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26095

http://www.atmos-chem-phys-discuss.net
http://www.atmos-chem-phys-discuss.net/9/26095/2009/acpd-9-26095-2009-print.pdf
http://www.atmos-chem-phys-discuss.net/9/26095/2009/acpd-9-26095-2009-discussion.html
http://creativecommons.org/licenses/by/3.0/


ACPD
9, 26095–26142, 2009

HTAP sondes

J. E. Jonson et al.

Title Page

Abstract Introduction

Conclusions References

Tables Figures

J I

J I

Back Close

Full Screen / Esc

Printer-friendly Version

Interactive Discussion

11NASA Goddard Space Flight Center, Baltimore, MD, USA
12Grad. School of Environ. Studies, Nagoya University, Nagoya, Japan
13Office of Policy Analysis and Review, Environmental Protection Agency, Washington DC, USA
14Environment Directorate General, European Commission, Brussels, Belgium
15Central Aerological Observatory, Moscow, Russia
16Royal Meteorological Institute of Belgium (R. M. I. B.), Brussels, Belgium
17Environmental Canada, Downsview, Canada
18Central Weather Bureau, Taipei, Taiwan
19NOAA/ESRL, Boulder, CO, USA
∗now at: National Institute of Water and Atmospheric Research, Lauder, New Zealand

Received: 14 October 2009 – Accepted: 27 November 2009 – Published: 8 December 2009

Correspondence to: J. E. Jonson (j.e.jonson@met.no)

Published by Copernicus Publications on behalf of the European Geosciences Union.

26096

http://www.atmos-chem-phys-discuss.net
http://www.atmos-chem-phys-discuss.net/9/26095/2009/acpd-9-26095-2009-print.pdf
http://www.atmos-chem-phys-discuss.net/9/26095/2009/acpd-9-26095-2009-discussion.html
http://creativecommons.org/licenses/by/3.0/


ACPD
9, 26095–26142, 2009

HTAP sondes

J. E. Jonson et al.

Title Page

Abstract Introduction

Conclusions References

Tables Figures

J I

J I

Back Close

Full Screen / Esc

Printer-friendly Version

Interactive Discussion

Abstract

A multi-model study of the long-range transport of ozone and its precursors from ma-
jor anthropogenic source regions was coordinated by the Task Force on Hemispheric
Transport of Air Pollution (TF HTAP) under the Convention on Long-range Transbound-
ary Air Pollution (LRTAP). Vertical profiles of ozone at 12-h intervals in year 2001 are5

available from twelve of the models contributing to this study and are compared here
with observed profiles from ozonesondes. The contributions from each major source
region are analysed for selected sondes, and this analysis is supplemented by retro-
plume calculations using the FLEXPART Lagrangian particle dispersion model to pro-
vide insight into the origin of ozone transport events and the cause of differences be-10

tween the models and observations.
In the boundary layer ozone levels are in general strongly affected by regional

sources and sinks. With a considerably longer lifetime in the free troposphere, ozone
here is to a much larger extent affected by processes on a larger scale such as in-
tercontinental transport and exchange with the stratosphere. Such individual events15

are difficult to trace over several days or weeks of transport. As a result statistical
relationships between models and ozone sonde measurements are far less satisfac-
tory than for surface measurements at all seasons. The lowest bias between model
calculated ozone profiles and the ozone sonde measurements is seen in the winter
and autumn months. Following the increase in photochemical activity in the spring and20

summer months the spread in model results increases and the agreement between
ozone sonde measurements and the individual models deteriorates further.

At selected sites calculated contributions to ozone levels in the free troposphere
from intercontinental transport are presented. Intercontinental transport is identified
based on differences in model calculations with unperturbed emissions and emissions25

reduced by 20% by region. With emissions perturbed by 20% per region calculated
intercontinental contributions to ozone in the free troposphere range from less than
1 ppb to 3 ppb, with small contributions in winter. The results are corroborated by the
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retroplume calculations. At several locations the seasonal contributions to ozone in the
free troposphere from intercontinental transport differ from what has been shown earlier
at the surface using the same dataset. The large spread in model results points to a
need of further evaluation of the chemical and physical processes in order to improve
the credibility of global model results.5

1 Introduction

While local and regional emissions sources are the main cause of air pollution prob-
lems worldwide, there is increasing evidence that many air pollutants are transported
on a hemispheric or global scale, see (TF HTAP, 2007) and references therein. Ob-
servations and model predictions show the potential for intercontinental transport of10

a number of pollutants such as ozone and its precursors, fine particles, acidifying
substances, mercury and POPs (Persistent Organic Pollutants). The Task Force on
Hemispheric Transport of Air Pollution (TF HTAP) under the Convention on Long-
range Transboundary Air Pollution (LRTAP) has been set up to study these pro-
cesses. Under the framework of this task force a set of coordinated multi-model15

studies to address hemispheric transport issues have been defined. These multi
model experiments were set up to give a first assessment of the source receptor
relationships between the main source regions in the Northern Hemisphere in or-
der to contribute to the revision of the Gothenburg protocol. The model experiments
were defined so that all models were run without major adaptations (native resolu-20

tion, emissions etc.) with year 2001 meteorology. Emissions should be representa-
tive of year 2000/2001 conditions. Four regions are defined for source receptor cal-
culations, roughly representing Europe, North America, East Asia and South Asia.
Trends in emissions and in pollutant concentrations differ significantly between the se-
lected regions. In the European and North American regions emissions of the pol-25

lutants considered are generally decreasing as documented for the individual Euro-
pean and North American countries in WEBDAB (http://www.ceip.at/), whereas in East
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Asia and South Asia emissions are in general increasing as documented under AC-
CESS (http://www.cgrer.uiowa.edu/EMISSION DATA new/summary of changes.html).
As a result the relative distribution of the emissions between the selected regions will
now already be markedly different from what they were in 2001, potentially changing
the magnitude of trans continental fluxes.5

A description of the modelling experiment and key findings are published in the in-
terim report from TF HTAP (TF HTAP, 2007). Furthermore, several papers are already
published based on this data set: The contribution from major northern mid-latitude
source regions to Arctic pollution (Shindell et al., 2008); hemispheric transport and de-
position of oxidised nitrogen (Sanderson et al., 2008); intercontinental source-receptor10

relationships for surface ozone (Fiore et al., 2009) and the impact of intercontinental
ozone pollution on human mortality (Casper-Anenberg et al., 2009). Comparing model
surface ozone with observational data, Fiore et al. (2009) found a systematic overes-
timate of surface ozone levels over the eastern United States and Japan in summer.
This bias did not occur in the boreal spring and autumn months when intercontinental15

transport is strongest, reflecting a combination of more frequent cyclones venting the
continents, stronger westerlies and a longer chemical lifetime of ozone compared to
the summer months. The spatial average effects of foreign emission reductions in the
receptor regions typically range from 0.7–0.9 ppb in spring to 0.3–0.4 ppb in the sum-
mer, but effects are likely to be larger on the western part of the continents/regions,20

closer to the foreign source areas. This was also shown, using the same dataset, in
Reidmiller et al. (2009) focusing on North America, where the largest calculated effects
of foreign emission reductions were seen in the western parts of the US.

In this paper we evaluate the model vertical profiles of ozone with an extensive mea-
surement programme of vertical soundings for this species. The ozone sondes are25

primarily launched to study the depletion of the ozone layer in the winter and spring
months. As a result measurements are often infrequent or missing in the summer and
autumn months at many sites.
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Model calculated vertical profiles have been calculated for 32 sites selected based
on the availability of ozone soundings. Model calculated ozone profiles are compared
to measurements for a subset of four sites located in North America (Goose Bay, and
Trinidad Head), Europe (Uccle) and Asia (Yakutsk). The ozone sonde sites presented
here (with the exception of Goose Bay) are selected as they are located in the west-5

ern part of the receptor continent/region in order to get a stronger signal from foreign
sources.

Advection of plumes from North America to Europe and from East Asia to North
America is conceptually similar and usually involves lifting and subsequent advection
in what are denoted as warm conveyor belts (see Stohl and Trickl, 1999; TF HTAP,10

2007 and references therein). Across the Atlantic the transport time in the free tropo-
sphere is typically three to four days, somewhat longer for transport across the Pacific
(TF HTAP, 2007). Transport events of air pollutants from Asia to the western parts of
North America typically occur 1–2 times per month (Liang et al., 2004). Such export
events can have substantial impacts on concentrations in the free troposphere above15

the downwind continent. The impact of these transport events on surface sites is how-
ever less frequent and dilute (Zhang et al., 2009).

