
are equivalent in both models. Specifically, the omission of15

non-methane VOCs (NMVOCs) in CMAM likely accounts
for much of this underestimation.

The largest absolute differences (Fig. S1 in the Supple-
ment) are, however, indeed evident in the lower stratosphere
(100–300 hPa), with a systematic positive bias in CMAM in20

most seasons (widely between +50 and +200 ppbv, rang-

ing from 10 % to 50 %). A slight negative bias (∼−10 to
−50 ppbv or −0 % to 10 %TS5 ) is, however, apparent be-
tween 100 and 150 hPa over Europe, largely during sum-
mer (JJA), and is also more pronounced over the Tasman 25

Sea from March through to November (> 50 ppbv or 5 %–
20 %TS6 ). Over eastern North America, a very large positive
bias is evident in CMAM throughout the year ranging be-
tween 20 % and 60 % (+50 and +200 ppbv), with a seasonal
shift in the height of the largest differences, similarly to over 30

Europe yet more pronounced. In contrast, the differences be-
tween EMAC and the ozone-sonde measurements have a
very different character, with a general negative bias over
Europe, particularly in summer (JJA) (∼−20 to −100 ppbv
or −10 % to 20 %TS7 ). Over eastern North America and the 35

Tasman Sea, the pattern and magnitude of the biases is more
complex with both pressure (altitude) and month. An over-
all positive bias is found over eastern North America (typ-
ically +20 to +50 ppbv or +5 %–20 %), except from Jan-
uary to May between ∼ 170 and 250 hPa, whilst an overall 40

negative bias (generally between −20 and −50 ppbv or 5 %
and 20 %TS8 ) is evident over the Tasman Sea except between
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12 R. S. Williams et al.: Seasonal and geographical variability in tropospheric ozone

January and May and for a small region (120–180 hPa) dur-
ing August–September. The general negative bias in EMAC
(positive bias in CMAM) might indicate an underestimation
(overestimation) in the strength of the BDC, but the seasonal
dependence of the bias, and in particular the complexity in5

EMAC, suggests influence from other factors.

3.3 Summary

In summary, the CCM simulations are broadly in agree-
ment with both sets of observations, capturing both the ex-
tent and magnitude of geographical and seasonal features in10

tropospheric ozone over the concurrent period of data avail-
ability (2005–2010). There is very close agreement over-
all in the global mean seasonal composites of tropospheric
sub-column (1000–450 hPa) ozone between both CCMs, al-
though differences relative to OMI show that there is an over-15

all significant, systematic positive bias in the EMAC model
(Figs. 1 and 2), particularly over the Northern Hemisphere
(∼ 2–8 DU), whereas no overall bias is apparent in CMAM
despite some meridional and seasonal differences (∼−4 to
+4 DU). An evaluation of the model–ozone-sonde differ-20

ences in the vertical distribution of ozone VMRs (ppbv) over
both Europe and eastern North America (Fig. 4) indicates a
different origin for the biases in each model compared with
OMI. In EMAC, the positive bias is predominantly a result
of an excess of in situ photochemical production from emis-25

sion precursors, whereas biases in CMAM are largely deter-
mined by the relative influence of excessive vertical smearing
of ozone (induced by applying the OMI AKs). This results
from a large positive ozone bias in the lower stratosphere (not
present in EMAC) as well as the much more simplified tro-30

pospheric chemistry scheme implementation. The additional
smearing from AKs is concluded to overcompensate for the
reduced in situ production of ozone to yield a larger positive
or comparable bias in CMAM (poleward of 30◦ S/N) (Fig. 2),
where the application of AKs has a disproportionally larger35

effect on the estimated sub-columns. In contrast, a larger pos-
itive bias is found in EMAC over low latitudes (30◦ N–30◦ S)
but primarily in the Northern Hemisphere where precursor
emissions are more abundant, which is understandable due
to the higher climatological mean position of the tropopause40

in this region (with respect to the extratropics), leading to
less vertical smearing of information from the stratosphere
when AKs are applied. The zonal average monthly mean in-
tegrated sub-column OMI–model differences without AKs
(Fig. 2b–c) would be consistent with this interpretation and45

it is obvious that application of the OMI AKs must have in-
duced additional vertical smearing of ozone in CMAM in
the equivalent latitude range (∼ 30–65◦ N) compared with
EMAC (Fig. 2d–e) due to the likely presence of a high ozone
bias in the lower stratosphere compared with both ozone-50

sondes and EMAC. Such a factor is also suspected to be
influential in explaining the transition from a negative to a
positive bias after applying AKs in the Southern Hemisphere

between May and December in the region between 30 and
60◦ S in CMAM. The sensitivity of the 1000–450 hPa sub- 55

column to the lowermost stratosphere is exemplified in a
plot of the monthly mean AKs for August 2007 over the
Southern Ocean (∼ 47◦ S, 0◦ E) (Fig. S2), which shows in-
fluence from the ∼ 150–450 hPa pressure range. It is known
that CCMs tend to have inherent biases in ozone in the lower 60

stratosphere (e.g. Jöckel et al., 2006, 2016; Pendlebury et al.,
2015; Kolonjari et al., 2018), so it is likely that the results
found here are applicable hemisphere-wide but again fur-
ther investigation is warranted, perhaps using an ozone-sonde
trajectory-based mapping approach (e.g. Liu et al., 2013). 65

The interannual variability (Fig. 3) in the models seems to be
consistent with that from the OMI measurements and as re-
ported in the literature, at least in the equatorial region where
the magnitude of interannual variability is typically on the or-
der of ∼ 10 %–20 %. In the extratropics, both ozone-sondes 70

and models show smaller variability (< 5 %), in contrast to
OMI. Whether such differences arise due to model inadequa-
cies in capturing the magnitude of natural variability or sim-
ply as a result of measurement noise in the OMI observations
is a subject for further investigation. 75

4 Stratospheric influence

Having assessed the ability of the CCMs to represent key fea-
tures of the global climatology of tropospheric ozone with
respect to both in situ and satellite observations, model sim-
ulations of the vertical distribution in ozone VMR are now 80

investigated globally over the 1980–2010 climatological pe-
riod, together with the role of stratospheric ozone in influ-
encing both regional and seasonal variations.

4.1 O3 vertical distribution, seasonality and
stratospheric contribution (O3F) 85

Seasonal composites of the monthly mean, zonal-mean ver-
tical distribution of ozone VMR in the troposphere and
lower stratosphere (1000–80 hPa) are shown in Fig. 5 for
(a) EMAC, (b) CMAM and (c) CMAM-EMAC, together
with the percentage contribution of mean ozone of strato- 90

spheric origin (O3F (%) = (O3S/O3) × 100: dashed lines).
The equivalent seasonal composites of tagged stratospheric
ozone (O3S) VMR are also shown in Fig. S3. The meridional
distribution in the tropospheric seasonal mean ozone VMR
corresponds closely to the latitudinal variability in the inte- 95

grated 1000–450 hPa sub-column seasonal composites pro-
duced from both the CCM and OMI data (Figs. 1 and 2).
The highest ozone VMR according to both CCMs can be
found over mid-latitudes, with consistent seasonality to that
identified in Sect. 3 and a maximum in the Northern Hemi- 100

sphere during spring into summer (MAM and JJA) and in
spring (SON) over the Southern Hemisphere. It is obvious
that ozone VMR is significantly greater year-round in the
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Northern Hemisphere. This is due in part to the large differ-
ence in precursor emissions from the surface but also due to a
stronger BDC in the Northern Hemisphere and a subsequent
enhanced STE of ozone, with the former clearly a greater
influence near the surface and the latter in the upper tropo-5

sphere. As indicated by the dashed contours, the stratospheric
influence increases with altitude for all latitudes across all
seasons. However, there is a significant meridional gradi-
ent in the stratospheric influence, with values ranging from
< 30 % over the tropics in all four seasons throughout the tro-10

posphere to maximum values between 40 % and 75 % during
the winter months at high latitudes in both hemispheres from
the surface to 350 hPa. Towards summertime, this fraction
decreases sharply across middle and high latitudes (particu-
larly near the surface) due to a combination of reduced STE15

and increasing importance of precursor emissions during the
photochemically active months. Thus in relative terms, the
stratosphere has a smaller contribution outside the winter
months (lowest in summer). Despite this, the stratosphere
has the largest contribution during spring in absolute terms20

(see Supplement Fig. S3), extended through to summer in
the Northern Hemisphere upper troposphere, as is well es-
tablished in the literature (e.g. Richards et al., 2013; Škerlak
et al., 2014; Zanis et al., 2014). This further implies that the
influence of the stratosphere becomes secondary to precursor25

emissions during the photochemically active months, away
from the upper troposphere.

The inter-model difference in the zonal mean ozone VMR
for each season is shown in Fig. 5c. With respect to EMAC,
CMAM shows lower values overall throughout the tropical30

troposphere and also over the Northern Hemisphere lower
and middle troposphere in all seasons (∼ 0 %–30 % or be-
tween 0 and −20 ppbv). In contrast, CMAM shows much
higher values in the extratropical upper troposphere (up to
+50 ppbv or 50 %–100 % in relative terms) in all seasons,35

with smaller positive differences extending towards the sur-
face in the Southern Hemisphere, particularly in winter (JJA).
The large difference in the extratropical upper troposphere,
in conjunction with the vertically extensive negative bias in
the tropics, may be partially attributed to a difference in40

the large-scale dynamics in each model. Notably, a modest
downward shift in the height of the extratropical tropopause
would lead to such large differences apparent in Fig. 5, due
to the existence of a very sharp gradient in ozone VMR at
this boundary. Indeed, it has been identified previously that45

tropopause pressures in EMAC are lower than CMAM (by as
much as 30–50 hPa) in free-running simulations, equating to
a smaller total mass of the lowermost stratosphere (Hegglin
et al., 2010), although the actual difference is likely smaller
in the case of the specified-dynamics simulations analysed50

here. Apart from over the Southern Hemisphere high lati-
tudes, the negative difference in CMAM (relative to EMAC)
throughout much of the troposphere would appear to be re-
lated to both a difference in the implementation of the tro-
pospheric chemistry scheme in each model and the amount55

of simulated O3S, which is evidently some 0–10 ppbv (up
to 20 %) lower in CMAM despite a much larger ozone bur-
den in the extratropical UTLS region (Fig. S3c). An excep-
tion to this is over the Southern Hemisphere subtropics dur-
ing wintertime (JJA), especially where a significantly larger 60

amount of O3S (∼ 0 %–20 %) is transported down towards
the surface in CMAM compared with EMAC (indicative of
greater STE). The absence of a positive difference in Fig. 5c
in this region, however, suggests an overwhelming influence
of the reduced in situ photochemical formation of ozone in 65

CMAM due to the simplicity of the tropospheric chemistry
scheme in this model, despite an obvious larger stratospheric
ozone fraction here (O3F > 20 % larger in CMAM in the
mid-troposphere).

4.2 O3F global distribution and seasonality 70

The global distribution of ozone of stratospheric origin is
next investigated in order to quantify the relative contribution
to tropospheric ozone as well to help identify preferential
pathways of stratosphere–troposphere transport. The clima-
tological fraction of stratospherically sourced ozone (O3F) 75

is shown globally for EMAC and CMAM, together with the
difference between both models (CMAM-EMAC) in Fig. 6
at (a) 350 hPa, (b) 500 hPa and (c) 850 hPa for both DJF and
JJA (see Fig. S4 for MAM and SON) over the period 1980–
2010, when O3F reaches a maximum in winter and minimum 80

in summer. Both CCMs are broadly consistent at each pres-
sure level, with a clear decrease in the O3F towards the sur-
face as already indicated in Fig. 5. The meridional gradient
is largest in the upper troposphere at 350 hPa, with low val-
ues across the tropics (< 40 % between 30◦ N and 30◦ S) as- 85

sociated with both convective upwelling and the short pho-
tochemical lifetime of ozone in the tropics and with higher
values in the extratropics but particularly in the winter hemi-
sphere (> 70 %). In the Northern Hemisphere mid-latitudes,
where the gradient is largest, a planetary-scale wave pattern 90

is evident (particularly at 350 hPa), which is consistent with
longitudinal variability in the climatological positioning of
the upper-level jet streams induced by orography (e.g. the
Rocky Mountains in North America) (Charney and Eliassen,
1949; Bolin, 1950), particularly in winter (DJF). Although 95

the O3F is relatively high during summer in each hemi-
sphere at 350 hPa as well, the O3F is much lower at 500
and 850 hPa (which is consistent with Fig. 5) and reflects the
relatively minimal role of the stratosphere during this sea-
son (with strong influence from precursor emissions instead). 100

At 850 hPa, the stratospheric influence is typically largest
over oceanic regions, which further reflects the importance
of emission precursors over continental regions, particularly
in the Southern Hemisphere where biomass burning is preva-
lent over Africa and South America. 105

Large differences in O3F are apparent at high latitudes
(poleward of 60◦ N and 60◦ S) during summer in each hemi-
sphere at 350 hPa, with CMAM showing a significantly
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Figure 5. Zonal mean seasonal composites of monthly mean O3 VMR (ppbv) for the troposphere and lower stratosphere (1000–80 hPa)
from (a) EMAC, (b) CMAM, and (c) CMAM and EMAC (CMAM-EMAC) percentage differences over the period 1980–2010. Dashed lines
indicate the stratospheric contribution (%) calculated using both ozone tracers in each model: O3F (%) = (O3S/O3) ×100. The 100 ppbv
contour (bold line) is included as a reference for the tropopause altitude (a–b).

smaller fraction in the ozone of stratospheric origin (∼
40 %–50 %) compared with EMAC (∼ 70 %–80 %). This
is despite a positive bias of ∼ 20 %–50 % (20–30 ppbv) in
the seasonal mean ozone VMR in CMAM compared with
EMAC (Fig. 5c), although this bias exists across all seasons5

whereas the O3F bias is seasonally dependent. Inspection
of model tracer values (not shown) indicates slightly lower-
stratospheric ozone (O3S) in CMAM compared with EMAC,
along with higher O3 values (ozone of non-stratospheric ori-
gin) at 350 hPa, which gives rise to this difference although10

the exact origin of this discrepancy would require further in-
vestigation. During wintertime in the Southern Hemisphere
(JJA) subtropics, a large positive difference in O3F also ex-
ists over a relatively narrow latitude range between 0 and
30◦ S, which is indicative of an equatorward displacement15

in the position of the subtropical jet stream in CMAM com-
pared with EMAC. The differences show some variation lon-
gitudinally, with the largest differences extending from east
Africa towards Indonesia and northern Australia and out
across the South Pacific. Reference to seasonal composites20

of the model O3S VMR tracer (Fig. S3) confirms that the
positive bias is related to larger STE in CMAM relative to
EMAC, at least over the Southern Hemisphere subtropics.
The effect of greater STE, even locally across this latitude
range, in CMAM would propagate eastwards due to the influ-25

ence of upper-level winds, leading to the transport of ozone-

rich air on intercontinental scales. Both the highest O3S (not
shown) and O3F values in CMAM are apparent over a rela-
tively small geographical area of the Indian Ocean north of
Madagascar (adjacent to the east African coastline), which 30

signifies preferential stratosphere-to-troposphere transport in
this region which extends deep into the lower troposphere
(O3F> 50 % at 850 hPa). Although EMAC shows relatively
high O3F in the wider region during this season, evidence
of a preferential STE pathway here is lacking in this model, 35

and indeed no such feature has been widely recognised in the
literature. Such differences are non-existent during DJF, al-
though CMAM shows generally higher O3F over part of the
Indian Ocean and the South Pacific and relatively lower O3F
over South America, the South Atlantic and over Africa. The 40

differences described at 350 hPa are very similar at 500 hPa,
albeit with a lower negative difference at high latitudes dur-
ing summer (∼ 10 %–20 %). Although the spatial distribu-
tion of the biases is broadly consistent at 850 hPa as well,
there is much greater variability regionally in the tropics and 45

the negative bias at high latitudes is relatively low (> 10 %).

