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1.

INTRODUCTION AND SUMMARY
(Martin G. Schultz, Valérie Thouret, Oksana Tarasova, Jean-Pierre Cammas, Ian Galbally,
Jennifer A. Logan, Samuel J. Oltmans, David D. Parrish, Johannes Staehelin and David Tarasick)

1.1

Introduction
Tropospheric ozone is important for both climate and air quality issues. It is the third most
important greenhouse gas, it controls the oxidizing capacity of the atmosphere, and it affects
human health and vegetation growth. Understanding the long-term trends of ozone and its global
budget are important challenges for our society.
In spite of several observational records spanning a period of more than 30 years, many
features of the ozone variability remain poorly understood. Measurements from ground stations,
balloons and aircraft cannot always be reconciled and sometimes give conflicting information
regarding the long-term changes of tropospheric ozone concentrations. Satellites have begun to
provide some useful information regarding ozone in the troposphere, but the accuracy is still not
ideal and the retrievals offer poor vertical resolution. Numerical models show some skills in
predicting ozone concentrations and they are contributing to our understanding of the global
tropospheric ozone budget. However, the spread among individual models is still large and up-tonow they cannot satisfactorily reproduce past ozone changes.
The lack of consensus in the scientific community on how tropospheric ozone has changed
in recent decades stimulated the organization of two open scientific meetings on this topic. The first
workshop took place in October 2009 and was hosted by NOAA in Boulder, Colorado (Logan et al.,
2010). At that meeting about 40 participants, predominantly from Europe and North America,
gathered to assess the status of available data sets from in-situ measurements and to attempt a
first qualitative synthesis of tropospheric ozone changes across the world. Although this workshop
highlighted many ongoing issues, due to inconsistencies in the statistical treatment of the data,
differing lengths of time series, lack of data series from Asia and some issues concerning the
quality of the data records prior to the mid- 1990s, the outcome was not very conclusive. It was
therefore agreed to organize a second workshop in order to:
(i)
(ii)
(iii)

Enhance participation from regions of the world underrepresented at the first
meeting
Attract members of the satellite data community and atmospheric modellers to
provide their views
Refine the analysis of datasets from individual regions by providing standardized
analysis templates

This second workshop on tropospheric ozone changes was organized by the Laboratoire
d’Aérologie and took place at Météo France in Toulouse, France, from 11 to 14 April 2011.
More than 90 abstracts for oral and poster presentations were received. 70 people in total,
from 17 countries (six outside Europe: USA, Canada, China, Russia, Japan, Argentina, New
Zealand) attended the meeting. Additional contributions were sent from China, South Africa,
Indonesia and Australia and these were presented by one of the co-authors who attended the
meeting. Seven organizations (Météo France, Laboratoire d’Aérologie and Université Paul
Sabatier from Toulouse, ACCENT+ and IAGOS European programmes, CNRS-INSU and WMO)
sponsored travel and lodging for 14 participants,.
While there was again a strong focus on the analysis of individual data sets from different
regions in the world, two sessions were dedicated to the specific needs for the evaluation of longterm model runs and to methodologies and benchmarking data sets. Links to the modelling
community were strengthened by the back-to-back scheduling of this workshop with a meeting of
the IGAC/SPARC Atmospheric chemistry and climate model intercomparison project (ACCMIP) as
well as a joint session between the two gatherings.
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The workshop made progress towards a robust and comprehensive analysis of
tropospheric ozone changes during the recent decades but also identified several issues that limit
the scope which such analyses can assume. The most serious concerns are related to insufficient
geographical coverage of long-term observations and the lack of a community approach to
evaluate tropospheric chemical processes in numerical models. Methods need to be developed, in
a dialogue between the measurement and modelling communities, how to best confront simulation
results with observational data. Other issues that were discussed concern the quality of various
long-term data records; it was found that agreement between adjacent sites has improved
considerably during the late 1990s, but discrepancies remain in earlier portions of the record.
This report presents an almost complete collection of extended abstracts of the oral and
poster presentations of the second workshop on tropospheric ozone changes. For some
presentations no extended abstract is included as their content has already been published in peer
reviewed literature or manuscripts are under preparation. A summary of this workshop has been
submitted as a newsletter article of the International Global Atmospheric Chemistry Project (IGAC,
2011). The original workshop presentations are available from the meeting web site at
http://mozaic.aero.obs-mip.fr/web/features/workshop.html.

1.2

Ozone observations in the GAW Programme and key challenges to tropospheric
ozone observations
Many of the available measurements of tropospheric ozone concentrations are from
regional air quality networks which were set up in North America, Europe and more recently also in
Asia as a response to legal requirements to control air pollution. These sites are often located in
urban or suburban environments where they are influenced by local pollution sources. As a
consequence they are rarely representative of larger regions and poorly reflect large-scale longterm changes in tropospheric ozone concentrations. Only a limited number of long-term
observations exist in the “unpolluted” troposphere outside of Europe and North America.
The Global Atmosphere Watch (GAW) Programme of the World Meteorological
Organization (WMO) serves as an international framework aimed at providing reliable long-term
observations of the chemical composition and physical properties of the atmosphere which are
relevant for understanding atmospheric chemistry and climate change. Global networks,
agreement on standardizations, and compatibility of data from different observational platforms and
sites are of crucial importance for the early detection of regional and global changes in the
composition of the atmosphere, especially in connection with changing anthropogenic emissions.
Atmospheric observations coordinated by the GAW Programme complement local and
regional scale air quality monitoring efforts as they are performed away from the emission sources.
Many of the early GAW stations were set up in remote regions that are difficult to access. As the
programme matured and the linking of different scales became more important the requirement of
remoteness was softened. According to the GAW guidelines, all stations are still required to be
away from direct anthropogenic pollution sources, but geographical coverage of the observational
network and complexity of the measurement programme at individual stations has become a more
important factor than remoteness.
Historically, tropospheric ozone observations fall under the coordination of two expert
groups within GAW: ozonesonde observations are supported by the Scientific Advisory Group
(SAG) for Ozone while surface ozone measurements are addressed by the SAG for Reactive
Gases. There has been only little coordination between the two groups in the past, because of the
different thematic focus they address (stratospheric ozone depletion against tropospheric and
boundary layer chemistry). Continuous measurements from mobile platforms (aircraft vertical
profiles) are considered by both SAGs as a “vertical dimension” link. We expect that the results
from this Toulouse workshop will enhance interaction between the two SAGs.
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Besides the lack of data for some world regions and the scarcity of tropospheric ozone data
prior to 1990, quality assurance and quality control remain challenging issues, in particular when
measurements from different networks or different platforms are combined. The WMO GAW
Programme makes an effort to coordinate standard operating procedures, and calibration and data
processing across international and national ozone measurement programmes, but it is still a long
way to the full implementation of QA/QC procedures worldwide.
The GAW Programme has developed a stringent Quality Assurance/Quality Control
(QA/QC) system, which is implemented by both expert groups. QA/QC concerns all elements of
observations, from the definition of requirements for the data quality (data quality objectives) and
training of station personnel to the development of network standards and common measurement
methods. The conceptual framework of the GAW quality assurance system is shown in Figure 1.
Central Facilities play an important role in this system: Central Calibration Laboratories (CCLs)
maintain the primary standards and World Calibration Centers (WCCs) propagate these standards
to the field observations via comparison campaigns and station audits. Almost all of the GAW
surface ozone stations run UV-photometry instruments. The primary calibration standard is kept at
NIST in Boulder, USA, which is assigned the status of a CCL. Empa in Dübendorf, Switzerland, the
WCC for surface ozone, maintains the secondary calibration standard which is regularly compared
to the NIST instrument and is used for calibration of the field instruments at GAW sites. A report of
the World Calibration Center for surface ozone operated by Empa is included in the conference
proceedings and can be found in this volume. Unfortunately, not all surface ozone measurements
are traceable to the primary ozone standard yet.
Figure 2 shows the stations which perform surface ozone observations in the GAW
Programme and submit their data to the World Data Center for Greenhouse Gases. As it can be
seen on the map, the stations are distributed worldwide very non-uniformly. The southern
hemisphere is very poorly covered by observations. The densest coverage by the stations occurs
in Europe, where most of the GAW stations are part of the co-operative programme for monitoring
and evaluation of the long-range transmission of air pollutants in Europe (EMEP).

Figure 1 - Conceptual framework of the GAW quality assurance system
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Ozonesondes which have some of the longest observational records on tropospheric ozone
were originally designed to primarily measure ozone in the stratosphere. Sensor optimization and
data processing routines still reflect this focus although significant efforts were made recently to
improve also the quality of tropospheric measurements. Figure 3 shows the positions of the
stations launching ozonesondes.

Figure 2 - Surface ozone sites and data coverage in the World Data Centre for Greenhouse Gases, Japan

Several different types of ozonesondes have been used in the programme until now:
•
•
•
•

The electrochemical concentration cell (ECC) type is the most common sensor type at
present: more than 80 % of the global network employ this type of ozonesondes.
The Brewer Mast (BM) sondes were the earliest, but have by now largely been replaced by
ECC sondes. Hohenpeißenberg, Germany, is the only site that still deploys this type.
In Japan, ozonesondes of type KC79/96 have been used until recently. Presently, more
and more Japanese stations are changing to ECC sondes.
India deploys another variant of ozonesondes which is a hybride of BM and ECC-type cells
made by the Indian Meteorological Department (IMD).

Ozonesonde observations in GAW have a similar QA/QC system as the surface
measurements. Some elements of the quality assurance system (QA/SAC and the World
Calibration Center for Ozonesondes (WCCOS)) are run by the Institute for Energy and Climate
Research: Troposphere (IEK-8), Jülich, Germany. Performance (precision, bias, and
accuracy/uncertainty) of ozonesondes is related to the UV-photometer at WCCOS, Jülich,
Germany. This instrument is related to the secondary standard UV-photometer instrument for
surface measurements. For tropospheric levels the agreement is better than ± 1 ppb. This cross
calibration ensures consistency between low altitude ozonesonde measurements and surface
ozone observations. For lower pressures (i.e. higher altitudes) there is no primary standard
available.
A homogeneous network of ECC sondes could be maintained within ± 5% uncertainty (Smit
et al., 2007). However, due to the use of sondes from different manufacturers and the application
of different chemical sensing solutions, the actual network data quality is only within ± 10%.
Transfer functions are under development in order to homogenize the global data set based on the
results of intercomparison experiments and laboratory tests. Historic time series often exhibit even
4

larger uncertainties because of less stringent operating procedures and lack of documentation
about the sonde preparation steps in the early days.
Infrequent sampling (launches of once per week or less) and breaks in the time series (see
Figure 3) limit the usefulness of the ozonesonde database for analysis of long-term variations and
add further uncertainty to the derivation of ozone changes from sonde measurements.
WCCOS runs the Jülich Ozone Sonde Intercomparison Experiment (JOSIE, http://www.fzjuelich.de/icg/icg-2/josie) and works on the assessment of the Standard Operating Procedures for
Ozone Sondes (ASOPOS) to be implemented in the ozonesonde network. Ozonesonde data are
submitted and disseminated by the World Data Centre for Ozone and Ultraviolet Radiation
(WOUDC) in Canada.

Figure 3 - Ozonesonde launch sites and data coverage in the World Ozone and Ultraviolet Radiation Data Centre in Canada

Network density and data quality thus remain key challenges for the build-up and
maintenance of a global tropospheric ozone measurement network. Funding constraints lead us to
predict that data scarcity will remain a problem in the years to come and it will be a challenge to
ensure continuity of measurements at a reasonably large ensemble of core sites.
Since
1994,
measurements
on
board
commercial
passenger
airliners
(http://mozaic.aero.obs-mip.fr/web/features/information/overview.html) have provided another
valuable data set for tropospheric ozone with more than 20,000 flights (i.e. 40,000 vertical profiles
upon take off and landing) up to now. Regular instrument calibration and inter-calibration ensures
homogeneous data quality with estimated accuracy of 2 ppbv ± 2% at 4 seconds time resolution.
The sampling frequency exceeds that of ozonesondes for many locations. The geographical
coverage is somewhat biased towards Europe, North America and Africa. There are no data in the
Pacific region and only few over the Southern Atlantic and South America. While aircraft data are
generally regarded as statistically robust in the free troposphere, they are biased towards polluted
environments in the planetary boundary layer. The MOZAIC measurements are being phased out
at present and will be continued under IAGOS (http://www.iagos.org/). Earlier aircraft measurement
programmes (e.g. GASP, CONTRAIL, NOXAR, CARIBIC) are less suitable for the analysis of longterm tropospheric ozone changes due to different factors such as short programme duration, low
sampling frequency, missing ozone instrumentation or potential issues with data quality. As
indicated in the introduction, satellite retrievals of tropospheric ozone are still not accurate enough
to make meaningful contributions to the assessment of ozone changes, particularly in the lower
troposphere. In contrast to the situation in the stratosphere, vertical resolution and accuracy of
tropospheric ozone retrievals are not yet sufficient to use these data for trend assessments or as
5

constrains for numerical model simulations. As demonstrated in some presentations at the
workshop, careful analysis of the satellite data can provide interesting information on variability
patterns, but robust quantification of changes is beyond the scope of current instruments and
retrieval techniques.
1.3

Key outcomes of the workshop
The workshop made progress towards a more systematic assessment of tropospheric
ozone changes based on the in-situ and remote sensing measurements from various platforms
and with information derived from global and regional scale numerical model simulations. In most
regions of the world - the noteworthy exception being East Asia - surface and free tropospheric
ozone concentrations have not risen significantly after the year 2000. Prior to the 1990s almost all
records indicate a strong rise, while during the 1990s the picture is very diverse. These summary
statements are made with caveats concerning the statistical robustness of the available data sets,
the consistency of seasonal and regional changes and the metrics used to evaluate tropospheric
ozone changes. In Toulouse it was suggested that we adopt a more community-oriented approach
in order to improve our understanding of these issues.
Global models have demonstrated their potential to successfully reproduce seasonal cycles
and amounts of tropospheric ozone. Compared to previous years, more models are able to capture
some aspects of interannual variability, in particular in the free troposphere, while surface ozone
changes remain a challenge. It is not clear why most of the models fail to reproduce decadal
surface ozone changes when compared to the few available multi-decadal observational records.
This is a major challenge for our understanding of the tropospheric ozone budget as described in
the current generation of global climate models.
The workshop initiated a dialogue between scientists who perform ozone measurements
and the modelling community, a dialogue we hope will lead to improved methods to generate
“meaningful” data sets on the one hand and to more robust evaluations of model performance on
the other. For example, there was discussion about defining the terms “background ozone” and
“trends”. More interaction between the measurement and the modelling communities is required in
order to identify those data sets which are representative for the typical scale of global or regional
model simulations, respectively. Furthermore, a joint effort is needed to formulate suitable
algorithms for data selection that can be applied to observational records and numerical simulation
results, which then can be automated so that it becomes possible to extend tropospheric ozone
studies across different regions of the world. First steps in this direction have been made by recent
model intercomparison activities such as within ACCENT, TFHTAP or ACCMIP, although a more
systematic approach to evaluate the individual processes that contribute to tropospheric ozone
(including Stratrosphere-Troposphere Exchange (STE) changes, vertical mixing, anthropogenic
and natural emission changes, chemical reactions, deposition and washout of precursor species) is
needed. Here, the community could learn from the CCMVal concept for stratospheric ozone or the
AEROCOM model for aerosol research.
Research on tropospheric ozone in the coming years should focus largely on regional
patterns of seasonal and interannual variability and try to identify the processes which control this
variability over larger scales. Exceptional episodes (e.g. 1991, 1998, 2003 or 2004) can help to
elucidate the impact of weather patterns on tropospheric ozone and prepare for a more robust
assessment of the potential impacts of climate change on the chemical state of the troposphere.
In order to facilitate the exchange of knowledge, and new results, six thematic working
groups have been formed as a result of these workshops with the mandate to systematically
investigate regional tropospheric ozone changes in Europe, eastern North America, Asia, the
southern extratropics, the tropics and the Arctic. In addition, a cross-cutting group will deal with
methodological issues and compare the surface ozone records of the different regions. All
workshop participants and other interested researchers are invited to register for one or more of
these working groups and contribute to the discussions on the collaborative wiki at http://icg-iiwikis.icg.fz-juelich.de/tropo3. These activities will be coordinated via the GAW Programme with
6

support of the Scientific Advisory Groups on Reactive Gases and on Ozone who have a mandate
to seek expansion of the measurement network and ensure data quality. Coordination of activities
under GAW will ensure long-term continuity.
The next opportunities to meet, present and discuss progress will be during the Ozone
Symposium and the IGAC conference in August and September 2012, respectively. As a result of
the Toulouse meeting we expect a couple of key publications on tropospheric ozone changes over
the next year, which will be just in time to be recognized in the forthcoming fifth assessment report
of the Intergovernmental Panel on Climate Change.
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2.

DATA ANALYSIS IN THE UT/LS, GLOBAL ANALYSIS
MOZAIC-IAGOS: ASSESSING THE OZONE “TRENDS” IN THE UT/LS
V. Thouret, J.P. Cammas, P. Nédélec, H. Clark, R. Zbinden,G. Athier, D. Boulanger and J.M. Cousin
Laboratoire d’Aérologie, Observatoire Midi-Pyrénées, CNRS-Université de Toulouse (valerie.thouret@aero.obs-mip.fr)

1.

Introduction
Tropospheric ozone is the third greenhouse gas after carbon dioxide and methane. Its
radiative impact is of particular importance in the Upper Troposphere / Lower Stratosphere (UTLS),
the most critical region regarding the climate change. Processes determining ozone mixing ratios
at this altitude (around the tropopause) level are complex and diverse (i.e. transport from the
stratosphere and tropospheric ozone production due to anthropogenic or natural ozone precursor
emissions emitted at the Earth’s surface or directly in altitude such as NOx from lightning or aircraft
engine exhaust). Assessing the ozone trends in this region of the atmosphere is then of particular
interest. However, only very few in situ data sets exist for description of ozone in the UT/LS over
the last decades. The GASP (Global Atmospheric Sampling Programme) was the first one using
commercial aircraft for regular and automatic ozone measurements and was run between 1975
and 1979 (Schnadt et al., 2007, 2009). Later on, the MOZAIC Programme (Measurement of Ozone
and Water Vapour by Airbus in Service Aircraft) has been set up in Europe and is in operation
since August 1994 (http://mozaic.aero.obs-mip.fr/web) with up to 5 aircraft. From now on, IAGOS
(In service Aircraft for Global Observing System; http://www.iagos.org) is continuing with additional
aircraft being progressively equipped with a new instrumentation in years to come. Complementary
to these aircraft programmes, the ozone soundings networks (i.e. http://www.woudc.org;
http://tropo.gsfc.nasa.gov/shadoz/) provide vertical profiles of ozone (3 to 12 times a month) from
the ground to the upper stratosphere since the late 1970s for a few stations or since the beginning
of the 1990s for most of them.
2.