Transport of pollutants from Europe differs from advection across the Atlantic and the
Pacific as lifting in frontal systems is less important. Even though advection across the
Eurasian continent mainly takes place in the boundary layer, Wild et al. (2004) found20

the largest contributions to ozone from European sources in the mid troposphere. In
the boundary layer ozone is depleted faster as a result of a combination of surface
deposition and a shorter chemical lifetime. Yakutsk is located north of 60◦ N, and may
often be located too far north to be fully representative of advection across the Eurasian
continent. Advection in general follows isentropic surfaces. Poleward advection (in this25

case from Europe to semi Arctic Siberia) will tend to ascend in winter and early spring.
Ozone precursors emitted in the four regions considered will affect ozone levels

throughout the whole tropospheric column at northern mid latitudes. Once in the free
troposphere, the chemical lifetime of ozone is typically one month or more (TF HTAP,

26100

http://www.atmos-chem-phys-discuss.net
http://www.atmos-chem-phys-discuss.net/9/26095/2009/acpd-9-26095-2009-print.pdf
http://www.atmos-chem-phys-discuss.net/9/26095/2009/acpd-9-26095-2009-discussion.html
http://creativecommons.org/licenses/by/3.0/


ACPD
9, 26095–26142, 2009

HTAP sondes

J. E. Jonson et al.

Title Page

Abstract Introduction

Conclusions References

Tables Figures

J I

J I

Back Close

Full Screen / Esc

Printer-friendly Version

Interactive Discussion

2007; The Royal Society, 2008), much longer than the typical transport times between
continents given above. With the long lifetime of ozone it is virtually impossible to trace
the ozone pollution in the free troposphere back to any specific source using measure-
ments alone, but rather it will contribute to a hemispheric “cloud of ozone”. With the
use of models, the origin of ozone in the free troposphere can be estimated as the5

difference between the reference run and a perturbed run. Different models provide
different estimates on the origin of surface ozone in the source receptor calculations as
already shown by Fiore et al. (2009).

The advection of the pollutants will in particular be sensitive to the exchange between
the boundary layer and the free troposphere above. This in turn will affect the chemical10

regime in which the pollutants are advected in the models. In the free troposphere the
pollutants are detached from the surface and dry deposition is no longer effective. With
different timescales in the lifting/mixing process the NOx to VOC (including CH4) ratio is
likely to change, and thereby the potential for chemical ozone production/destruction.
Comparing ozone sonde measurements and model calculations will give further insight15

to the combined effects of advection and ozone chemistry in the models.
With the use of trajectories, or tracer transport models, the likely origin and advection

path of the pollutants can be assessed. This information can enhance our understand-
ing of the measurements and model calculations at the sonde sites, and help explain
differences between model results, and also provide information on the predictability of20

ozone at different sites and height levels.

2 Ozone sonde measurements

With the exception of Yakutsk the ozone sonde data included in this study origi-
nates from the World Ozone and Ultraviolet Radiation Data Centre (WOUDC, http:
//www.woudc.org/). Ozone sonde measurement at Yakutsk have been made within the25

framework of the THESEO campaign and have been downloaded through the RETRO
database (http://nadir.nilu.no/retro/). The most common type of ozonesondes currently
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in use are the electrochemical concentration cell (ECC). The ECC ozonesondes are
manufactured by EnSci Corp. and Science Pump, with minor differences in construc-
tion and some variation in recommended concentrations of the potassium iodide sens-
ing solution and its phosphate buffer. When using the recommended sensing solute
concentrations the deviations of tropospheric ozone measurements are expected not5

to exceed more than a few percent (Smit et al., 2007). At Tateno the KC96 Carbon-
Iodine sensors are used. At all other sites ECC instrumentation is used. At both Uccle
and Yakutsk EnSci-Z sondes were used with SST0.5 solutions. This is the solution rec-
ommended by the producer and also the solution that has been shown to give the best
performance for this instrument when compared to a UV-photometer (Smit et al., 2007).10

As Goose Bay the EnSci-Z sondes were used with 1% KI full buffer solution. This may
result in an overestimation of a few percent, but this is largely corrected by the total
ozone correction procedure. At Trinidad Head EnSci-2Z were used, also with the solu-
tion recommended by the producer. however, the sodium phosphate buffers are diluted
to 1/10th of the standard 1% KI sensor solution recipe. At Taipei Science Pump model15

6a sondes were used. When properly prepared and handled, ECC ozonesondes have
a precision of 3–5% and an absolute accuracy of about 10% in the troposphere (Smit
et al., 2007; Deshler et al., 2008). Comparing a range of ozone sondes (Deshler et al.,
2008) found that the range in the measurements were generally within 2%, increasing
to 4–5% near the surface, tropopause and where ozone gradients were large. The20

ozone sensor response time (e−1) of about 25 s gives the sonde a vertical resolution
of about 100 m for a typical balloon ascent rate of 4 m/s in the troposphere. In the past
the accuracy of the ozone sondes was occasionally affected by the interference from
SO2, particularly in Europe. As SO2 emissions have been reduced this was probably
not the case in 2001.25
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3 The model setup and definition of the model scenario

The twelve models listed in Table 1 have provided model calculated vertical profiles of
O3, CO, NO and NO2 on the HTAP server.

We use the reference simulation (SRref) and a set of simulations in which emissions
of NOx, CO, and NMVOC were reduced together by 20% within each of four regions5

(denoted here as SR20%): North America (SR20%NA, 125 W to 60 W and 15 N to
55 N), Europe (SR20%EU, 10 W to 50 E and 25 N to 65 N), East Asia (SR20%EA, 95 E
to 160 E and 15 N–50 N) and South Asia (SR20%SA, 50 E to 95 E and 5 N to 35 N).
The seven first models (in bold) listed in Table 1 have uploaded vertical profiles also
for the SR20% scenarios. The model groups used their own emission estimates in the10

SRref model simulations.
The analysis of these simulations is supplemented by retroplume calculations with

the Lagrangian particle dispersion model FLEXPART version number 8.0 (see Stohl
et al., 1998, 2003, 2005, 2007 and http://transport.nilu.no/flexpart for further refer-
ences) driven by meteorological input data from the European Centre for Medium-15

Range Weather Forecasts (ECMWF, 2002). These calculations provide quantitative
dispersion model runs in time-reversed mode including full turbulence and convection
parametrisations. 60 000 particles are released every 250 m in the atmospheric col-
umn above the ozone sonde sites from the surface up to 12.5 km altitude. For every
height interval, the particles are separately traced backward in time for 20 days, calcu-20

lating what is denoted as potential emission sensitivity (PES) function in s kg−1. Since
emissions occur predominately at or near the surface, the PES near the surface is
particularly important. We therefore show PES values for a so-called footprint layer
below 100 m above the surface. By multiplying the PES values with emission fluxes (in
kg m−2 s−1) for carbon monoxide taken from the EDGAR emission inventory, potential25

source contribution maps are obtained, which show where surface emissions entered
the air mass arriving later at the receptor (not shown). Integration of potential source
contributions over continental areas yields simulated carbon monoxide mixing ratios at
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the ozone sonde site. These have been examined for the different continental source
regions as a function of altitude (not shown), to identify altitude layers with strong influ-
ence from foreign emissions.

4 Model results

Previous analysis of the TF HTAP model inter-comparison has mainly focused on the5

effects on surface concentrations.
Since the models only archived vertical profiles at 32 stations, all of which are located

in the northern mid latitudes, we focus here on the impacts of emissions from the NA,
EU, and EA regions. As seen in Sect. 4.1, the contribution from emissions in SA to
tropospheric ozone is small at northern mid latitudes.10

Figure 1 shows the mean change in annual mean ozone, calculated with the seven
first models listed in Table 1, in the lower free troposphere (750 hPa) when NOx, CO,
and NMVOC are decreased by 20% in the NA, EU and EA regions. Once in the free
troposphere emissions from the three areas are advected much further than in the
boundary layer due to a longer lifetime of ozone, combined with higher wind speeds.15

Emissions from NA, EU and EA are mostly advected in the westerlies and consequently
regions east of the source areas are the most affected. However, effects can be seen
throughout the northern mid and high latitudes at this level.

Below we evaluate the ozone simulations with the ozone soundings. Furthermore
we highlight long range transport events, as diagnosed from differences between the20

ozone vertical profiles in the SRref and SR20% scenarios, for selected dates at Goose
Bay, Uccle, Trinidad Head and Yakutsk. This analysis is extended to also include retro-
plume calculations with the FLEXPART model.
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4.1 Model evaluation by ozonesondes

In Table 2 ozone sondes and vertical profiles calculated with the models listed in Ta-
ble 1 are compared for Goose Bay, Uccle, Trinidad Head and Yakutsk. Only days
with measurements are included in the comparison (This dataset is also included
as Figures in the supplementary material: http://www.atmos-chem-phys-discuss.net/5

9/26095/2009/acpd-9-26095-2009-supplement.pdf, including also data for the Sum-
mer and Autumn). In Figs. 2 to 5 the daily range of ozone calculated by the same
models is shown. At the right hand side of these figures specific events/episodes are
highlighted. These events/episodes are described in more detail in later sections. In
the figures the sonde measurements are marked as black dots showing that at most10

sites the frequency of sonde measurements is highest in winter and spring. There
are large differences in the frequencies of sondes released at the sites. At Uccle
there are sonde measurement made almost every second day throughout the year,
whereas for the other sites sonde measurements are infrequent or missing in particu-
lar in the summer months. Therefore we only include data for the first two seasons in15

Table 2 (The same dataset for all seasons, and the year as a whole, are visualised in
the supplementary material: http://www.atmos-chem-phys-discuss.net/9/26095/2009/
acpd-9-26095-2009-supplement.pdf). Even so the comparisons with measurements
in Table 2 are based on very few data for some of the sites.