4.3 Monthly evolution of stratospheric influence

The zonal-mean monthly evolution of mean ozone (O3)
VMR at 350, 500 and 850 hPa is shown in Fig. 7 (a) based on
the monthly mean aggregated in situ ozone-sonde observa- 50
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Figure 6. Seasonal (DJF and JJA) composites of (a) 350 hPa, (b) 500 hPa and (c) 850 hPa monthly mean stratospheric ozone fraction (O3F)
for EMAC (left), CMAM (middle) and CMAM-EMAC (right) over the period 1980–2010. Note the scale difference between (a) and (b–c).
Grey shaded regions represent regions where the surface pressure is lower than the plotted pressure level.
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16 R. S. Williams et al.: Seasonal and geographical variability in tropospheric ozone

tions from the WOUDC database, interpolated and averaged
for 10◦ latitude intervals and within±20 hPa of each pressure
level, (b) as simulated by EMAC, and subsequently (c) for
EMAC O3S and (d) EMAC O3F. The ozone-sonde measure-
ments are in broad agreement with that simulated by EMAC5

(and CMAM; see Fig. S5) in terms of both the seasonality
and meridional variability in the climatological mean ozone
VMR at each of the three different pressure levels. How-
ever, the ozone VMR across the Northern Hemisphere high
latitudes at both 500 and 850 hPa during the broad spring10

and summer maximum is somewhat higher (∼ 0–10 ppbv) in
EMAC, whereas closer agreement with the ozone-sonde cli-
matology is apparent for CMAM (Fig. S5). At the 350 hPa
level on the other hand, CMAM overestimates ozone in the
extratropics relative to both EMAC and ozone-sondes by as15

much as 10–20 ppbv, which is consistent with the identified
high ozone bias in the UTLS in CMAM over three different
extratropical regions in Sect. 3 (Fig. 4), whereas EMAC is
in closer agreement with the ozone-sonde-derived compos-
ites. Furthermore, there is very high variability with latitude20

in the tropics compared with EMAC (and CMAM), although
this is almost certainly an artefact of both the paucity and
poor spatial representativeness of ozone-sonde stations. This
figure is similar to that produced by Lamarque et al. (1999,
Fig. 2., p. 26 368) and their model results bear some resem-25

blance to Fig. 7 (Fig. S5) in terms of the characterisation of
the zonal mean evolution of ozone VMR and calculated O3F,
although significantly higher O3 and O3S VMRs are evident
in the CCM simulations as are higher stratospheric fraction
(O3F) values in this study.30

The EMAC O3S evolution corresponds closely to the O3
evolution at 350 hPa, reflecting the large contribution of the
stratosphere in the upper-troposphere ozone burden (shown
also in the O3F evolution), but this correspondence falls
sharply towards the surface (850 hPa) as noted in Sect. 4.235

from Fig. 6. It is important to note that a pronounced spring
maximum in O3S (> 60 ppbv at 350 hPa) is only evident in
the Northern Hemisphere, with a much smaller, short-lived
maximum between 30 and 60◦ S (∼ 40 ppbv at 350 hPa), due
to the combined influence of the springtime Antarctic ozone40

hole and a weaker BDC in the Southern Hemisphere which
constrains the seasonality. The ozone hole influence is par-
ticularly apparent at 350 hPa in each model O3F evolution
fields (Fig. 7d), where the strong symmetry between each
hemisphere is briefly interrupted during SON when the ozone45

hole readily develops over the Southern Hemisphere high
latitudes. The O3F evolution again shows the sharp merid-
ional gradient in the stratospheric influence, particularly in
the upper troposphere, which separates the tropical zone of
convective upwelling from the region of net subsidence in50

both hemispheres where net STE is downward. The season-
ality in extratropical O3F is greater towards the surface due
to the competing influence of precursor emissions. Despite
this, Fig. 7 (bottom row) shows that the stratosphere still con-
tributes about half (∼ 50 %) of the amount of ozone during55

winter at high latitudes at 850 hPa, implying that the strato-
sphere has a significant influence on near-surface ozone lev-
els and, in turn, air quality. This fraction is slightly higher
in the Southern Hemisphere due to the lower abundance of
precursors compared with the Northern Hemisphere. 60

4.4 Summary

In summary of this section, the use of the model stratospheric
ozone (O3S) tracers reveals a significant difference in the
strength and dominance of the shallow branch of the BDC
in each model, which is intrinsically related to the burden 65

of ozone in the extratropical lowermost stratosphere through
transport from the primary ozone production (equatorial) re-
gion (Hegglin et al., 2006). This has implications for both
the simulated downward flux of ozone from the stratosphere
and its influence on the relative contribution of stratospheric 70

ozone to tropospheric ozone. CMAM simulates a faster, shal-
lower BDC as inferred from Fig. 5 (Sect. 4.1), which shows
between 50 %–100 % more ozone in the extratropical UTLS
region (equating to as much as a+50 ppbv difference), which
contrasts with a negative difference in the tropics of between 75

0 % and 30 % (0 and−20 ppbv difference) relative to EMAC
within this region (∼ 200–400 hPa). This inference is sup-
ported by a recent finding of a maximum decrease in the
age of air (AoA) between 1970 and 2100 in the mid-latitude
lower stratosphere in CMAM, whereas EMAC shows a de- 80

crease in stratospheric mean AoA which is more pronounced
with both latitude and altitude, due to the acceleration of the
BDC due to climate change (Eichinger et al., 2019). It is in-
ferred from a characterisation of the vertical ozone distribu-
tion biases in Fig. 4 (Sect. 3) that EMAC more accurately 85

depicts the BDC and its effects on the meridional variation
in stratospheric ozone, although it is likely that this model is
still too conservative in this aspect compared to reality, given
a smaller, but general negative stratospheric ozone bias (up to
10 %–20 %) in the extratropics with respect to ozone-sondes. 90

The same inference is in turn made for the STE of ozone;
a larger proportion of the downward flux of ozone is simu-
lated over the subtropics in comparison with EMAC, which
simulates a larger flux in the extratropics (Figs. 6 and S4).
The difference is particularly large in the Southern Hemi- 95

sphere subtropics (0–30◦ S), with a typically larger fraction
of stratospheric ozone ranging from 10 % to 25 % from the
lower to upper troposphere in CMAM relative to EMAC dur-
ing austral winter (JJA). There is an indication of a preferen-
tial STE pathway over the western Indian Ocean and neigh- 100

bouring east Africa which is active during this season as far
down as the PBL according to CMAM, although any pref-
erential pathway or STE “hotspot” in this region is neither
obvious in EMAC nor widely established in the literature.
Further work is necessary to understand how realistic the 105

representation of STE is in each model, together with the
simulated in situ photochemical production of ozone from
precursor emissions. Reference to the earlier work of Lamar-
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Figure 7. Zonal-mean monthly mean evolution of O3 VMR (ppbv) derived from (a) ozone-sondes and (b) EMAC O3 model tracer. The
evolution of the (c) EMAC stratospheric O3S tracer and (d) O3F stratospheric fraction (%) are additionally included over the period 1980–
2010 for 350 hPa (top row), 500 hPa (middle row) and 850 hPa (bottom row).

que et al. (1999) shows that the contemporary CCM simu-
lations analysed in this study more closely match the ozone-
sonde-derived climatology, which is remarkably consistent in
both this study and that produced by Lamarque et al. (1999,
Fig. 1, p. 26 367), compared to the chemistry transport model5

(CTM) selected in their study, which underestimated tropo-
spheric ozone VMRs by as much as 20 %–50 %. Both the
stratospheric ozone and derived stratospheric fraction fields
in their study show very conservative numbers relative to that
calculated in this study for both EMAC and CMAM, indi-10

cating that the stratosphere has a much larger influence than
previously thought, although differences in the stratospheric
tracer definitions might explain some of this difference. Both
contemporary simulations suggest a significant stratospheric
influence on tropospheric ozone of over 50 % during winter-15

time in the extratropics (extending down into the lower tro-
posphere), which is significantly higher than the 10 %–20 %
estimated from the CTM in Lamarque et al. (1999) and still

considerably higher than more recent studies, which imply
an influence in the range of 30 %–50 % (e.g. Lelieveld and 20

Dentener, 2000; Banerjee et al., 2016).

5 Recent changes in tropospheric O3 and O3S

Seasonal changes in the global mean tropospheric ozone dis-
tribution between 1980–1989 and 2001–2010 are next quan-
tified using the CCM simulations, together with changes in 25

attribution from the stratosphere. The changes in the simu-
lated ozone (O3) VMRs between these two periods are shown
globally in Fig. 8 at 350, 500 hPa and the surface model level
as well as throughout the troposphere for three different lat-
itudinal cross sections (30◦W, 30◦ E and 90◦ E) in Fig. 9 for 30

MAM and SON. Changes for DJF and JJA are also shown
globally in Fig. S6 and for these latitude cross sections in
Fig. S7. These latitudinal transects help show that regional
changes in O3 and O3S are strongly height-dependent, partic-
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ularly along these selected longitudes where notable features
are observed, which differ in each model and season. The re-
spective changes in the simulated stratospheric ozone (O3S)
VMRs are then shown globally in Fig. 10 (Fig. S8) for each
level and as a function of pressure for each latitudinal cross5

section in Fig. 11 for MAM and SON and Fig. S9 for DJF and
JJA. Zonal-mean changes in each model tracer are addition-
ally summarised in Table S3 (O3) and Table S4 (O3S) for 30◦

latitude bands. Statistical significance is inferred where the
paired t test p value is less than 0.05 (stippled regions), al-10

though the distribution of such regions should be interpreted
only as an approximation in the absence of additional data
(Wasserstein and Lazar, 2016).

5.1 O3 change (1980–1989 to 2001–2010)

It is evident in Fig. 8 that both models simulate an overall in-15

crease in ozone, which is typically largest (in absolute terms)
and most robust (statistically significant) in the upper tropo-
sphere (350 hPa) and across the Northern Hemisphere in both
seasons. The increase here in both MAM and SON is on the
order of some 4–6 ppbv (5 %–10 %), although in excess of20

6 ppbv across some regions during MAM and in CMAM es-
pecially, with only a slightly smaller overall increase evident
at 500 hPa (mid-troposphere). Greater spatial variability is
evident at 350 hPa (at least in MAM) due to enhanced sensi-
tivity to changes in the tropopause altitude at this level. This25

can be inferred from Fig. 9 in the Northern Hemisphere for
the 30◦W latitudinal cross section in particular, where rela-
tively large apparent model disagreement at 350 hPa can be
attributed to a slight downward shift in CMAM relative to
EMAC, consistent with that found in Sects. 3 and 4. Relative30

to CMAM, the largest increases in EMAC are shifted equa-
torward (∼ 10–40◦ N) and are collocated more closely with
the region influenced by the subtropical jet stream (e.g. Man-
ney and Hegglin, 2018), particularly in spring (MAM). In
contrast, the largest changes in CMAM are generally pole-35

ward of 30◦ N, particularly at the 350 hPa level. The spa-
tial distribution in the changes is also less zonally consistent
than for EMAC, and this could reflect a greater influence in
the eddy-driven (polar) jet stream in modulating such spatial
variability.40

Northern Hemisphere surface changes show greater re-
gional variability due to the strong dependence of the sur-
face environment as both a source of emission precursors
and as a sink of ozone. In both seasons, the largest statisti-
cally significant increases can be found over south-east Asia45

(exceeding 6 ppbv locally), except for a small region of de-
crease over north-east China apparent only in CMAM. The
90◦ E latitudinal cross section in Fig. 9 intersects this re-
gion, showing the largest increase close to the southern flank
of the Himalayas in each model during both MAM (+6–50

10 ppbv) and SON (+4–6 ppbv), extending from the surface
upwards towards the UTLS (350 hPa). A significant increase
is also evident widely over oceanic regions, particularly in

CMAM and in SON where values exceed 2 ppbv. This could
be attributable to a number of factors, including increases 55

in emissions from international shipping, long-range trans-
port from upstream precursor emission sources as well as
enhanced subsidence in mid-latitudes due to the influence of
subtropical high-pressure systems (e.g. the Azores High and
the North Pacific High) which may have expanded and inten- 60

sified in recent decades (Li et al., 2011, 2012). Long-range
transport has a clear dominant influence over the Pacific sec-
tor, as expected due to the rapid advection from this region.
Given recent emission controls in North America, and there-
fore smaller changes in surface ozone, this factor would be 65

less influential over the Atlantic. Across Europe, there is a
large discrepancy in the long-term changes between the two
models, with negligible change in EMAC (or even slightly
negative in MAM) but a considerable increase (∼ 2–6 ppbv)
in CMAM in both seasons. Figure 10 later shows that this 70

difference is at least partly related to the simulated down-
ward flux of stratospheric ozone in each model during spring
(MAM) but not in autumn (SON), with the remaining differ-
ence likely related to the chemistry schemes in each model.
It is, however, noted from Jöckel et al. (2016) that the timing 75

of road traffic emissions is offset in this EMAC simulation,
leading to a slight underestimation of tropospheric partial-
column ozone (up to∼ 1.5 DU in Northern Hemisphere mid-
latitudes during boreal summer between 2000 and 2013), but
any impact on calculated ozone changes or trends has not yet 80

been quantified.
Smaller changes are typically found over the tropics and

across parts of the Southern Hemisphere in both models
(Fig. 8), but particularly in CMAM and during autumn
(MAM) when changes are near-zero or even negative. Be- 85

tween 0◦ N and 30◦ S, a continuous region of statistically
significant increase in ozone (∼ 2–6 ppbv) is, however, ap-
parent along a north-west to south-east axis over the Pacific,
South America and South Atlantic at both 350 and 500 hPa,
which is largest and most coherent in EMAC and during 90