The MOZAIC-IAGOS data
To assess the ozone “trends” in the UTLS, we here analyse time series recorded by
MOZAIC aircraft at northern mid-latitudes at cruise altitude over the period Jan. 1995 - Dec. 2008.
2.1

Data quality
Providing “trends” first implies to rely on a high quality data set throughout the entire time
period. The MOZAIC data set meets the appropriate criterion for such analysis. Data quality and
accuracy is one of the key issue of the Programme since the beginning. Based on the dual-beam
UV absorption principle (Model 49-103 from Thermo Environment Instruments, USA), the ozone
measurement accuracy is estimated at 2 ppbv ± 2% with a 4s time response (Thouret et al., 1998).
The measurement quality control procedures have remained unchanged to ensure that long-term
series are free of instrumental artefacts. Instruments are laboratory calibrated against a NIST
reference before and after a flight period of about 12 months. Besides, the different MOZAIC
systems (up to 5 till now) are frequently intercompared when they fly the same route (cruise or
vertical profile) within 2 hours maximum. The results are always very good. This MOZAIC data set
is well appropriate to derive decadal trends of ozone.
2.2

Definition of the UTLS and areas of the studied regions
At cruise altitude, commercial aircraft are flying on constant pressure levels mostly between
180 and 300 hPa. As most of the MOZAIC flights are performed at northern mid-latitudes, 90% of
the data are recorded in the UTLS. Regarding the ozone distribution, it is then essential to
separate the upper troposphere and the lower stratosphere reservoirs. Therefore, we decided to
reference the data to the tropopause altitude. As detailed in Thouret et al., (2006) the tropopause
has been defined as a 30 hPa thick layer centred on the 2pvu iso-PV surface. Then, UT represents
the data recorded within a 60 hPa thick layer below the tropopause. For the LS ozone distribution,
because of quite strong ozone vertical gradient above the tropopause, we have defined 2 separate
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layers. The bottom one (LS1) is the 30 hPa thick layer just above the tropopause and the top one
(LS2) represents all the remaining MOZAIC measurements above LS1. Note that the LS presented
below will actually refer to LS2.
Table 1 below gives the coordinates of the 6 most documented regions analyzed in this
study along with the number of flights within each “box”.
Table 1 - Coordinates of the 6 most documented regions analyzed here along with the number of
MOZAIC flights within each “box”
Latitude range
Longitude range
Number of flights
Ozone (CO)
1- US east
35°N - 50°N
90°W - 60°W
15 323 (6 114)
2- North Atlantic
50°N - 60°N
50°W – 20°W
11 171 (3 768)
3- EU west
45°N – 55°N
15°W – 15°E
23 789 (9 070)
4- Med west
35°N – 45°N
5°W – 15°E
6 298 (2 657)
5- Black Sea
35°N – 45°N
25°E – 55°E
9 465 (3 269)
6- East Asia
40°N – 65°N
100°E – 140°E
5 472 (1 596)

3.

Results
In this section, we focus the discussion only on the three following regions: US east, EU
west and East Asia as they are the most appropriate to highlight the regional differences within the
northern mid-latitudes. Figure 1 presents the monthly mean ozone anomalies and derived linear
“trends” in the UT while Figure 2 is the companion one for the LS.

Figure 1 - Ozone monthly mean anomalies (blue lines) in the UT over US east, EU west and East Asia as defined in Table 1.
Solid lines represent the linear fit defining the “trends” for the different periods, 1995-2008 in black, 1995-1999 in red and
2000-2008 in cyan. Indications of the statistical significance as the p-value (p) and correlation factor (R2) are also given
9

Figure 2 - Ozone monthly mean anomalies (blue lines) in the LS over US east, EU west and East Asia as defined in Table 1.
Solid lines represent the linear fit defining the “trends” for the different periods, 1995-2008 in black, 1995-1999 in red and
2000-2008 in cyan. Indications of the statistical significance as the p-value (p) and correlation factor (R2) are also given

3.1

Ozone “trends” in the Upper Troposphere
Over the Atlantic sector (US east and EU west), the entire time period (1995-2008) show no
significant « trend ». As seen on Figure 1, this is actually hiding a significant increase before 2000
(red line) and a levelling off after 2000 (cyan line). Such behaviour has been already observed on
the ozone data set recorded at the European surface station Mace Head (remote area station) as
described by Derwent et al. (2007), probably showing that this low frequency variability is seen
from the surface up to the tropopause. The decrease or levelling off after 2000 may be the result of
emissions reduction in EU and US since the 1990s. On the other hand, the impact of growing
Asian emissions does not seem to impact the ozone distribution in the UT over there, at least
directly. However, seasonally, ozone is increasing the most in fall (not shown), characterising thus
an increase of ozone background.
Indeed, over East Asia, it is worth noting that ozone is increasing in the UT before and after
2000 (>0.5 ppb/year over the entire period). Seasonally, ozone is increasing the most in summer
(not shown), probably characterising an increase of photochemical production due to growing
emissions over Asia.
For both regions, it is interesting to observe the same rate of ozone increase over 19952000: 1.2 to 1.8 ±1.0 ppb/yr. It probably reflects the global effect of the 1998-1999 anomaly (further
described in Thouret et al., (2006)), which is still the major characteristic of our O3 time series
(1995-2009) in the UT and in the LS.
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3.2

Ozone “trends” in the Lower Stratosphere
Focusing on LS, we do not observe any significant “trend” for the entire period. We actually
see the same behaviours as in the UT for the three considered region. This likely reflects the
strong coupling between the UT and the LS (as defined in our study). Does that mean that our LS
is still « too much UT » ? It could also mean that the main processes leading the “trends” in LS
significantly influence the trends in UT.
4.

Outlook
The MOZAIC data have allowed a first assessment of the ozone “trends” since 1995 in the
UTLS over large regions of the northern mid-latitudes. Figure 3 summarizes the “trends” for the 6
most documented regions by the MOZAIC aircraft between 1995 and 2008.
In the UT, the common characteristic are (i) no significant trend for the entire period except
over Black Sea and Asia, where we still have growing emissions of precursors, on contrary of the
regulations over the US and Europe since the 1990s (ii) the same rate of increase around 1.5
ppb/yr before 2000 and (iii) a decrease or levelling after 2000 over a large Atlantic/Mediterranean
sector while ozone is still increasing over the eastern hemisphere (0.6 to 0.9 ppb/yr).
In the LS, we globally observe the same behaviour as in the UT with no significant “trends”
over the entire period except before 2000 everywhere because of the global effect of the 19981999 anomaly. This similarity may let us think that the main processes leading the “trends” in LS
significantly influence the trends in UT.

Figure 3 - Summary of ozone “trends for the 6 regions as defined in Table 1
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1.

Ozone at the upper troposphere/lower stratosphere
Ozone in the lower stratosphere/upper troposphere (UT/LS) is a strong greenhouse gas
and therefore relevant for climate. Processes determining ozone mixing ratios at tropopause
altitude are complex including the downward transport from the stratosphere and tropospheric
ozone production influenced by anthropogenic ozone precursor emissions (mainly emitted at the
Earth’s surface). Only very few data exist for description of ozone at UT/LS of the last decades.
Here we use measurements from regular aircraft from GASP (Global Atmospheric Sampling
Programme, 1975-1979) and from MOZAIC (Measurement of Ozone and Water Vapour by Airbus
in Service Aircraft Programme, using measurements 1994-2001) to study changes in ozone at
UT/LS. The report is based on the publication of Schnadt Poberaj et al., 2009.
2.
Measurements from regular aircraft
Ozone was continuously measured from regular aircraft in the project GASP (1975-1979).
Measurements are available from flights from airports in USA to destinations in Asia covering the
Pacific region and (less frequent) from the Atlantic, Europe and Asia. These ozone measurements
are compared with those of the project MOZAIC which provides continuous measurements since
1994 (used period in this study: 1994-2001).

Figure 1 - Relative difference of ozone at the upper troposphere between GASP and MOZAIC (MOZAIC (1994-2001)/GASP
(1975-1979), in %)). Data averaged over a 10°×10o grid. Grey triangles: GASP data biased toward one year (50% from one
year), pink triangles: GASP data available from three years only. Hatched boxes: differences statist. sign. at the 95% level.
(Differences are only shown where data from at least three years are available for the GASP and number of daily means
available for averaging is ten or more (from Schnadt Poberaj et al., 2009)
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In both projects ozone was measured by UV absorption. Data quality of GASP data was
carefully evaluated and corrections were applied when necessary. In order to reduce the large
ozone variability at flight altitude all measurements were scaled according to tropopause altitude
(using 2 PVU for extratropics and thermal tropopause for tropics). Finally for comparison of the two
periods “ozone climatologies” were constructed for GASP and MOZAIC (for details see Schnadt
Poberaj et al., 2007 and 2009).
3.

Results
The comparison of upper tropospheric ozone of GASP and MOZAIC indicated large
increases for spring and summer over Turkey, India and China (see Figures 1 and 2). These
changes are consistent with the large increase in ozone precursor emissions (NOx) in these areas
(comp. RETRO emission inventory, Schultz, 2007).

Figure 2 - Long-term changes of upper tropospheric ozone deduced from GASP and MOZAIC data (MOZAIC-GASP/GASP,
in%) as function of season for regions (W USA, NE USA, ATL, EUR, ME, N IND, N JP, S JP, S CHINA). Relative differences
are only shown if 10 or more daily regional averages are available for GASP and MOZAIC. Vertical bars: 95% confidence
intervals of difference. Bottom rows of numbers: numbers of daily means available for averaging (upper row: GASP, lower
row: MOZAIC). Numbers are coloured in orange (red) if GASP or MOZAIC data are biased toward one year: 50–75% of data
from one year (>75% from one year). Grey triangles mark regional averages for which data from three years only are
available for averaging (from Schnadt Poberaj et al., 2009)
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Figure 3 - Relative differences of multi-annual mean UT ozone profiles between 1975–1979 and 1994–2001 (%) (1990s–
1970s) by aircraft and sonde data over Europe at potential temperature distance from the 2 PVU tropopause. GASP and
MOZAIC: averaged over EUR SONDE region. Diff. only if number of daily averages is 10 for all data. Black: MOZAIC-GASP,
blue: Uccle, orange: MOHp, red: Payerne. Horizontal bars: 95% confidence intervals of differences
(from Schnadt Poberaj et al., 2009)

Ozone changes were small and/or not significant over Europe (see Figure 1), rather
different from those obtained from regular long-term measurements of ozonesondes that started in
the late 1960s at three European stations using Brewer Mast sensors in the 1970s (launched from
Uccle, Belgium; Hohenpeissenberg, Germany; Payerne, Switzerland). The comparison is shown in
Figure 3, in which ozonesonde measurements were treated in the same way as GASP and
MOZAIC data.
Ozone measurements of regular aircraft were performed by common UV-instruments and
data was carefully checked leaving open questions regarding the data quality tropospheric
measurements of the European BM ozonesondes in the earlier time.
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4.

Outlook
Ozone in the stratosphere is expected to recover from the burden of ozone depleting
substances and the enhancement of Brewer Dobson circulation predicted by numerical simulations
might lead in future to a significant increase of ozone transported downwards from the stratosphere
into the troposphere in extratropics (e.g. Hegglin and Shepherd, 2009). Another factor determining
ozone concentration at the upper troposphere are (changes) in emissions of anthropogenic ozone
precursor emission. It was predicted that anthropogenic NOx emissions might strongly decrease in
the second part of this century, mainly because of reductions in Asia (Royal Soc., 2008). In light of
these uncertainties long-term prediction of the time evolution of ozone at UT/LS remains a
challenging task. This underlines the important role of long-term monitoring of ozone at UT/LS
which should be based on the combination of long-term measurements from regular aircraft, a well
maintained network of ozonesonde measurements and available satellite measurements (comp.
WMO GAW Report No. 182, 2009). Particularly important are measurements in the southern
hemisphere, were ozone measurements are still very sparse.
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1.

Introduction
The stratospheric flux of ozone to the troposphere is small compared with tropospheric
ozone production (Stevenson et al., 2006). However, the analysis presented here of interannual
tropospheric ozone variability and trends from 1990 - 2009 and 30o - 90o N suggests that on large
spatial scales and long timescales tropospheric ozone variability and trends depend sensitively on
the interannual variability of stratosphere-troposphere exchange (STE). The analysis uses ozone
measurements from the stratosphere and troposphere in conjunction with simulations using the
Community Atmospheric Model with chemistry (CAM-chem, Lamarque et al., 2011). Details of the
analysis and model simulation are given in Hess and Zbinden (2011).
2.

Impact of the stratosphere on the troposphere: measurement analysis of variability
We demonstrate a strong connection between lower stratospheric ozone variability and
tropospheric ozone variability by analyzing measured ozone. We utilize measurements north of 30o
N from ozonesondes, from Measurements of OZone and water vapour by in-service Airbus airCraft
programme (MOZAIC) and from selected surface sites. Only measurement sites with relatively
frequent, consistent and long-term measurements were selected for analysis. The MOZAIC
measurements consist of three regionally sorted clusters of vertical ozone profiles from take-off
and landing between 1994 and 2007: over Central Europe vertical ozone profiles over Frankurt and
Munich are averaged; over Japan vertical ozone profiles over Tokyo, Osaka and Nagoya are
averaged; over the Eastern U.S. vertical ozone profiles over New York, Boston and Washington
are averaged.
We regionally average ozone measurements at individual sites to isolate the larger-scale
interannual variability over a large geographical region and to increase the sampling frequency.
We identify regionally robust (defined as a consistent ozone record at two or more stations) 150
hPa interannual ozone records over Canada (by combining the measurements from 6 ozonesonde
stations: Alert, Churchill, Edmonton, Eureka, Goosebay and Resolute), over Northern Europe (by
combining the 3 ozonesonde stations: Ny Alesund, Scoresbysund, Sodankyla) and over Central
Europe (by combining the 5 ozonesonde stations: Debilt, Hohenpeissenburg, Legionowo,
Lindenberg and Payerne). The interannual ozone record over the Canadian, Northern and Central
European regions at 150 hPa is highly correlated. It is dominated by an ozone minimum in 1992
and 1993 attributed to the Mt Pinatubo eruption in June 1991 and a large positive ozone anomaly
in 1998-1999 (see Thouret et al., 2006) (Figure 1). The 150 hPa ozone measurements over Japan
(at Kagoshima, Sapporo and Tateno) do not provide a regionally consistent signal as the individual
station records are not correlated on an interannual timescale.
We also identify regionally robust interannual ozone records at 500 hPa: over Canada using
ozonesonde measurements from the 6 analyzed Canadian ozonesonde sites listed above; over
Northern Europe using ozone measurements from the 3 analyzed Northern European ozonesonde
sites listed above; over the Eastern U.S. using the Wallops Island ozonesonde site and the
MOZAIC cluster. Over the Central European region the interannual ozone variability amongst the 5
analyzed ozonesonde stations listed above and the MOZAIC cluster are not significantly
correlated. From our analysis we cannot obtain a regionally consistent interannual ozone record
over Central Europe. Over Japan the 500 hPa interannual ozone variability as diagnosed at the 3
ozonesonde sites (see above) and MOZAIC cluster give a reasonably consistent interannual ozone
signal; however, the regional 500 hPa interannual ozone variability over Japan is not correlated
with the variability over Canada, Northern Europe or the Eastern U.S. in the data or in the model
simulation. We conjecture that this is due to the impact of the monsoon on the Japanese
measurements (Zbinden et al., 2006). For this reason we find do not further analyze the Japanese
signal.
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Figure 1 - 12-month running mean of regionally averaged ozone a) from ozonesonde measurements at 150 hPa and b)
ozonesonde and MOZAIC measurements at 500 hPa. For each region shown ozone is plotted as the annually averaged
monthly deviation with respect to the 1995-2005 period, normalized by its standard deviation. Thick lines represent those
regions with robust signals (see text). An overall ozone average is taken about these robust regions (thick black line) with
the yellow shading representing the standard deviation of the individual measurements that comprise this signal.
(From Hess and Zbinden (2011))

The regional 500 hPa interannual ozone signal over Canada, Northern Europe and the
Eastern U.S. are highly correlated (Figure 1). The 150 hPa ozone variability (averaged over the
regions at 150 hPa with a consistent and robust signal: Canada, Northern and Central Europe)
explains 69% of the interannual ozone variability averaged over the three 500 hPa regions with a
consistent and robust signal (Canada, Northern Europe and the Eastern US). As with the
stratospheric record the 500 hPa ozone record clearly shows the 1992-1993 ozone minimum
associated with Pinatubo and the 1998-1999 ozone maximum. The strong correlation between
lower stratospheric (150 hPa) and middle tropospheric (500 hPa) ozone strongly suggests the
stratosphere impacts tropospheric interannual ozone variability on scales extending from at least
Western Canada through Europe. We conjecture (see discussion of model simulation below) that
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these scales are hemispheric in extent, but we have not been able to confirm this from
measurement data alone.
Rapid mixing along isentropic surfaces (e.g., Bowman and Carrie, 2002) clearly connects
middle troposphere ozone changes to those at the surface. Moreover, the model simulation
evaluated on hemispheric spatial scales and interannual timescales demonstrates a remarkable
degree of vertical homogeneity of ozone variability throughout the tropospheric column (Figure 2),
suggesting that on long timescales and large spatial scales ozone variability is rapidly
communicated throughout the tropospheric column. While it is outside the scope of this paper to
make a thorough evaluation of the impact of the stratosphere on surface sites we have identified
and analyzed selected sites on three different continents that clearly show the 1998-1999 ozone
anomaly: Egbert in Southeastern Canada (253 m), the Jungfraujoch in Switzerland (3580 m), Mace
Head in Ireland (10 m) and Ryori in Japan (260 m). Except for the Egbert site, the correlation
amongst these surface sites tends to be highly significant and greater than 0.45. Due to the
importance of local meteorology and emissions it is generally difficult to unambiguously relate the
surface ozone variability at any particular site to the stratosphere. However, the correlation
between the overall analyzed stratospheric ozone signal (as averaged over the Canadian,
Northern European and Central European regions) and measured baseline ozone (Derwent et al.,
2007), unfiltered ozone and simulated ozone at Mace Head is highly significant (R=0.73, 0.63 and
0.52 respectively). In addition, the ozone record at Machead is highly correlated with ozone
measured over elevated surface sites over Europe. The latter sites have been previously linked
with stratospheric ozone variations (Ordonez et al., 2007).

Figure 2 - 12-month running mean of simulated ozone: tropospheric photochemically produced ozone (red), ozone
transported from the stratosphere (blue) and their sum (black). For each component ozone is plotted as the annual average
of monthly deviations from the 1995-2005 ozone component for model gridpoints north of 30oN. Solid gives the total ozone
integrated below 300 hPa, dotted the ozone at the 500 hPa level and dashed the ozone integrated over the first 100 hPa
above the surface. All vertical scales are in ppbv.
(From Hess and Zbinden (2011))
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3.