The data presented in Table 2, and the supplementary material: http://www.20

atmos-chem-phys-discuss.net/9/26095/2009/acpd-9-26095-2009-supplement.pdf are
supplemented by Taylor diagrams (Figs. 6 and 7). Detail about the use of Taylor di-
agrams are provided in (Taylor, 2001) and on the NCL homepage: (http://www.ncl.
ucar.edu/Applications/taylor.shtml). The Taylor diagrams are not divided into season,
but as there are more measurements in winter and early spring there is a clear bias25

to the winter months in the Taylor diagrams. In addition to correlation with measure-
ments the Taylor diagrams show the RMS error and the normalised standard devia-
tions. There is considerable scatter in the results presented in the Taylor diagrams.
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As ozone sonde errors are expected to be of the order of a few percent only (Sect. 2)
the scatter can be ascribed to model errors. One general feature for virtually all mod-
els and sites is that the standard deviation is low in the upper troposphere compared
to the ozone sondes. This may be related to coarse model resolution (both vertical
and horizontal) resulting in too little variability in the UTLS region. With a low chem-5

ical activity the range in calculated ozone as seen in the Figs. 2 to 5 are small in
the autumn and winter months. As the chemistry becomes active in the spring and
summer months, the spread in model results increases, and clear over and underes-
timations compared to ozone soundings and/or model median results become more
apparent in the daily calculated ozone. The seasonal averages in winter and spring for10

most models are well within a 20% compared to the sonde measurements in the lower
and middle troposphere. In the upper troposphere the bias is often higher (see Table 2
and supplementary material: http://www.atmos-chem-phys-discuss.net/9/26095/2009/
acpd-9-26095-2009-supplement.pdf). The spread in model results are caused by a
combination of differences in chemical formulation and by differences in the advection15

emphasised as the range between low and high ozone regions increase.
Based on the comparison with measurements in Table 2 (and the sup-

plementary material: http://www.atmos-chem-phys-discuss.net/9/26095/2009/
acpd-9-26095-2009-supplement.pdf and the Taylor diagrams in Figs. 6 and 7, the
best model performance is seen for Goose Bay. This site is on the eastern side20

of the North American continent with major North American source regions close
enough for the plumes reaching this site to maintain their identity in the models, but
still sufficiently far away for lifting and mixing into the free troposphere to take place,
resulting in relatively low RMS errors and high correlations with the measurements
compared to the other sites. The models also perform reasonably well for Uccle. These25

soundings are made directly above one of the highest emitting regions in Europe, and
in particular in the lower troposphere results are affected by these local and regional
sources. For Trinidad Head it is unfortunate that there are no sondes released after
18 May. Even though domestic (North American) sources contribute the most for
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extended periods in summer and autumn in the lower and partially in the middle
troposphere, the trans continental contributions are large (see discussion in Sect. 4.6)
and model performance is not as good as Goose Bay and Uccle at this site. The least
satisfactory performance is found for the remote site Yakutsk where there are virtually
no correlations between models and ozone sonde measurements in winter and spring5

at all height levels. In addition Taylor diagrams are included for Tateno (36.05◦ N,
140.10◦ E) in Japan, and Taipei (25.032◦ N, 121.53◦ E) on Taiwan in Fig. 7. Model
performance at these two sites are similar to that of Uccle and Goose Bay. Ozone at
these two sites are affected by a combination of large local sources and sources at
the East Asian mainland. As shown by the range in calculated ozone in the Figs. 210

to 5, there are significant differences in the ability of the models to reproduce ozone
levels at the different sites. Even though the seasonal differences between models and
sonde measurements are moderate, the day by day difference is considerably larger.
Most of the sonde measurements fall within the displayed model range. In the lower
and middle troposphere the range is more narrow in the autumn and winter months.15

Measurements outside this range reflect specific events not included in the models.
Nearly all of the incidents where measured ozone is notably outside the range, are
in the upper troposphere, and are probably associated with misplaced tropopause
heights or stratospheric intrusion events. The low value measured in late May at
Uccle (Fig. 3) was probably caused by ozone titration, as regional NOx emissions20

are very high in this part of Europe. In Fiore et al. (2009) and in Reidmiller et al.
(2009) it was shown that the models have considerable skills in reproducing measured
ozone for surface sites. In the boundary layer the lifetime of ozone is of the order
of days only, and ozone is strongly affected by regional sources. The subset from
the same set of models, included in this study, have far more difficulty in accurately25

reproducing ozone variability in the free troposphere. Similar results were also
demonstrated in Tarasick et al. (2007) for two Canadian operational air quality models
(not represented in this study) and by Tong and Mauzerall (2006) for the community
AQ model CMAQ. In Stevenson et al. (2006) it was shown that a model ensemble was
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able to reproduce the monthly mean ozone levels in the free troposphere. As shown
in Table 2, the supplementary material: http://www.atmos-chem-phys-discuss.net/
9/26095/2009/acpd-9-26095-2009-supplement.pdf and in Figs. 2 to 5 most models
(and subsequently the model mean) included here reproduce the mean abundances
and seasonal cycle of ozone in a similar fashion to what was shown in Stevenson5

et al. (2006). Liu et al. (2009) calculated the correlations between nearby pairs of
sonde stations. They found low correlations near the surface indicating that local
and regional effects are important here. From the surface correlations rose sharply
to a local maximum in the lower troposphere. This implies that the measurements
here will be representative for a larger area, reducing the disadvantage of using10

relatively coarse models, but assuming that errors will propagate in space (and time)
the extensive spatial range of influence for long lived pollutants may be too large for
the models to reproduce. There are marked differences between the individual sites in
the model statistics as RMS errors and correlations with measurements. We believe
these differences largely reflects the proximity of the dominant sources affecting the15

sites. With the largest contributions from trans continental sources, located much
further away, the identity of the ozone plumes are partially lost as they are advected
over large distances. This loss of identity are likely to be caused by a combination of
factors such as inaccuracies in the meteorological driver, inaccuracies stemming from
the interpolation in time of the meteorological fields and the parameterisation of the20

advection processes in the CTMs. The lack of stratification in the model calculated
profiles compared to the ozone sondes as seen in the Figs. 8a, 9a, 10a and 11a may
serve as an illustration of such effects. Furthermore uncertainties in emissions and
chemistry will add to the lack of agreement between models and measurements. Such
errors will propagate in time. This could in part explain the high RMS errors and low25

correlations at some sites as discussed above. There is in general less agreement
between models and measurements in the upper troposphere. In particular in the
upper troposphere intrusion of stratospheric air will bring air with high ozone content to
the sites. This is not always well represented in dynamical models, particularly those
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with moderate resolutions. Moreover, as already noted, the lifetime of ozone is much
longer in the upper troposphere. Model discrepancies in the upper troposphere will
mostly be due to poor resolution of the timing, location and magnitude of stratospheric
intrusions. At lower latitudes ozone levels are usually low throughout the tropospheric
column. Thus airmasses of tropical or subtropical origin will in general have a low5

ozone content that may not be captured by the models. As noted in Sect. 2 ozone
levels in the boundary layer and lower troposphere could be subject to local effects
not resolved in global models, and this could partially explain the somewhat lower
model to sonde correlation in the lower troposphere. In the lower troposphere there
is some tendency for the models with the highest resolution to capture some of this10

effect, performing better for those sites affected by regional sources. In the upper
troposphere there is a tendency for many models to overpredict ozone levels in the
winter and underpredict in spring. The spin-up for most of the models were made
with meteorological data for the year 2001, and not with 2000 meteorological data.
For most models this implies that the concentrations in the first part of January will15

not reflect the meteorological evolution from previous days or weeks, to some extent
affecting correlations with measurements in the first part of the winter months.

4.2 Goose Bay: tracing plumes within the North American continent

This site is located at 53.32◦ N and 60.13◦ W. Even though this site is within the NA re-
gion as defined in Sect. 3 it is well outside major US and Canadian source regions, but20

as also shown in Sect. 4.6, these sources contribute significantly to ozone levels above
this site. As such this site is well suited for identifying transport events within the North
American continent. As an example of advection to this site 13 June 2001 has been
selected. In Fig. 8a the model calculated vertical profiles are compared to the ozone
sounding. The ozone soundings and most of the models show high ozone levels in the25

lower troposphere for this date. Furthermore, in Fig. 8b the models show reductions of
the order of 2–5.5 ppb in the lower troposphere from 20% reductions in NA emissions
(SR20%NA scenario, as defined in Sect. 3). The model range in calculated ozone
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and the ozone sondes are shown in the right hand part of Fig. 2 for the lower, middle
and upper troposphere for a two week period centered around 13 June. For the same
height intervals the model range in the contributions from domestic and transcontinen-
tal regions is also shown. At this site the dominant calculated contributions to ozone at
all levels are from the domestic NA region throughout this period.5

The footprint emission sensitivity for Goose Bay for the lower part of the troposphere
(release height 0–250 m) at 12:00 UTC on 13 June (Fig. 8c) indicates that the sources
of ozone/ozone precursors near the surface, also seen as excess ozone in the lower
troposphere in Fig. 8b, can be traced to emissions at the US east coast and around the
Great Lakes a few days earlier. Figures 8d and e shows the difference in calculated10

daily maximum ozone at the surface and the difference in total ozone column in the
troposphere respectively, between SRref and SR20%NA calculated with the EMEP
model. It shows enhanced daily maximum ozone levels at and around Goose Bay.
Whereas there are only small changes in the total tropospheric column directly above
Goose Bay.15

4.3 Uccle: tracing trans Atlantic advection

Uccle is located at 50.48◦ N and 4.21◦ E in Belgium, in the western part of Europe.
As discussed in Sect. 4.6 the largest calculated contribution in the middle and upper
troposphere is from the NA region. As an example of advection to this site we have
selected 1 June as there are ozone soundings for this date (Fig. 9a). Except for one20

model the ozone sonde measurements are rather well reproduced by the numerical
simulations, but the elevated ozone in the upper troposphere is not fully accounted
for by the models. All models do however show a 1 ppb or more contribution from a
20% reduction in North American emissions (Fig. 9b) in the mid and upper troposphere
suggesting that this excess ozone could be of North American origin. The model range25

in calculated ozone and the ozone sondes are shown in the right hand part of Fig. 3 for
the lower, middle and upper troposphere for a two week period centred around 1 June.
For the same height intervals the model range in the contributions from domestic and
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transcontinental regions is also shown. At this site the main contributions to ozone
at all height intervals are transcontinental (mainly from the NA region) throughout this
period, with the largest contributions around 1 June.