SON, particularly over the Pacific Ocean. The geographi-
cal orientation of this feature is consistent with the clima-
tological positioning of the Southern Hemisphere subtropi-
cal jet stream. Over Africa, a relatively small region of de-
crease (along or slightly south of the Equator) is present in 95

both seasons, in both models at 350 and 500 hPa. The largest
decreases are evident in SON, where locally ozone has de-
creased at a rate of 4–6 ppbv. This feature is not always sta-
tistically significant, likely due to its small-scale and subse-
quent enhanced sensitivity to interannual variability. The lat- 100

itudinal cross section through 30◦ E in Fig. 9 shows this fea-
ture to be most pronounced in the mid- to upper troposphere
in each model (even absent in CMAM in the lower tropo-
sphere). The bimodal structure of the changes in ozone (with
an increase to the south of this region) is again consistent 105

with a poleward shift in the subtropical upper-tropospheric
jets as found by Manney and Hegglin (2018) and the loca-
tion of STE. During autumn (MAM), CMAM shows a de-
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Figure 8. Seasonal change in EMAC (top) and CMAM (bottom) ozone (O3) VMR (ppbv) between 1980–1989 and 2001–2010 for MAM
and SON at (a) 350 hPa, (b) 500 hPa and (c) the surface model level. Stippling denotes regions of statistical significance according to a paired
two-sided t test (p < 0.05).

crease over much of the extratropics (statistically significant
in places at 350 hPa) which could be related to the effects
of stratospheric ozone depletion and the influence this may
have on STE of ozone. Ozone depletion principally occurs,
however, during spring (SON), so any apparent delayed im-5

pact on tropospheric ozone would need to be investigated
further. Indeed, both models (but particularly CMAM) show
widespread, statistically significant increases across much of
the Southern Hemisphere extratropics during this season at

500 hPa and to a lesser extent at the surface, which appears 10

related to the larger, regional increases in the subtropics,
likely through long-range transport and entrainment around
the hemisphere by upper-level winds. The relatively insignif-
icant changes at 350 hPa and changes in O3S (Sect. 5.2) im-
ply that this increase is tropospheric driven. 15
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Figure 9. Longitudinal cross sections of the seasonal change in the vertical distribution of ozone (O3) VMR (ppbv) from EMAC (top) and
CMAM (bottom) between 1980–1989 and 2001–2010 for MAM and SON at (a) 30◦W, (b) 30◦ E and (c) 90◦ E. Stippling denotes regions
of statistical significance according to a paired two-sided t test (p < 0.05).
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Figure 10. Seasonal change in EMAC (top) and CMAM (bottom) stratospheric ozone (O3S) VMR (ppbv) between 1980–1989 and 2001–
2010 for MAM and SON at (a) 350 hPa, (b) 500 hPa and (c) the surface model level. Stippling denotes regions of statistical significance
according to a paired two-sided t test (p < 0.05). Note the scale difference between (a–b) and (c).

5.2 O3S change (1980–1989 to 2001–2010)

The long-term changes in the corresponding stratospheric
ozone (O3S) model tracers shown in Figs. 10 and 11 for
MAM and SON (and Fig. S8 and S9 for DJF and JJA) help
attribute the long-term changes in O3 described above pri-5

marily either to changes in STE or to changes occurring
in the troposphere, such as the photochemical production
of ozone from precursors as well as changing tropospheric

transport regimes. Similarly to the changes in O3, both the
largest spatial variability and changes in O3S are evident to- 10

wards the upper troposphere (350 hPa), particularly in the
Northern Hemisphere where an overall increase can again
be seen between both periods. The largest increases in O3S
span the mid-latitudes in the Northern Hemisphere (particu-
larly during MAM), with extensive regions of +3–5 ppbv or 15

greater and+2–4 ppbv in both models during spring (MAM)
and autumn (SON) respectively, although statistical signifi-
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cance is often lacking in CMAM especially, indicating the
high level of inter-annual variability in upper-tropospheric
dynamics. This can again be inferred from the spatial change
patterns in the upper troposphere in the latitudinal cross sec-
tions in Fig. 11 (Fig. S9) but most notably along the 30◦W5

meridian, where subtle shifts in the height of the tropopause,
tropopause pressures of up to 30–50 hPa higher in CMAM
(Hegglin et al., 2010) and associated sharp gradients in ozone
VMR may at least partly explain the large discrepancies be-
tween the models in both the sign and magnitude of changes10

for any given region at the 350 hPa pressure level. Both mod-
els are, however, consistent in showing statistically signifi-
cant increases in the regions of the subtropical jet, but partic-
ularly in EMAC, which is also evident in the mid-troposphere
(500 hPa). In contrast, the models differ significantly at high15

latitudes, especially in MAM when CMAM shows a large
decrease (>−5 ppbv) over parts of NE Canada, Southern
Greenland and Northern Siberia.

Although EMAC shows a few localised regions of slight
decrease, which are spatially collocated with CMAM, the20

model is dominated by an increase in O3S at these lati-
tudes. Together with inter-model discrepancies in tropopause
height, the spatial distribution in changes during MAM (most
notably in CMAM) could reflect an equatorward shift in
the mean position of the eddy-driven polar jet stream over25

time and the subsequent area of preferential downward STE,
which has been identified through trend analyses using re-
analysis datasets (Manney and Hegglin, 2018). Indeed, an
equatorward trend of ∼−0.4◦ dec−1 in the jet latitude has
also been calculated for both models for the period 1960–30

2000 in a recent study by Son et al. (2018), as determined
by the maxima in the 850 hPa zonal mean zonal wind, al-
though this trend is typically poleward for most other CCMI
models. Conversely, changes at 500 hPa are much more spa-
tially uniform, although large differences remain between35

the two models. Surface changes in O3S on the other hand
are generally modest, with the large role of precursor emis-
sions in contributing to the increase in O3 (Fig. 8) obvi-
ous across many regions, most notably over SE Asia, when
comparing such changes with the calculated changes in the40

model O3S tracers. Nonetheless, some regions (e.g. western
North America and Eurasia) show an increase of 1–2 ppbv
in MAM (locally significant), which represents a large frac-
tion of the corresponding increase in O3 (or even an offset of
a slight negative change over parts of Europe in EMAC) as45

previously shown in Fig. 8. The main difference between the
two models is the larger relative increase in O3S in EMAC
across much of the Middle East and central southern Asia
and conversely across much of Europe and western Eurasia
in CMAM. The former difference is additionally highlighted50

in the 90◦ E transect (Fig. 11) which intersects the Himalayan
region, although both models show a statistically significant
increase (> 1 ppbv) in spring (MAM) along the northward
flank of the mountain range which represents a minimum
contribution of ∼ 25 %–30 % to the surface ozone change of55

2–4 ppbv (Fig. 9). Regional discrepancies are smaller in SON
with a general, albeit smaller, increase in O3S (∼+0–1 ppbv)
apparent, which is most pronounced in EMAC.

Changes in O3S across the tropics at both 350 and 500 hPa
are generally small, consistent and of similar magnitude be- 60

tween each model during both MAM and SON, reflecting the
absence of influence from the stratosphere (typical tropical
tropopause altitude of ∼ 100 hPa in the tropics) and a gen-
eral upwelling regime. In the Southern Hemisphere subtrop-
ics, however, both models show hemispheric-wide, some- 65

times statistically significant increases in O3S on the order
of ∼+1–4 ppbv centred between 10 and 30◦ S, except in
CMAM during MAM when any increase is confined over
South America and adjacent oceanic regions. Such a zonal
structure in the spatial trend patterns is strongly supportive 70

of influence from the subtropical jet stream, with the largest
changes offset slightly equatorward of the climatological
mean position in both seasons as identified in the literature
(Langford, 1999; Manney and Hegglin, 2018). Indeed, pref-
erential transport from the stratosphere to the troposphere 75

has a known tendency to occur on the equatorward side of
the jet (Lamarque and Hess, 2003). The calculated changes
in the O3S tracer confirm that the O3 changes (Fig. 8) are
primarily driven (> 50 %) by an enhanced influence from
the stratosphere, with the increase largest in CMAM during 80

austral spring (SON) in likely association with an increased
lower branch in the BDC in this model, which is more pro-
nounced in the Southern Hemisphere (Hegglin et al., 2014;
Haenel et al., 2015). Poleward of 30◦ S, changes are weak
and generally insignificant at 500 hPa, with CMAM exhibit- 85

ing an overall slight decrease during MAM and also in SON
over Antarctica, whilst EMAC displays a slight increase gen-
erally (only exceeding 1 ppbv on a local basis), most pro-
nounced in MAM where changes are significant in places.
The spatial change patterns are broadly similar at 350 hPa, al- 90

though spatial variability is considerably larger and complex
patterns emerge, with particularly large discrepancies during
MAM between each model. The differential spatial change
patterns in each model at this height could be attributable
to a range of factors such as the simulation of stratospheric 95

ozone depletion, changes in the BDC between the two time
periods and differences in tropopause altitude in each model.
Surface changes in O3S across the Southern Hemisphere are
small (and insignificant in places), although two localised re-
gions of statistically significant increase (locally > 1 ppbv in 100

CMAM) emerge in SON in the tropics, in the central South
Pacific and over part of the western Indian Ocean and east-
ern Africa. The latter region is captured in the 30◦ E lat-
itudinal cross section (Fig. 11) in CMAM especially, with
a clear downward pathway in evidence coupling changes in 105

O3S from the tropopause to the surface. Both regions are col-
located spatially with the area of largest increase in O3S at
both 350 and 500 hPa in the Southern Hemisphere, indicat-
ing that the influence of enhanced STE of ozone during SON
between 1980–1989 and 2001–2010 is able to penetrate deep 110
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Figure 11. Longitudinal cross sections of the seasonal change in the vertical distribution of stratospheric ozone (O3S) VMR (ppbv) from
EMAC (top) and CMAM (bottom) between 1980–1989 and 2001–2010 for MAM and SON at (a) 30◦W, (b) 30◦ E and (c) 90◦ E. Stippling
denotes regions of statistical significance according to a paired two-sided t test (p < 0.05).
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into the PBL in these regions, explaining most of the increase
in the model O3 tracers locally here.

5.3 Summary

To summarise, changes in seasonal mean tropospheric ozone
are generally positive between 1980–1989 and 2001–20105

in both models, with a maximum increase of ∼ 5 %–10 %
corresponding to approximately 4–6 ppbv over the North-
ern Hemisphere and 2–6 ppbv over the Southern Hemisphere
subtropics during springtime in both the middle (500 hPa)
and upper troposphere (350 hPa). A significant stratospheric10

contribution to such increase is found here of up to 3–5
(1–4) ppbv during this season (∼ 50 %–80 %), although sig-
nificant inter-model disagreement exists in the magnitude
and sometimes the sign of the attributable change in ozone
due to the stratosphere for any given region or season. This15

is particularly the case in the extratropics, where different
responses to transport likely arise in each model resulting
from nudging to specified dynamics as captured in ERA-
Interim. Both the ozone (O3) and stratospheric ozone (O3S)
tracers exhibit a preferential increase in the subtropics in20

EMAC and extratropics in CMAM, which may reflect the
relative importance of the subtropical and polar jet streams
respectively. This difference is, however, larger in the for-
mer case, which implies that the higher amounts of sim-
ulated ozone from precursor emissions in EMAC, particu-25

larly in the Northern Hemisphere subtropics, propagate up-
ward from the surface and longitudinally due to the influ-
ence of these two jet streams, contributing to this differ-
ence. In the tropics and Southern Hemisphere extratropics,
on the other hand, estimated changes are typically small and30

insignificant, with some indication of a decrease over high
latitudes in CMAM. This could be attributable to the influ-
ence of stratospheric ozone depletion, but this requires fur-
ther investigation given the lack of model agreement and the
largest decrease in autumn (MAM), which is not consistent35

with the timing of the springtime stratospheric ozone hole.
Although surface ozone changes are dominated by regional
changes in precursor emissions between the two periods –
the largest, statistically significant increases (> 6 ppbv) be-
ing over south-east Asia – the changing influence from the40

stratosphere is also shown to be highly significant. Indeed,
the global area of statistical significance in the calculated
O3S changes typically increases from the upper troposphere
(350 hPa) to the surface. Increases in surface ozone driven
by the stratosphere are estimated to be up to 1–2 ppbv be-45

tween the two periods in the Northern Hemisphere, although
this is highly variable both regionally and seasonally and be-
tween each model. In relative terms, the stratosphere can be
seen to typically explain ∼ 25 %–30 % of the surface change
over some regions such as the Himalayas, although locally it50

may represent the dominant driver (> 50 %) where changes
in emission precursors are negligible or even declining due to
the enforcement of air quality regulations over regions such

as western Europe and eastern North America. The strato-
spheric influence over changes in tropospheric ozone could 55

be overestimated in the case of CMAM, which has defi-
ciencies in the representation of tropospheric chemistry, al-
though both models contain a well-resolved stratosphere and
in the case of EMAC, a comprehensive tropospheric chem-
istry scheme. It is claimed by Neu et al. (2014) that mod- 60

els without comprehensive tropospheric chemistry cannot be
used to estimate stratospheric influence, since a much larger
response to tropospheric ozone is found in such models, al-
though we find that EMAC shows a larger increase in strato-
spherically tagged ozone (O3S) which challenges this state- 65

ment. The much smaller STE response found in their study,
which shows only a modest 2 % change in Northern Hemi-
sphere mid-latitude tropospheric ozone to a∼ 40 % variation
in the strength of the stratospheric circulation, is also inferred
from variability that occurs on inter-annual timescales due to 70

ENSO and the QBO, which is used a proxy for the mean
change in the stratospheric circulation this century. There-
fore, the calculated changes presented here would also ques-
tion the assumption that inter-annual variations in ENSO and
the QBO constitute a representative surrogate for long-term 75

changes anticipated due to climate change.