Impact of the stratosphere on the troposphere: model analysis of ozone variability
CAM-chem, driven by the meteorology from the National Center for Environmental
Prediction/National Center for Atmospheric Research (NCEP/NCAR) reanalysis (Kalnay et al.,
1996), was used to predict the tropospheric ozone evolution from 1990-2009, with two years of
model spinup prior to 1990. Emissions were largely based on the POET emission inventory (see
description in Fiore et al., 2009) and are interannually constant. The tropospheric ozone
contribution due to transport from the stratosphere is diagnosed as the difference between total
tropospheric ozone and that produced by tropospheric photochemistry. The latter is calculated by
tagging the tropospheric emissions of odd nitrogen and the subsequent NOX catalyzed ozone
production (see Hess and Lamarque, 2007). The stratospheric upper boundary condition for ozone
is based on a methodology described in McLinden et al. (2000). However, here it is implemented in
such a manner as to allow for interannual variability in the stratospheric to tropospheric ozone flux
(see Hess and Zbinden, 2011 for details). The variability due to interannual changes in
stratospheric chemistry is not captured using this methodology.
As stratospheric ozone is parameterized in the model simulation we restrict our model
analysis to the troposphere. Simulated ozone (assuming constant surface emissions) tends to
slightly overestimate the measured 500 hPa ozone (by up to 4.6 ppbv when evaluated over the
Eastern US), with more significant overestimates of surface ozone (by up to 7.4 ppbv when
evaluated at Egbert). The simulated stratospheric ozone component generally ranges from 20-25
ppbv at 500 hPa and from 1-4 ppbv at the surface sites. The simulated ozone variance is
significantly less than that observed.
Simulated and measured ozone are significantly correlated over the three 500 hPa regions
with a regionally robust measured ozone signal (Canada, the Eastern US and Northern Europe).
The simulation clearly captures the observed sharp increase in ozone between 1995 and 1999, the
1998-1999 ozone maximum and the flattening of the ozone trend subsequent to 1999. Simulated
ozone is also significantly correlated with measured ozone at two out of the four surface sites
examined: Mace Head and Jungfraujoch.
Figure 2 shows the interannual evolution of simulated ozone, its stratospheric component
and its tropospheric photochemical component between 1990 and 2009 north of 30o N. The
stratospheric component of ozone increases throughout the record; however, after approximately
1999 the increase is compensated by a decrease in the tropospheric photochemical component of
ozone. As a result tropospheric ozone increases rather rapidly between 1990 and 1999, reaches a
peak in 1999 and then levels off. The simulated interannual variability of ozone north 30o N is
largely explained by its stratospheric component. The latter explains over 81% of the variance of
the area-averaged ozone at 500 hPa and 77% of the area-averaged variance in the surface layer.
On average stratospheric ozone explains only 50% of the variance when evaluated at any
particular site at 500 hPa and 25% of the variance at any particular site at the surface. Thus, the
simulation suggests that averaging over many sites isolates the common source of variability due
to the stratosphere. The correlation between simulated ozone averaged over all the four surface
sites examined and surface ozone averaged north of 30o N is 0.78; the respective correlation for
the 500 hPa sites is 0.97. This suggests that the measurements at the analyzed sites are
representative of the overall ozone variability from 30o - 90o N.
4.

Tropospheric ozone trends: model and measurements
At 500 hPa, over the regions with a robust measured signal (Canada, Northern Europe and
the Eastern US), both the modelled and measured ozone trends evaluated between 1990 and
2000 or between 1990 and 2009 are highly significant. The measured 500 hPa trends averaged
over these three regions are 0.73 (±0.51) ppbv/yr between 1990 and 2000 and 0.27 (±0.19)
ppbv/yr between1990 and 2009; the corresponding simulated trends are 0.29 (±0.10) ppbv/yr and
0.13 (±0.05) ppbv/yr. However, the 1990-2000 simulated trend is substantially larger when the
model is sampled for missing data exactly as the measurements are (0.50 ±0.11 ppbv/yr).
Stratospheric ozone accounts for 79 % of the simulated 500 hPa trend over these three regions
between 1990 and 2000 and 100 % of the simulated trend between 1990 and 2009. The simulated
trend for 500 hPa ozone averaged north of 30o N (0.25 ppbv/year between 1990 and 2000, and
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0.11 ppbv/year between 1990 and 2009) is comparable to the simulated trend averaged over the
three regions with a robust measured signal. Over all regions the simulated and measured trends
are larger between 1990 and 2000 than between 1990 and 2009, suggesting the ozone trend
decreases after 2000.
The measured surface ozone trends are positive at the four analyzed surface sites and
significant with the exception of the unfiltered trend at Mace Head between 1990 and 2000, and
the 1990-2009 trend at Egbert. The measured 1990-2000 trends range between 0.36 (±0.10)
ppbv/yr at Ryori to 0.76 (±0.52) ppbv/yr at Jungfraujoch; the measured trends between 1990 and
2009 range from 0.18 (±0.11) ppbv/yr for the unfiltered ozone data at Mace Head to 0.37 (±0.13)
ppbv/yr for the baseline Mace Head data. The simulated surface trend is positive everywhere, but
only significant at Mace Head (0.17 ±0.13 ppbv/yr from 1990-2000; 0.08 ±0.06 ppbv/yr from 19902009) and the Jungfraujoch (0.16 ±0.11 ppbv/yr from 1990-2000, 0.10 ±0.05 ppbv/yr from19902009). Note that at the Mace Head site we only simulate the unfiltered ozone record. At these
locations the simulated trend can be largely attributed to increases in the stratospheric ozone
component. In particular, increases in the simulated stratospheric ozone component accounts for
53% and 75% of the overall modelled trend for the 1990-2000 and 1990-2009 periods at Mace
Head, respectively. The simulation generally underestimates the measured trends. However, both
the simulation and the measurements suggest the ozone trends have decreased after 2000 at all
surface sites evaluated.
In an additional calculation we use a tagged tracer of East Asian NOX emissions to
diagnose the sensitivity of ozone at Mace Head to Asian NOX emissions. We find that 1 Tg N
emitted as NOX over Asia results in 0.22 ppbv of ozone at Mace Head. If we assume Asian
emissions were 5.5Tg N/yr in 1990 and roughly doubled between 1990 and 2010 (Klimont et al.,
2009), the resulting linear sensitivity gives an ozone increase of 0.06 ppbv yr−1 over Mace Head
between 1990 and 2010. Making allowances for decreased European emissions of NOX we
estimate the ozone trend at Mace Head due to anthropogenic emission changes between 1990
and 2009 to be 0.048 ppbv/yr (for details see Hess and Zbinden, 2011). This is much less than the
measured trend of unfiltered ozone at Mace Head of 0.048 ppbv/yr, suggesting it is hard to explain
the measured trend by emission increases alone. However, if we include the calculated trend due
to meteorological changes at Mace Head (0.08 ±0.06 ppbv/yr), a trend mostly attributable to an
increase in the stratospheric ozone contribution, then calculated the net trend of 0.128 ppbv/yr is in
reasonable agreement with that measured.
5.

Conclusions
An analysis of numerical simulations and measurements are consistent with interannual
variability in STE driving tropospheric ozone variability and trends when examined on large scales.
These conclusions extend to surface ozone.
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Abstract
The SCanning Imaging Absorption spectroMeter for Atmospheric CHartographY
(SCIAMACHY) limb-nadir matching technique provides a novel approach to retrieving tropospheric
constituents in that it removes the uncertainties that may arise when comparing measurements
made by different instruments probing slightly different air masses in different observation
geometries. Tropospheric ozone has a significant adverse effect on the climate system, especially
of the troposphere. In the lower troposphere, ozone is a major pollutant. It is a major constituent of
photochemical smog and has a strong toxic effect on the ecosystem, animals and man. In the
middle troposphere, it is known as a major oxidant and is also involved in the production of other
oxidants such as hydroxyl (OH) radicals. In the upper troposphere ozone acts as a greenhouse
gas. A good knowledge of the climatological characteristics of tropospheric ozone production and
fluxes on the global scale would lead to a better understanding of how it directly affects the climate
as well as its role in atmospheric photochemistry. In this study, we examine the global distribution
and variation of tropospheric ozone within the time period of the available data set (2003-2009). An
extensive comparison of the tropospheric ozone columns derived from the SCIAMACHY limb-nadir
matching observations with ozonesondes show quite good agreement in the regions considered,
showing a difference of less than 10 DU. Also detected are seasonal cycles, El Nino signals, ozone
pollution on the continents and transport from the regions of high pollution to the downwind side.
Enhanced ozone plumes resulting from biomass burning and regional distribution of tropospheric
ozone were also captured.
SCIAMACHY limb-nadir matching technique
The essence of the design and implementation of the SCIAMACHY limb-nadir matching
observation mode is to enable good retrievals of the tropospheric concentration of trace species.
The SCIAMACHY instrument is designed in such a manner that the viewing angles for the
acquisition of limb spectra are adjusted such that the tangent points for individual limb scans are as
close as possible so that the region probed during the limb scan can be effectively covered 7
minutes later during the nadir scan. This technique permits a better deduction of the vertical
stratospheric concentration profiles of the trace gas directly over the region of the nadir
measurement. Integrating the coinciding profiles from the tropopause upwards yields the
stratospheric vertical column density (VCD) above the target area. This technique is unique in the
retrieval of tropospheric trace gases as it removes the uncertainties that may arise when
comparing measurements made by different instruments probing slightly different air masses in
different observation geometries. To implement the limb-nadir matching (LMN) technique, we
computed the tropopause heights from the meteorological model data provided by the European
Center for Medium Range Weather Forecast (ECMWF). These data comprise three-dimensional
model calculations of pressure, temperature and wind vectors on a latitude/longitude grid of 1°
resolution with 60 hybrid levels and 4 analysis times. These analyses are produced every six hours
and the value closest to the time of the SCIAMACHY observation is used in the current study. The
generated tropopause heights, show variation on daily basis and was validated with the
tropopause height determined from temperature profile measurements with ozonesondes. The
comparisons of the tropopause heights generated from ozonesondes and ECMWF show good
agreement with a mean difference of less than about 500 m for the stations considered in both
hemispheres. The tropospheric column ozone was derived by integrating the stratospheric ozone
profile from the height of the tropopause to about 80 km and the resulting stratospheric ozone
columns was subtracted from the total column ozone. In this paper, we only considered
measurements from the descending part of the orbit with solar zenith angles less than 80o, since
the sensitivity in the troposphere becomes small at higher solar zenith angles.
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Comparison of SCIAMACHY and ozonesonde tropospheric ozone columns
The global coverage of SCIAMACHY in 6 days is of great importance as it provides
information that can enhance the validation of the tropospheric ozone columns derived from the
limb-nadir matching observations with other satellite measurements, in-situ and other forms of
tropospheric ozone observational techniques. To validate the tropospheric ozone columns
retrieved from SCIAMACHY, we used collocation criteria of ± 10° in longitude and ± 5° in latitude.
This is necessary as the resolution of SCIAMACHY is approximately 30 km along-track (northsouth) and 60 km across-track (east-west). The comparison shows quite good agreement in most
of the stations that were investigated in both hemispheres. Figure 1 shows the monthly mean of
tropospheric ozone over Broadmeadows located at 37oS and Wallops Island located at 37.90oN.

Figure 1 - Comparison time series of tropospheric ozone monthly mean in Dobson Units (DU) between
SCIAMACHY in blue and ozone sondes in red over Broadmeadows (37.69oS, 144.95oE) in the left panel and
Wallops Island (37.90oN, 75.48oW) in the right panel

Global distribution of tropospheric O3 column
In the generated global plots (Figure 2) there are significant differences between the
northern and southern hemispheres as well as differences between the seasons. The seasonal
distribution of tropospheric O3 in both hemispheres shows good correlation with its precursors. In
the southern hemisphere there is good correlation with the seasonal variation of biomass burning
in Africa and South America [Varotsos et al., 2003, Duncan et al, 2003]. In the northern
hemisphere summer, an extensive pollution is observed throughout the eastern region of the
United States and throughout central and eastern region of Asia. High values of tropospheric
ozone are also observed at the eastern side of Alaska. There are somewhat larger concentrations
downwind of North American continents with an enhancement over the Northern Atlantic Ocean.
Higher values are also observed over Northern Europe and Russia. Low columns of tropospheric
ozone are observed in the tropical regions of eastern pacific.
In the Northern autumn, higher values are still seen over the northern latitudes with an
enhancement over Alaska and the southern part of United States. Higher amounts of ozone are
seen in the extreme eastern North Atlantic just south of the Strait of Gibraltar [Cuevas et al, 2001].
In addition to the broad general maximum observed over the South Atlantic, relatively higher
values are also found over the interior continent of Southern Africa, West and Central African
Republic extending toward Sudan and Ethiopia. There are also enhancements over the southern
Indian Ocean stretching to Australia with a relatively small plume appearing to originate from
Australia. There is also evidence of the transport of pollutants off the coast of South Africa and
Madagascar. Another region of interesting difference is the low values of tropospheric ozone
columns over South America which defines the location of the Andes Mountains. This feature is
highly pronounced during boreal spring [Fishman et al., 2003].
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Figure 2 - Tropospheric ozone distributions in Dobson Units from for the different seasons in 2006:
(a) December-January-February, (b) June-July-August, (c) March-April-May, (d) September-October-November

In the Northern spring, the most pronounced pollution features are seen over the North
Pacific, The North American continent and downwind of the United States into the Northern
Atlantic. A plume of elevated ozone is also observed across North Eastern India and Eastern
China [Fishman et al., 2003]. There is also an enhancement of ozone over west central Africa and
depending on the year, somewhat higher values are also seen over Northern Brazil. Enhanced
ozone reduction is observed along the tropical Western Pacific and the Andes.
In the boreal winter, pronounced pollution features are seen in the tropics with enhanced
features observed at the North-East South America and a transport over Southern Atlantic and the
Indian Ocean. There is also an enhanced pollution over west and central Africa and the
Mediterranean
Summary and conclusions
A new data set describing the distribution of tropospheric ozone using SCIAMACHY limbnadir matching observations for all season in 2006 was presented. It shows some features which
include enhanced ozone abundances over North America and downwind into the North Atlantic,
China, India and Western Africa during Northern Hemisphere Summer. Equally observed are
ozone plumes from Southern Africa and South America during the biomass burning season of
September and October. Daily and Monthly comparison of tropospheric ozone columns with
ozonesondes measurements agree quite well showing some seasonality.
In conclusion, with the SCIAMACHY limb-nadir matching techniques, we were able to
capture ozone pollution events, its regional distribution and long-range transport in the northern
and southern hemispheres

25

Outlook
We are carrying out an extensive investigation of the tropospheric ozone columns derived
from the SCIAMACHY limb-nadir matching observations which will aid in the determinations of
atmospheric variations caused by El Niño and La Niña, effect of biomass burning and other
atmospheric pollution events.
References
Cuevas, E., M. Gill, J. Rodriguez, M. Navarro and K.P. Hoinka (2001), Sea-land total ozone
differences from TOMS: GHOST effect, J. Geophys. Res., 106, 27 645–27 755.
Duncan, B.N., R.V. Martin, A.C. Staudt, R. Yevich and J.A. Logan (2003), Interannual and
seasonal variability of biomass burning emissions constrained by satellite observations,
Journal of Geophysical Research, 108, D2, 4100, doi: 10.1029/2002JD002378.
Fishman, J., A.E. Wozniak and J.K. Creilson (2003), Global distribution of tropospheric
ozone from satellite measurements using the empirically corrected tropospheric ozone
residual technique: Identification of the regional aspects of air pollution. Atmospheric
Chemistry and Physics, 3, pp. 893-907.
Varotsos, C.A., M.N Efstathiou and K.Y. Kondratyev (2003) Long-term variation in
surface ozone and its precursors in Athens, Greece. A forecasting tool. Environmental
Science and Pollution Research, 10, pp. 19-23.

	
  
_______

26

COMPARISON OF UTLS OZONE MEASUREMENTS OF MOZAIC WITH OZONESONDES
BASED ON BACK TRAJECTORIES
	
  

J. Staufer (1), J. Staehelin (1), R. Stübi (2) and V. Thouret (3)
(1) Institute for Atmosphere and Climate Science, ETH Zurich, Zurich, Switzerland (johannes.staufer@env.ethz.ch)
(2) Payerne Aerological Station, MeteoSwiss, Payerne, Switzerland
(3) Laboratoire d’Aérologie, Université Paul Sabatier, Toulouse, France

1.

Ozone at the upper troposphere/lower stratosphere region
At tropopause altitude radiative forcing is, due to the low temperature, especially sensitive
to the distribution of greenhouse gases. Ozone’s effect on the radiation balance maximizes at
UTLS (Upper Troposphere/Lower Stratosphere) altitude (Forster and Shine, 1997). Therefore
knowing the changes of ozone at this region is important to evaluate the contribution of ozone
changes to climate changes. However, information on UTLS ozone based on measurements is
very limited and its reliability is a challenging and difficult task. Ozonesondes can be compared
with regular aircraft measurements for critical evaluation of the data. These data can be used for
trend analysis of ozone at UTLS and for comparison with Chemistry Climate Models.
2.