Figure 9c shows the footprint emission sensitivity for retroplumes released in the
middle troposphere, between 5250 and 5500 m. At this level the retroplumes indicate5

that there are marked contributions from the North American continent as also seen in
Fig. 9b.

Figure 9d and 9e show the difference between the reference run SRref and
SR20%NA in daily maximum surface ozone and total tropospheric ozone column cal-
culated by the EMEP Unified model for noon, 1 June. At the surface there is virtually no10

contribution from North America to the daily maximum ozone, as also shown in Fig. 9b
for all the models. For the tropospheric ozone column there is a marked difference
attributed to contributions from North America extending to western Europe.

4.4 Trinidad Head: tracing trans Pacific advection of ozone

Trinidad Head is located at 41.05◦ N and 124.15◦ W, at the west coast of North America.15

In Sect. 4.6 it is shown that the largest calculated contribution to ozone in the middle
and upper troposphere originates from the EA region at this site, making this location
well suited for detecting trans Pacific pollution events. Transport events of air pollutants
from Asia to the western parts of North America typically occur 1–2 times per month,
predominantly in the middle and upper free troposphere (Liang et al., 2004). As an20

example of such events 23 April has been selected. Unfortunately no ozone sounding
was available for this particular date. As is typical for spring and summer conditions,
the spread in model calculated ozone profiles is relatively large (Fig. 10a). The model
calculated difference in the vertical ozone profiles between the reference model run
and the model runs with reduced emissions in East Asia (SR20%EA) is somewhat25

less than 1 ppb throughout the troposphere for all models except one (Fig. 10b). The
model range in calculated ozone and the ozone sondes are shown in the right hand
part of Fig. 4 for the lower, middle and upper troposphere for a two week period cen-
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tred around 23 April. For the same height intervals the model range in domestic and
transcontinental contributions to ozone is also shown. At this site the main calculated
contributions to ozone at all height intervals are transcontinental (mainly from the EA
region) throughout this period.

The footprint emission sensitivity for Trinidad Head at 12:00 UTC on 13 June5

(Fig. 10c) with retroplumes released in the lowest 250 m indicates that approximately
1 ppb excess ozone calculated throughout much of the troposphere in Fig. 10b can be
attributed to emissions in East Asia. The main source regions in this area are located at
or near the Pacific rim. The difference in daily maximum surface ozone calculated with
the EMEP model between SRref and the model run reducing all emission in East Asia10

by 20% are shown in Fig. 10d. The effects on daily maximum ozone is of the order of
0.5 ppb throughout much of the Pacific, with a tongue of excess ozone of 2–3 ppb just
west of the North American continent. This tongue is seen throughout the tropospheric
column (Fig. 10e) covering also parts of the North American continent.

4.5 Yakutsk: tracing trans Eurasian emissions15

Yakutsk is located at 62.008◦ N 129.75◦ E, in the Siberian part of Russia. This site was
selected for tracing plumes from Europe across the Eurasian continent. As discussed
in the introduction, ozone from the EU region is primarily advected in the lower atmo-
sphere where the lifetime is markedly shorter than in the free troposphere. It is there-
fore difficult to identify specific transport events from EU to this site. As an example20

of ozone reaching this site 9 May was chosen, as all the models calculated a signifi-
cant contribution from the EU region based on the difference in vertical ozone profiles.
In the free troposphere all models calculate an ≈1 ppb difference between SRref and
SR20%EU, reducing all emissions in the European region (Fig. 11b). Unfortunately no
ozone sounding is available for this date at Yakutsk. Vertical profiles calculated by the25

models are shown in Fig. 11a. The model range in calculated ozone and the ozone
sondes are shown in the right hand part of Fig. 5 for the lower, middle and upper tro-
posphere for a two week period centred around 9 May. For the same height intervals

26112

http://www.atmos-chem-phys-discuss.net
http://www.atmos-chem-phys-discuss.net/9/26095/2009/acpd-9-26095-2009-print.pdf
http://www.atmos-chem-phys-discuss.net/9/26095/2009/acpd-9-26095-2009-discussion.html
http://creativecommons.org/licenses/by/3.0/


ACPD
9, 26095–26142, 2009

HTAP sondes

J. E. Jonson et al.

Title Page

Abstract Introduction

Conclusions References

Tables Figures

J I

J I

Back Close

Full Screen / Esc

Printer-friendly Version

Interactive Discussion

the model range in the transcontinental contributions to ozone is also shown. As this
site is outside all of the regions specified in Sect. 3 there are no calculated domestic
contributions, and all the calculated contributions are transcontinental. Throughout the
two weeks period the largest calculated contributions to ozone are from the EA region,
in particular in the lower troposphere, but there are also variable contributions from the5

EU region.
Footprint emission sensitivity retroplumes with release height below 250 m are

shown in Fig. 11c). A substantial fraction of the air can be traced back to the Scan-
dinavian countries. The potential for forming ozone from this region is small due to
low emissions of ozone precursors and low insolation. There is also a relatively high10

emission sensitivity over central parts of Europe, where emissions of ozone precursors
are higher. The difference in daily maximum ozone between SRref and SR20%EU
calculated with the EMEP model for 9 May (Fig. 11d) is typically about 0.5 ppb in large
parts of Asia, with signs of plumes of more than 1 ppb advected in the boundary layer
further west and south. For the tropospheric ozone column the difference plot between15

SRref and SR20%EU (Fig. 11e) show plumes advected in the vicinity of Yakutsk.

4.6 Intercontinental transport

In Figs. 12 to 15 the seasonal contributions to ozone from 20% reductions in the emis-
sions in the four source regions are shown for the same sonde sites as in Table 2 based
on the daily vertical profiles from seven numerical models at noon. Winter includes Jan-20

uary and February. Spring: March, April and May, Summer: June, July, August and
Autumn: September, October, November. In addition the daily model mean contribu-
tions are shown in Figs. 2 to 5. As in Table 2, the data are separated into lower, middle
and upper troposphere. The calculated trans-continental contributions from 20% re-
ductions in emissions shown in Figs. 12 to 15 are often in the 0.5–1 ppb range, with25

contributions for some sites and models well above 1 ppb. The seasonality of the trans
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continental (or foreign) contributions in the free troposphere differ between the sites,
but for all sites and models the contributions are small in winter.

The trans continental contributions are episodic in their nature, and care should be
taken as the data are based on one year only.

Two of the sonde sites, Goose Bay and Trinidad Head are located in the NA region.5

The magnitude of the model mean foreign impact (from EA, SA and EU) differ between
the two sites. At Trinidad Head the model mean foreign impact is highest in spring,
adding up to about 1 ppb or more at all levels. In the upper and mid troposphere the
foreign impact is only slightly reduced in summer. Above Goose Bay the foreign impact
is always lower and about 0.8 ppb in spring. Contrary to Trinidad Head the foreign10

impact is markedly lower in summer. The higher foreign impact at Trinidad Head is
mainly caused by larger contributions from the EA region. As can be expected the
foreign impact in the free troposphere is higher than what was calculated for NA at the
surface in Fiore et al. (2009). Within the United states Reidmiller et al. (2009) found
the largest foreign impact in the Western United States in spring with about 0.9 ppb.15

In summer the foreign impact fell to about 0.5 here. In the Eastern United States
the calculated foreign impact was about half that of the Western United states. The
results presented here are in good agreement with Holzer et al. (2005) where they
found that the surface signal of East Asian sources is strongest in spring, and that
East Asian air is transported aloft in summer. In a general eastward circulation air20

having been exposed to loss processes in the boundary layer is mixed into the free
troposphere through increased venting over the continent in the summer, reducing the
foreign contribution to ozone also in the free troposphere. As a result sites at the
eastern side of the continent have a summer minimum in foreign ozone throughout the
tropospheric column, whereas sites located at the western side of the US continent (as25

Trinidad Head) will have a marked summer minimum in the foreign impact only near
the surface.