6 Conclusions

Seasonal variability, stratospheric influence and recent
changes in tropospheric ozone are evaluated in this study us-
ing two state-of-the-art CCMs, which have the added provi- 80

sion of tagged stratospheric ozone tracer simulations. This
study finds evidence that both CCMs are broadly consis-
tent and agree with satellite (OMI) observations and limited
in situ (ozone-sonde) profile measurements over the 2005–
2010 common baseline period in simulating both the ge- 85

ographical variability and seasonality in tropospheric sub-
column (1000–450 hPa) ozone. Inherent, systematic biases
(with a strong seasonal dependence) are, however, shown
to exist in each model. EMAC is characterised by an over-
all positive bias with respect to OMI, largest in Northern 90

Hemisphere low latitudes during springtime (∼+2–8 DU or
+10 %–30 %). In contrast, CMAM shows no obvious overall
bias (∼−4 to+4 DU or−20 % to+20 %) but has significant
regional, latitudinal and seasonal variability in both the sign
and magnitude of the bias relative to OMI. In CMAM, the 95

mid-latitude seasonal evolution of the biases relative to OMI
(Fig. 2) shows larger consistency prior to the application of
the satellite (OMI) AKs, with respect to ozone-sondes for
three different extratropical regions (Fig. 4), which is con-
trary to that expected through accounting for the observa- 100

tion geometry of the satellite. Whilst the application of AKs
serves to slightly mitigate the positive tropospheric bias in
mid-latitudes in EMAC, the negative bias in CMAM is gen-
erally converted to a positive bias in mid- to high latitudes.
Comparisons with ozone-sondes indicate that the low tro- 105
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pospheric bias in CMAM, likely related to the simplicity
of the model chemistry scheme, is offset due to an inher-
ent high ozone bias in the lowermost stratosphere (as high
as 40 %–60 %). This leads to excessive downward smearing
of ozone into the troposphere as a result of applying satel-5

lite (OMI) AKs, necessary to compare both model simula-
tion and OMI satellite measurements equivalently. This high-
lights an important trade-off in the application of satellite
AKs for model–measurement comparison analyses of tropo-
spheric ozone where biases in lower-stratospheric ozone are10

known to exist. This evaluation implies that in certain cir-
cumstances, the application of AKs would not be advocated
where model biases in lower-stratospheric ozone are suffi-
ciently large due to anomalous vertical smearing. However,
such a detailed quantitative evaluation would be needed to15

identify such cases. The high bias in mid-latitudes in EMAC
could be explained by an overestimation of emissions in
MACCity (a CMIP5-based inventory) (Hoesly et al., 2018),
which although used in both models, leads to a higher bias
in EMAC due to the comparatively complex tropospheric20

chemistry scheme in this model. Given that the largest tro-
pospheric biases are equatorward of the region influenced
by vertical smearing from the lowermost stratosphere, the
two influences are more independent in this model. The rel-
ative importance of these drivers is regionally and season-25

ally dependent but serves to yield an overall lower bias in
CMAM compared with EMAC. The influence of applying
AKs is typically to increase the sub-column amount of tro-
pospheric ozone (1000–450 hPa) in the extratropics by ∼ 1–
5 DU and ∼ 2–8 DU in EMAC and CMAM respectively, de-30

pending on season, whereas a slight decrease (∼ 0–1 DU) is
induced in the tropics in all seasons. An exception to this is
over the Southern Hemisphere high latitudes, where the in-
crease is significantly lower due to influence of the ozone
hole, particularly in austral spring (SON) when any increase35

is negligible (0–1 DU). It is important to note that like mod-
els, satellite retrieval platforms such as OMI have their own
limitations, such as the susceptibility to instrument noise or
retrieval errors (Levelt et al., 2006, 2018; Mielonen et al.,
2015; Schenkeveld et al., 2017). It is suspected that this lim-40

itation is the cause of the large discrepancy in the seasonal
composites of RSD, as a metric for the inter-annual vari-
ability, between OMI and the models, the latter of which
is in closer agreement with that derived from ozone-sondes.
A general consensus on the inter-annual variability in tropi-45

cal tropospheric ozone is, however, found, with RSD values
of over 10 % in some regions and seasons, consistent with
the known influence of different teleconnections, most no-
tably the QBO, which is estimated to influence tropical tropo-
spheric ozone anomalies by as much as 10 %–20 % (8 ppbv)50

(Lee et al., 2010). Inconsistencies in a number of the model–
OMI and model–ozone-sonde differences are also suspected
to undermine the issue of resolution (in the case of mod-
els) and signal-to-noise ratio (in the case of OMI) in ade-
quately resolving mesoscale features, such as local-scale pol-55

lution plumes or stratospheric intrusion (tropopause folding)
events, although this would be an area warranting further in-
vestigation.

Taking the above information (from the model–
measurement comparison in Sect. 3) into account, the 60

relatively long temporal span of the specified-dynamics
CCM simulations was utilised to investigate the climato-
logical stratospheric influence on tropospheric ozone and
calculate estimated recent changes between 1980–1989 and
2001–2010. A clear difference in the strength and dominance 65

of the shallow branch of the BDC is implied in each model,
due to the large discrepancy in the burden of ozone in the
extratropical lowermost stratosphere (∼ 50 %–100 % more
ozone in CMAM compared with EMAC). The characterised
biases with respect to ozone-sondes indicate that CMAM 70

has a faster, shallower BDC compared to actuality, which
can be inferred from the large lower-stratospheric ozone
bias (∼+20 %–60 %), whereas EMAC provides a more
realistic simulation of the BDC, albeit perhaps one that is
too conservative given a general negative ozone bias (up 75

to 10 %–20 %) in the lower stratosphere. The difference in
BDC simulation has implications for the simulated STE
flux of ozone, with preferential downward transport in the
subtropics in CMAM compared with the mid-latitudes in
EMAC, particularly in the Southern Hemisphere subtropics 80

and during springtime when the difference is as much as
10 %–25 % from the lower to upper troposphere. Compared
to the model results of Lamarque et al. (1999), the CCM
simulations examined here are in much closer agreement
with ozone-sonde measurements, with biases no larger 85

than 20 %, as evidenced on a zonally averaged, monthly
basis in Fig. 7 (Fig. S5). This contrasts with a systematic
underestimation of tropospheric ozone VMR by as much as
20 %–50 % in the CTM analysed in their study. Despite a
significant fall in the correspondence between the seasonal 90

evolution of the simulated ozone and stratospheric ozone
component in the CCMs from the upper to the lower
troposphere, the results show a significant stratospheric
influence on even lower-tropospheric ozone – greater than
50 % in the wintertime extratropics, which contrasts with a 95

modest 10 %–20 % estimated from the CTM in Lamarque et
al. (1999).

Both models show an overall, statistically significant in-
crease in ozone between 1980–1989 and 2001–2010, on the
order of ∼ 5 %–10 %, or some 4–6 ppbv over the North- 100

ern Hemisphere and 2–6 ppbv over the Southern Hemisphere
subtropics, in the middle to upper troposphere, with a pref-
erential increase over the subtropics in EMAC compared to
the extratropics in CMAM (most pronounced in spring). As
estimated using stratospherically tagged ozone tracers from 105

each model, the stratosphere is found to provide a substantial
contribution ranging between 1 and 3 ppbv (∼ 20 %–50 %)
in the mid-troposphere (500 hPa) and over 5 ppbv (∼ 50 %–
80 %) in the upper troposphere (350 hPa) across the North-
ern Hemisphere mid-latitudes, with a typical increase of 1– 110
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4 ppbv (∼ 50 %–80 %) over the Southern Hemisphere sub-
tropics at both pressure levels. Significant model disagree-
ment, however, exists, particularly in the extratropical upper
troposphere, likely due to known discrepancies in tropopause
height (Hegglin et al., 2010) and the variability in upper-5

level dynamics, which may be further affected by the nudg-
ing applied to the models. Estimated changes in ozone and
the stratospheric contribution, on the other hand, are gen-
erally small and insignificant in both equatorial and South-
ern Hemisphere extratropical regions. The spatial pattern of10

changes in surface ozone in contrast show a very different
character, with the largest statistically significant increases
over much of south-east Asia (> 6 ppbv) and a general in-
crease of up to 2 ppbv or higher quite widely over North-
ern Hemisphere oceanic regions, but only very small, non-15

significant changes across the Southern Hemisphere. The in-
fluence from the stratosphere at the surface is seen to have a
strong regional and seasonal dependence but is estimated to
be as much as 1–2 ppbv during spring, which was estimated
to be as large as ∼ 25 %–30 % along the northern flank of20

the Himalayan mountain range and greater than 50 % over a
localised, relatively unpolluted region of eastern Africa and
the western Indian Ocean. The situation is complicated in
some regions, however, where near-zero or slight negative
changes in ozone VMR are apparent in places such as west-25

ern Europe and eastern North America, corresponding to an
observed hiatus or slight fall in precursor emissions.

This study highlights some of the shortcomings of both
the EMAC and CMAM CCMs as part of the IGAC–SPARC
CCMI activity, as validated with respect to satellite obser-30

vations from OMI and in situ ozone-sonde measurements,
in simulating tropospheric ozone. In particular, the impor-
tance of a well-resolved stratosphere is clear in attaining a
high level of model–measurement agreement and in terms
of adequately representing stratospheric influence. For com-35

parisons with satellite observational datasets, a well-resolved
stratosphere is of paramount importance for the application
of AKs, which smooth the vertical distribution of model-
simulated ozone by smearing information down from the
stratosphere to the troposphere. Using this derived knowl-40

edge, this study confirms the strong influence of the strato-
sphere in modulating tropospheric ozone and provides an
indication that such influence may in fact be much larger
than previously thought. Furthermore, recent changes in tro-
pospheric ozone are shown to have a large attribution from45

the stratosphere, which is quantified here in relation to in-
fluence of changing precursor emissions. A general increase
in the amount of stratospheric ozone in the troposphere be-
tween 1980–1989 and 2001–2010 according to both CCMs,
which is statistically significant in some regions of the world50

such as western Eurasia, eastern North America, the South
Pacific and the southern Indian Ocean, would be expected
from observed long-term changes in the shallow branch of
the BDC (Hegglin et al., 2014). Transit times have been
found to exhibit a steady decrease, primarily due to accel-55

erated transport within this branch of the residual circula-
tion (∼ 75 %), with a smaller contribution from a shorten-
ing of the transit pathways (∼ 25 %) (Bönisch et al., 2011).
Indeed, a strengthening of the BDC is postulated to be the
main mechanism for an expected increase in STE under fu- 60

ture climate change scenarios (Hegglin and Shepherd, 2009;
Butchart et al., 2010), in addition to stratospheric ozone re-
covery (Zeng et al., 2010), which further highlights the need
for an improved understanding of the relationship between
STE and tropospheric ozone and accurate quantitative esti- 65

mates. These findings thus have important implications for
the enforcement of both current and future air quality regu-
lations as well as in constraining estimates of tropospheric
ozone radiative forcing.

Data availability. All CCM simulations analysed here are publicly 70

available from CEDA/BADC via the CCMI data archive (http:
//www.ceda.ac.uk, Hegglin and Lamarque, 2015). L3 data from
OMI using the RAL profiling scheme can be provided on request
by contacting barry.latter@stfc.ac.uk. Ozone-sonde profile data are
publicly accessible from the WOUDC database (http://www.woudc. 75

org, WMO/GAW Ozone Monitoring Community, 2015).

Supplement. The supplement related to this article is available
online at: https://doi.org/10.5194/acp-19-1-2019-supplement.TS9

Author contributions. RSW (the lead author) designed the research
study, undertook the analyses and prepared the manuscript under the 80

close supervision of MIH, with some additional supervisory support
from BK. BL produced and provided access to OMI–RAL L3 data,
with both BK and BL able to offer technical support on the satellite
(OMI) dataset. Similarly, PJ and DAP provided technical support in
relation to the EMAC and CMAM CCM simulation datasets respec- 85

tively. All co-authors provided comments and suggestions helping
RSW to greatly improve the quality of the manuscript.

Competing interests. The authors declare that they have no conflict
of interest.

Special issue statement. This article is part of the special 90

issue “Chemistry–Climate Modelling Initiative (CCMI)
(ACP/AMT/ESSD/GMD inter-journal SI)”. It is not associ-
ated with a conference.

Acknowledgements. Ryan S. Williams would like to personally
thank the Natural Environmental Research Council (NERC) for 95

funding the research and each co-author in providing their support
and expertise in shaping the research study and the design of the
manuscript. We acknowledge the modelling groups for making
their simulations available for this analysis, the joint WCRP
SPARC/IGAC Chemistry-Climate Model Initiative (CCMI) for 100

Pl
ea

se
no

te
th

e
re

m
ar

ks
at

th
e

en
d

of
th

e
m

an
us

cr
ip

t.

Atmos. Chem. Phys., 19, 1–32, 2019 www.atmos-chem-phys.net/19/1/2019/

http://www.ceda.ac.uk
http://www.ceda.ac.uk
http://www.ceda.ac.uk
http://www.woudc.org
http://www.woudc.org
http://www.woudc.org
https://doi.org/10.5194/acp-19-1-2019-supplement


R. S. Williams et al.: Seasonal and geographical variability in tropospheric ozone 27

organising and coordinating the model data analysis activity, and
the British Atmospheric Data Centre (BADC) for collecting and
archiving the CCMI model output. The EMAC simulations were
performed at the German Climate Computing Centre (DKRZ)
through support from the Bundesministerium für Bildung und5

Forschung (BMBF). DKRZ and its scientific steering committee
are gratefully acknowledged for providing the HPC and data
archiving resources for the consortial project ESCiMo (Earth
System Chemistry integrated Modelling).

10

Edited by: Tim Butler
Reviewed by: three anonymous referees

References

Akritidis, D., Pozzer, A., Zanis, P., Tyrlis, E., Škerlak, B., Sprenger,
M., and Lelieveld, J.: On the role of tropopause folds in sum-15

mertime tropospheric ozone over the eastern Mediterranean
and the Middle East, Atmos. Chem. Phys., 16, 14025–14039,
https://doi.org/10.5194/acp-16-14025-2016, 2016.

Allen, D. J. and Pickering, K. E.: Evaluation of lightning
flash rate parameterizations for use in a global chemi-20

cal transport model, J. Geophys. Res.-Atmos., 107, 4711,
https://doi.org/10.1029/2002JD002066, 2002.

Banerjee, A., Maycock, A. C., Archibald, A. T., Abraham,
N. L., Telford, P., Braesicke, P., and Pyle, J. A.: Drivers
of changes in stratospheric and tropospheric ozone between25

year 2000 and 2100, Atmos. Chem. Phys., 16, 2727–2746,
https://doi.org/10.5194/acp-16-2727-2016, 2016.

Beekmann, M., Ancellet, G., Megie, G., Smit, H. G. J., and Kley,
D.: Intercomparison campaign of vertical ozone profiles in-
cluding electrochemical sondes of ECC and Brewer-Mast type30

and a ground based UV-differential absorption lidar, J. At-
mos. Chem., 19, 259–288, https://doi.org/10.1007/BF00694614,
1994.

Bolin, B.: On the Influence of the Earth’s Orography on the
General Character of the Westerlies, Tellus, 2, 184–195,35

https://doi.org/10.3402/tellusa.v2i3.8547, 1950.
Bönisch, H., Engel, A., Birner, Th., Hoor, P., Tarasick, D. W., and

Ray, E. A.: On the structural changes in the Brewer-Dobson
circulation after 2000, Atmos. Chem. Phys., 11, 3937–3948,
https://doi.org/10.5194/acp-11-3937-2011, 2011.40

Brinkop, S., Dameris, M., Jöckel, P., Garny, H., Lossow, S., and
Stiller, G.: The millennium water vapour drop in chemistry–
climate model simulations, Atmos. Chem. Phys., 16, 8125–8140,
https://doi.org/10.5194/acp-16-8125-2016, 2016.