Measurements and methods

2.1

The MOZAIC programme
In the MOZAIC programme (Measurements of OZone, water vapour, carbon monoxide and
nitrogen oxides by in-service AIrbus airCraft) five European regular aircraft have collected
experimental data on atmospheric composition (O3, CO, water vapour and NOy) since August
1994. The measurements principle for ozone is the UV absorption technique with a time resolution
of four seconds. The detection limit is expected to be 2 ppbv, and uncertainties for individual (4 s)
measurements are declared as ± [2 ppbv+2%] (Thouret et al., 1998). The data quality control
procedures remained unchanged. In this study one minute averaged data are used, which
correspond roughly to a 15 km horizontal resolution at flight altitude (i.e. 9-12 km altitude at midlatitudes).
2.2

ECC Ozonesondes
The measurement technique of ECC (Electrochemical Concentration Cell) ozonesondes is
based on the titration of O3 in a potassium iodide (KI) sensing solution. Data are taken during
ascent at velocity of around 5 m/s. The response time of the sonde’s sensor is 20-30 s resulting in
a height resolution of the measured vertical ozone profile of 100-150 m.
Intercomparison studies at the environmental chamber at Forschungszentrum Jülich
(Juelich Ozone Sonde Intercomparison Experiment (JOSIE)) have shown that the performance of
ECC sondes is significantly influenced by sensor type, sensing solution, instrument preparation,
data reduction and tend to be influenced by the year of manufacture of the sensor (World
Meteorological Organization, 2004; Smit et al., 2007). The sondes are manufactured either by
Science Pump Corporation (SPC-6A model) or Environmental Science Corporation (Ensci-Z
model). For both sonde types the mean of relative differences at 5-15 km altitudes are of the order
of <4% compared to an accurate UV photometer when operated with the manufacturer
recommendations on the use of sensing solution, i.e. for SPC-6A the 1.0% KI full buffered solution,
for Ensci-Z the 0.5% KI half buffered solution.
In this study we use ozonesondes launched from Uccle (Belgium), Payerne (Switzerland)
and De Bilt (Netherlands) for the period 2002 to 2007. For the operating procedures during this
period see Table 1. All three sites follow the manufacturer recommendations on the use of the KI
sensing solution.
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Table 1 – Operating procedures of three sites of Uccle, Payerne and De Bilt for the period 2002-2007

Station

ECC sonde type

Sensing solution type

Uccle
Payerne1
De Bilt

Ensci-Z
Ensci-Z
SPC 6A

0.5% & half buffer
0.5% & half buffer
1.0% & full buffer

1 ECC

Background current
correction
constant
constant
constant

sondes are flown since 09/2002

2.3

Methodology of comparison using backward trajectory analysis
We compare the three ozone soundings sites with the UV photometer measurements
employed at the MOZAIC aircraft in order to assess the difference of ECC sondes also in-field.
This check is important as every launch is made with a new sonde and the environment of
preparation, e.g. the storage of the sondes, the sonde preparation itself or the balloon preparation
just before launching may be different for each station.
Ozone at tropopause altitude shows strong variability in space and time. Backward
trajectories are used to determine the same air parcel for ozonesondes and aircraft measurements.
A typical sonde profile gives ozone concentrations and temperature as function of pressure and
time. We consider the UTLS to lay ±125 hPa around the thermal tropopause. There, every 15 hPa
three day three-dimensional backward-trajectories are calculated using the model LAGRANTO
(Wernli and Davies, 1997), which is driven by 6-hourly wind fields from ECMWF’s global
atmospheric reanalysis ERA-Interim. The time step for the trajectory calculations is 30 min. We
then compare the ozone measurements of the sonde at the beginning of the trajectory with one
minute averaged MOZAIC O3 measurements which match a certain trajectory point.
3.

Results and discussion
Box plots of the relative differences between ECC sondes and MOZAIC are given in Figure
1 for the soundings stations of Payerne and Uccle as function of seasons. All sonde data are
denormalised, i.e. no linear scaling using independent correction factors is applied, and no
correction for the lag in response is applied. The statistical summary of the relative differences is
given in Table 2 including the site of De Bilt.
The criteria for MOZAIC to match a certain trajectory point are: a) absolute time difference
of less than 1.5 hours, b) horizontal difference of less than 75 km and c) the absolute difference
between the potential temperatures is less than 0.5 K.
Table 2 shows, that in average ozone measured by the ozonesondes is approximately 10%
higher compared with ozone mixing ratio measured by MOZAIC aircraft in the same air parcel. This
result seems reasonable keeping in mind that ozone mixing ratio at UT is small and the uncertainty
of MOZAIC data is described to be ± [2 ppbv+2%] and ozonesondes show an accuracy against an
UV-instrument in JOSIE of 3.0% ± 2.3% in case of ENSCI-Z sondes and 3.7% ± 3.0% in case of
SPC-6A sondes at 5-15 km altitude (Figure 1). The rather large σ values of the comparison might
be attributable to uncertainties of backward trajectory analysis or to mixing with the surrounding air.
Tropospheric ozone production is expected to be rather small.
Table 2 - Statistical summary of the relative differences between sondes and MOZAIC for Uccle, Payerne and De Bilt for
2002-2007. NMOZAIC gives the number of MOZAIC measurements; Nsondes the number of the launched sondes where at least
one MOZAIC measurement satisfies the matching criteria. µ and σ denote mean of the relative differences and its standard
deviation calculated using bisquare weighting

Station
Uccle
Payerne
De Bilt

NMOZAIC
7738
5300
4719

Nsondes
325
274
161
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µ [%]
11.76
9.16
11.93

σ [%]
±12.52
±21.41
±12.67

(a(a
) )

(b
)(b
)

Figure 1 – Box plots of the relative differences (O3SONDE − O3MOZAIC)/O3SONDE for 2002-2007 for (a) Uccle, Belgium and (b) for
Payerne, Switzerland. # denotes number of MOZAIC measurements/number of sonde ascents per season where at least
one MOZAIC measurement satisfies the matching criteria

For Uccle and De Bilt the relative differences (and its variability) are relatively constant
throughout the year and season, respectively. In contrast, Payerne shows a mean of the relative
differences quite similar to Uccle and De Bilt but with much more year-to-year and seasonal
variability. It could be argued that the sample size is responsible, at least partly, for the larger
variability of the differences at Payerne but De Bilt and Uccle show similar variability although the
sample size of De Bilt is much lower. It is therefore possible that trajectories errors introduced by
the limited resolution of ERA-Interim are responsible for the higher variability of the differences at
Payerne.
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1.

Introduction
A three-dimensional (i.e. latitude, longitude, altitude) climatology of tropospheric ozone is
derived from the global ozonesonde sounding record by trajectory mapping. Approximately 45,000
ozonesonde profiles measured from more than 70 stations worldwide since 1980 are used. The
small number of stations causes the set of ozone soundings to be sparse in geographical spacing.
Here we use forward and back-trajectory calculations for each sounding to map ozone
measurements to a number of other locations, and so to fill in the spatial domain. This is possible
because the lifetime of ozone in the troposphere is of the order of weeks. This physically-based
trajectory mapping method offers advantages over typical statistical interpolation methods.

Figure 1 - Coverage for 1 (yellow), 2 (purple), 3 (green), and 4-day (blue) trajectory mapping in April. The red squares denote
the actual measurements at the ozonesonde stations. Above: 5-6 km above sea level. Right: 0-1 km above surface

2.

Data Mapping and Validation
Ozone profile data were integrated to 1 km altitude resolution. The layer containing the
tropopause and those above were not used. For each location, at 1 km height intervals (0.5 km,
1.5 km, etc.) forward and back trajectories were calculated using version 4.8 of the HYSPLIT

Figure 2 - Comparison of ozone maps using only forward (left) and only backward (right) trajectories
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model [Draxler and Hess, 1997, 1998], developed by the NOAA Air Resources Laboratory. The
meteorological input for the trajectory model was the global NOAA-NCEP/NCAR pressure level
reanalysis data set. Each trajectory was calculated for 96 h duration, and the original data were
mapped to the locations calculated for every 6 h along the forward and back trajectories. In this
way, each original measurement was mapped into 32 additional ozone mixing ratio values.
Coverage is excellent (Figure 1), especially above the boundary layer (PBL). As a quality check,
maps produced using only forward trajectories or only back trajectories were compared. Figure 2
shows an example of such maps. The patterns are similar, and differences modest; maximum
differences are about 40%. A difference plot (not shown) shows no distinct pattern, except for
some clustering in areas where the trajectories are longest, and therefore least reliable.

Figure 3 - Comparisons between measured ozonesonde profiles and trajectory-mapped fields, for several sites.
“Measurement” is the ensemble of measured profiles for that site; “Prediction” is the profile generated from the mapping
procedure when data from that site is omitted

Figure 3 compares measured ozonesonde profile averages for several sites with the
profiles produced by trajectory mapping when data from that site is omitted. Agreement is generally
quite good. Some sites show larger differences in the PBL, probably since trajectories are less
accurate in the PBL. Comparisons with MOZAIC profiles also show good agreement (Tarasick et
al., 2010).
An interpolation algorithm based on spherical functions is used for smoothing and to fill in
remaining data gaps (Figure 4).

31

Figure 4 - Average ozone field for March at 5-6 km altitude, from trajectory-mapped ozone soundings. The left-hand plot
shows the individual (5ºx5º) pixel averages. The right-hand plot shows the smoothed field

3.

Discussion
Figure 5 shows smoothed monthly maps at 5-6 km. Features such as the continental
outflow from North America, the summer ozone buildup over the Middle East, and biomass burning
in the southern hemisphere, are clearly visible. Figure 6 shows unsmoothed monthly maps at 4-5
km for January and July, for each decade since 1970. The lack of tropical data is evident in the
pre- SHADOZ decades. Most notable, however, is the lack of evident change between decades.
Some increase is apparent from the 1970s to the 1980s, but no significant change in following
decades (although the pattern is smoother as the data density is greater). This is clearly shown in
the plots at the upper right. The data have not been corrected for biases between Brewer-Mast and
ECC sondes, however, and these may account in part for the post-1970 change.

Figure 5 - Smoothed average ozone field for January, April, July and October at 5-6 km altitude, from trajectory-mapping

This 3D picture of the tropospheric ozone field facilitates visualization of regional patterns
and processes, as well as comparison of different years and seasons. The maps will be useful to
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other researchers, as satellite a priori information, for process studies, and for initialization and
validation of models. Maps and data files may be downloaded at http://www.woudc.org.

Figure 6 - Unsmoothed (5ºx5º pixel averaged) maps at 4-5 km, for January and July, for each decade since 1970
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1.

Tropospheric Ozone in East Asia: Background and Challenges
Much attention has been paid to the evolution of tropospheric ozone (O3), one of the most
important constituents of the Earth’s atmosphere. There are a number of observational evidence of
increases in boundary layer O3 during recent decades in the northern hemisphere, with growth
rates ranging from 0.5 to 0.8 ppbv yr−1 (e.g., Jaffe et al., 2003; Lelieveld et al., 2004; Oltmans et al.,
2006; Zbinden et al., 2006; Derwent et al., 2007; Parrish et al., 2009; Cooper et al., 2010).
Chemistry-transport model (CTM) simulations have not yet quantitatively explained the observed
increases, with simulations of background O3 during recent decades tending to underestimate the
observed changes. The major causes for this discrepancy have not yet been identified, and
reconciling the observed trends using models is still challenging.
In East Asia man-made emissions continue to substantially increase. Emissions of air
pollutants from East Asia are estimated to have increased rapidly during the past several decades,
in contrast to those from Europe and North America, which have shown decreasing and stabilizing
trends, respectively. Especially in China, emissions of O3 precursors (nitrogen oxides (NOx = NO +
NO2) and volatile organic compounds (VOCs)) have increased greatly in recent decades. These
changes would have significant influence on not only local/regional air quality but also on
hemispheric transport. Hence the resulting impact needs to be quantitatively assessed.
2.

Observations

2.1

Monitoring Sites and Measurement Quality
We compile measurements from two regional monitoring programmes operated in the
international framework. One is operated by the Ministry of the Environment of Japan as part of the
Acid Deposition Monitoring Network in East Asia (EANET) Programme, and the other by the Japan
Meteorological Agency as part of the Global Atmosphere Watch (GAW) programme of the World
Meteorological Organization. We examine nine “remote” sites in different geographical regions
where quality-controlled decadal records are available. Of these, six sites represent continental rim
sites (i.e., Rishiri Island, Cape Tappi, Sado Island, Oki Island, Okinawa Island, Yonagunijima
Island), two represent open ocean sites (i.e., Ogasawara Island, Minamitorishima Island), and one
a mountainous site (Mt. Happo at 1850 m) in the Japanese mainland. The mixing ratios of O3 are
determined using photometric instruments based on absorption at 253.7 nm emitted by a lowpressure mercury lamp. The instrument is periodically referenced to a working standard placed at
each site. The standards referenced in both EANET and GAW programmes routinely go through
intercomparison with a reference photometer, which is referenced to the Standard Reference
Photometer (SRP) #2 at the National Institute of Standards and Technology (NIST). The data are
scrutinized in the post-analysis, including through a formal Quality Assurance/Quality Control
(QA/QC) activity.
2.2

Decadal trends observed at Mt. Happo
Here we focus on the data at Mt. Happo Observatory (HPO), where continuous
measurements of surface O3 started in 1998. The site is located on a ridge on Mt. Happo and
faces the Sea of Japan. The HPO site is classified as a remote mountainous site because it is
rarely impacted by the nearby pollution sources. Figure 1 shows the daily mean mixing ratios of O3
measured at HPO during 1998–2007. Distinct seasonal cycles were observed, with a spring
maximum and summer minimum. The overall trend indicates a continuous increase over the study
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period. The mean trend curve shows an initial value of ~50 ppbv in 1998 and a final value of ~60
ppbv in 2007, with a total increase of about 10 ppbv (Tanimoto, 2009).

Figure 1 - Hourly (gray lines) and daily (24-hour, blue dots) mean ambient mixing ratios of ozone observed at Mt. Happo for
the period 1998 to 2007

3.

Model Simulations

3.1

Emission inventory and model
To examine a possible cause-and-effect relationship between the rapid increase in East
Asian emissions and the significant O3 increase observed at HPO, we use a three-dimensional
regional CTM based on the Models-3 Community Multi-scale Air Quality (CMAQ) modelling
system. Briefly, the horizontal and vertical resolutions are 80x80 km2 and 14 layers up to 23 km,
respectively. The SAPRC-99 scheme is applied for gas-phase chemistry. The monthly averaged
lateral boundary conditions are obtained from a global CTM. Stratospheric O3 influx is thus taken
into account, but no interannual variations are assumed. We use a yearly-dependent emissions
inventory from the Regional Emission inventory in Asia (REAS), which was updated to 2006 by
using the latest statistics of energy consumption and industrial activities, and employ the same
emission factors (emissions per activity) and removal efficiencies as for year 2003 (Ohara et al.,
2007). In REAS, Chinese emissions of NOx and VOCs have contributed approximately 80% to the
East Asian emissions, with NOx emissions showing accelerating growth after 2000, mainly due to
the growth in power plants and transport sectors. In contrast, the Japanese emissions have been
relatively small (~10% of the Chinese emissions for NOx and VOCs) and almost constant. We
performed two sets of multi-year simulations to study the sensitivity to East Asian anthropogenic
emissions: (1) using annually varying emissions inventories (i.e., from the REAS inventory for 1998
to 2007; for 2007, the 2006 inventory is tentatively used due to unavailability of statistical data) and
(2) using a fixed emissions inventory from the year 2000.
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3.2

Decadal trends simulated at Mt. Happo
Springtime O3 trends observed at all the nine sites from 1998 to 2007 are exhibited in
Figure 2. There are distinct differences in the O3 levels between the sites, depending on the site’s
distance from the continent and latitude. The O3 levels at the continental rim sites (i.e., RIS, TPI,
SDO, OKI, ONW, YON) are substantially higher than at the open ocean sites (i.e., OGS and
MNM). The six continental rim sites exhibit an O3 level of ~50 ppbv for the year 2000. Interestingly
springtime O3 for the marine boundary layer sites located in the eastern Pacific is around 40 ppbv
(Parrish et al., 2009). The difference in the two observations suggests a significant O3 gradient in
the marine boundary layer across the Pacific. It is clear that the highest O3 levels are observed at
the mountain site, HPO, with median O3 levels exceeding 60 ppbv. At the eight surface sites
(excluding HPO), the O3 trends observed from 1998 to 2007 are relatively small or statistically
insignificant. This is likely due to a combined effect of large interannual variability driven by
meteorology in the boundary layer and the relatively short time record (i.e., 10 years). In contrast,
particularly after 2000, a distinct increase of O3 is observed at HPO, showing a statistically
significant (R2=0.79) increasing trend at the median level of 1.25 ± 0.53 ppbv yr−1. The model
incorporating annually-dependent emissions inventory simulates the levels and the range of
variability for springtime O3 in the boundary layer quite well. The good agreement over the wide
latitudinal coverage demonstrates the capability and usefulness of the model in our study. For the
high altitude HPO site, the model is able to produce an increase in O3 (0.52 ± 0.30 ppbv yr−1,
R2=0.67) but this growth rate does not match the observed growth rate (Tanimoto et al., 2009).

Figure 2 - Trends of springtime tropospheric ozone from 1998 to 2007. Plotted are the ozone mixing ratios observed at
Japanese stations (blue), and overlaid with a regional chemistry-transport model simulations with yearly-dependent
anthropogenic emissions in Asia (red). Observed trends are shown by median (blue lines) and interquartile range (vertical
bars), and the modelled trends by median (red lines) and interquartile range (shaded). The coefficient of determination (r2),
slopes (s, ppbv/year) and intercepts for the year 2000 (i, ppbv) with their 95% confidence limits obtained by t-test are given
for observations (obs) and model (mdl) results
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4.

POSSIBLE CONTRIBUTORS AND FACTORS
The observation-vs-model discrepancy suggests existence of additional sources and/or
processes which are not well implemented in our model. Ordóñez et al. (2007) suggested that
changes in the lowermost stratospheric O3 could have influenced the variability of O3 levels in the
lower free troposphere over Europe during the 1990’s, particularly in winter and spring. However,
Terao et al. (2008) showed that although tropospheric O3 can be highly influenced by lower
stratospheric O3 over Canada and Europe, the influence is much smaller over East Asia, and
suggested that pollution transport is a dominant contributor. Thus, stratospheric influence is
unlikely one of the main causes of the rapidly increasing O3 observed at HPO during the last
decade.
Anthropogenic emissions estimates still have large uncertainty. The increase of Chinese
NOx emissions was found to be not quantitatively consistent with the satellite-derived NO2 column
over China. The growth rate of the tropospheric NO2 column was found to be larger than the
estimated changes in NOx emissions since 2000, implying that the actual NOx emissions are likely
larger than the emission estimates (Akimoto et al., 2006). Stavrakou et al. (2008) derived top-down
anthropogenic NOx emissions using satellite NO2 measurements, proposing a 15% increase in the
summertime surface O3 over China for the 1997–2006 period. This is substantially larger than the
modelled increase (~9%) and closer to the observed increase (~20%) at HPO. Recently Zhang et
al. (2009) reported rapid growth of NOx emissions in Inner Mongolia due to newly constructed
power plants. These sources were not implemented in REAS. Changes in locations of emission
sources, particularly large point sources at high-altitude regions, can be effective in producing O3 in
the free troposphere.
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CHANGES IN OZONE OVER JAPAN FROM SONDES, MOZAIC AND MOUNTAIN DATA
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1.

Introduction and approach
We analyse ozone observations from sondes, regular aircraft (MOZAIC), and a surface site
at 1.8 km, to determine whether the temporal changes in ozone over Japan from these three
sources are self-consistent. The focus is mainly on measurements above the boundary layer to
avoid effects of local air pollution. Time series from the MOZAIC aircraft data show increasing
ozone from mid-1994 until 1999 (Zbinden et al., 2006). Tanimoto et al. (2009) report that ozone at
Mt Happo increased by 1.25±0.53 ppb yr-1 in spring from 1998 to 2007. Trends in the ozonesonde
record for Japan prior to 2002 are discussed by Naja and Akimoto (2004). In this work, the sonde
and MOZAIC data are analysed on the same pressure levels, equally spaced in pressure altitude
about 1 km apart. All results are shown as monthly means. The MOZAIC time series (Tokyo and
Osaka combined) is much sparser than those over Europe discussed elsewhere in this Report
(Logan et al.), as are the sondes (weekly at most). Trends are calculated with a regression model
that includes 12 monthly means and four seasonal trends (for DJF, MAM, JJA, and SON) (e.g.,
Miller et al., 1995), i.e., the annual cycle and four seasonal trends are fit simultaneously.
2.