At Uccle, in the western part of Europe, the calculated trans continental contributions
in the middle and upper troposphere are larger than the domestic contributions (up to
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about 1 ppb or more at all levels with NA as the largest single source). In the lower
troposphere the largest contributions are from domestic sources in most of the year.
The larger contribution in the free troposphere compared to what was calculated as
foreign impact to EU at the surface in Fiore et al. (2009) can partially be explained
by Uccle being located close to the windward margin of the EU domain, and partially5

because of higher trans continental contributions in the free troposphere. A higher
foreign contribution in the free troposphere is in good agreement with Auvray and Bey
(2005). They found a maximum in ozone from North America in Spring and summer.
As a result of deep convection in summer they found a high contribution from North
American ozone at high altitudes. The low level advection of ozone across the North10

Atlantic was found to be important only in spring, when loss rates in the boundary layer
are weaker.

In winter the advection to Yakutsk is dominated by the Siberian high, with airmasses
crossing the Eurasian continent, potentially advecting pollution of European origin to
Yakutsk. But in the winter months the chemical activity is very low resulting in low con-15

tributions to ozone levels above Yakutsk from all the four source regions. From Europe
a major part of the pollutants are advected in the boundary layer or lower troposphere
where the lifetime of ozone is short. Following the breakdown of the Siberian high in
Spring, the foreign impacts calculated above Yakutsk, of the order of 2 ppb, are the
highest among all the sites. The largest contributions at Yakutsk are now from EA at20

all levels. As Goose Bay, Uccle and Trinidad Head are located within the NA or EU
domains, domestic contributions are not included, even though airmasses of domestic
origin may in fact have encircled the globe thus being of intercontinental nature. At
Yakutsk all four source regions are foreign, and this could partially explain the higher
impact here. The attribution of sources to Yakutsk differs from that of Mondy described25

in Wild et al. (2004) as it seems to receive less pollution from Europe. Yakutsk is lo-
cated about 20◦ further east, and receives a much large portion of its pollution from
EA, and as a result this site is less ideal for identifying pollutant transport from Europe.
Paris et al. (2008) also found that advection of boundary layer air exposed to Asian
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emissions and lifted by Warm Conveyor Belt contributed significantly to CO and CO2
enhancements in the upper troposphere in Siberia during the YAK-AEROSIB aircraft
campaigns in April 2006.

The contributions from trans continental pollution for individual episodes shown in
Figs. 8b–11b gives an impression of a better agreement between the models than the5

Figs. 12 to 15. The episodes presented in Figs. 8b–11b are however chosen because
of particular strong signals in the contributions from selected regions and illustrates that
the models have predictability on a hemispheric scale for such events. The episodes
chosen showing trans continental contributions to Uccle (Sect. 4.3), Trinidad Head
(Sect. 4.4) and Yakutsk (Sect. 4.5) illustrates typical mechanisms for these events.10

Trans Atlantic advection to Uccle and trans Pacific advection to Trinidad Head are re-
sulting from lifting near the east coast of the source continent and subsequent advec-
tion in the free troposphere to the receptor sites. The selected episode with Advection
to Yakutsk is characterised by more shallow advection and a much smaller signal.

5 Conclusions15

When averaging over an ensemble, numerical simulations are capable to reproduce the
ozone climatology in the free troposphere in the Northern Hemisphere. At the same
time the models have limited abilities in reproducing the day by day variability in ozone.
For the models to reproduce the daily variability of ozone at the same level of detail
as for surface sites require accurate calculations describing the development of ozone20

plumes over days to weeks or longer, at the limit of the capabilities of present CTM’s
and also at the limit of the capabilities of the underlying numerical weather prediction
models. The study shows, that the capabilities of the individuals models to describe
day to day ozone variability strongly depends on the individual model, yielding for some
models poor correlations which needs further study.25

Comparing model calculated vertical profiles with ozone sonde measurements, there
are clear indications that this ability is partially determined by the distance to the

26116

http://www.atmos-chem-phys-discuss.net
http://www.atmos-chem-phys-discuss.net/9/26095/2009/acpd-9-26095-2009-print.pdf
http://www.atmos-chem-phys-discuss.net/9/26095/2009/acpd-9-26095-2009-discussion.html
http://creativecommons.org/licenses/by/3.0/


ACPD
9, 26095–26142, 2009

HTAP sondes

J. E. Jonson et al.

Title Page

Abstract Introduction

Conclusions References

Tables Figures

J I

J I

Back Close

Full Screen / Esc

Printer-friendly Version

Interactive Discussion

dominant source region(s) affecting ozone at the individual site and level. As an ex-
ample the highest correlations are calculated for Goose Bay. As shown in Sect. 4.6
the major model calculated source regions to this site are within the NA region, close
enough to maintain the identity of the plumes, and thus the relatively short distance
makes it easier for the models to determine source receptor relationships.5

As demonstrated in Sects. 4.3 and 4.4 for the selected days the effects of North
American emissions on ozone above Uccle and East Asian emissions above Trinidad
Head were predominantly restricted to the free troposphere. For Trinidad Head the
trans continental contributions calculated here for the three height levels are markedly
higher than the contribution to The Northwest and California regions at the surface10

based on the same dataset in Reidmiller et al. (2009). A less frequent and dilute
impact at the surface compared to the free troposphere was also seen by Zhang et al.
(2009), comparing advection to Mt. Bachelor at 2.7 km altitude, and to Trinidad Head
at sea level.

As discussed in Sect. 4.6 the trans continental contribution of ozone in the free tro-15

posphere is larger, and with a different seasonality, compared to what was calculated
for the surface in Fiore et al. (2009) and Reidmiller et al. (2009). In summer the loss
rates in the boundary layer are high and ozone will not be advected between continents
at this level. As a result of convection in the eastern parts of the continents air rich in
ozone and ozone precursors is lifted to high altitudes in summer and advected across20

the Atlantic/Pacific oceans. A major portion of the exchange of ozone between the
continents take place at high altitude and here advection is not significantly weakened
in summer, but as (excess) ozone is mixed down into the boundary layer it is partially
lost through surface deposition and chemistry. Mixing of ozone between the boundary
layer and free tropospheric air as air masses are advected across the North American25

continent could be the reason for difference in seasonality between Trinidad Head and
Goose Bay as discussed in Sect. 4.6.
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The attribution of the effects on ozone to to the source regions by the TF HTAP
models is corroborated by the FLEXPART retroplume calculations. For the appropri-
ate height levels where the effects of emission reductions in one of the four regions
are seen in the HTAP model calculations, the retroplume calculations also indicates a
marked contribution from the same area. But as the plumes are advected over long5

distances they eventually lose their identity as individual plumes and can no longer be
traced back to their exact origin as demonstrated by the FLEXPART retroplume calcu-
lations. The retroplume eventually splits into multiple pathways and the tracer can no
longer be ascribed to any given source region with any degree of certainty. Calculated
difference in vertical ozone profiles shows that even so there is virtually always a differ-10

ence between the reference SRref and the SR20% scenarios. This excess ozone may
be viewed as contributing to the persistant background ozone encircling the northern
mid latitudes as a whole. The hypothesis above will need further study.

The calculated effects of 20% reductions in the emissions in the four selected regions
result in trans continental reductions in free tropospheric ozone often in the 0.5–1 ppb15

range, with seasonal contributions for some models and sites well above 1 ppb. Scal-
ing the 20% emission perturbations to 100% (as in Figs. 2 to 5) suggests that the total
contributions from trans-continental transport are of the order of 2.5–5 ppb. However,
the ozone chemistry is strongly non-linear, so these contributions may in fact be larger.
Derwent et al. (2004) compared a tracer labelling technique with the effects of 50%20

reductions in emissions in North America and Asia. They found that the tracer labelling
technique gave higher estimates, and argues that this gives a more realistic quantifi-
cation of intercontinental transport. On the other hand, using percentage reductions in
the source regions gives a more policy relevant quantification by describing potential
responses to emission control.25

For Goose Bay and Uccle correlations with measurements in the lower troposphere
tends to be linked to the model resolution. At the same two sites the magnitude of
ozone that can be attributed to North American sources is also weakly linked to model
resolution. The magnitude of the trans-continental contributions from other regions
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or for other sites can not be linked to model resolution. There appears to be no re-
lationship between model to measurement statistics (such as bias, correlations and
variance) and the magnitude of trans-continental pollution.

Even though all models agree that there are marked trans continental contri-
butions, there are large differences between the individual models. Large differ-5

ences between the models was also found in the assessment of pollution trans-
port to the Arctic (Shindell et al., 2008). Further analysis is required to un-
veil the reasons for these differences. When comparing the effects of emis-
sion reductions in the regions in Figs. 12 to 15 to the bias in Table 2 and
the supplementary material: http://www.atmos-chem-phys-discuss.net/9/26095/2009/10

acpd-9-26095-2009-supplement.pdf, there is no apparent connection between model
bias and the magnitude in the response to the SR20% reductions in the emissions of
ozone precursors, confirming the results of Fiore et al. (2009) when comparing model
results with surface ozone measurements over the eastern United States and model
response to emission changes.15

The use of ensemble models often result in better agreements with measurements,
and as such may give more reliable predictions. But more reliable predictions can only
be achieved by further improvements in the individual models included in the ensemble
mean. This can only be achieved by carefully evaluating model performance for all
available species and measurement platforms. In particular it is very difficult to evaluate20

the reliability of the model results concerning intercontinental ozone transport, as the
calculated perturbations in ozone are in the range of percents (or less), and the spread
in model predictions are of the same order.