Butchart, N.: The Brewer-Dobson circulation, Rev. Geophys., 52,45

157–184, https://doi.org/10.1002/2013RG000448, 2014.
Butchart, N., Cionni, I., Eyring, V., Shepherd, T. G., Waugh, D.

W., Akiyoshi, H., Austin, J., Brühl, C., Chipperfield, M. P.,
Cordero, E., Dameris, M., Deckert, R., Dhomse, S., Frith, S.
M., Garcia, R. R., Gettelman, A., Giorgetta, M. A., Kinni-50

son, D. E., Li, F., Mancini, E., McLandress, C., Pawson, S.,
Pitari, G., Plummer, D. A., Rozanov, E., Sassi, F., Scinocca,
J. F., Shibata, K., Steil, B., and Tian, W.: Chemistry–Climate
Model Simulations of Twenty-First Century Stratospheric Cli-
mate and Circulation Changes, J. Climate, 23, 5349–5374,55

https://doi.org/10.1175/2010JCLI3404.1, 2010.

Charney, J. G. and Eliassen, A.: A Numerical Method for Predicting
the Perturbations of the Middle Latitude Westerlies, Tellus, 1,
38–54, https://doi.org/10.3402/tellusa.v1i2.8500, 1949.

Colette, A. and Ancellet, G.: Impact of vertical transport processes 60

on the tropospheric ozone layering above Europe: Part II: clima-
tological analysis of the past 30 years, Atmos. Environ, 39, 5423–
5435, https://doi.org/10.1016/j.atmosenv.2005.06.015, 2005.

Cooper, O. R., Parrish, D. D., Stohl, A., Trainer, M., Nédélec, P.,
Thouret, V., Cammas, J. P., Oltmans, S. J., Johnson, B. J., Tara- 65

sick, D., Leblanc, T., McDermid, I. S., Jaffe, D., Gao, R., Stith,
J., Ryerson, T., Aikin, K., Campos, T., Weinheimer, A., and Av-
ery, M. A.: Increasing springtime ozone mixing ratios in the free
troposphere over western North America, Nature, 463, 344–348,
https://doi.org/10.1038/nature08708, 2010. 70

Cooper, O. R., Parrish, D. D., Ziemke, J., Balashov, N. V., Cu-
peiro, M., Galbally, I. E., Gilge, S., Horowitz, L., Jensen, N.
R., Lamarque, J.-F., Naik, V., Oltmans, S. J., Schwab, J., Shin-
dell, D. T., Thompson, A. M., Thouret, V., Wang, Y., and
Zbinden, R. M.: Global distribution and trends of tropospheric 75

ozone: An observation-based review, Elem. Sci. Anth. 2, p. 29,
https://doi.org/10.12952/journal.elementa.000029, 2014.

Cristofanelli, P., Bracci, A., Sprenger, M., Marinoni, A., Bonaf‘e,
U., Calzolari, F., Duchi, R., Laj, P., Pichon, J. M., Roc-
cato, F., Venzac, H., Vuillermoz, E., and Bonasoni, P.: Tro- 80

pospheric ozone variations at the Nepal Climate Observatory-
Pyramid (Himalayas, 5079 m a.s.l.) and influence of deep strato-
spheric intrusion events, Atmos. Chem. Phys., 10, 6537–6549,
https://doi.org/10.5194/acp-10-6537-2010, 2010.

Dibb, J. E., Meeker, L. D., Finkel, R. C., Southon, J. R., 85

Caffee, M. W., and Barrie, L. A.: Estimation of strato-
spheric input to the Arctic troposphere: 7Be and 10Be in
aerosols at Alert, Canada, J. Geophys. Res., 99, 12855–12864,
https://doi.org/10.1029/94JD00742, 1994.

Eichinger, R., Dietmüller, S., Garny, H., Šácha, P., Birner, T., 90

Bönisch, H., Pitari, G., Visioni, D., Stenke, A., Rozanov, E., Rev-
ell, L., Plummer, D. A., Jöckel, P., Oman, L., Deushi, M., Kinni-
son, D. E., Garcia, R., Morgenstern, O., Zeng, G., Stone, K. A.,
and Schofield, R.: The influence of mixing on the stratospheric
age of air changes in the 21st century, Atmos. Chem. Phys., 19, 95

921–940, https://doi.org/10.5194/acp-19-921-2019, 2019.
Eyring, V., Lamarque, J-F., Hess, P., Arfeuille, F., Bowman, K.,

Chipperfield, M. P., Duncan, B., Fiore, A., Gettelman, A., Gior-
getta, M. A., Granier, C., Hegglin, M., Kinnison, D., Kunze, M.,
Langematz, U., Luo, B., Martin, R., Matthes, K., Newman, P. A., 100

Peter, T., Robock, A., Ryerson, T., Saiz-Lopez, A., Salawitch, R.,
Schultz, M., Shepherd, T. G., Shindell, D., Staehelin, J., Tegt-
meier, S., Thomason, L., Tilmes, S., Vernier, J.-P., Waugh, D.,
and Young, P.: Overview of IGAC/SPARC Chemistry-Climate
Model Initiative (CCMI) community simulations in support of 105

upcoming ozone and climate assessments, SPARC Newslet-
ter, 40 (January), 48–66, available at: http://oceanrep.geomar.de/
20227/ (last access: 1 March 2019), 2013.

Fiore, A. M., Jacob, D. J., Field, B. D., Streets, D. G., Fernandes,
S. D., and Jang, C.: Linking ozone pollution and climate change: 110

The case for controlling methane, Geophys. Res. Lett., 29, 1919,
https://doi.org/10.1029/2002GL015601, 2002a.

Fiore, A. M., Jacob, D. J., Bey, I., Yantosca, R. M., Field, B.
D., Fusco, A. C. and, Wilkinson, J. G.: Background ozone
over the United States in summer: Origin, trend, and contribu- 115

www.atmos-chem-phys.net/19/1/2019/ Atmos. Chem. Phys., 19, 1–32, 2019

https://doi.org/10.5194/acp-16-14025-2016
https://doi.org/10.1029/2002JD002066
https://doi.org/10.5194/acp-16-2727-2016
https://doi.org/10.1007/BF00694614
https://doi.org/10.3402/tellusa.v2i3.8547
https://doi.org/10.5194/acp-11-3937-2011
https://doi.org/10.5194/acp-16-8125-2016
https://doi.org/10.1002/2013RG000448
https://doi.org/10.1175/2010JCLI3404.1
https://doi.org/10.3402/tellusa.v1i2.8500
https://doi.org/10.1016/j.atmosenv.2005.06.015
https://doi.org/10.1038/nature08708
https://doi.org/10.12952/journal.elementa.000029
https://doi.org/10.5194/acp-10-6537-2010
https://doi.org/10.1029/94JD00742
https://doi.org/10.5194/acp-19-921-2019
http://oceanrep.geomar.de/20227/
http://oceanrep.geomar.de/20227/
http://oceanrep.geomar.de/20227/
https://doi.org/10.1029/2002GL015601


28 R. S. Williams et al.: Seasonal and geographical variability in tropospheric ozone

tion to pollution episodes, J. Geophys. Res.-Atmos., 107, 4275,
https://doi.org/10.1029/2001JD000982, 2002b.

Foret, G., Eremenko, M., Cuesta, J., Sellitto, P., Barré, J., Gaubert,
B., Coman, A., Dufour, G., Liu, X., Joly, M., Doche, C.,
and Beekmann, M.: Ozone pollution: What can we see from5

space? A case study, J. Geophys. Res.-Atmos., 119, 8476–8499,
https://doi.org/10.1002/2013JD021340, 2014.

Gaudel, A., Cooper, O. R., Ancellet, G., Barret, B., Boynard, A.,
Burrows, J. P., Clerbaux, C., Coheur, P.-F., Cuesta, J., Cuevas,
E., Doniki, S., Dufour, G., Ebojie, F., Foret, G., Garcia, O.,10

Granados-Muñoz, M. J., Hannigan, J. W., Hase, F., Hassler, B.,
Huang, G., Hurtmans, D., Jaffe, D., Jones, N., Kalabokas, P., Ker-
ridge. B., Kulawik S., Latter, B., Leblanc, T., Le Flochmoën, E.,
Lin, W., Liu, J., Liu, X., Mahieu, E., McClure-Begley, A., Neu,
J. L., Osman, M., Palm, M., Petetin, H., Petropavlovskikh, I.,15

Querel, R., Rahpoe, N., Rozanov, A., Schultz, M. G., Schwab,
J., Siddans, R., Smale, D., Steinbacher, M., Tanimoto, H., Tara-
sick, D. W., Thouret, V., Thompson, A. M., Trickl, T., Weath-
erhead, E., Wespes, C., Worden, H. M., Vigouroux, C., Xu, X.,
Zeng, G., and Ziemke, J.: Tropospheric Ozone Assessment Re-20

port: Present-day distribution and trends of tropospheric ozone
relevant to climate and global atmospheric chemistry model eval-
uation, Elementa, 6, 1–58, https://doi.org/10.1525/elementa.291,
2018.

Greenslade, J. W., Alexander, S. P., Schofield, R., Fisher, J.25

A., and Klekociuk, A. K.: Stratospheric ozone intrusion
events and their impacts on tropospheric ozone in the South-
ern Hemisphere, Atmos. Chem. Phys., 17, 10269–10290,
https://doi.org/10.5194/acp-17-10269-2017, 2017.

Guenther, A., Hewitt, C. N., Erickson, D., Fall, R., Geron, C.,30

Graedel, T., Harley, P., Klinger, L., Lerdau, M., Mckay, W. A.,
Pierce, T., Scholes, B., Steinbrecher, R., Tallamraju, R., Taylor,
J., and Zimmerman, P.: A global model of natural volatile or-
ganic compound emissions, J. Geophys. Res., 100, 8873–8892,
https://doi.org/10.1029/94JD02950, 1995.35

Haenel, F. J., Stiller, G. P., von Clarmann, T., Funke, B., Eckert,
E., Glatthor, N., Grabowski, U., Kellmann, S., Kiefer, M., Lin-
den, A., and Reddmann, T.: Reassessment of MIPAS age of air
trends and variability, Atmos. Chem. Phys., 15, 13161–13176,
https://doi.org/10.5194/acp-15-13161-2015, 2015.40

Hegglin, M. I. and Lamarque, J.-F.: The IGAC/SPARC Chemistry-
Climate Model Initiative Phase-1 (CCMI-1) model data
output, NCAS British Atmospheric Data Centre, 24 Septem-
ber 2018, available at: http://catalogue.ceda.ac.uk/uuid/
9cc6b94df0f4469d8066d69b5df879d5 (last access: 24 Septem-45

ber 2018), 2015.
Hegglin, M. I. and Shepherd, T. G.: Large climate-induced changes

in ultraviolet index and stratosphere-to-troposphere ozone flux,
Nat. Geosci., 2, 687–691, https://doi.org/10.1038/NGEO604,
2009.50

Hegglin, M. I., Brunner, D., Peter, T., Hoor, P., Fischer, H., Staehe-
lin, J., Krebsbach, M., Schiller, C., Parchatka, U., and Weers, U.:
Measurements of NO, NOy, N2O, and O3 during SPURT: impli-
cations for transport and chemistry in the lowermost stratosphere,
Atmos. Chem. Phys., 6, 1331–1350, https://doi.org/10.5194/acp-55

6-1331-2006, 2006.
Hegglin, M. I., Gettelman, A., Hoor, P., Krichevsky, R., Manney,

G. L., Pan, L. L., Son, S.-W., Stiller, G., Tilmes, S., Walker,
K. A., Eyring, V., Shepherd, T. G., Waugh, D., Akiyoshi, H.,

Añel, J. A., Austin, J., Baumgaertner, A., Bekki, S., Braesicke, P., 60

Brühl, C., Butchart, N., Chipperfield, M., Dameris, M., Dhomse,
S., Frith, S., Garny, H., Hardiman, S. C., Jöckel,P., Kinnison,
D. E., Lamarque, J. F., Mancini, E., Michou, M., Morgenstern,
O., Nakamura, T., Olivié, D., Pawson, S., Pitari, G., Plummer,
D. A., Pyle, J. A., Rozanov, E., Scinocca, J. F., Shibata, K., 65

Smale, D., Teyssèdre, H., Tian, W., and Yamashita, Y.: Mul-
timodel assessment of the upper troposphere and lower strato-
sphere: Extratropics, J. Geophys. Res.-Atmos., 115, D00M09,
https://doi.org/10.1029/2009JD013638, 2010.

Hegglin, M. I., Plummer, D. A., Shepherd, T. G., Scinocca, J. F., 70

Anderson, J., Froidevaux, L., Funke, B., Hurst, D., Rozanov,
A., Urban, J., von Clarmann, T., Walker, K. A., Wang, H. J.,
Tegtmeier, S., and Weigel, K.: Vertical structure of stratospheric
water vapour trends derived from merged satellite data, Nat.
Geosci., 7, 768–776, https://doi.org/10.1038/NGEO2236, 2014. 75

Hess, P. G. and Zbinden, R.: Stratospheric impact on tropospheric
ozone variability and trends: 1990–2009, Atmos. Chem. Phys.,
13, 649–674, https://doi.org/10.5194/acp-13-649-2013, 2013.

Hoesly, R. M., Smith, S. J., Feng, L., Klimont, Z., Janssens-
Maenhout, G., Pitkanen, T., Seibert, J. J., Vu, L., Andres, R. 80

J., Bolt, R. M., Bond, T. C., Dawidowski, L., Kholod, N.,
Kurokawa, J.-I., Li, M., Liu, L., Lu, Z., Moura, M. C. P.,
O’Rourke, P. R., and Zhang, Q.: Historical (1750–2014) anthro-
pogenic emissions of reactive gases and aerosols from the Com-
munity Emissions Data System (CEDS), Geosci. Model Dev., 11, 85

369–408, https://doi.org/10.5194/gmd-11-369-2018, 2018.
Holton, J. R. and Lelieveld, J.: Stratosphere-troposphere exchange

and its role in the budget of tropospheric ozone, in: Clouds,
chemistry and climate Springer, Berlin, Heidelberg, 173–190,
1996. 90

Holton, J. R., Haynes, P. H., McIntyre, M. E., Dou-
glass, A. R., Rood, R. B., and Pfister, L.: Stratosphere-
troposphere exchange, Rev. Geophys., 33, 403–439,
https://doi.org/10.1029/95RG02097, 1995.