Results
Monthly time series of ozone from the sondes and MOZAIC data in the lower troposphere
over central Japan show some similarities, as shown in Figure 1. However, both time series are
noisy, reflecting the relatively infrequent sampling. There are also some similarities in the monthly
anomaly time series from sonde data at Naha (26°N), Tateno (36°N), and Sapporo (43°N) as
shown in Figure 2. The monthly mean time series from Mt. Happo (37°N) is compared to the sonde
and MOZAIC data sampled at ~ 2 km in Figure 3. Ozone at Mt. Happo is generally higher than
that given by the sonde and aircraft record (except in summer, see below), and we find this to be
the case also if we compare to the profile data at ~ 3 km (not shown).
The differences between the three data sets for central Japan are shown more clearly in
Figure 4. There is a seasonal cycle in the difference between the sonde data at Tateno and both
the mountain and aircraft data, with higher values at Tateno in summer. Tateno is downwind from
Tokyo, and shows a local ozone maximum in the boundary layer due to air pollution (see Logan
(1999), Figure 14), while Mt Happo is rarely affected by such pollution (Tanimoto et al., 2009).
Since ozone is much lower in the MOZAIC profiles at 2 km in summer than at Tateno, this
suggests the aircraft approach and leave the Tokyo and Osaka airports over the ocean, when the
summer monsoon circulation brings in relatively clean tropical air. There is an obvious trend in the
difference plots of Mt. Happo data with both the sonde and the MOZAIC data, which suggests that
ozone at Mt. Happo in increasing faster than in the other data sets.
Time series of seasonal ozone at 700 hPa (~3 km) from the three Japanese sonde stations,
sondes at Hong Kong, and MOZAIC data at Tokyo/Osaka are compared to the Mt Happo data in
Figure 5. The Figure shows clearly that the Mt. Happo ozone data for 1998-2007 increases faster
in winter and spring than any of the other data sets from the region. This is also implied by the
trend in the difference plots in Figure 4. The time series in Figure 5 suggest that ozone is
increasing at many of the locations in the most recent years, at least in spring.
Before presenting ozone trends, we caution the reader that there have been several
changes in the models of Carbon-Iodine (CI) sondes used in Japan until recently. (ECC sondes
have been used since November 2008 at Naha and since December 2009 at Tateno and
Sapporo). As a result, there have been short-term trends in the correction (or scaling) factor (CFs)
that were used to scale the CI sonde profiles so that they matched the overhead ozone column
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Figure 1 - Time series of monthly mean ozone (top) and ozone anomalies (bottom).
Results for MOZAIC data at Tokyo/Osaka are compared to those of sonde data at Tateno.
Results are shown for the mean of two layers at 681 and 584 hPa

Figure 2 - Monthly anomalies for sonde data at Tateno and Sapporo (top) and Tateno and Naha (bottom)

Figure 3 - Monthly mean ozone at Mt. Happo (1.8 km) compared to sonde data at Tateno and MOZAIC data at
Tokyo/Osaka, at 800 hPa (~2 km)
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Figure 4 - Monthly mean differences in ozone between pairs of data sets at ~ 2 km in ppb

Figure 5 - Seasonal mean ozone over Japan and Hong Kong from sondes and MOZAIC at 700 hPa
and from Mt Happo at 1.8 km.
Three month of data were required for a month to be included

measured at the station by a ground based instrument, as shown in Figure 6. There is some
question about whether the CFs should be applied to the tropospheric part of the profile. We
computed trends with the data as provided, and also with the CFs removed from the CI data
(Figure 7), and there are large differences, particularly for 2000-2009, where even the sign of the
trends is changed at Sapporo and Tateno. The increase in ozone is much smaller at Naha with the
CFs removed. This results from the upward trend in the CFs for this period. For 1990-2009, ozone
increases throughout the troposphere at Naha, and the trend is significant in all seasons except
winter (not shown); ozone increases in the mid-upper troposphere at Tateno, but not at Sapporo.
The historic ozone record from Japan is not ideal for determining robust changes in
ozone, given the sparseness of the data and the issues with the sondes. However, more analysis
is clearly called for, with more detailed comparisons of the sonde, MOZAIC, and mountain data.
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Figure 6 - Time series of annual correction factors at sonde stations, shown as box-plots

Figure 7 - Annual mean trends in ozone at the sonde stations in Japan for 1990-2009 (left) and 2000-2009 (right).
The solid lines show trends computed with the data as provided at WOUDC (scaled to the CFs), and the dashed lines show
the trends with each profile divided by its CF to remove the scaling to the overhead ozone column
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1.

Objectives
In the upper troposphere ozone (O3) has a non negligible impact on radiative forcing
(Forster et al., 1997; Aghedo et al., 2011) and in the boundary layer O3 has a major contribution to
the photochemical smog toxic to humans (West et al. 2007), animals and vegetation (Felzer et al.,
2007). Understanding its variability over the last decade is crucial to evaluate strategies and
policies on emission controls in the frame of climate change.
At northern mid-latitudes, trends over Japan are particular interesting because downwind
China where O3 precursor emissions strongly increase as NO2 by about 29%/year over 1996-2006
(van der A et al. 2008). Our aim is to examine the Japanese tropospheric O3 inter-annual
variability taking benefits from the high time-space resolution provided by the Measurement of
OZone, water vapour, Carbon Monoxide and Nitrogen Oxides by AIrbus in-service airCraft
programme (MOZAIC, Marenco et al., 1998). Ozonesondings from WOUDC setup the context and
the time series will be compared to MOZAIC. Can we detect significant “trends” over the MOZAIC
period, sub-period, or seasons, identify possible bias and sampling limit to assess “trends”?
2.

Data and geographical context

Figure 1 - Left: Ozonesondes sites position, MOZAIC airports and cluster coverage with their number of profiles.
Right: O3 seasonal cycles derived from WOUDC sondes (left column) and MOZAIC (right column), in ppbv, for
tropospheric level A, B, C, D where T is the dynamical tropopause 2pvu

Over Japan the MOZAIC programme during 08/1994-10/2006 has intensely documented
Tokyo, Nagoya, and Osaka airports (Figure 1-Left). All take-off and landing gathered and time
sorted leads to a Japanese cluster, a consistent set with a seasonal cycle similar to the one of
Tokyo and Osaka as both individually sampled (Figure 1-Right). Four WOUDC ozonesonding sites
allow interesting comparisons: Sapporo, Tateno, Kagoshima and Naha (a tropical site). They are
documented using Carbon-Iodine sondes over 08/1994-03/2009 (except Kagoshima limited to
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03/2005). Altitudes of the tropospheric levels are given on Figure 1-Right. Monthly gaps are
detected; for MOZAIC in August-September and December 1994 as in March 2001; for sondes in
May 2001 for Naha as in October-November 2008 for Tateno.
3.

Results

3.1

Ozone seasonal cycles
O3 seasonal cycles from individual sondes and from MOZAIC Japanese cluster, Tokyo and
Osaka airport are given in Figure 1-Right. The main characteristics of the O3 seasonal cycles over
Japan are a maximum in spring partly originating from the Asian continent when anthropogenic
emissions export dominate (Cooper et al., 2010) and a July-August minimum because of the
summer monsoon. The MOZAIC seasonal cycles of the airports and cluster at same levels are
very close (<10ppbv, in A, B, C or D). The sondes are far different, see the level C where: i/ from
December to April O3 is in the same range (i.e. <5ppbv) even for more than 2000km distant sites;
ii/ from May to November exhibits large differences (i.e. up to 30ppbv); iii/ maximum of the
seasonal cycle is shifted from July at Sapporo, June at Tateno, May at Kagoshima to April at Naha;
iv/ maximum is followed by a deep lessening due to the monsoon, except at Sapporo. The level A
and B from sondes exhibit striking large differences between sites: at Tateno (sonde), shortly
distant (<100km) from Tokyo (MOZAIC), the difference at level A reaches 20ppbv in August; at
Kagoshima O3 is surprisingly always higher than at Osaka.
Short distance between sites (<100km) does not predict tropospheric O3 seasonal cycle
similarity. The differences deduced from sondes and MOZAIC is not a good prognostic to assess
consistent “trends” as monsoon is captured at level A over Tokyo (MOZAIC) or over Sapporo
(sondes) but not at Tateno (sondes); and even more this schema at level B is inverted. What’s the
convenient time and space scale to study tropospheric O3 “trends” if short distance (<100km)
introduces wide variability from sondes while MOZAIC on 400km distance airports exhibits great
similarity? Are the differences due to local conditions, to sampling frequency or to instruments?
3.2

Ozone anomalies time series and “trends” from sondes and MOZAIC
O3 monthly mean anomalies are smoothed on Figure 2 and “trends” are deduced from
unsmoothed monthly data (Figure 2, Table. 1). Whatever the level, the MOZAIC anomalies are in
smaller range (<8ppbv) than sondes (except Sapporo). Level anomalies in a site appear more
similar than a specific level between sites. Over all period, sondes trends are positive or negative
[-0.4, 0.2ppbv/year] excluding Naha and non significant (except in C at Tateno and Kagoshima).
On the contrary MOZAIC “trends” are positive [0.2, 0.4 ppbv/year] and significant in all levels.
Before 01/2000, most of the sondes exhibit negative trends [-2.1, 0.2 ppbv/year] but only two are
significant: Tateno level B and Kagoshima level A. On the contrary, MOZAIC exhibits positive
trends when significant, increasing with altitude [0.7, 1.6 ppbv/year]. After 01/2000, the trends from
sondes are all positive except Kagoshima in level C and almost all insignificant. They are also all
positive from MOZAIC and only significant in level A.
The “trends” from sondes and MOZAIC are not in agreement and MOZAIC is highly
significant over all the period whatever the level and significant over sP1 except in level A.
MOZAIC introduces a more robust description of the tropospheric O3 specifically over Japan. Such
different results from sub-periods and all period allow us to conclude that we probably capture
Inter-Annual Variability (IAV) more than “trends” due to the weight of 1998-1999 anomaly within
the timeframe. The scientific community recommends avoiding the term “trend” in further studies.
3.3

Impact of a noon sampling and a concomitant sondes and MOZAIC sampling
Comparing the noon MOZAIC observations ([11h-14hL.T.], 1213 profiles or ≈12/months)
with the full MOZAIC, the patterns of the time-series can be identified except in A because of
intense morning traffic over 1995-1996 and in 04/1998. So with half sampling, MOZAIC results
remain significant (except in A) and positive between 0.45 to 0.74ppbv/year. “Trends” are higher on
this reduced set than the full one, have a significance reinforced by a factor of ≈2, increase with
altitude which is an unexpected and striking result. Hour of sampling with MOZAIC may introduce a
bias if not taken into account as demonstrated when comparing All P. and s.P1 in Table 1.
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Figure 2 - Ozone concentrations anomalies smoothed using a 12 month running window for the WOUDC
ozonesondes sites and the MOZAIC Japanese cluster. They are expressed in ppbv and plotted with thin lines (level A in
blue, level B in green, level C in red and level D for MOZAIC only in orange). “Trends” are estimated from unsmoothed
ozone concentrations with a linear regression fit over three periods: 01/1995-12/2008, before 12/1999 and after 01/2000.
They are plotted with straight thick lines for the all period, or dashed lines for both sub-periods

Table 1 - “Trends” deduced from ozone concentrations anomalies for the WOUDC ozonesondes sites and the MOZAIC
Japanese cluster. 01/2000 linear fit intercept (Int.) is given in ppbv with its sigma. Trends estimated over period 01/199512/2008 (All P.) and sub-periods: before 12/1999 (s.P1), after 01/2000 (s.P2) are given in ppbv/year (in bold if negative, in red
if significant), with their sigma in ppbv and R² in %
Site

Level

Int. 01/2000 ± σ

WOUDC - SAPPORO

C
B
A

WOUDC - TATENO

“Trend”
All P.

Sigma

R²

s.P1

s.P2

All P.

s.P1

s.P2

All P.

s.P1

s.P2

59.89 ± 0.92
43.57 ± 0.62
30.98 ± 0.63

-0.11 -0.13
-0.14 -0.43
0.07 0.24

0.30
0.38
0.65

0.17
0.16
0.17

0.89
0.83
0.75

0.33
0.29
0.31

0.80
1.70
0.41

0.14
1.95
0.77

2.59
6.70
14.94

C
B
A

58.05 ± 0.89
50.21 ± 0.91
45.49 ± 1.15

0.24 -0.03
0.01 -1.48
0.11 -1.53

0.46
0.17
0.34

0.22
0.21
0.27

1.00
1.23
1.44

0.42
0.38
0.51

2.48
0.00
0.30

0.01
7.01
4.88

3.97
0.68
1.48

WOUDC - KAGOSHIMA

C
B
A

54.77 ± 0.94
44.79 ± 1.02
38.98 ± 0.92

-0.38 0.09
-0.12 -1.19
-0.23 -2.13

-0.24
0.12
0.13

0.33
0.31
0.35

1.23
1.07
1.18

0.74
0.72
0.84

3.18
0.31
1.12

0.03
5.49
15.21

0.79
0.13
0.17

WOUDC - NAHA

C
B
A

49.55 ± 0.76
36.67 ± 1.04
30.55 ± 1.02

0.36 -0.99
0.44 -0.10
0.54 0.21

1.00
0.90
0.90

0.24
0.21
0.21

1.13
0.99
1.09

0.43
0.41
0.40

5.11
6.13
9.21

4.75
0.04
0.24

16.65
9.84
9.81

MOZAIC JAPAN

D
C
B
A

62.18 ± 0.92
56.64 ± 0.78
47.21 ± 0.83
39.88 ± 0.76

0.43 1.57
0.24 0.84
0.26 0.74
0.25 -0.28

0.31
0.35
0.43
0.58

0.31
0.23
0.22
0.22

1.17
0.87
0.61
0.80

0.70
0.50
0.54
0.49

4.93
3.18
3.78
2.67

10.46
6.91
7.74
0.58

0.98
2.56
2.94
4.87

MOZAIC JAPAN - NOON

D
C
B
A

61.43 ± 1.15
55.59 ± 0.84
47.28 ± 0.90
42.06 ± 0.86

0.74
0.49
0.43
0.12

0.51
0.35
0.23
-0.16

0.41
0.28
0.24
0.27

1.92
1.18
0.83
1.10

0.76
0.56
0.53
0.58

7.10
7.82
7.81
0.40

9.46
6.18
10.43
0.13

2.05
2.10
0.88
0.33
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2.25
1.03
1.14
0.16

With similar meteorological conditions on both MOZAIC and ozonesondes when selecting
only concomitant data (312profiles or >2/months) the sampling frequency is drastically reduced.
The patterns of the sondes times-series disappeared while the MOZAIC one still could be identified
and trends remain comparable. If MOZAIC remains more consistent than sondes it may reveal an
instrumental cause. So, under a threshold of eight observations per month, the significance of time
series is probably non representative and trends hazardous.
3.4

Seasonal trends
Sondes seasonal “trends” are poorly significant. Nevertheless the magnitude of trends is
reinforced from north to south: the southern sondes, Kagoshima and Naha, exhibits the most
negative and the most positive trends respectively in all levels (except at Kagoshima in summer).
On the contrary the northern sondes, Sapporo and Tateno, show respectively smallest negative
trends (except the winter-spring level A) and the smallest positive trends (except in winter and in
the summer level B). From MOZAIC, the “trends” are almost all positive but only highly significant
in summer [level B-D] and higher in spring-summer [0.1, 1.0ppbv/year] than fall-winter [-0.1,
0.3ppbv/year]. MOZAIC sampled at noon leads to strengthen the increase in the summer level D
(1.7ppbv/year, highly significant). The MOZAIC noon spring and summer in B are significantly
higher than MOZAIC.
3.5

Conclusions
MOZAIC, with very consistent O3 seasonal patterns from Tokyo to Osaka, shows the
strong predominance of summer monsoon, while sondes on the contrary even on short distance
(<100km) are in contradiction. Assessing trends should avoid the use of data with sampling rate
less than 8/month and seasonal patterns should help to check consistency of the regional
comparison or data set. MOZAIC exhibits significant and robust positive trends over 1995 – 2006
enhanced from level A (0.25±0.22ppbv/year) to level D (0.43±0.31ppbv/year). The 1995 -1999 sub
period is increasing more (up to 1.57±1.17ppbv/year in D) than over 2000 - 2006 (up to
0.58±0.49ppbv/year in A). The 1998 - 1999 anomaly weight is incommensurate within the studied
timeframe and its position is in favour of the strong highly significant increase during sP1 and the
relative flattening during sP2. This MOZAIC O3 tropospheric study should contribute here and in
the next “to reconcile the differences between the observed and modelled tropospheric O3 trends
over western pacific Ocean during the past decade” (Tanimoto et al., 2009) and efforts in that
perspective should be valuable.
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1.

Introduction
Ozone is one of the key atmospheric species and closely related to climate change and
environment issues. The stratospheric ozone layer protects living organisms at the Earth’s surface
against the harmful solar UV radiation, while tropospheric ozone is one of the greenhouse gases
and governs oxidation processes in the Earth’s atmosphere through formation of OH radical
(Lelieveld et al., 2000; Staehelin et al., 2001). In the surface layer, ozone is one of toxic gases for
human being and vegetation. Due to its importance, surface ozone has been monitored at many
Global Atmosphere Watch (GAW) stations of the World Meteorological Organization (WMO) and
environmental monitoring sites.
Measurements of surface ozone at background sites are highly needed to evaluate the
trends of background ozone. However, most of the measurements of background ozone are made
in Europe and North America (Vingarzan, 2004). Data from some important regions, e.g., East Asia
and South America, are very scarce. In this report we present analysis of long-term measurements
of surface ozone at the Mt. Waliguan site in western China.
2.

Site and Instrumentation
The Mt. Waliguan site (WLG, 36°17′N, 100°54′E, 3816 m asl) is located in Qinghai
Province, China. It is one of the global baseline stations of the WMO/GAW network. Mt. Waliguan
is situated at the northeast edge of the Qinghai-Tibetan Plateau and surrounded by highland
steppes, tundra, desserts, salt lakes, etc (Figure 1). With very few population (about 6 persons
/km2) and nearly no industry within 30 km, the WLG site is far from major anthropogenic sources.
However, some impact of long-range transport of anthropogenic pollutants from the NE-SE sector
cannot be excluded, particularly from the major cities Xining (about 90 km northeast of WLG,
population ~2.13 millions) and Lanzhou (about 260 km east of WLG, population ~3.1 millions).
Such impact, if any, may be significant only during the warmer period (May-September), as
suggested by the airmass trajectories.