Clearly more work is needed improving the predictive potentials of the models
through evaluation comparing with measurements of all available species measure-25

ment platforms. Differences in magnitude between the models are results of com-
plicated interactions between advection, including vertical exchange processes, and
chemistry involving species with a wide range of chemical lifetimes. It may however
prove difficult to identify direct observational-based constraints alone to select the mod-
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els that best represent hemispheric ozone transport. In addition the parameterisation
of these processes should be compared separately in the models. A total of 19 global
models (several of them included in this study) have uploaded model results for a chem-
ical tracer experiments with tracer lifetimes ranging from 50 days (CO like) to a few days
(VOC like). This tracer experiment may help explain some of the differences between5

the models. One option to further untangle these differences could be a proposed
transition to reality model experiment, extending the tracer experiment by adding more
chemistry, successively bringing these runs into closer alignment with real tropospheric
chemistry calculations as simulated during the standard SRref simulation of HTAP. The
differences between the models will then escalate as more detail is included in the cal-10

culations, and help determining the main processes causing the large spread in model
results.

Several companion papers are already published based on the data sets in the HTAP
database, and several additional papers are in progress. Furthermore a final report
from the TF HTAP task force will be published in 2010 synthesising the findings from15

these publications.
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Table 1. Models for which vertical profiles have been uploaded to TF HTAP server. Documenta-
tion of the models can be found at http://www.htap.org/ under the heading: Model Descriptions.
Only the 7 first models (in bold) have uploaded vertical profiles for the SR20% scenarios.

Model Resolution upper bound. Institution contact person
(lat long layers) HTAP

MOZARTGFDL 21 1.88◦×1.88◦×28 0.66 hPa GFDL, USA Arlene Fiore
CAMCHEM 3311m13 2.5◦×2.5◦×30 2.5 hPa NCAR, USA Peter Hess
LMDz-INCA vSSz 2.5◦×3.75◦×19 3 hPa CEA, France Sophie Szopa
EMEP rv2.62 1.0◦×1.0◦×20 100 hPa met. no, Norway Jan E. Jonson
FRSGC/UCI 2.81◦×2.81◦×37 0.1 hPa Univ. Lancaster, UK Oliver Wild
CAMCHEM 3514 2.5◦×2.5◦×30 2.5 hPa NCAR, USA Peter Hess
TM5-JRC-cy2-ipcc 1.0◦×1.0◦×25 0.48 hPa JRC, Italy Frank Dentener
UM CAM-v011 3.75◦×2.5◦×19 4.6 hPa Univ. Cambridge, UK Guang Zeng
∗ MOZECH-v16 2.81◦×2.81◦×31 10 hPa FZ Jülich, Germany Martin Schultz
GEMAQ-v1p0 4.0◦×4.0◦×28 10 hPa York Univ., Canada Alexandru Lupu
GMI-v02f 2.5◦×2.0◦×42 0.01 hPa NASA GSFC, USA Bryan Duncan
CHASER v3.0 2.8◦×2.8◦×32 ca. 40 km Nagoya Univ., Japan Kengo Sudo

1 No chemistry above tropopause level.
2 Interpolated from 100×100 km2 polar stereographic grid, N. Hemisphere only. No chemistry
above approximately 14 000 m.
Prescribed O2 and NOy above 30 hPa.
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Table 2. Measured and model calculated (see Table 1) ozone (ppb) for LT (900–700 hPa),
MT (700–500 hPa) and UT (500–300 hPa) for the selected ozone sonde sites. corr. refer to the
correlation between sonde measurements and models in the indicated height intervals. The
numbers behind the site name refer to the number of soundings available in winter and spring
respectively. Goose B. is short for Goose Bay.

Winter (Jan, Feb) Spring (Mar, Apr, May)
LT corr. MT corr. UT corr. LT corr. MT corr. UT corr.

Goose B. (7, 10) 38.1 46.1 73.8 50.8 60.4 84.1
MOZARTGFDL 2 36.0 0.510 46.4 0.406 72.5 −0.055 47.3 0.676 53.0 0.632 67.2 0.732
CAMCHEM 3311m13 45.9 0.151 53.2 0.505 75.5 0.561 54.2 0.854 60.9 0.929 75.8 0.725
LMDz-INCA vSSz 41.7 −0.620 46.9 0.538 56.9 −0.076 49.8 0.620 57.7 0.337 68.4 0.297
EMEP rv2.6 38.9 0.537 50.2 0.039 72.9 0.264 42.0 0.785 48.5 0.650 56.6 0.713
FRSGC/UCI 41.7 0.180 47.0 0.353 53.8 −0.609 52.4 0.199 60.3 0.478 69.6 0.449
CAMCHEM-3515 44.5 0.041 51.8 0.500 74.6 0.562 52.5 0.852 58.4 0.943 73.8 0.738
TM5 37.0 0.873 45.6 0.109 50.8 −0.626 48.3 0.567 57.7 0.502 66.8 0.334
UM-CAM-v01 35.3 0.306 39.8 0.883 45.8 −0.139 45.8 0.407 57.8 0.732 70.9 0.214
MOZECH-c16 39.2 0.674 48.1 0.676 53.8 −0.475 47.7 0.789 53.3 0.307 62.4 0.170
GEMAQ-v1p0 36.2 0.370 42.8 0.745 63.2 0.473 49.9 0.792 58.6 0.606 79.8 0.657
GMI-v02f 43.7 0.475 53.4 −0.204 64.8 −0.108 57.7 0.434 65.1 0.461 78.6 0.373
CHASER-v03 32.4 0.258 44.2 0.850 69.6 0.682 45.5 0.864 57.4 0.592 80.7 0.628

Uccle (26, 33) 42.7 49.0 55.4 50.2 59.2 75.2
MOZARTGFDL 2 41.5 0.315 48.0 0.532 57.9 0.543 45.3 0.559 51.2 0.291 64.4 0.653
CAMCHEM 3311m13 48.8 0.471 54.4 0.414 63.0 0.497 54.6 0.476 59.5 0.182 73.9 0.612
LMDz-INCA vSSz 41.9 0.259 50.8 0.010 59.7 −0.065 52.2 0.383 57.3 0.313 62.3 0.014
EMEP rv2.6 46.9 0.098 55.3 0.117 63.4 0.359 48.7 0.559 48.2 0.458 56.8 0.628
FRSGC/UCI 46.1 0.246 49.9 0.171 54.0 −0.154 57.4 0.576 60.1 0.323 66.5 0.108
CAMCHEM-3515 47.5 0.468 53.1 0.418 61.8 0.508 52.9 0.486 57.2 0.109 72.0 0.603
TM5 42.8 0.260 47.3 0.171 54.4 −0.244 52.2 0.557 56.8 0.537 63.6 0.300
UM-CAM-v01 39.4 −0.088 42.7 −0.063 46.4 0.270 55.4 0.250 61.4 0.090 69.0 0.107
MOZECH-c16 45.0 0.436 51.8 0.126 57.0 −0.413 47.5 0.683 53.2 0.259 61.3 0.008
CEMAQ-v1p0 37.3 0.486 46.3 0.308 63.5 0.065 50.5 0.559 57.8 0.225 78.2 0.396
GMI-v02f 50.5 0.275 58.3 0.324 66.5 −0.149 56.4 0.538 64.6 0.319 74.8 0.544
CHASER-v03 39.7 0.357 48.0 0.135 64.7 0.180 49.3 0.500 56.0 0.339 81.1 0.127
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Table 2. Continued.

Winter (Jan, Feb) Spring (Mar, Apr, May)
LT corr. MT corr. UT corr. LT corr. MT corr. UT corr.