HTAP (Hemispheric Transport of Air Pollution): Hemispheric 95

Transport of Air Pollution 2010 Part A: Ozone And Par-
ticulate Matter, Air Pollution Studies No. 17, available at:
http://www.htap.org/publications/2010_report/2010_Final_
Report/HTAP%202010%20Part%20A%20110407.pdf (last
access: 5 March 2019), 2010. 100

Hudman, R. C., Jacob, D. J., Cooper, O. R., Evans, M. J., Heald, C.
L., Park, R. J., Fehsenfeld, F., Flocke, F., Holloway, J., Hübler,
G., Kita, K., Koike, M., Kondo, Y., Neuman, A., Nowack, J., Olt-
mans, S., Parrish, D., Roberts, J. M., and Ryerson, T.: Ozone pro-
duction in transpacific Asian pollution plumes and implications 105

for ozone air quality in California, J. Geophys. Res.-Atmos., 109,
D23S10, https://doi.org/10.1029/2004JD004974, 2004.

IPCC: Climate Change 2013: The Physical Science Basis. Con-
tribution of Working Group I to the Fifth Assessment Re-
port of the Intergovernmental Panel on Climate Change, 110

edited by: Stocker, T. F., Qin, D., Plattner, G.-K., Tignor,
M., Allen, S. K., Boschung, J., Nauels, A., Xia, Y., Bex,
V., and Midgley, P. M., Cambridge University Press, Cam-
bridge, United Kingdom and New York, NY, USA, 1535 pp.,
https://doi.org/10.1017/CBO9781107415324, 2013. 115

Jöckel, P., Tost, H., Pozzer, A., Brühl, C., Buchholz, J., Ganzeveld,
L., Hoor, P., Kerkweg, A., Lawrence, M. G., Sander, R., Steil,
B., Stiller, G., Tanarhte, M., Taraborrelli, D., van Aardenne, J.,

Atmos. Chem. Phys., 19, 1–32, 2019 www.atmos-chem-phys.net/19/1/2019/

https://doi.org/10.1029/2001JD000982
https://doi.org/10.1002/2013JD021340
https://doi.org/10.1525/elementa.291
https://doi.org/10.5194/acp-17-10269-2017
https://doi.org/10.1029/94JD02950
https://doi.org/10.5194/acp-15-13161-2015
http://catalogue.ceda.ac.uk/uuid/9cc6b94df0f4469d8066d69b5df879d5
http://catalogue.ceda.ac.uk/uuid/9cc6b94df0f4469d8066d69b5df879d5
http://catalogue.ceda.ac.uk/uuid/9cc6b94df0f4469d8066d69b5df879d5
https://doi.org/10.1038/NGEO604
https://doi.org/10.5194/acp-6-1331-2006
https://doi.org/10.5194/acp-6-1331-2006
https://doi.org/10.5194/acp-6-1331-2006
https://doi.org/10.1029/2009JD013638
https://doi.org/10.1038/NGEO2236
https://doi.org/10.5194/acp-13-649-2013
https://doi.org/10.5194/gmd-11-369-2018
https://doi.org/10.1029/95RG02097
http://www.htap.org/publications/2010_report/2010_Final_Report/HTAP %20 2010 %20 Part %20 A %2 0110407.pdf
http://www.htap.org/publications/2010_report/2010_Final_Report/HTAP %20 2010 %20 Part %20 A %2 0110407.pdf
http://www.htap.org/publications/2010_report/2010_Final_Report/HTAP %20 2010 %20 Part %20 A %2 0110407.pdf
https://doi.org/10.1029/2004JD004974
https://doi.org/10.1017/CBO9781107415324


R. S. Williams et al.: Seasonal and geographical variability in tropospheric ozone 29

and Lelieveld, J.: The atmospheric chemistry general circulation
model ECHAM5/MESSy1: consistent simulation of ozone from
the surface to the mesosphere, Atmos. Chem. Phys., 6, 5067–
5104, https://doi.org/10.5194/acp-6-5067-2006, 2006.

Jöckel, P., Tost, H., Pozzer, A., Kunze, M., Kirner, O., Brenninkmei-5

jer, C. A. M., Brinkop, S., Cai, D. S., Dyroff, C., Eckstein, J.,
Frank, F., Garny, H., Gottschaldt, K.-D., Graf, P., Grewe, V.,
Kerkweg, A., Kern, B., Matthes, S., Mertens, M., Meul, S., Neu-
maier, M., Nützel, M., Oberländer-Hayn, S., Ruhnke, R., Runde,
T., Sander, R., Scharffe, D., and Zahn, A.: Earth System Chem-10

istry integrated Modelling (ESCiMo) with the Modular Earth
Submodel System (MESSy) version 2.51, Geosci. Model Dev.,
9, 1153–1200, https://doi.org/10.5194/gmd-9-1153-2016, 2016.

Kerkweg, A., Sander, R., Tost, H., and Jöckel, P.: Technical note:
Implementation of prescribed (OFFLEM), calculated (ONLEM),15

and pseudo-emissions (TNUDGE) of chemical species in the
Modular Earth Submodel System (MESSy), Atmos. Chem.
Phys., 6, 3603–3609, https://doi.org/10.5194/acp-6-3603-2006,
2006.

Kolonjari, F., Plummer, D. A., Walker, K. A., Boone, C. D., Elkins,20

J. W., Hegglin, M. I., Manney, G. L., Moore, F. L., Pendle-
bury, D., Ray, E. A., Rosenlof, K. H., and Stiller, G. P.: Assess-
ing stratospheric transport in the CMAM30 simulations using
ACE-FTS measurements, Atmos. Chem. Phys., 18, 6801–6828,
https://doi.org/10.5194/acp-18-6801-2018, 2018.25

Krebsbach, M., Schiller, C., Brunner, D., Günther, G., Heg-
glin, M. I., Mottaghy, D., Riese, M., Spelten, N., and Wernli,
H.: Seasonal cycles and variability of O3 and H2O in the
UT/LMS during SPURT, Atmos. Chem. Phys., 6, 109–125,
https://doi.org/10.5194/acp-6-109-2006, 2006.30

Kunze, M., Godolt, M., Langematz, U., Grenfell, J. L., Hamann-
Reinus, A., and Rauer, H.: Investigating the early Earth faint
young Sun problem with a general circulation model, Planet.
Space Sci., 98, 77–92, https://doi.org/10.1016/j.pss.2013.09.011,
2014.35

Lacis, A. A., Wuebbles, D. J., and Logan, J. A.: Ra-
diative forcing of climate by changes in the vertical
distribution of ozone, J. Geophys. Res., 95, 9971–9981,
https://doi.org/10.1029/JD095iD07p09971, 1990.

Lamarque, J. F. and Hess, P. G.: Local Processes, Encyclopedia of40

Atmospheric Sciences, 4, 262–268, 2003.
Lamarque, J. F., Hess, P. G., and Tie, X. X.: Three-

dimensional model study of the influence of stratosphere-
troposphere exchange and its distribution on tropospheric
chemistry, J. Geophys. Res.-Atmos., 104, 26363–26372,45

https://doi.org/10.1029/1999JD900762, 1999.
Lamarque, J.-F., Bond, T. C., Eyring, V., Granier, C., Heil, A.,

Klimont, Z., Lee, D., Liousse, C., Mieville, A., Owen, B.,
Schultz, M. G., Shindell, D., Smith, S. J., Stehfest, E., Van
Aardenne, J., Cooper, O. R., Kainuma, M., Mahowald, N.,50

McConnell, J. R., Naik, V., Riahi, K., and van Vuuren, D.
P.: Historical (1850–2000) gridded anthropogenic and biomass
burning emissions of reactive gases and aerosols: methodol-
ogy and application, Atmos. Chem. Phys., 10, 7017–7039,
https://doi.org/10.5194/acp-10-7017-2010, 2010.55

Langford, A. O.: Stratosphere-troposphere exchange at the sub-
tropical jet: Contribution to the tropospheric ozone bud-
get at midlatitudes, Geophys. Res. Lett., 26, 2449–2452,
https://doi.org/10.1029/1999GL900556, 1999.

Lee, S., Shelow, D. M., Thompson, A. M., and Miller, S. 60

K.: QBO and ENSO variability in temperature and ozone
from SHADOZ, 1998–2005, J. Geophys. Res., 115, D18105,
https://doi.org/10.1029/2009JD013320, 2010.

Lelieveld, J. and Dentener, F. J.: What controls tropo-
spheric ozone?, J. Geophys. Res.-Atmos., 105, 3531–3551, 65

https://doi.org/10.1029/1999JD901011, 2000.
Lelieveld, J., Hoor, P., Jöckel, P., Pozzer, A., Hadjinicolaou, P.,

Cammas, J.-P., and Beirle, S.: Severe ozone air pollution in
the Persian Gulf region, Atmos. Chem. Phys., 9, 1393–1406,
https://doi.org/10.5194/acp-9-1393-2009, 2009. 70

Levelt, P. F., van den Oord, G. H., Dobber, M. R., Malkki, A., Visser,
H., de Vries, J., Stammes, P., Lundell, J. O. V., and Saari, H.:
The ozone monitoring instrument, IEEE T. Geosci. Remote., 44,
1093–1101, https://doi.org/10.1109/TGRS.2006.872333, 2006.

Levelt, P. F., Joiner, J., Tamminen, J., Veefkind, J. P., Bhartia, P. K., 75

Stein Zweers, D. C., Duncan, B. N., Streets, D. G., Eskes, H.,
van der A, R., McLinden, C., Fioletov, V., Carn, S., de Laat, J.,
DeLand, M., Marchenko, S., McPeters, R., Ziemke, J., Fu, D.,
Liu, X., Pickering, K., Apituley, A., González Abad, G., Arola,
A., Boersma, F., Chan Miller, C., Chance, K., de Graaf, M., 80

Hakkarainen, J., Hassinen, S., Ialongo, I., Kleipool, Q., Krotkov,
N., Li, C., Lamsal, L., Newman, P., Nowlan, C., Suleiman,
R., Tilstra, L. G., Torres, O., Wang, H., and Wargan, K.: The
Ozone Monitoring Instrument: overview of 14 years in space, At-
mos. Chem. Phys., 18, 5699–5745, https://doi.org/10.5194/acp- 85

18-5699-2018, 2018.
Li, W., Li, L., Fu, R., Deng, Y., and Wang, H.: Changes

to the North Atlantic Subtropical High and Its Role in
the Intensification of Summer Rainfall Variability in the
Southeastern United States, J. Climate, 24, 1499–1506, 90

https://doi.org/10.1175/2010JCLI3829.1, 2011.
Li, W., Li, L., Ting, M., and Liu, Y: Intensification of North-

ern Hemisphere subtropical highs in a warming climate, Nat.
Geosci., 5, 830–834, https://doi.org/10.1038/NGEO1590, 2012.

Lin, M., Fiore, A. M., Cooper, O. R., Horowitz, L. W., Lang- 95

ford, A. O., Levy II, H., Johnson, B. J., Naik, V., Oltmans,
S. J. and Senff, C. J.: Springtime high surface ozone events
over the western United States: Quantifying the role of strato-
spheric intrusions, J. Geophys. Res.-Atmos., 117, D00V22,
https://doi.org/10.1029/2012JD018151, 2012. 100

Lin, M., Horowitz, L. W., Oltmans, S. J., Fiore, A. M., and
Fan, S.: Tropospheric ozone trends at Mauna Loa Observatory
tied to decadal climate variability, Nat. Geosci., 7, 136–143,
https://doi.org/10.1038/NGEO2066, 2014.

Lin, M., Fiore, A. M., Horowitz, L. W., Langford, A. O., Olt- 105

mans, S. J., Tarasick, D., and Reider, E. H.: Climate vari-
ability modulates western US ozone air quality in spring
via deep stratospheric intrusions, Nat. Commun., 6, 7105,
https://doi.org/10.1038/ncomms8105, 2015.

Lin, S. and Rood, R. B.: Multidimensional Flux-Form 110

Semi-Lagrangian Transport Schemes, Mon. Weather
Rev., 124, 2046–2070, https://doi.org/10.1175/1520-
0493(1996)124<2046:MFFSLT>2.0.CO;2, 1996.

Liu, X., Bhartia, P. K., Chance, K., Froidevaux, L., Spurr, R. J.
D., and Kurosu, T. P.: Validation of Ozone Monitoring Instru- 115

ment (OMI) ozone profiles and stratospheric ozone columns
with Microwave Limb Sounder (MLS) measurements, Atmos.

www.atmos-chem-phys.net/19/1/2019/ Atmos. Chem. Phys., 19, 1–32, 2019

https://doi.org/10.5194/acp-6-5067-2006
https://doi.org/10.5194/gmd-9-1153-2016
https://doi.org/10.5194/acp-6-3603-2006
https://doi.org/10.5194/acp-18-6801-2018
https://doi.org/10.5194/acp-6-109-2006
https://doi.org/10.1016/j.pss.2013.09.011
https://doi.org/10.1029/JD095iD07p09971
https://doi.org/10.1029/1999JD900762
https://doi.org/10.5194/acp-10-7017-2010
https://doi.org/10.1029/1999GL900556
https://doi.org/10.1029/2009JD013320
https://doi.org/10.1029/1999JD901011
https://doi.org/10.5194/acp-9-1393-2009
https://doi.org/10.1109/TGRS.2006.872333
https://doi.org/10.5194/acp-18-5699-2018
https://doi.org/10.5194/acp-18-5699-2018
https://doi.org/10.5194/acp-18-5699-2018
https://doi.org/10.1175/2010JCLI3829.1
https://doi.org/10.1038/NGEO1590
https://doi.org/10.1029/2012JD018151
https://doi.org/10.1038/NGEO2066
https://doi.org/10.1038/ncomms8105
https://doi.org/10.1175/1520-0493(1996)124<2046:MFFSLT>2.0.CO;2
https://doi.org/10.1175/1520-0493(1996)124<2046:MFFSLT>2.0.CO;2
https://doi.org/10.1175/1520-0493(1996)124<2046:MFFSLT>2.0.CO;2


30 R. S. Williams et al.: Seasonal and geographical variability in tropospheric ozone

Chem. Phys., 10, 2539–2549, https://doi.org/10.5194/acp-10-
2539-2010, 2010.

Liu, J., Tarasick, D. W., Fioletov, V. E., McLinden, C., Zhao, T.,
Gong, S., Sioris, C., Jin, J. J., Liu, G., and Moeini, O.: A global
ozone climatology from ozone soundings via trajectory mapping:5

a stratospheric perspective, Atmos. Chem. Phys., 13, 11441–
11464, https://doi.org/10.5194/acp-13-11441-2013, 2013.

Logan, J. A.: Tropospheric ozone: Seasonal behavior, trends, and
anthropogenic influence, J. Geophys. Res., 90, 10463–10482,
https://doi.org/10.1029/JD090iD06p10463, 1985.10

Manney, G. L. and Hegglin, M. I.: Seasonal and Regional Variations
of Long-Term Changes in Upper-Tropospheric Jets from Reanal-
yses, J. Climate, 31, 423–448, https://doi.org/10.1175/JCLI-D-
17-0303.1, 2018.