Figure 1 - The location of the Mt. Waliguan site (left) and a Google Earth map (right) showing the topography surrounding it

The WLG baseline station was established in 1994. Long-term monitoring Programme for
surface ozone began in August 1994. The concentration of surface ozone has been measured
using two ozone analyzers (Figure 2, Model 49, Thermal Environmental Instruments). The
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analyzers have been automatically zeroed alternatively every second day by introducing ozonefree air for 45 min. Seasonal multipoint calibrations have been done using an ozone calibrator
(Figure 2, Model 49PS, Thermal Environmental Instruments). In the years 1994, 1995, 2000, 2004,
and 2009, the ozone calibrator and analyzers at WLG were compared with the transfer standard
from the WMO World Calibration Centre for Surface Ozone and Carbon Monoxide, Empa
Dübendorf, Switzerland. Intercomparison results show excellent or good agreement between the
WLG instruments and the transfer standard (see e.g., Zellweger et al., 2000; 2004). Surface ozone
data are recorded every 5 min and corrected annually based on the zero checks and multipoint
calibrations. If the observed ozone values from the two analyzers agree within 5 ppb, average
values are calculated and included in the final dataset. Otherwise, causes for the differences are
searched by the principal investigator and only data from the well-performing analyzer are included
in the dataset.

Figure 2 - Instruments for the surface ozone measurement at WLG

3.

Time series and seasonality
Figure 3 shows the time series of the daily mean ozone concentration observed at WLG
from August 1994 to December 2009. In spite of dual analyzer measurement, there are three
larger data gaps in the time series, i.e., May-October 1998, August-October 1999, and AugustDecember 2002. In these periods, the monitoring had to be interrupted due to construction
activities and repairs after lightning damage or parts defect.
During the period August 1994 – December 2009, about 13.3% of data points are missing
mainly due to the three larger data gaps. The observed daily mean ozone concentration varied in
the range of 28.6-80.1 ppb, with an overall average of 50.1 ppb. The average ozone concentration
is 50.9 ppb for the recent decade (2000-2009).

Figure 3 - The time series of daily mean ozone concentration observed at WLG
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The average seasonal variation of surface ozone at WLG is calculated and shown in Figure
4. On the average, the maximum and minimum ozone occurs in June and December, with the
monthly mean of 61.2 ppb and 42.3 ppb, respectively. As can be seen in Figure 4, the variability of
surface ozone at WLG is much higher in the summer months than in the winter months. Although
the ozone level at WLG did not show dramatic year-to-year changes, the yearly ozone maxima in
1995, 1999, 2003, 2006, and 2007 were significantly higher than those in other years (Figure 3).

Figure 4 - Average seasonal variation of the ozone concentration at WLG. The error bars indicate standard deviations
of the monthly means

4.

Analysis of ozone trends

4.1

Data handling
To analyze the trends of surface ozone at WLG, all hourly means (117,116) are divided into
subsets of data, containing all available data, night data (23:00-4:00 Beijing Time), and day data
(11:00-16:00 Beijing Time), respectively. For each subset of data, monthly mean ozone
concentrations are calculated using hourly means. Only monthly means are considered valid if less
than 33% of points are missing. The valid monthly means are used in the calculations of monthly
anomalies and deseasonalized trends for different subsets and periods.
4.2

Annual trends
The monthly ozone anomalies for the subsets all available data, day data only, and night
data only are plotted in Figure 5, together with the respective results from linear regressions. The
slopes of the regression lines and their deviations (2σ) indicate that during 1994-2009, the level of
surface ozone at WLG increased significantly (α=0.05) for the above-defined day and night periods
and for the entire day, with the largest increase (0.193±0.072 ppb/yr) for the day period. The same
method is applied to the monthly ozone anomalies during 2000-2009. The results suggest that only
the ozone level for the day period had a significant increase (0.174±0.130 ppb/yr). Table 1
summaries the annual ozone trends based on monthly mean anomalies for different subsets of
data.
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Figure 5 - Monthly ozone anomalies and ozone trends for the entire day (top), day period (11:00-16:00) (middle) and night
period (23:00-4:00) (bottom) during 1994-2009

Table 1 - Annual ozone trends based on monthly mean anomalies for different subsets of data
Period

Entire day

23:00 – 4:00*

11:00- 16:00*

1994-2009

0.199±0.068**

0.112±0.073**

0.193±0.072**

2000-2009

0.002±0.128

-0.029±0.136

0.174±0.130**

* Beijing Time
** α=0.05

4.3

Seasonal trends
To investigate the seasonal differences in the ozone trends, seasonal ozone anomalies are
calculated for the entire day, day period, and night period, respectively. Figure 6 shows the
seasonal ozone anomalies for the day period in difference seasons and the respective results from
linear regressions. The slopes of the regression lines and their deviations (2σ) in Figure 6 indicate
that during 1994-2009, the day period level of surface ozone at WLG increased significantly
(α=0.05) in spring (MAM), fall (SON) and winter (DJF), but not in summer (JJA), with the largest
increase (0.264±0.129 ppb/yr) appearing in fall. The same method is applied to other subsets of
data. The results are given in Table 2. In general, the ozone level in the day period in fall had a
largest positive trend during 1994-2009 and 2000-2009. Smaller but significant positive trends are
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also found in the data subsets for the night period and entire day in spring and fall during 19942009. The ozone trend during 2000-2009 is insignificant except for the day period in fall.

Figure 6 - Day period (11:00-16:00) ozone anomalies in spring (a), summer (b), fall (c) and winter (d)

Table 2 - Ozone trends based on seasonal mean anomalies for different subsets of data
Data subset

Day

Night

Entire day

Period

DJF

MAM

JJA

SON

1994-2009

0.179±0.105*

0.244±0.124*

0.153±0.311

0.264±0.129*

2000-2009

0.186±0.236

0.136±0.228

0.077±0.635

0.241±0.229*

1994-2009

0.073±0.129

0.205±0.127*

0.032±0.305

0.207±0.164*

2000-2009

-0.059±0.283

0.118±0.234

-0.275±0.539

0.065±0.286

1994-2009

0.108±0.111

0.186±0.137*

0.049±0.285

0.205±0.162*

2000-2009

0.017±0.245

0.045±0.240

-0.191±0.532

0.081±0.289

* α=0.05

4.4

Trends based on nonlinear fitting
Deseasonalization is important in the calculations of ozone trends. In addition to the above
method, which is based on ozone anomalies, some other methods can also be used to avoid the
influence of seasonal variation of ozone on the results. Nonlinear fitting is one of these methods.
Figure 7 shows an example of this method, in which the daytime (11:00-16:00) mean ozone is
assumed to oscillate seasonally in the way of a cosine function and have a linear long-term trend.
After the nonlinear fitting to measurements during 1994-2009, the following emperical equation for
the daytime mean ozone is obtained:

with [O3] being the daytime mean ozone in ppb and t the time in yr. The annual ozone trend from
this method is 0.203 ppb/yr. Interestingly, this trend agrees well with the 1994-2009 trend for the
day period (0.193±0.072 ppb/yr, see Table 1). For the 2000-2009 period, the nonlinear fitting
comes out with a trend of 0.174 ppb/yr, which equals the anomaly-based trend for the same period
in Table 1.
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Figure 7 - The time series of daytime (11:00-16:00) mean ozone concentration and results of a nonlinear fit to the data

4.5

Causes of the trends
Long-term changes in surface ozone may be caused by many factors, e.g., changes in the
emissions of ozone precursors, changes in the atmospheric oscillations, changes in stratospheretroposphere exchange (STE), changes in meteorological parameters, etc. WLG is a mountain-top
station at higher altitude and far from major anthropogenic sources. The diurnal patterns of surface
ozone at WLG in different seasons show daily amplitudes of only a few ppb (Figure 8). The ozone
level is nearly stable during the night and early morning, decreases gradually after sunrise,
reaches the minimum around noon, and then increases gradually to the night level. Such diurnal
patterns reflect well the impact of the mountain-valley breeze on ozone at the top of mountain and
suggest that photochemical production of ozone at the site is very limited. Indeed, previous study
(Ma et al., 2002a) shows that the net ozone production rate in July is less than 2.1 ppb/day. Model
simulations (Ma et al., 2002b; 2002c) suggest that ozone at WLG is mainly from lateral bourdary
ozone import (36 ppb) and the STE contribution (16 ppb) and chemical production plays only a
minor role (5 ppb). The significant contribution of STE is supported by the meteorological
simulations (Ding and Wang, 2006) and by study using 10Be/7Be data (Zheng et al., 2011). There
has been disagreement over the summer maximum of surface ozone at WLG (Zhu et al., 2004; Ma
et al., 2005).

Figure 8 - Average diurnal variations of surface ozone at Waliguan for different seasons

Our results in Table 2 show that the increase of surface ozone at WLG is insignificant in
summer but significant and larger in spring and fall. Since the WLG site is most possibly influenced
by anthropogenic pollutants, the absence of significant summer trend implies that the observed
annual trend of surface ozone at WLG is not caused by changes in anthropogenic emissions in the
regions east of the site. More studies are needed to find the cause(s) for the positive ozone trends
in spring and fall.
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5.

Summary
Measurements of surface ozone at the WLG site in the remote western China are
presented and analyzed. The overall average ozone level is 50.1 ppb during 1994-2009 and 50.9
ppb during 2000-2009. Based on the monthly anomalies, the annual ozone trends are estimated to
be 0.193 ppb/yr and 0.174 ppb/yr for 1994-2009 and 2000-2009. These trends agree well with
those based on nonlinear fitting. The largest and most significant increase of the ozone level is
observed in the day period (11:00-16:00 Beijing Time) of fall, with a rate of 0.264 ppb/yr for 19942009 and a rate of 0.241 ppb/yr for 2000-2009. At present, causes for the observed increase of
ozone at WLG are not clear. However, anthropogenic impact from regions east of WLG may not be
the cause. Further studies are necessary to understand the long-term trend of surface ozone at the
site.
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1.

Surface ozone measurements at the Nepal Climate Observatory - Pyramid
Due to the increasing anthropogenic emissions, South Asia is characterised by the
presence of copious amounts of aerosol and pollutant gases that, due to conductive meteorological
conditions, during the dry seasons can accumulate within the so-called “brown clouds” with severe
implications on regional climate, air-quality and food safety (Ramanathan et al., 2008).
Despite the large experimental and modelling efforts aimed to the better understanding of
this phenomenon, until a few years ago a gap in the knowledge about atmospheric composition
variability still existed in the Himalayas. For these reasons and with purpose of contributing to filling
this gap, the Nepal Climate Observatory-Pyramid was installed in Nepal on March 2006. In order to
study the variability of atmospheric compositions and the related anthropogenic/natural
contributions, chemical and optical properties of aerosol (i.e. mass and number size distribution,
BC, PM-1 and PM-10, absorption and scattering coefficients, organic and inorganic, soluble and
insoluble chemistry) as well as the surface ozone concentrations (O3) are continuously monitored
at this GAW-WMO Global Station (Bonasoni et al., 2010).
1.1

Measurement site surroundings
The Nepal Climate Observatory–Pyramid (PYR, 27.95 N, 86.82 E) is located at 5079 m
a.s.l. in the eastern Nepal Himalaya, at the confluence of the Lobuche and Khumbu valleys. The
measurement site surroundings are mostly rocky with patches of musk, while forests only extend
up to 4 km a.s.l. from the bottom of the valley. The area is only subject to short-lived snow cover
periods. The observatory is located away from important anthropogenic sources of pollutants, and
only small villages are present along the lower Khumbu valley: the biggest village is Namche
(about 800 inhabitants). The closest major urban area is Kathmandu (∼ 106 inhabitants) which is
located about 200 km South-West to the measurement site and more than 3.5 km lower down. No
local emissions are present in-situ and the power required to carry out activities is supplied by 96
photovoltaic panels with 120 electric storage cells.
1.2

Experimental (sampling system, instrumental set-up and reference scales)
O3 measurements are continuously carried out at PYR since March 2006. The intake line of
sample air is 3.5 m above the ground and 1 m above the laboratory roof and it consists of an inoxsteel pipe through which the sampled air is passed at a constant flow rate by a turbo blower. Inside
the laboratory the analyser draws the sample air by a Teflon pipe (less than 1.5 m long).
Since the start of the monitoring activity, O3 measurements are carried out by a UVabsorption analyser Thermo Environmental TEI 49C (S/N 0525712879) which perform automatic
span and zero checks every 24 hours (see Cristofanelli et al., 2010). During the period May 2009 –
October 2009, the analyser was sent to the manufacturer laboratories for ordinary maintenance:
during this period, the measurements have been carried out by using a back-up instrument
(Thermo Environmental TEI 49i, S/N CM08460046). When the instruments were interchanged, at
least two days of simultaneous measurements were carried out with the purpose of comparing the
behaviour of the two analysers.
During maintenance campaigns in February 2007 and April 2011, the TEI 49C was
compared against a travelling standard provided by GAW/WCC at Empa (World Calibration Centre
for Surface Ozone, Carbon Monoxide and Methane at the Swiss Federal Laboratories for Materials
Testing and Research). In agreement with Klausen et al. (2003), the combined standard
uncertainty (1-min basis) was ascertained to be less than ±1.5 ppbv in the range 0–100 ppbv. On
September 2009, the TEI 49C analyser has been again calibrated and certified at the Empa
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laboratories against the standard SRP#15. A further in-situ intercomparison was carried out on
April 2009 by using a Sycos KT03 (ANSYCO) calibrator.
During the first 5-year of measurements (March 2006 – December 2010), 95.4% of days
has been characterised by a data coverage of at least 77% of hourly values.
2.

Surface O3 behaviour
During the first 5-year measurements, PYR has been characterised by an average O3 daily
mean of 48.1 ± 12.2 ppb (± 1s; with N: 1719). For the investigated 5-year period, interannual O3
variations have been observed with average yearly values of 48.6 ± 1.4 ppb on 2006, 49.3 ± 1.3
ppb on 2007, 50.0 ± 1.2 ppb on 2008, 45.7 ± 1.2 ppb on 2009 and 46.9 ± 1.3 ppb on 2010.
As deduced by the analysis of daily mean values (Figure 1), the seasonal cycle of O3
showed maxima during pre-monsoon (April: 64.8 ± 6.0 ppb, N: 150) and minima during the
summer monsoon (August: 32.2 ± 5.2 ppb; N: 151). The pre-monsoon maximum with a summer
minimum can be partially explained considering the South Asia monsoon regime and concurrent
atmospheric circulation: the seasonal O3 minima during the monsoon period are related to the
northward transport of air masses poor in O3. As also detailed in the following, both stratospheric
intrusion events and transport of polluted air-masses from Central Asia, North Africa, Middle East,
Indo-Gangetic plains and Himalayas foothills can contribute to the elevated O3 concentrations
observed during winter and pre-monsoon (Bonasoni et al. 2010; Cristofanelli et al., 2010).

Figure 1 – Surface ozone time series (daily averages) at the Nepal Climate Observatory – Pyramid from March 2006 to
December 2010. Only days with a data coverage exceeding 77% (based on 1-hour average values) are reported

As showed by Bonasoni et al. (2010) an efficient diurnal along-valley wind circulation
characterises the Khumbu region: day-time valley wind and night-time mountain breeze are usually
observed except than during summer monsoon, when southerly flows from the bottom of the valley
are evident also during the night. This can influence the diurnal O3 variability at the PYR
observatory, where the average O3 diurnal cycles are characterised by different shapes for the
different seasons as deduced by the analysis of normalized O3 values obtained by subtracting daily
means from the actual hourly O3 concentrations (Figure 2).
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Figure 2 - Monthly average diurnal cycles of normalized O3 values (Δozone) at NCO-P from March 2006 to December 2010.
The coloured shaded areas represents the envelopes of the different diurnal cycles as a function of the seasons (blue:
winter; green: pre-monsoon; red: summer monsoon; purple: post-monsoon)

3.

Processes affecting surface O3 variability at PYR (first 2-year investigation)
With the aim of better understand the influence that air-mass rich in O3 due to the
occurrence of stratospheric intrusion events or polluted air-mass transport from the brown cloud
could have to the variability observed at PYR, we defined and applied specific methodologies for
the identification of these classes of events during the first 2-year of data (March 2006 – February
2008).
3.1

Stratospheric intrusion events
For the purpose of identifying stratospheric intrusion events (SI), different selection criteria
were applied (Cristoafenlli et al., 2010). The detection algorithm was based on the analysis of insitu O3, atmospheric pressure (AP), relative humidity (RH), satellite-derived total column ozone
(TCO), and potential vorticity (PV) calculated along air-mass back-trajectories. In particular, a
specific day was considered as being influenced by SI if enhanced daily O3 mixing ratio was found
and at least one of the following criteria was fulfilled:
(i)
(ii)
(iii)
(iv)

Significant variations of daily AP value + the presence of back-trajectories with PV>1.6
pvu (26 days)
Presence of back-trajectories with PV>1.6 pvu + significant TCO daily value increases
(20 days)
Significant variations of daily AP values + significant TCO daily value increases (14
days)
Presence of RH<60% + significant negative correlation O3-RH + daily O3 maximum
higher than the seasonal value + significant variation of daily AP, PV or TCO values
(84 days).

Considering that one specific day can be simultaneously selected by different criteria, 98
days (14.1% of the data-set) were retained as probably influenced by SI. During the first 2-year
observations, the highest seasonal SI frequency was recorded during non-monsoon seasons and
in particular during the winter season 2007 (27% of the period). High frequency values were also
recorded for the post-monsoon (25%) and pre-monsoon 2007 (23%). The lowest SI seasonal
frequencies were detected during the monsoon seasons (less that 2%). Such behaviour probably
reflects the role of the sub-tropical jet stream (SJS) in favouring the occurrence of deep SI in the
southern Himalayas. In fact, while during the summer monsoon the SJS was positioned on the
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northern side of the Tibetan Plateau, from October to May the axis of the SJS was situated
between 25ºN–30ºN, thus being more likely to interact with the Himalayas.
Basing on the analysis of 30-minute average values, a mean O3 concentration of 61± 9 ppb
(± 1s; N = 3183) was observed during SI, corresponding to a significant excess of +27.1% (+13
ppb) compared to periods not affected by these events. The seasonal O3 concentrations
associated with SI showed the highest values during the pre-monsoon (65 ± 9 ppb, N: 1396) and
winter season (58 ± 7 ppb, N: 1341). The seasonal net O3 increase (expressed as percentage)
recorded during SI with respect to periods not affected by such events shows a seasonal cycle with
the highest values during the post-monsoon (+22.0%, equivalent to +10 ppb) and the lowest during
the pre-monsoon (+8.6%, equivalent to + 5 ppb).
3.2

Brown clouds in the Himalayas
To study the “direct” influence that polluted air-masses related with the presence of the
brown cloud over Indo-Gangetic plains (IGP) could have to the O3 concentrations at PYR, we
adopted a selection methodology based on the analyses of (i) in-situ equivalent black carbon (BC)
concentrations, (ii) in-situ aerosol scattering coefficient (ss) values, (iii) in-situ PM-1 concentrations,
(iv) local meridional wind component and (v) MODIS (Moderate Resolution Imaging
Spectroradiometer) AOD values over the Himalayan foothills and North IGP (box area 26º
N<Lat<27.5 º N; 83 º E<Lon<88 º E). In particular, a day was considered as affected by brown
cloud transport if:
(i)
(ii)

(iii)

Upvalley southerly wind (Vy>0 ms-1) were well developed
BC, ss and PM-1 values were significantly greater (at the 2s confidence level) than
seasonal background value (defined based on the analysis of 5-day long backtrajectories by selection of night-time data recorded with air-masses that never
descended below 5000 m a.s.l.)
Daily MODIS AOD @ 550 nm were greater than 0.4 over IGP.