Tr. H. (8, 19) 46.7 52.3 59.7 51.0 54.6 68.9
MOZARTGFDL 2 45.0 0.605 50.9 0.090 65.1 0.186 43.8 0.126 50.8 0.526 61.4 0.859
CAMCHEM 3311m13 51.4 0.800 56.2 0.340 63.1 −0.049 51.5 0.225 55.8 0.607 65.7 0.719
LMDz-INCA vSSz 49.6 0.846 57.5 0.354 65.8 −0.011 50.0 0.216 59.8 0.442 65.5 0.369
EMEP rv2.6 47.7 0.100 49.9 −0.177 74.5 −0.576 42.1 −0.372 43.9 0.656 59.2 0.373
FRSGC/UCI 49.0 0.791 51.1 0.452 58.0 0.018 49.5 0.028 53.1 0.075 57.0 0.333
CAMCHEM-3515 50.3 0.783 55.1 0.339 61.9 −0.004 49.1 0.137 54.1 0.610 64.0 0.728
TM5 47.0 0.769 52.4 0.289 62.7 −0.081 47.1 0.048 53.4 0.689 63.4 0.371
UM-CAM-v01 41.7 0.825 45.3 0.164 48.9 0.283 48.6 0.348 57.8 0.500 64.5 0.048
MOZECH-c16 48.5 0.851 55.0 0.032 63.7 −0.143 47.8 −0.039 54.0 0.260 62.2 0.368
CEMAQ-v1p0 42.1 0.855 53.7 −0.069 75.8 0.064 48.4 0.411 61.8 0.541 81.4 0.528
GMI-v02f 56.9 0.945 65.6 0.372 70.8 0.036 59.7 −0.042 66.3 0.227 77.4 0.522
CHASER-v03 44.8 0.922 54.7 0.222 74.1 0.069 46.6 0.073 56.3 0.405 79.4 0.727

Yakutsk (15, 5) 38.4 43.6 57.0 46.8 56.6 81.8
MOZARTGFDL 2 39.8 0.320 48.8 0.226 71.5 −0.059 52.7 −0.084 55.3 −0.288 89.8 −0.189
CAMCHEM 3311m13 46.3 0.271 54.2 0.324 76.0 −0.004 55.5 −0.343 61.4 −0.242 72.8 −0.227
LMDz-INCA vSSz 41.9 0.201 46.0 0.166 56.8 0.252 54.9 −0.021 59.8 −0.491 64.4 0.198
EMEP rv2.6 41.4 −0.282 52.0 −0.714 63.0 −0.358 49.8 −0.447 46.1 −0.300 50.4 −0.020
FRSGC/UCI 44.6 0.246 48.3 0.123 54.5 0.181 62.2 −0.054 65.3 −0.404 66.9 −0.193
CAMCHEM-3515 45.1 0.251 52.9 0.321 75.2 0.003 53.6 −0.419 59.3 −0.263 70.9 −0.157
TM5 36.6 0.229 44.1 0.069 53.6 0.167 53.4 −0.101 62.3 −0.501 66.7 −0.045
UM-CAM-v01 38.3 0.504 44.9 0.302 50.9 −0.098 49.8 0.312 55.8 0.595 61.5 −0.325
MOZECH-c16 40.3 0.248 48.3 0.137 55.7 0.303 53.3 −0.020 55.4 −0.648 60.0 0.385
CEMAQ-v1p0 39.2 0.397 44.8 0.430 64.8 0.316 53.2 −0.097 59.0 −0.123 75.8 0.018
GMI-v02f 46.5 0.272 54.3 0.157 71.5 0.252 60.1 −0.175 66.0 −0.830 73.8 0.055
CHASER-v03 34.4 0.246 46.0 0.238 78.2 0.383 49.0 −0.283 56.6 −0.223 76.3 −0.636
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a) SRref− SR20%NA b) SRref− SR20%EU

c) SRref− SR20%EA

Fig. 1: Effects of emission reductions in North America (a), Europe (b) and East Asia (c) on
ozone (ppb) in the lower free troposphere (750 hPa) averaged overone year calculated with the
model ensemble of the first 7 models listed in Table 1. The zero contribution over the Himalayas
is caused by the 750hPa surface being below the surface here.
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Fig. 1. Effects of emission reductions in North America (a), Europe (b) and East Asia (c) on
ozone (ppb) in the lower free troposphere (750 hPa) averaged over one year calculated with the
model ensemble of the first 7 models listed in Table 1. The zero contribution over the Himalayas
is caused by the 750 hPa surface being below the surface here.
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Fig. 2: Daily range of noon ozone levels in ppb for Goose Bay in the UT (top panel), MT
(middle panel) and LT (lower panel). The focused panels on the right hand side are centred
around the June 13. episode, highlighted in Section 4.2 and bounded by red lines in the Figure.
The range for the first seven models listed in Table 1 are shown in blue. Theadditional range,
including all models in Table 1, are shown in orange. Ozone measurements from ozone sondes
are marked as black dots. The model mean stacked contributions (multipl. by 5)from domestic
(NA) and intercontinental (EU, EA and SA) are also shown.
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Fig. 2. Daily range of noon ozone levels in ppb for Goose Bay in the UT (top panel), MT (middle
panel) and LT (lower panel). The focused panels on the right hand side are centred around
13 June. episode, highlighted in Sect. 4.2 and bounded by red lines in the figure. The range
for the first seven models listed in Table 1 are shown in blue. The additional range, including all
models in Table 1, are shown in orange. Ozone measurements from ozone sondes are marked
as black dots. The model mean stacked contributions (multipl. by 5) from domestic (NA) and
intercontinental (EU, EA and SA) are also shown.
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Fig. 3: Daily range of calculated ozone in UT, MT and LT and stacked contributions from NA,
EU, EA and SA at Uccle. The focused panels on the right hand side are centred around the June
1. episode, highlighted in Section 4.3 and bounded by red lines in the Figure.The range for
the first seven models listed in Table 1 are shown in blue. The additional range, including all
models in Table 1, are shown in orange. Ozone measurements from ozone sondes are marked
as black dots. The model mean stacked contributions (multipl. by 5) from domestic (EU) and
intercontinental (NA, EA and SA) are also shown.
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Fig. 3. Daily range of calculated ozone in UT, MT and LT and stacked contributions from NA,
EU, EA and SA at Uccle. The focused panels on the right hand side are centred around 1 June.
episode, highlighted in Sect. 4.3 and bounded by red lines in the figure. The range for the first
seven models listed in Table 1 are shown in blue. The additional range, including all models
in Table 1, are shown in orange. Ozone measurements from ozone sondes are marked as
black dots. The model mean stacked contributions (multipl. by 5) from domestic (EU) and
intercontinental (NA, EA and SA) are also shown.
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Fig. 4: Daily range of calculated ozone in UT, MT and LT and stacked contributions from
NA, EU, EA and SA at Trinidad Head. The focused panels on the right hand side are centred
around the April 23. episode, highlighted in Section 4.4 and bounded by red lines in the Figure.
The range for the first seven models listed in Table 1 are shown in blue. Theadditional range,
including all models in Table 1, are shown in orange. Ozone measurements from ozone sondes
are marked as black dots. The model mean stacked contributions (multipl. by 5)from domestic
(NA) and intercontinental (EU, EA and SA) are also shown.
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Fig. 4. Daily range of calculated ozone in UT, MT and LT and stacked contributions from NA,
EU, EA and SA at Trinidad Head. The focused panels on the right hand side are centred around
23 April. episode, highlighted in Sect. 4.4 and bounded by red lines in the figure. The range
for the first seven models listed in Table 1 are shown in blue. The additional range, including all
models in Table 1, are shown in orange. Ozone measurements from ozone sondes are marked
as black dots. The model mean stacked contributions (multipl. by 5) from domestic (NA) and
intercontinental (EU, EA and SA) are also shown.
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Fig. 5: Daily range of calculated ozone in UT, MT and LT and stacked contributions from NA,
EU, EA and SA at Yakutsk. The focused panels on the right hand side are centred around the
May 9. episode, highlighted in Section 4.5 and bounded by red lines in the Figure. The range
for the first seven models listed in Table 1 are shown in blue. The additional range, including all
models in Table 1, are shown in orange. Ozone measurements from ozone sondes are marked
as black dots. The model mean stacked contributions (multipl. by 5) from intercontinental (all
regions, NA, EU, EA and SA) are also shown.
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Fig. 5. Daily range of calculated ozone in UT, MT and LT and stacked contributions from NA,
EU, EA and SA at Yakutsk. The focused panels on the right hand side are centred around
9 May. episode, highlighted in Sect. 4.5 and bounded by red lines in the figure. The range for
the first seven models listed in Table 1 are shown in blue. The additional range, including all
models in Table 1, are shown in orange. Ozone measurements from ozone sondes are marked
as black dots. The model mean stacked contributions (multipl. by 5) from intercontinental (all
regions, NA, EU, EA and SA) are also shown.
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a) Uccle, lower trop. b) Uccle, middle trop. c) Uccle, upper trop.

d) Goose Bay, lower trop. e)Goose Bay, middle trop. f) Goose Bay, upper trop.

g) Trinidad Head, lower trop. h) Trinidad Head, middle trop. i) Trinidad Head, upper trop.

Fig. 6: Taylor diagrams showing correlations, normalised standard deviations (proportional
to the radial distance from the origin) and RMS errors (proportional to thepoint on the x-axis
identified as “REF”) for the comparison of ozone soundings and calculated vertical profiles for
the 12 models listed in Table 1.
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Fig. 6. Taylor diagrams showing correlations, normalised standard deviations (proportional to
the radial distance from the origin) and RMS errors (proportional to the point on the x-axis
identified as “REF”) for the comparison of ozone soundings and calculated vertical profiles for
the 12 models listed in Table 1.
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a) Taipei, lower trop. b) Taipei, middle trop. c) Taipei, upper trop.

d) Tateno, lower trop. e)Tateno, middle trop. f) Tateno, upper trop.

g) Yakutsk, lower trop. h) Yakutsk, middle trop. i) Yakutsk, upper trop.