Mauzerall, D. L., Logan, J. A., Jacob, D. J., Anderson, B. E.,15

Blake, D. R., Bradshaw, J. D., Heikes, B., Sachse, G. W.,
Singh, H., and Talbot, B.: Photochemistry in biomass burning
plumes and implications for tropospheric ozone over the tropi-
cal South Atlantic, J. Geophys. Res.-Atmos., 103, 8401–8423,
https://doi.org/10.1029/97JD02612, 1998.20

McLandress, C., Shepherd, T. G., Polavarapu, S., and Beagley, S.
R.: Is missing orographic gravity wave drag near 60◦ S the cause
of the stratospheric zonal wind biases in chemistry–climate mod-
els?, J. Atmos. Sci., 69, 802–818, https://doi.org/10.1175/JAS-D-
11-0159.1, 2012.25

McLandress, C., Scinocca, J. F., Shepherd, T. G., Reader, M. C.,
and Manney, G. L.: Dynamical Control of the Mesosphere by
Orographic and Nonorographic Gravity Wave Drag during the
Extended Northern Winters of 2006 and 2009, J. Atmos. Sci.,
70, 2152–2169, https://doi.org/10.1175/JAS-D-12-0297.1, 2013.30

Merryfield, W. J., McFarlane, N., and Lazare, M.: A generalised
hybrid transformation for tracer advection, Research Activity in
Atmospheric and Oceanic Modelling, CAS/JSC WGNE Blue
Book, Report, report No. 33, WMO/TD 1161, World Meteoro-
logical Organization, Geneva, 13–14, 2003.35

Mielonen, T., de Haan, J. F., van Peet, J. C. A., Eremenko, M., and
Veefkind, J. P.: Towards the retrieval of tropospheric ozone with
the Ozone Monitoring Instrument (OMI), Atmos. Meas. Tech.,
8, 671–687, https://doi.org/10.5194/amt-8-671-2015, 2015.

Miles, G. M., Siddans, R., Kerridge, B. J., Latter, B. G., and40

Richards, N. A. D.: Tropospheric ozone and ozone profiles re-
trieved from GOME-2 and their validation, Atmos. Meas. Tech.,
8, 385–398, https://doi.org/10.5194/amt-8-385-2015, 2015.

Morgenstern, O., Hegglin, M. I., Rozanov, E., O’Connor, F. M.,
Abraham, N. L., Akiyoshi, H., Archibald, A. T., Bekki, S.,45

Butchart, N., Chipperfield, M. P., Deushi, M., Dhomse, S. S.,
Garcia, R. R., Hardiman, S. C., Horowitz, L. W., Jöckel, P.,
Josse, B., Kinnison, D., Lin, M., Mancini, E., Manyin, M. E.,
Marchand, M., Marécal, V., Michou, M., Oman, L. D., Pitari,
G., Plummer, D. A., Revell, L. E., Saint-Martin, D., Schofield,50

R., Stenke, A., Stone, K., Sudo, K., Tanaka, T. Y., Tilmes,
S., Yamashita, Y., Yoshida, K., and Zeng, G.: Review of the
global models used within phase 1 of the Chemistry–Climate
Model Initiative (CCMI), Geosci. Model Dev., 10, 639–671,
https://doi.org/10.5194/gmd-10-639-2017, 2017.55

Myhre, G., Shindell, D., Bréon, F.-M., Collins, W., Fuglestvedt,
J., and Huang, J.: Anthropogenic and Natural Radiative Forc-
ing, in: Climate Change 2013: The Physical Science Basis.
Contribution of Working Group I to the Fifth Assessment

Report of the Intergovernmental Panel on Climate Change, 60

edited by: Stocker, T. F., Qin, D., Plattner, G.-K., Tignor,
M., Allen, S. K., Boschung, J., Nauels, A., Xia, Y., Bex,
V., and Midgley, P. M., Cambridge University Press, Cam-
bridge, United Kingdom and New York, NY, USA, 659–740,
https://doi.org/10.1017/CBO9781107415324.018, 2013. 65

Nassar, R., Logan, J. A., Worden, H. M., Megretskaia, I. A.,
Bowman, K. W., Osterman, G. B., Thompson, A. M., Tara-
sick, D. W., Austin, S., Claude, H., Dubey, M. K., Hocking,
W. K., Johnson, B. J., Joseph, E., Merrill, J., Morris, G. A.,
Newchurch, M., Oltmans, S. J., Posny, F., Schmidlin, F. J., 70

Vömel, H., Whiteman, D. N., and Witte, J. C.: Validation of Tro-
pospheric Emission Spectrometer (TES) nadir ozone profiles us-
ing ozonesonde measurements, J. Geophys. Res.-Atmos., 113,
D15S17, https://doi.org/10.1029/2007JD008819, 2008.

Neu, J. L., Flury, T., Manney, G. L., Santee, M. L., Livesey, N. 75

J., and Worden, J.: Tropospheric ozone variations governed by
changes in stratospheric circulation, Nat. Geosci., 7, 340–344,
https://doi.org/10.1038/NGEO2138, 2014.

Paoletti, E., De Marco, A., Beddows, D. C. S., Harrison, R.
M., and Manning, W. J.: Ozone levels in European and 80

USA cities are increasing more than at rural sites, while
peak values are decreasing, Environ. Pollut., 192, 295–299,
https://doi.org/10.1016/j.envpol.2014.04.040, 2014.

Parrish, D. D., Lamarque, J.-F., Naik, V., Horowitz, L., Shindell,
D. T., Staehelin, J., Derwent, R., Cooper, O. R., Tanimoto, H., 85

Volz-Thomas, A., Gilge, S. Scheel, H.-E., Steinbacher, M., and
Fröhlich, M.: Long-term changes in lower tropospheric baseline
ozone concentrations: Comparing chemistry-climate models and
observations at northern midlatitudes, J. Geophys. Res.-Atmos.,
119, 5719–5736, https://doi.org/10.1002/2013JD021435, 2014. 90

Pendlebury, D., Plummer, D., Scinocca, J., Sheese, P., Strong, K.,
Walker, K., and Degenstein, D.: Comparison of the CMAM30
data set with ACE-FTS and OSIRIS: polar regions, Atmos.
Chem. Phys., 15, 12465–12485, https://doi.org/10.5194/acp-15-
12465-2015, 2015. 95

Prather, M. J., Zhu, X., Tang, Q., Hsu, J., and Neu, J. L.: An atmo-
spheric chemist in search of the tropopause, J. Geophys. Res.-
Atmos., 116, D04306, https://doi.org/10.1029/2010JD014939,
2011.

Rayner, N. A., Parker, D. E., Horton, E. B., Folland, C. K., Alexan- 100

der, L. V., Rowell, D. P., Kent, E. C., and Kaplan, A.: Global
analyses of sea surface temperature, sea ice, and night marine
air temperature since the late nineteenth century, J. Geophys.
Res.-Atmos., 108, 4407, https://doi.org/10.1029/2002JD002670,
2003. 105

Revell, L. E., Stenke, A., Tummon, F., Feinberg, A., Rozanov,
E., Peter, T., Abraham, N. L., Akiyoshi, H., Archibald, A. T.,
Butchart, N., Deushi, M., Jöckel, P., Kinnison, D., Michou,
M., Morgenstern, O., O’Connor, F. M., Oman, L. D., Pitari,
G., Plummer, D. A., Schofield, R., Stone, K., Tilmes, S., Vi- 110

sioni, D., Yamashita, Y., and Zeng, G.: Tropospheric ozone in
CCMI models and Gaussian process emulation to understand bi-
ases in the SOCOLv3 chemistry–climate model, Atmos. Chem.
Phys., 18, 16155–16172, https://doi.org/10.5194/acp-18-16155-
2018, 2018. 115

Richards, N. A. D., Arnold, S. R., Chipperfield, M. P., Miles,
G., Rap, A., Siddans, R., Monks, S. A., and Hollaway, M. J.:
The Mediterranean summertime ozone maximum: global emis-

Atmos. Chem. Phys., 19, 1–32, 2019 www.atmos-chem-phys.net/19/1/2019/

https://doi.org/10.5194/acp-10-2539-2010
https://doi.org/10.5194/acp-10-2539-2010
https://doi.org/10.5194/acp-10-2539-2010
https://doi.org/10.5194/acp-13-11441-2013
https://doi.org/10.1029/JD090iD06p10463
https://doi.org/10.1175/JCLI-D-17-0303.1
https://doi.org/10.1175/JCLI-D-17-0303.1
https://doi.org/10.1175/JCLI-D-17-0303.1
https://doi.org/10.1029/97JD02612
https://doi.org/10.1175/JAS-D-11-0159.1
https://doi.org/10.1175/JAS-D-11-0159.1
https://doi.org/10.1175/JAS-D-11-0159.1
https://doi.org/10.1175/JAS-D-12-0297.1
https://doi.org/10.5194/amt-8-671-2015
https://doi.org/10.5194/amt-8-385-2015
https://doi.org/10.5194/gmd-10-639-2017
https://doi.org/10.1017/CBO9781107415324.018
https://doi.org/10.1029/2007JD008819
https://doi.org/10.1038/NGEO2138
https://doi.org/10.1016/j.envpol.2014.04.040
https://doi.org/10.1002/2013JD021435
https://doi.org/10.5194/acp-15-12465-2015
https://doi.org/10.5194/acp-15-12465-2015
https://doi.org/10.5194/acp-15-12465-2015
https://doi.org/10.1029/2010JD014939
https://doi.org/10.1029/2002JD002670
https://doi.org/10.5194/acp-18-16155-2018
https://doi.org/10.5194/acp-18-16155-2018
https://doi.org/10.5194/acp-18-16155-2018


R. S. Williams et al.: Seasonal and geographical variability in tropospheric ozone 31

sion sensitivities and radiative impacts, Atmos. Chem. Phys., 13,
2331–2345, https://doi.org/10.5194/acp-13-2331-2013, 2013.

Roelofs, G. J. and Lelieveld, J. O. S.: Model study of the influence
of cross-tropopause O3 transports on tropospheric O3 levels,
Tellus B, 49, 38–55, https://doi.org/10.3402/tellusb.v49i1.15949,5

1997.
Roscoe, H. K.: The Brewer–Dobson circulation in the stratosphere

and mesosphere – Is there a trend?, Adv. Space. Res., 38, 2446–
2245, https://doi.org/10.1016/j.asr.2006.02.078, 2006.

Sander, R., Baumgaertner, A., Gromov, S., Harder, H., Jöckel, P.,10

Kerkweg, A., Kubistin, D., Regelin, E., Riede, H., Sandu, A.,
Taraborrelli, D., Tost, H., and Xie, Z.-Q.: The atmospheric chem-
istry box model CAABA/MECCA-3.0, Geosci. Model Dev., 4,
373–380, https://doi.org/10.5194/gmd-4-373-2011, 2011.

Sander, R., Jöckel, P., Kirner, O., Kunert, A. T., Landgraf, J., and15

Pozzer, A.: The photolysis module JVAL-14, compatible with
the MESSy standard, and the JVal PreProcessor (JVPP), Geosci.
Model Dev., 7, 2653–2662, https://doi.org/10.5194/gmd-7-2653-
2014, 2014.

Schenkeveld, V. M. E., Jaross, G., Marchenko, S., Haffner,20

D., Kleipool, Q. L., Rozemeijer, N. C., Veefkind, J. P.,
and Levelt, P. F.: In-flight performance of the Ozone Mon-
itoring Instrument, Atmos. Meas. Tech., 10, 1957–1986,
https://doi.org/10.5194/amt-10-1957-2017, 2017.

Scinocca, J. F., McFarlane, N. A., Lazare, M., Li, J., and Plummer,25

D.: Technical Note: The CCCma third generation AGCM and its
extension into the middle atmosphere, Atmos. Chem. Phys., 8,
7055–7074, https://doi.org/10.5194/acp-8-7055-2008, 2008.

Seinfeld, J. H. and Pandis, S. N. Atmospheric chemistry and
physics: from air pollution to climate change, John Wiley &30

Sons, 2006.
Sellitto, P., Bojkov, B. R., Liu, X., Chance, K., and Del Frate, F.:

Tropospheric ozone column retrieval at northern mid-latitudes
from the Ozone Monitoring Instrument by means of a neu-
ral network algorithm, Atmos. Meas. Tech., 4, 2375–2388,35

https://doi.org/10.5194/amt-4-2375-2011, 2011.
Shepherd, T. G.: Transport in the middle atmosphere, J. Meteorol.

Soc. Jpn., 85B, 165–191, https://doi.org/10.2151/jmsj.85B.165,
2007.

Shepherd, T. G., Plummer, D. A., Scinocca, J. F., Hegglin, M. I.,40

Fioletov, V. E., Reader, M. C., Remsburg, E., von Clarmann, T.,
and Wang, H. J.: Reconciliation of halogen-induced ozone loss
with the total-column ozone record, Nat. Geosci., 7, 443–449,
https://doi.org/10.1038/NGEO2155, 2014.

Škerlak, B., Sprenger, M., and Wernli, H.: A global climatology45

of stratosphere–troposphere exchange using the ERA-Interim
data set from 1979 to 2011, Atmos. Chem. Phys., 14, 913–937,
https://doi.org/10.5194/acp-14-913-2014, 2014.

Smit, H. G. J. and Kley, D.: JOSIE: The 1996 WMO International
intercomparison of ozonesondes under quasi flight conditions in50

the environmental simulation chamber at Jülich, WMO Global
Atmosphere Watch report series, No. 130 (Technical Document
No. 926), World Meteorological Organization, Geneva, 1998.

Smit, H. G. J. and Straeter, W.: JOSIE-1998, Performance of ECC
Ozone Sondes of SPC-6A and ENSCI-Z Type, WMO Global At-55

mosphere Watch report series, No. 157 (Technical Document No.
1218), World Meteorological Organization, Geneva, 2004a.

Smit, H. G. J. and Straeter, W.: JOSIE-2000, Jülich Ozone Sonde In-
tercomparison Experiment 2000, The 2000 WMO international

intercomparison of operating procedures for ECC-ozonesondes 60

at the environmental simulation facility at Jülich, WMO Global
Atmosphere Watch report series, No. 158 (Technical Document
No. 1225), World Meteorological Organization, Geneva, 2004b.

Son, S. W., Han, B. R., Garfinkel, C. I., Kim, S. Y., Park, R.,
Abraham, N. L., Akiyoshi, H., Archibald, A. T., Butchart, N., 65

Chipperfield, M. P., Dameris, M., Deuschi, M., Dhomse, S. S.,
Hardiman. S. C., Jöckel, P., Kinnison, D., Michou, M., Mor-
genstern, O., O’Connor, F. M., Oman, L. D., Plummer, D. A.,
Pozzer, A., Revell, L. E., Rozanov, E., Stenke, A., Stone, K.,
Tilmes, S., Yamashita, Y., and Zeng, G.: Tropospheric jet re- 70

sponse to Antarctic ozone depletion: An update with Chemistry-
Climate Model Initiative (CCMI) models, Environ. Res. Lett.,
13, 054024, https://doi.org/10.1088/1748-9326/aabf21, 2018.