Using this combined methodology, 50 days (7% of the analysed data-set) were identified as
being influenced by direct atmospheric brown cloud transport to NCO-P: 87% of them during premonsoon, 9% during the winter and 4% in post-monsoon. The 39 days identified during the premonsoon indicated this to be the season most frequently influenced by brown cloud transport
episodes (20% of pre-monsoon days). In comparison with the pre-monsoon seasonal average
values, during these pollution “hot spots”, significantly higher O3 (69.2 ppbv, +13.6%) was recorded
at PYR.
4.

Summary and conclusions
Since March 2006, continuous surface O3 measurements are executed at the PYR GAWWMO Global Station, at 5079 m a.s.l. in the Nepal Himalayas. This observatory has been
implemented to provide long-term information about aerosol and surface ozone variability over a
hot-spot region which is expected to be strongly impacted by South Asian anthropogenic emission.
As deduced by the first 5-year observations, surface O3 was characterised by a clear
seasonal cycle (monsoon minima and pre-monsoon maxima), with significant day-to-day variability.
As showed by the analyses carried out during the first 2-year observations, deep
stratospheric intrusion events and polluted air-mass transport related with the presence of the
brown cloud over the Indo-Gangetic plains can strongly contribute in determining the observed
variability. In particular, in respect to the 2-year average period, O3 increases by 27% and 35%
during SI and brown cloud transport, respectively. These evidences suggested that, together with
the occurrence of other phenomena related to photochemical precursor emissions (e.g. biomass
burning) or large-scale atmospheric phenomena (e.g. ENSO, TBO), these processes should be
take into account to evaluate future trends or for attributing interannual O3 variability.
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1.

Introduction
Long-term measurements carried out at the Pic du Midi Observatory showed that ozone
concentration increased by a factor of 5 during last century (Marenco et al., 1994). Recent
investigations of tropospheric ozone pointed out that its concentration is close to the saturation. A
positive trend remains only in the cities due to anthropogenic emissions of ozone precursors.
In this paper we summarize the data on the vertical distribution of tropospheric ozone
obtained over background region (Figure 1) of Siberia from 1997 to 2009. The Optik-É AN-30
aircraft-laboratory was used to measure trace gas and aerosol composition and meteorological
parameters as well. Measurements of ozone concentration were carried out with 3-02P
chemiluminescent ozone analyzer (OPTEC JSC, Russia). Data analysis showed that two periods
(autumn-winter and spring-summer) can be clearly distinguished in the mean annual behaviour of
the ozone vertical distribution. Transition from the autumn-winter period to the spring-summer one
begins near the ground surface at the end of February and terminates in the upper troposphere at
the end of April. And the back transition begins in the upper troposphere in the beginning of
September and terminates in the middle troposphere in the middle of October.
Three distinct maxima and two minima were observed in the free troposphere during the
period under study. Not all of them were in the atmospheric surface layer, and zones with
enhanced ozone concentrations did not reach the upper troposphere. Most likely, ozone formation
is mainly occurred due to the photochemical production from ozone precursors transported from
remote regions. Some features of the ozone distribution in the atmospheric boundary layer are also
presented.

Figure 1 - Region under study and the flight pattern

2.

Annual behaviour of the ozone mixing ratio
Ozone mixing ratio profiles measured in January and July for the entire period are
presented in Figure 2. It is difficult to draw a definite conclusion on ozone vertical distribution
dynamics, except for the fact that profiles measured in January can be distinguished on air mass
origin – arctic and temperate.
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Figure 2 - Vertical distribution of ozone mixing ratio observed over the south of West Siberia from 1998 to 2009

At the same time, average seasonal variation of O3 mixing ratio profiles allow to reveal
some regularity in the annual behaviour (Figure 3). It is evident that these profiles can be divided
into two groups. The first one represents vertical distributions obtained during cold season when
ozone mixing ratio ranges from 20 to 30 ppb. Another one is observed during warm period with
higher concentrations of 35–45 ppb. The most important difference between them lies in the
distribution of ozone concentration in the lower troposphere (<1 km). In winter, when ozone
deposition to the snow-covered underlying surface is minimal, O3 mixing ratio decreases with
decreasing height from 1 km down to the land surface, and in summer such behaviour is not
observed. In our opinion, it can be caused by the fact that snow cover insulates the ground and
prevents emission of ozone precursors. And vice versa, during summertime an exposed land
surface and vegetation release a great amount of trace species in to the atmosphere that leads to
the ozone production. In this connection, profiles observed in March are especially representative.
The lower part of such profiles can be attributed to the summer type, and the upper – to winter one.
The research flights are performed over a coniferous forest, and in March the snow starts to melt
and a lot of thawed patches appear. This rapidly leads to the photochemical ozone production.
More clearly, it can be seen from Figure 4. Transient processes (autumn-winter and
spring-summer) embrace the whole troposphere.

Figure 3 - Average seasonal variation of vertical ozone distribution in the troposphere over the south of West Siberia

62

Figure 4 - Mean annual behaviour of the ozone mixing ratio at different heights

The data presented in Figure 4 also reveal another specific feature that a distinct ozone
maximum between 1 and 3 km is observed from October to December, when the land surface is
covered by snow and surface sources of ozone precursors are weakened. It is evident that ozone
formation in this layer occurred from conversion of precursors transported from remote areas
uncovered by snow.
3.

Long-term average vertical distribution of the ozone mixing ratio
The long-term average profile is presented in Figure 5. As can be seen from this Figure, the
average vertical distribution of O3 mixing ratio is practically uniform in the middle troposphere, and
it has slight tendencies to decrease in the upper tropospheric layers and to increase in the
atmospheric boundary layer. A significant increase of ozone concentration is observed below 700m
height. To all appearance, this fact reflects the influence of snow-covered period duration when
photochemical ozone production is weakened. Thus, the long-term average profile does not reflect
individual specific features mentioned above.

Figure 5 - The long-term average profile of the ozone mixing ratio (black line in the centre; whiskers – standard deviation).
Blue line represents absolute minimum (blue line) and maximum (red line) values
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Monthly mean anomalies and mean values of the ozone mixing ratio are summarised in
Table 1 and Table 2.
Table 1 - Mean values and trends of the ozone mixing ratio at different heights
Slope
2σ
r2
Mean
-0.258
1.351
0.018
31.84
1.665
0.394
0.027
32.62

2000-2009
0-1km
1km-2km
2000-3000
3000-4000
4000-5000
5000-6000
6000-7000

0.242
0.570
1.027
0.672
0.625

2000-2009

1.644
1.512
1.176
0.986
0.928

0.021
0.066
0.268
0.188
0.116

32.17
30.49
29.71
28.41
28.07

Table 2 - Monthly mean anomalies of the ozone mixing ratio
0-1km
1-3 km
(Slope/2σ/r2) (ppb/yr)
(Slope/2σ/r2) (ppb/yr)
-0.253/1.351/0.017
0.384/1.658/0.026

std
5.93
6.80
6.64
6.16
5.33
4.28
3.98

3-7km
(Slope/2σ/r2) (ppb/yr)
0.694/1.052/0.179

4.

Specific features of ozone vertical distribution in the atmospheric boundary layer
A number of studies (Stohl and James, 2003; Grant and Wong, 1999; Cheng, 2000; Trickl,
2001) have shown that ozone distribution in the atmospheric boundary layer (ABL) has a distinct
diurnal cycle governed by photochemical conversion of ozone precursors emitted from underlying
surface into the ABL. The data obtained over the south of West Siberia also revealed the same fact
(Figure 6). As follows from the Figure 6, the daylight increase of the ozone mixing ratio in the ABL
can not be explained by the ozone inflow from the stratosphere or upper layers, because O3
concentration there was lower. The amount of the ozone formed during daylight hours (a difference
between noon and evening concentrations) increases during warm season, when a lot of
precursors are emitted into the atmosphere and the solar radiation income rises. A thickness of the
layer, where increase of the ozone mixing ratio is observed, is proportional to the ABL height.

Figure 6 - Vertical distribution of the ozone mixing ration in the atmospheric boundary layer
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1.

Tropospheric ozone and its monitoring in the extra-tropical region of the southern
hemisphere
Tropospheric ozone has important roles in the maintenance of life on Earth. Tropospheric
ozone is: (a) the third most important anthropogenic greenhouse gas (Forster at al. 2007); (b) has
secondary climate forcing roles via its effect on atmospheric CH4 lifetime, plant growth and carbon
storage, and aerosol chemistry (Stevenson et al. 2000, Sitch et al. 2007); (c) an ultra violet
absorber providing >10% of the ozone shield (Bruhl and Crutzen 1989, Sabziparvar et al. 1998);
and (d) an essential precursor to the cleansing power of the troposphere (Seinfeld and Pandis
1998).
Background ground level ozone concentrations have increased 30 to 70% since the preindustrial period (Volz and Kley 1988, Royal Society 2008). These ozone concentrations have
effects on terrestrial life forms, for humans there may be no threshold (Bell et al. 2004, 2008). In
Europe the annual premature deaths due to ozone are estimated to be 21,400 per annum (Royal
Society 2008). Globally the cost of ozone damage to major crops (wheat, rice, maize, soya bean)
as crop yield loss is estimated to be $14 – 26 billion in the year 2000 (Ashmore 2000, Wang and
Mauzerall 2004, Royal Society 2008). The effect of ozone on photosynthesis may be sufficient to
prevent the biosphere taking up 0.4 Gt C per year, (~6% of global carbon release) doubling the
greenhouse effect of tropospheric ozone (Sitch et al 2007).
The perspective on tropospheric ozone in the southern hemisphere is quite different to that
the Northern Hemisphere. In the presence of the Antarctic stratospheric ozone hole, tropospheric
ozone is a important part of the Earth’s remaining barrier against biologically active ultraviolet
radiation reaching the earths surface. Also, with much of the surface being ocean, the southern
hemisphere has a different mix of natural and anthropogenic sources controlling tropospheric
ozone.
If one considers the 30% of the Earth’s surface south of the Tropic of Capricorn (23°S) and
data deposited in the World Data Centre for Greenhouse Gases (WDCGG), there are in this region
only 8 stations reporting surface ozone with more than 10 years of record and 8 ozonesonde
stations reporting vertical distributions of ozone more than 10 years of record (WDCGG 2011).
An analysis will be presented here of trends in tropospheric ozone for 1 surface site and 3
ozone-sonde sites covering the Australian region of the Southern Ocean. Ozone trends in the
southern hemisphere troposphere have been previously analysed by Oltmans et al. (1998, 2006).
1.1

Tropospheric ozone monitoring in the Australian region of the southern hemisphere
The sites and relevant details are:

Cape Grim Tasmania, 40.38°S, 144.69°E, 104 m asl, where surface ozone measurements
have been made from 1982 to 2010. Cape Grim is a WMO GAW Global Station. The sector 190 to
280 degrees, >20 km/h wind speed, is “baseline” and representative of air from the Southern
Ocean mid-latitude marine boundary layer. In the SE sector is the mainland of Tasmania and in the
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Northerly sector more than 300km away is Melbourne (population 3.5M) and the mainland of
continental Australia. Two ultra-violet ozone monitors and an ultraviolet calibrator have been
maintained at the Station since the early 1980s. External calibrations have been conducted with
NBS (NIST) in USA in 1986, and WMO Empa in 2003 and 2010. Data are on the WMO-Empa
surface ozone scale. Surface ozone measurements and processes at this site are examined by
Ayers et al. (1992), Galbally et al. (2000), and Oltmans et al. (1998, 2006).
Broadmeadows Victoria, Australia, 37.69°S, 144.95°E is an urban site, close to the
industrial area of Melbourne, a city of 3.5 million people. Ozonesonde data from Jan 2000 to Dec.
2009 will be presented. ECC ozonesondes with sensing solutions of 1% KI, 2.5% KBr plus buffers,
along with Väisälä GPS radiosondes (RS80 before 2005, RS92 from 2005) are used. Standard
calibrations are performed and weekly flights made.
Macquarie Island, 54.50°S, 158.94°E, is a remote Southern Ocean island site. The
ozonesonde data from Jan 2000 to Dec. 2009 will be presented. ECC ozonesondes with sensing
solutions of 1% KI, 2.5% KBr plus buffers, along with Väisälä GPS radiosondes (RS80 before
2005, RS92 from 2005) are used. Standard calibrations are performed and weekly flights made.
Davis, Antarctica, 68.58S, 77.97E, is a coastal site on the edge of East Antarctic continent
on Prydz Bay. The ozonesonde data from 2003-2010 will be presented. ECC ozonesondes with
sensing solutions of 1% KI, 2.5% KBr plus buffers, along with Väisälä GPS radiosondes (RS80
before March 2006, RS92 from March 2006) are used. The site has weekly ozonesonde flights
from mid-May to late October, and 1-2 per flights per month during November to April. Analysis of
seasonal variations in the Davis and Macquarie Island ozonesonde measurements have been
reported by Lehmann (2002) and Klekociuk and Tully (2007).
2.

Tropospheric ozone trends in the Australian region of the southern hemisphere
Long-term trends in tropospheric ozone, calculated from monthly anomaly data, for the
periods 1980 – 2009, 1990-1999, 1990 - 2009 and 2000 – 2009, where data permits, will be
presented for four sites in the Australian region spanning the Southern Ocean.
2.1

Surface ozone trends at Cape Grim, 41°S
The analysis of the long-term trend data for Cape Grim is presented in Table 1. There were
significant upward trends in surface ozone in the marine boundary layer at Cape Grim 41°S in
1980’s and 1990’s and a minor decrease in the last decade, 2000-2009.
Table 1 - Cape Grim Surface Ozone Yearly Trends. Analysis based on monthly anomalies. Units: Slope = β1 – ppb y-1
CI = 95%.
Cape Grim
Trend ppb y-1 (95% CI)
1982 - 1989

β1 = 0.124 ± 0.086

1990 - 1999

β1 = 0.105 ± 0.069

2000 - 2009

β1 = -0.082 ± 0.068

1982 - 2009

β1 = 0.052 ± 0.015

Cape Grim surface ozone seasonal trends, based on monthly anomalies, are presented
in Table 2. Surface ozone in Austral spring (SON) and summer (DJF) show positive trends in the
1980s and 1990s and non-significant trends in the 2000s and positive trends over the three
decades combined. Surface ozone in Austral autumn (MAM) and winter (JJA) show non-significant
trends in each of the three decades. Over the three decades there are ambivalent results
concerning an upward trend in these seasons.
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Table 2 - Cape Grim Surface Ozone Seasonal Trends. Analysis based on monthly anomalies.
Units: Slope = β1 – ppb y-1
CI = 95%
Trend ppb y-1 (95% CI)
DJF
MAM
JJA
SON

Cape Grim
Season
1982 – 1989

β1 = 0.235 ± 0.103

β1 = -0.053 ± 0.165

β1 = -0.020 ± 0.222

β1 = 0.333 ± 0.169

1990 – 1999

β1 = 0.155 ± 0.128

β1 = 0.023 ± 0.126

β1 = -0.018 ± 0.150

β1 = 0.259 ± 0.154

2000 – 2009

β1 = -0.098 ± 0.160

β1 = 0.006 ± 0.105

β1 = -0.097 ± 0.133

β1 = -0.139 ± 0.162

1982 – 2009

β1 = 0.052 ± 0.029

β1 = 0.029 ± 0.024

β1 = 0.073 ± 0.032

β1 = 0.054 ± 0.035

An analysis was undertaken of the relationship between the monthly anomalies and
trends and major inter-annual features of the southern hemisphere tropospheric circulation, namely
El Nino/Southern Oscillation quantified by the Southern Oscillation Index (SOI) and the Southern
Angular Mode (SAM). The results for the correlation of the Cape Grim surface ozone monthly
anomalies with the SOI (ENSO) are:
DJF (Summer) = +0.246 (n = 83)
MAM (Autumn) = +0.371 (n = 83)
JJA (Winter)
= +0.171 (n = 83) n.s.
SON (Spring) = +0.384 (n = 83).
The correlations are significant except in winter. The physical description is that positive
ozone anomalies occur at Cape Grim associated with periods of more intense convection in the
Australian region tropics. A more detailed 3-dimensional examination of this phenomena is
presented by Oman et al. (2011). The correlation of surface ozone with SAM was not significant.
2.2

Tropospheric ozone trends at Broadmeadows, 38°S, and Macquarie Island, 54°S
At Broadmeadows Victoria, Australia, 37.69˚S 144.95˚E and Macquarie Island, 54.50˚S
158.94˚E, the tropospheric ozone trends are calculated for the five standard levels of 0-1 km, 1-3
km, 3-8 km, 8 km to the tropopause and upper troposphere/lower stratosphere, and are presented
in Table 3. A statistical analysis based on 95% confidence intervals for the trend indicates that
none of the trends are significantly different from zero.
Table 3 - Broadmeadows and Macquarie Island ozonesonde trends (2000-2009) for selected layers. Analysis based on
monthly anomalies. The average and standard deviation of the mixing ratio in each layer as well as the trend and its
standard deviation are presented
Broadmeadows 38˚S
Macquarie Island 54˚S
Average ± s.d.
Layer
0-1 km

Trend ± s.d.

Average ± s.d.

Trend ± σ

ppb

ppb y-1

ppb

ppb y-1

28.2 ± 0.9

-0.17 ± 0.16

26.8 ± 0.3

-0.12 ± 0.06

1-3 km

35.4 ± 0.5

0.2 ± 0.12

31.6 ± 0.5

-0.13 ± 0.09

3-8 km

43.2 ± 1.1

-0.04 ± 0.18

37 ± 0.8

-0.23 ± 0.16

8 km - tropopause

54.5 ± 2.2

-0.23 ± 0.51

46.2 ± 2.0

-0.53 ± 0.44

UTLS

114.8 ± 2.6

-0.87 ± 1.02

94.8 ± 6.2

-0.42 ± 1.33

2.3

Tropospheric ozone trends at Davis, 69°S
At Davis, Antarctica 68.58S, 77.97E, for 2003-2010 the ozone trends are calculated for the
standard heights 0-1 km, 1-3 km, 3-7 km, and upper troposphere/lower stratosphere, and are
presented in Table 4. A lower height of 7 km is used at this site for the upper bound of the middle
troposphere layer because of the lower tropopause in winter. A statistical analysis based on 95%
confidence intervals for the trend showed no significant trends in any layers using all data. A
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positive linear trend significant at 97% was found in spring, SON, for the UTLS layer (which was
not seen in other seasons). This trend may relate to circulation changes or ozone recovery in the
Antarctic lower stratosphere.
Table 4 - Davis ozonesonde trends (2003-2010, with mean epoch 2007.1) for selected layers. The analysis is based on
monthly anomalies, with the number of independent measurements indicated against each layer. The average and standard
deviation of the mixing ratio in each layer as well as the trend and its standard deviation are presented
Davis 69˚S
Average ± s.d.