Fig. 7: Taylor diagrams showing correlations, normalised standard deviations (proportional
to the radial distance from the origin) and RMS errors (proportional to thepoint on the x-axis
identified as “REF”) for the comparison of ozone soundings and calculated vertical profiles for
the 12 models listed in Table 1.
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Fig. 7. Taylor diagrams showing correlations, normalised standard deviations (proportional to
the radial distance from the origin) and RMS errors (proportional to the point on the x-axis
identified as “REF”) for the comparison of ozone soundings and calculated vertical profiles for
the 12 models listed in Table 1.
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a) Goose Bay June 13 b) Goose Bay June 13 (from NA)

c) Footprint emission sensitivity, Goose Bay. Release height0 - 250m
Fig. 8: Figure continued on next page.

38

d) Daily max. O3, contribution from NA e)Tropospheric O3 column (from NA)

Fig. 8: All panels for June 13, 12 UTC. a) Ozone sounding and calculated vertical profiles for
the 12 models listed in Table 1 in ppb. b) Calculated difference SRref - SR20%NA in ppb for
the 7 models, showing the effect of a 20% reduction of North American emissions. c) FLEX-
PART footprint emission sensitivity for Goose Bay for the 0 - 250m layer. The asterisk marks
the position of the ozone sonde site. d) Difference (SRref - SR20%NA) indaily maximum
surface ozone in ppb calculated with the EMEP model. e) Difference (SRref - SR20%NA) in
tropospheric ozone column (DU) calculated with the EMEP model.
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Fig. 8. All panels for 13 June, 12:00 UTC. (a) Ozone sounding and calculated vertical profiles for the 12 models listed
in Table 1 in ppb. (b) Calculated difference SRref–SR20%NA in ppb for the 7 models, showing the effect of a 20%
reduction of North American emissions. (c) FLEXPART footprint emission sensitivity for Goose Bay for the 0–250 m
layer. The asterisk marks the position of the ozone sonde site. (d) Difference (SRref–SR20%NA) in daily maximum
surface ozone in ppb calculated with the EMEP model. (e) Difference (SRref–SR20%NA) in tropospheric ozone column
(DU) calculated with the EMEP model.
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a) Uccle June 1 b) Uccle June 1 (from NA)

c) Footprint emission sensitivity, Uccle. Release height 5250 - 5500m

Fig. 9: Figure continued on next page.
40

d) Daily max. O3, contribution from NA. e)Tropospheric O3 column from NA.

Fig. 9: All panels for June 1, 12 UTC. a) Ozone sounding and calculated vertical profiles in
ppb for the 12 models listed in Table 1. b) Calculated difference SRref - SR20%NA in ppb for
the 7 models, showing the effect of a 20% reduction of North American emissions. c) Footprint
emission sensitivity (release height 5250 - 5500m) from Uccle. The asterisk marks the position
of the ozone sonde site. d) Difference (SRref - SR20%NA) in daily maximumsurface ozone in
ppb calculated with the EMEP model. e) Difference (SRref - SR20%NA) in tropospheric ozone
column (DU) calculated with the EMEP model.
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Fig. 9. All panels for 1 June, 12:00 UTC. (a) Ozone sounding and calculated vertical profiles in ppb for the 12 models
listed in Table 1. (b) Calculated difference SRref–SR20%NA in ppb for the 7 models, showing the effect of a 20%
reduction of North American emissions. (c) Footprint emission sensitivity (release height 5250–5500 m) from Uccle.
The asterisk marks the position of the ozone sonde site. (d) Difference (SRref–SR20%NA) in daily maximum surface
ozone in ppb calculated with the EMEP model. (e) Difference (SRref–SR20%NA) in tropospheric ozone column (DU)
calculated with the EMEP model.
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a) Trinidad Head April 23 b) Trinidad Head April 23 (from EA)

c) Footprint emission sensitivity, Trinidad Head. Release height 0 - 250m

Fig. 10: Figure continued on next page.
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d) Daily max. O3, contribution from EA e)Tropospheric O3 column (from EA)

Fig. 10: All panels for April 23, 12 UTC. a) Ozone sounding and calculated vertical profiles in
ppb for the 12 models listed in Table 1. b) Calculated difference SRref - SR20%EA in ppb for
the 7 models, showing the effect of a 20% reduction of East Asian emissions. c) Footprint emis-
sion sensitivity (release height 0 - 250m) from Trinidad Head. The asterisk marks the position
of the ozone sonde site. d) Difference (SRref - SR20%EA) in daily maximumsurface ozone in
ppb calculated with the EMEP model. e) Difference (SRref - SR20%EA) in tropospheric ozone
column (DU) calculated with the EMEP model.
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Fig. 10. All panels for 23 April, 12:00 UTC. (a) Ozone sounding and calculated vertical profiles in ppb for the
12 models listed in Table 1. (b) Calculated difference SRref–SR20%EA in ppb for the 7 models, showing the effect of a
20% reduction of East Asian emissions. (c) Footprint emission sensitivity (release height 0–250 m) from Trinidad Head.
The asterisk marks the position of the ozone sonde site. (d) Difference (SRref–SR20%EA) in daily maximum surface
ozone in ppb calculated with the EMEP model. (e) Difference (SRref–SR20%EA) in tropospheric ozone column (DU)
calculated with the EMEP model.
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a) Yakutsk May 9 b) Yakutsk May 9 (from EU)

c) Footprint emission sensitivity, Yakutsk Release height 0 -250m

Fig. 11: Figure continued on next page.
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d) Daily max. O3, contribution from EU e)Tropospheric O3 column (from EU)

Fig. 11: All panels for May 9, 12 UTC. a) Ozone sounding and calculated vertical profiles
in ppb for the 12 models listed in Table 1. b) Calculated difference SRref - SR20%EU in ppb
for the 7 models, showing the effect of a 20% reduction of European emissions. c) Footprint
emission sensitivity (release height 0 - 250m) from Yakutsk. The asterisk marks the position
of the ozone sonde site. d) Difference (SRref - SR20%EU) in daily maximumsurface ozone in
ppb calculated with the EMEP model. e) Difference (SRref - SR20%EU) in tropospheric ozone
column (DU) calculated with the EMEP model.
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Fig. 11. All panels for 9 May, 12:00 UTC. (a) Ozone sounding and calculated vertical profiles in ppb for the 12 models
listed in Table 1. (b) Calculated difference SRref–SR20%EU in ppb for the 7 models, showing the effect of a 20% re-
duction of European emissions. (c) Footprint emission sensitivity (release height 0–250 m) from Yakutsk. The asterisk
marks the position of the ozone sonde site. (d) Difference (SRref–SR20%EU) in daily maximum surface ozone in ppb
calculated with the EMEP model. (e) Difference (SRref–SR20%EU) in tropospheric ozone column (DU) calculated with
the EMEP model.
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Fig. 12: Effects above Goose Bay on O3 (ppb) of 20% reductions in emissions in the four
source regions in winter, spring, summer and autumn calculated with the sevenfirst models
(and the model mean) listed in Table 1 (see legend above). Results are aggregated to LT (900 -
700hPa), MT (700 - 500hPa) and UT (500 - 300hPa).
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Fig. 12. Effects above Goose Bay on O3 (ppb) of 20% reductions in emissions in the four
source regions in winter, spring, summer and autumn calculated with the seven first models
(and the model mean) listed in Table 1 (see legend above). Results are aggregated to LT
(900–700 hPa), MT (700–500 hPa) and UT (500–300 hPa).
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Fig. 13: Effects above Uccle on O3 (ppb) of 20% reductions in emissions in the four source
regions in winter, spring, summer and autumn calculated with the seven first models (and the
model mean) listed in Table 1 (see legend above). Results are aggregated toLT (900 - 700hPa),
MT (700 - 500hPa) and UT (500 - 300hPa).
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Fig. 13. Effects above Uccle on O3 (ppb) of 20% reductions in emissions in the four source
regions in winter, spring, summer and autumn calculated with the seven first models (and the
model mean) listed in Table 1 (see legend above). Results are aggregated to LT (900–700 hPa),
MT (700–500 hPa) and UT (500–300 hPa).
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Fig. 14: Model calculated effect above Trinidad Head on O3 (ppb) of 20% reductions in emis-
sions in the four source regions in winter, spring, summer and autumn calculated with the seven
first models (and the model mean) listed in Table 1 (see legend above). Results are aggregated
to LT (900 - 700hPa), MT (700 - 500hPa) and UT (500 - 300hPa).
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Fig. 14. Model calculated effect above Trinidad Head on O3 (ppb) of 20% reductions in emis-
sions in the four source regions in winter, spring, summer and autumn calculated with the seven
first models (and the model mean) listed in Table 1 (see legend above). Results are aggregated
to LT (900–700 hPa), MT (700–500 hPa) and UT (500–300 hPa).
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Fig. 15: Model calculated effect above Yakutsk on O3 (ppb) of 20% reductions in emissions
in the four source regions in winter, spring, summer and autumn calculated withthe seven first
models (and the model mean) listed in Table 1 (see legend above). Results areaggregated to LT
(900 - 700hPa), MT (700 - 500hPa) and UT (500 - 300hPa).
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Fig. 15. Model calculated effect above Yakutsk on O3 (ppb) of 20% reductions in emissions in
the four source regions in winter, spring, summer and autumn calculated with the seven first
models (and the model mean) listed in Table 1 (see legend above). Results are aggregated to
LT (900–700 hPa), MT (700–500 hPa) and UT (500–300 hPa).
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