SPARC: SPARC/IOC/GAW Assessment of Trends in the Verti-
cal Distribution of Ozone, edited by: Harris, N., Hudson, R., 75

and Phillips, C., SPARC Report No. 1, WMO Ozone Research
and Monitoring Project Report No. 43, available at: https://
www.sparc-climate.org/publications/sparc-reports/ (last access:
4 March 2019), 1998.

Staley, D. O.: On the mechanism of mass and radioactiv- 80

ity transport from stratosphere to troposphere, J. At-
mos. Sci., 19, 450–467, https://doi.org/10.1175/1520-
0469(1962)019<0450:OTMOMA>2.0.CO;2, 1962.

Stevenson, D. S., Young, P. J., Naik, V., Lamarque, J.-F., Shindell,
D. T., Voulgarakis, A., Skeie, R. B., Dalsoren, S. B., Myhre, G., 85

Berntsen, T. K., Folberth, G. A., Rumbold, S. T., Collins, W. J.,
MacKenzie, I. A., Doherty, R. M., Zeng, G., van Noije, T. P. C.,
Strunk, A., Bergmann, D., Cameron-Smith, P., Plummer, D. A.,
Strode, S. A., Horowitz, L., Lee, Y. H., Szopa, S., Sudo, K., Na-
gashima, T., Josse, B., Cionni, I., Righi, M., Eyring, V., Conley, 90

A., Bowman, K. W., Wild, O., and Archibald, A.: Tropospheric
ozone changes, radiative forcing and attribution to emissions in
the Atmospheric Chemistry and Climate Model Intercompari-
son Project (ACCMIP), Atmos. Chem. Phys., 13, 3063–3085,
https://doi.org/10.5194/acp-13-3063-2013, 2013. 95

Stohl, A., Spichtinger-Rakowsky, N., Bonasoni, P., Feldmann, H.,
Memmesheimer, M., Scheel, H. E., Trickl, T., Hübener, S.,
Ringer, W., and Mandl, M.: The influence of stratospheric
intrusions on alpine ozone concentrations, Atmos. Environ.,
34, 1323–1354, https://doi.org/10.1016/S1352-2310(99)00320- 100

9, 2000.
Tarasick, D. W., Carey-Smith, T. K., Hocking, W. K., Moeini, O.,

He, H., Liu, J., Osman, M. K., Thompson, A. M., Johnson, B.
J., Oltmans, S. J., and Merrill, J. T.: Quantifying stratosphere-
troposphere transport of ozone using balloon-borne ozoneson- 105

des, radar windprofilers and trajectory models, Atmos. Environ.,
198, 496–509, https://doi.org/10.1016/j.atmosenv.2018.10.040,
2019.

Thompson, A. M., Stone, J. B., Witte, J. C., Miller, S. K., Pierce,
R. B., Chatfield, R. B., Oltmans, S. J., Cooper, O. R., Loucks, 110

A. L., Taubman, B. F., Johnson, B. J., Joseph, E., Kucsera,
T. L., Merrill, J. T., Morris, G. A., Hersey, S., Forbes, G.,
Newchurch, M. J., Schmidlin, F. J., Tarasick, D. W., Thouret,
V., and Cammas, J.-P.: Intercontinental Chemical Transport Ex-
periment Ozonesonde Network Study (IONS) 2004: 1. Sum- 115

mertime upper troposphere/lower stratosphere ozone over north-
eastern North America, J. Geophys. Res.-Atmos., 112, D12S12,
https://doi.org/10.1029/2006JD007441, 2007a.

www.atmos-chem-phys.net/19/1/2019/ Atmos. Chem. Phys., 19, 1–32, 2019

https://doi.org/10.5194/acp-13-2331-2013
https://doi.org/10.3402/tellusb.v49i1.15949
https://doi.org/10.1016/j.asr.2006.02.078
https://doi.org/10.5194/gmd-4-373-2011
https://doi.org/10.5194/gmd-7-2653-2014
https://doi.org/10.5194/gmd-7-2653-2014
https://doi.org/10.5194/gmd-7-2653-2014
https://doi.org/10.5194/amt-10-1957-2017
https://doi.org/10.5194/acp-8-7055-2008
https://doi.org/10.5194/amt-4-2375-2011
https://doi.org/10.2151/jmsj.85B.165
https://doi.org/10.1038/NGEO2155
https://doi.org/10.5194/acp-14-913-2014
https://doi.org/10.1088/1748-9326/aabf21
https://www.sparc-climate.org/publications/sparc-reports/
https://www.sparc-climate.org/publications/sparc-reports/
https://www.sparc-climate.org/publications/sparc-reports/
https://doi.org/10.1175/1520-0469(1962)019<0450:OTMOMA>2.0.CO;2
https://doi.org/10.1175/1520-0469(1962)019<0450:OTMOMA>2.0.CO;2
https://doi.org/10.1175/1520-0469(1962)019<0450:OTMOMA>2.0.CO;2
https://doi.org/10.5194/acp-13-3063-2013
https://doi.org/10.1016/S1352-2310(99)00320-9
https://doi.org/10.1016/S1352-2310(99)00320-9
https://doi.org/10.1016/S1352-2310(99)00320-9
https://doi.org/10.1016/j.atmosenv.2018.10.040
https://doi.org/10.1029/2006JD007441


32 R. S. Williams et al.: Seasonal and geographical variability in tropospheric ozone

Thompson, A. M., Stone, J. B., Witte, J. C., Miller, S. K., Oltmans,
S. J. Kucsera, T. L., Ross, K. L., Pickering, K. E., Merrill, J. T.,
Forbes, G., Tarasick, D. W., Joseph, E., Schmidlin, F. J., McMil-
lan, W. W., Warner, J., Hintsa, E. J., and Johnson, J. E.: Inter-
continental chemical transport experiment ozonesonde network5

study (IONS) 2004: 2. Tropospheric ozone budgets and variabil-
ity over northeastern North America, J. Geophys. Res.-Atmos.,
112, D12S13, https://doi.org/10.1029/2006JD007670, 2007b.

Thompson, A. M., Miller, S. K., Tilmes, S., Kollonige, D. W., Witte,
J. C. Oltmans, S. J., Johnson, B. J., Fujiwara, M., Schmidlin, F.10

J., Coetzee, G. J. R., Komala, N., Maata, M., bt Mohamed, M.,
Nguyo, J., Mutai, C., Ogino, S.-Y., Da Silva, F. R., Paes Leme,
N. M., Posny, F., Scheele, R., Selkirk, H. B., Shiotani, M., Stübi,
R., Levrat, G., Calpini, B., Thouret, V., Tsurata, H., Canossa,
J. V., Vömel, H., Yonemura, S., Diaz, J. A., Tan Thanh, N. T.,15

and Thuy Ha, H. T.: Southern Hemisphere Additional Ozoneson-
des (SHADOZ) ozone climatology (2005–2009): Tropospheric
and tropical tropopause layer (TTL) profiles with comparisons
to OMI-based ozone products, J. Geophys. Res.-Atmos., 117,
D23301, https://doi.org/10.1029/2011JD016911, 2012.20

Tost, H., Jöckel, P., Kerkweg, A., Sander, R., and Lelieveld, J.: Tech-
nical note: A new comprehensive SCAVenging submodel for
global atmospheric chemistry modelling, Atmos. Chem. Phys.,
6, 565–574, https://doi.org/10.5194/acp-6-565-2006, 2006.

Wasserstein, R. L. and Lazar, N. A.: The ASA’s statement on p-25

values: context, process, and purpose, Am. Stat., 70, 129–133,
https://doi.org/10.1080/00031305.2016.1154108, 2016.

WMO/GAW Ozone Monitoring Community: World Meteorolog-
ical Organization-Global Atmosphere Watch Program (WMO-
GAW)/World Ozone and Ultraviolet Radiation Data Centre30

(WOUDC) [Data], available at: https://woudc.org (last access: 20
January 2018), https://doi.org/10.14287/10000008, 2015.

Worden, H. M., Logan, J. A., Worden, J. R., Beer, R., Bowman,
K., Clough, S. A., Eldering, A., Fisher, B. M. Gunson, M. R.,
Herman, R. L., Kulawik, S. S., Lampel, M. C. Luo, M. Megret-35

skaia, I. A., Osterman, G. B., and Shephard, M. W.: Comparisons
of Tropospheric Emission Spectrometer (TES) ozone profiles
to ozonesondes: Methods and initial results, J. Geophys. Res.-
Atmos., 112, D03309, https://doi.org/10.1029/2006JD007258,
2007.40

Yang, H., Chen, G., Tang, Q., and Hess, P.: Quantify-
ing isentropic stratosphere-troposphere exchange of
ozone, J. Geophys. Res.-Atmos., 121, 3372–3387,
https://doi.org/10.1002/2015JD024180, 2016.

Young, P. J., Archibald, A. T., Bowman, K. W., Lamarque, J.-F., 45

Naik, V., Stevenson, D. S., Tilmes, S., Voulgarakis, A., Wild, O.,
Bergmann, D., Cameron-Smith, P., Cionni, I., Collins, W. J., Dal-
søren, S. B., Doherty, R. M., Eyring, V., Faluvegi, G., Horowitz,
L. W., Josse, B., Lee, Y. H., MacKenzie, I. A., Nagashima, T.,
Plummer, D. A., Righi, M., Rumbold, S. T., Skeie, R. B., Shin- 50

dell, D. T., Strode, S. A., Sudo, K., Szopa, S., and Zeng, G.: Pre-
industrial to end 21st century projections of tropospheric ozone
from the Atmospheric Chemistry and Climate Model Intercom-
parison Project (ACCMIP), Atmos. Chem. Phys., 13, 2063–
2090, https://doi.org/10.5194/acp-13-2063-2013, 2013. 55

Zanis, P., Gerasopoulos, E., Priller, A., Schnabel, C., Stohl, A.,
Zerefos, C., Gäggeler, H. W., Tobler, L., Kubik, P. W., Kan-
ter, H. J., Scheel, H. E., Luterbacher, J., and Berger, M.: An
estimate of the impact of stratosphere-to-troposphere transport
(STT) on the lower free tropospheric ozone over the Alps us- 60

ing 10Be and 7Be measurements, J. Geophys. Res., 108, 8520,
https://doi.org/10.1029/2002JD002604, 2003.

Zanis, P., Hadjinicolaou, P., Pozzer, A., Tyrlis, E., Dafka, S., Mi-
halopoulos, N., and Lelieveld, J.: Summertime free-tropospheric
ozone pool over the eastern Mediterranean/Middle East, Atmos. 65

Chem. Phys., 14, 115–132, https://doi.org/10.5194/acp-14-115-
2014, 2014.

Zeng, G., Morgenstern, O., Braesicke, P., and Pyle, J. A.:
Impact of stratospheric ozone recovery on tropospheric
ozone and its budget, Geophys. Res. Lett., 37, L09805, 70

https://doi.org/10.1029/2010GL042812, 2010.
Zhang, L., Jacob, D. J., Boersma, K. F., Jaffe, D. A., Olson, J. R.,

Bowman, K. W., Worden, J. R., Thompson, A. M., Avery, M.
A., Cohen, R. C., Dibb, J. E., Flock, F. M., Fuelberg, H. E.,
Huey, L. G., McMillan, W. W., Singh, H. B., and Weinheimer, 75

A. J.: Transpacific transport of ozone pollution and the effect of
recent Asian emission increases on air quality in North Amer-
ica: an integrated analysis using satellite, aircraft, ozonesonde,
and surface observations, Atmos. Chem. Phys., 8, 6117–6136,
https://doi.org/10.5194/acp-8-6117-2008, 2008. 80

Ziemke, J. R., Chandra, S., Labow, G. J., Bhartia, P. K., Froide-
vaux, L., and Witte, J. C.: A global climatology of tropo-
spheric and stratospheric ozone derived from Aura OMI and
MLS measurements, Atmos. Chem. Phys., 11, 9237–9251,
https://doi.org/10.5194/acp-11-9237-2011, 2011. 85

Ziemke, J. R. and Chandra, S.: Development of a climate record
of tropospheric and stratospheric column ozone from satel-
lite remote sensing: evidence of an early recovery of global
stratospheric ozone, Atmos. Chem. Phys., 12, 5737–5753,
https://doi.org/10.5194/acp-12-5737-2012, 2012. 90

Atmos. Chem. Phys., 19, 1–32, 2019 www.atmos-chem-phys.net/19/1/2019/

https://doi.org/10.1029/2006JD007670
https://doi.org/10.1029/2011JD016911
https://doi.org/10.5194/acp-6-565-2006
https://doi.org/10.1080/00031305.2016.1154108
https://woudc.org
https://doi.org/10.14287/10000008
https://doi.org/10.1029/2006JD007258
https://doi.org/10.1002/2015JD024180
https://doi.org/10.5194/acp-13-2063-2013
https://doi.org/10.1029/2002JD002604
https://doi.org/10.5194/acp-14-115-2014
https://doi.org/10.5194/acp-14-115-2014
https://doi.org/10.5194/acp-14-115-2014
https://doi.org/10.1029/2010GL042812
https://doi.org/10.5194/acp-8-6117-2008
https://doi.org/10.5194/acp-11-9237-2011
https://doi.org/10.5194/acp-12-5737-2012


Remarks from the language copy-editor

CE1 Thanks for your clarification. If this doesn’t abbreviate a fuller name, it’s fine as it stands. Would you like us to include
the supplement link you sent as a proper reference?

Remarks from the typesetter

TS1 This change needs to be approved by the editor.
TS2 This change needs to be approved by the editor.
TS3 This change needs to be approved by the editor.
TS4 This change needs to be approved by the editor.
TS5 This change needs to be approved by the editor.
TS6 This change needs to be approved by the editor.
TS7 This change needs to be approved by the editor.
TS8 This change needs to be approved by the editor.
TS9 Please note that the supplement link is a placeholder link during proofreading and will be updated upon publication.


	Abstract
	Introduction
	Data sources
	CCM simulations
	EMAC
	CMAM

	Observations
	OMI
	Ozone-sondes


	Tropospheric ozone (model--measurement comparison)
	O3 inter-annual variability
	O3 vertical distribution assessment
	Summary

	Stratospheric influence
	O3 vertical distribution, seasonality and stratospheric contribution (O3F)
	O3F global distribution and seasonality
	Monthly evolution of stratospheric influence
	Summary

	Recent changes in tropospheric O3 and O3S
	O3 change (1980--1989 to 2001--2010)
	O3S change (1980--1989 to 2001--2010)
	Summary

	Conclusions
	Data availability
	Supplement
	Author contributions
	Competing interests
	Special issue statement
	Acknowledgements
	References