Trend ± σ

Layer
0-1 km (n=86)

ppb
25.7 ± 1.5

ppb y-1
0.04 ± 0.01

1-3 km (n=81)

27.1 ± 1.8

0.03 ± 0.01

3-7 km (n=87)

32.5 ± 2.5

-0.06 ± 0.04

7 km – tropopause (n=84)

51.5 ± 21.4

1.10 ± 0.06

UTLS (n=93)

143.2 ± 28.1

0.43 ± 0.05

2.4

Possible causes of tropospheric ozone trends in the Australian region of the
southern hemisphere
There are a number of possible causes of ozone trends in the extra-tropical southern
hemisphere troposphere. These include changes in:
•
•
•
•
•
•
•
•
•

Stratospheric-tropospheric exchange
Dynamics of the SH troposphere
Fluxes of ozone destroying halogen from the ocean
UV photolysis rates of ozone
Fluxes of alkyl nitrates from the oceans
Shipping and other anthropogenic NOx emissions
NOx from lightning
CH4
VOCs and CO from biomass burning and other sources.

Key features that emerge from more detailed analyses are:
•
•
•
•

The CH4 increase over the 28 years of the Cape Grim record could be responsible for 10%
of the observed ozone increase. (Shindell et al. 2005, Rigby et al. 2008)
There is no evidence of a changing biomass burning influence at Cape Grim based on the
in-situ CO record (Langenfelds et al. 2011)
Based on the observed correlations, changes in the frequency of El Nino during the last 28
years could be an influence on the observed ozone trend
Shipping may be an influence on ozone in the higher latitudes of the southern hemisphere
(Lelieveld et al. 2004, Dalsøren 2009).

3.

Summary
There is limited data available to analyse for ozone trends in the southern hemisphere
extra-tropical region. Analysis is undertaken for one surface ozone site and 3 ozonesonde sites in
the Australian extra-tropical region of the southern hemisphere. Significant upward trends in ozone
in the marine boundary layer at Cape Grim 41°S were observed in the 1980’s and 1990’s and no
significant trend in the last decade, 2000-2009. Monthly ozone anomalies in marine boundary layer
ozone at Cape Grim 41°S correlated significantly with ENSO-SOI except in winter. ENSO appears
to have some influence on extra-tropical tropospheric ozone trends.
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No significant trends in ozonesonde data (38°S, 54°S and 67°S) in 2000’s except, increase
in spring (SON) at Davis, 67°S, in UT/LS which may relate to circulation changes or ozone
recovery.
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1.

General information

1.1

Site description
The coastal station Cape Point is located in South Africa’s Western Cape Province at 340S,
0
18 E, about 60 km south of Cape Town. The laboratory is situated at 230 m asl on a rock face
within a nature reserve at the southern point of the Cape Peninsula. Indigenous shrub (fynbos) is
the dominant vegetation in the neighbourhood of the station. Most of the annual rainfall is recorded
during the southern hemispheric winter. Prevailing winds are from south-east; however, the main
large-scale advection is from south-west. Measurements of environmentally important trace gases
at the site, notably CO2, CH4, CO and O3, are spanning differing time periods, ranging from 16
(CO2) to 30 years (CO), with the surface ozone record beginning in 1983. For further information
see GAWSIS (http://gaw.empa.ch/gawsis/).
1.2

Instrumentation and available records
The ozone instrumentation currently consists of three Thermo Electron TE 49 analysers
and a TE 49PS calibrator. The calibration is tied to the WMO/GAW scale, which has been checked
by audits conducted by WCC-Empa. Measurements made at Cape Point are available for three air
intake heights, 30 m, 4 m and 14 m, of which the 30-m time series constitutes the long-term record.
Measurements using the 4-m air intake started in 1997, and at the intermediate height of 14 m only
in 2008.
The entire O3 record shows two major gaps, one in 1985, and the second in 1990. In order
to remove pollution events (elevated or depleted in ozone), the 30-min data sets have been treated
with a statistical filter and alternatively by CO, which is an effective indicator for local pollution. The
resulting filtered data sets – stored separately - and the all data set have been subjected to trend
analyses based on different statistical tools. Unless otherwise stated, the trend estimates discussed here under 'anomalies' are based on 'all data' from the 30-m intake line.
2.

Trend analyses

2.1

Entire time series
The data sets have been subjected to moving average calculations over their monthly
means as well as linear and harmonic regression analysis. The overall trend agreement has
demonstrated the long-term robustness of the observations at the three levels. The CO-filtered
time series agrees marginally better with the entire data set than with the statistically filtered data
set. In the all-data set, ozone levels at the upper end due to production and ozone at the lower end
of the scale due to destruction appear to balance each other on a monthly basis.
Figure 1 shows the monthly means for the 30-m air intake as obtained with the statistical
background filter together with a harmonic regression fit and the long-term trend curve. Years depicting general tendency changes are 1989 – 1991, when an overall O3 increase began. In more
detail, the time series can roughly be divided into 3 parts: 1983 – 1989/90 with no clear trend behaviour and two major gaps, 1990 – 2002 with a statistically significant ozone increase, and 2003
onwards, when a stabilization took place. The positive trend of the period 1990 to 2002 was accompanied by an increase in seasonal peak-to-peak amplitudes with seasonal variations displaying a flat July-September maximum and a minimum in January. In the study of global ozone trends
by Oltmans et al. (2006) the Cape Point time series (30 m intake, statistically filtered) was put into
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perspective with other southern hemispheric sites, where it showed a relatively high ozone increase.

Figure 1 – Time series of monthly means for the 30-m air intake, statistical background filter applied

2.2

Anomalies 1990 - 2009
According to the requirements of the 2nd Workshop on Tropospheric Ozone Trends, the
above-described ozone records were analysed with respect to prescribed intervals. Trend
estimates were mainly based on anomalies. For the anomaly calculations the major data gap of
1990 was closed using interpolated data from a dynamic harmonic regression fit.
It is noted that the present study with its individual periods 1990 – 1999 and 2000 – 2009
partially merges the Cape Point trend observations outlined above. Nonetheless, the annual
anomalies have shown statistically significant growth rates for the entire period 1990 – 2009 (0.17
ppb/yr) and for the interval 1990 – 1999 (0.30 ppb/yr). See Table 1 and Figure 2. In contrast,
average O3 levels stayed nearly constant during 2000 – 2009. The calculated O3 reference mixing
ratio for January 2000 is 23.9 ppb for all data, and 23.5 ppb for the background selection, with the
long-term trends practically coinciding.
Table 1 - Summary of trend estimates based on anomalies. Significant positive rates in bold. There are no significant
negative rates
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Growth rates derived from seasonal anomalies (1990 – 2009) vary only slightly throughout
the year (Table 1) with the highest rate (0.21 ppb/yr) for austral spring (September, October November) and the lowest rate (0.12 ppb/yr) for austral winter (June, July, August). These are statistically significant for all four seasons (Table 1). For the first period they are significant with the exception of summer (December, January, February), which is explained by pronounced interannual
variability encountered during that season. The overall small seasonal dependence of the ozone
increase might be interpreted as indicating a dominance of hemispheric processes compared to
regional effects.

Figure 2 - Anomalies based on monthly means together with linear regression for the periods 1990 – 2009 (blue),
1990 – 1999 (black) and 2000 – 2009 (red)

2.2

Alternative statistical approaches
A comparison with alternative statistical approaches has shown good agreement of the
growth rates. Taking the rate of 0.17 ppb/yr (0.14 – 0.20) based on the anomalies (1990 – 2009) as
reference, linear regression on monthly means (not deseasonalised) has yielded 0.19 ppb/yr.
Rates from a linear regression on the trend curve (shown in Figure 1), average rates based on its
monthly derivatives, and the difference of the trend curve values at the end (Dec 2009) and at the
start (Jan 1990) are summarized in Table 2.

74

Table 2 - Trend estimates from alternative statistical approaches. Growth rates are given in ppb/yr (cf. Table 1)

2.3

Characterisation of the air between 4 m and 30 m
Efforts to estimate the representativeness of the air at the 2 intake heights, 4 and 30 m,
were undertaken by comparing specific time series constructed from the O3 maxima and minima of
the half-hourly intervals (2000 – 2009). The results showed no indication of different trend
behaviour between 4 and 30 m above the station. Averages of the 2000 – 2009 monthly means of
the two levels agree within ≈ 0.2 ppb. However, it is noted that during pollution episodes (especially
regional fire plumes) differences > 60 ppb between the intakes can occur.
3.

Summary
The time series of surface ozone at Cape Point from 1983 – 2009 can roughly be divided
into 3 parts with different trend characteristics: Between 1983 and 1989/90 no clear trend
behaviour showed up. During the period 1990 – 2002 a significant ozone increase took place,
while O3 levels stabilized from 2003 onwards. For the present study with the prescribed interval
1990 – 2009 and its first part 1990 – 1999, significant growth rates were obtained from linear regression on monthly anomalies, with a maximum growth rate of about 0.3 ppb/yr. Different statistical techniques yield compatible growth rate estimates. Calculated O3 reference mixing ratios for
the date January 2000 yielded 23.9 ppb for all data, and 23.5 ppb for background conditions. The
long-term trend of surface ozone at Cape Point is not critically dependent on the air intake height
between 4 m and 30 m.

Figure 3 - Seasonal anomalies with linear regression. Highest O3 increase for austral spring
(September, October, November)

Reference
Oltmans, S.J. et al., Long-term changes in tropospheric ozone, Atmos. Environ., 40, 3156-3173,
2006.
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1.

Introduction
Based on various metrics (satellite data, model analyses), evidence has been reported
recently that the width of the tropics has expanded by 1-2 degrees of latitude per decade as an
unequivocal sign of climate change in the tropics (e.g. Seidel et al., 2008). A high societal impact is
expected because of the concomitant poleward shift of meteorological regimes such as subsidence
and particularly precipitation. The present study investigates the tropical belt widening over Africa
from airborne in-situ measurements collected routinely between 1995 and 2009 as part of the
MOZAIC programme (Measurements of ozone and water vapour by Airbus in-service aircraft,
Marenco et al., 1998). Metrics of the width of the tropical band are defined with observations of
winds, relative humidity and the ozone mixing ratio. To our knowledge, this is the first time that the
widening of the tropical band has been investigated using in-situ data. As the tropics comprise the
largest reservoir of the troposphere, tropical tropospheric ozone trends need to be monitored,
especially over Africa where changes in anthropogenic emissions and biomass burning are
expected to impact the ozone budget. Tropospheric ozone, which can be produced following uplift
of ozone precursors and downwind from convective regions from lightning NOx (Pickering et al.,
1996; Schumann and Huntrieser, 2007), influences through the production of hydroxyl radicals the
global oxidizing capacity and, hence, the lifetime of several greenhouse gases such as methane.
Within the context of the widening of the tropical belt, ozone trends in the African upper
troposphere are assessed here from MOZAIC ozone time series, and compared to available
assessments (e.g. Bortz et al., 2006).
2.

Data and methodology
From January 1995 to March 2009, data from more than 10000 flight hours have been
collected between Europe and western, central and southern Africa. The mean monthly flight
frequency (Figure 1) is about to 10 in 1995 and 1996, increasing to about 20 from 1997 to 2004,
falling to zero in 2005, and finally increasing again to about 30 from 2006 to 2009. Ozone
measurements are based on dual-beam UV absorption (Model 49-103, Thermo Environment
Instruments, USA), the measurement accuracy is estimated at ±[2 ppbv + 2%] (Thouret et al.,
1998), with a response time of 4 sec. The instruments are calibrated in the laboratory before and
after each flight period (every 6-12 months) against a reference instrument which is periodically

Figure 1 - Monthly frequency of MOZAIC flights over Africa from January 1995 to March 2009

cross-checked with a primary standard at the National Institute of Standards and Technology. Inflight quality control includes regular checks of the instrument’s zero and calibration factor. Relative
humidity and atmospheric temperature measurements are detailed in Helten et al. (1998) and Smit
et al. (2008). The sensing elements consist of a capacitive sensor (Humicap-H, Vaisala) for the
measurement of relative humidity and a platinum resistor (PT-100) for temperature. The humidity
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device is calibrated in the laboratory before and after each deployment of ca. 2 months. The
response time is about a minute in the upper troposphere. Wind measurements are taken form the
aircraft data system. They are determined by the difference between the velocity vectors of the
aircraft with respect to earth and air, respectively. The observational error of a single horizontal
component of wind is less than 1 ms-1 (Benjamin et al., 1999). For this study, MOZAIC data were
selected for an altitude range of 9.6 - 11.6 km, with a horizontal resolution of 1 km. Longitudes of
the flights vary from 5°W to 35°E over Africa. The data have been averaged for each month in
latitude bins of 0.1° degrees from 45°N to 35°S.
The low latitudes are dominated by the meridional circulation of the Hadley cells and their
seasonal migration in latitude. Other upper level features of the circulation across the African
tropical belt sampled by the MOZAIC aircraft as shown in Figure 2 are the subtropical westerly jets
(SWJ) and the tropical easterly jet (TEJ). The latitudinal positions of the SWJs would be ideal to
define metrics to assess the width of the tropical belt. However, the southern SWJ often lies
outside the MOZAIC domain in boreal summer, and the northern SWJ often merges and becomes
indistinguishable from the northern polar jet at longitudes over Africa. Instead, a first metric is
based on the latitude of the dividing line in the zonal wind component U. The two dividing lines
between atmospheric circulations dominated by the easterlies in the tropics and the westerlies in
northern and southern midlatitude, called thereafter U0N (U0S), reflect poleward boundaries of the
tropics. The difference between the two latitudes (W1 = LAT_U0N - LAT_U0S) is our first metric
based on the zonal wind component. Two additional metrics are based on characteristic features of
the meridional distributions of ozone (O3) and relative humidity (RH). Sauvage et al. (2007) and
Saunois et al. (2008) have shown a two-dimensional character (latitude-altitude) of O3 and RH
distributions over Africa which reveals, at monthly time scales, the role of photochemistry and
transport along the Hadley cells. At the convective outflow level of the inter-tropical convergence
zone (ITCZ) observed by MOZAIC (Figure2), air masses processed by the deep convection exhibit
characteristic features such as a RH maximum (RHmax) and an ozone minimum (O3min). These
ozone-depleted air masses are rich in ozone precursors, both from anthropogenic and biomass
burning emissions, as well as lightning (Saunois et al., 2008). During poleward transport by the
Hadley cells (see the meridional wind component on Figure 2), the air masses are enriched in
ozone due to photochemical production in the upper troposphere and become drier due to
subsidence. The inverse meridional gradients for ozone and relative humidity are typical of the
tropical regime over Africa. Their maximum poleward extension (RHN, RHS, O3N, and O3S) mark
the transitions from the tropical to the mid-latitude regime and are used to define RH and O3
metrics for the widths of the tropical belt (W2 = LAT_RHN – LAT_RHS, and W3 = LAT_O3N –
LAT_O3S, respectively).

Figure 2 - Seasonal mean
meridional distribution of MOZAIC
observations over Africa, valid for
September – October - November
from the January 1994 – March
2009 time period. Wind vectors
(purple), relative humidity (%, in
blue), ozone mixing ratio (ppbv,
black), meridional wind component
(ms-1, red). Solid lines are seasonal
means, thin lines indicate the ±2σ
distribution
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3.

Results
Time series of the metrics for the width of the tropical band are displayed on Figure 3.
Regression lines to assess the latitudinal migration of metrics and the trends of the width of the
tropical band over the period covered by the MOAZIC data are computed on de-seasonalized time
series with monthly time steps. Coefficients of the regression lines are displayed in Table 1.
According to the confidence intervals, none of the metrics defining the northern edge of the tropical
band leads to statistically robust results, and hence, no trend can be attributed to the position of
the northern edge of the tropical belt. By contrast, all three metrics defining the latitude of the
southern edge of the tropical belt show a poleward migration that is statistically robust (confidence
intervals larger than 95%). MOZAIC observations are slightly more frequent in the northern than in
the southern tropics, because of the contribution of round trips over western Africa that have no
equivalents south of the equator. Hence, the different behaviour of the time evolution of the
northern and southern edges of the tropical band cannot be explained by a lack of data in the
northern tropics. However, the larger interannual variability observed in the northern tropics
requires longer time series for the assessment of long-term trends.
With regards to the width of the tropical band, robust and very similar results indicating an
expansion by the southern edge are shown by all three metrics. The mean expansion of the width
of the tropical band, based on the average of the three metrics, is about 2.4 deg/decade, which is
within the range of other estimates found in the literature as summarized by Seidel et al. (2008). A
main strength of this study is the coherence of the results obtained with metrics that are based on
independent in-situ measurements (wind, relative humidity and ozone). It comprises experimental
evidence for the poleward migration of the southern boundary of the tropical belt, which has been
suggested from studies with climate models (Kushner et al., 2001; Yin, 2005; Bengtsson et al.,
2006; Polvani et al., 2011) pointing at the hemispheric asymmetry of radiative forcing due to the
larger ozone depletion in the austral stratosphere.

Figure 3 - Time-series of metrics used to define the width of the African tropical belt from January 1995 to March 2009. (a)
Northern tropics: latitudes (deg.) of the metrics U0N (magenta), RHN (blue) and O3N (black). (b) Southern tropics: latitudes
(deg.) of the metrics U0S (magenta), RHS (blue) and O3S (black). (c) Width of the tropical band (deg.) defined by the metrics
W1, W2, W3 (see text for details). Regression lines in (a) to (c) are built on the de-seasonalized time-series and coefficients
are displayed in Table 1
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Table 1 - Coefficients of regressions lines for time-series of metrics used to define the width of the tropical band (Figure 3)
and the ozone trends (Figure 4). See text for details
Metrics for the width of the
tropical band
LAT_U0N
LAT_RHN
LAT_O3N
LAT_U0S
LAT_RHS
LAT_O3S
W1
W2
W3

Trend
(deg. / decade)
-0.14
+0.78
-0.15
-2.06
-2.60
-1.93
+2.27
+2.42
+2.40

Standard deviation ±2σ
(deg. / decade)
0.90
1.22
1.21
1.36
1.48
1.59
1.95
2.24
2.00

Confidence interval
(%)
24
15
19
> 99
> 99
98
97
96
98

Metrics for the ozone trend

Trend
(ppbv / year)
0.56
0.62
0.54

Standard deviation ±2σ
(ppbv / year)
0.25
0.46
0.22

Confidence interval
(%)
> 99
> 99
> 99

O3min
O3EQ-20N
O3EQ-20S

Time series of ozone mixing ratio across the width of the tropical band are displayed in
Figure 4. Three metrics are chosen: O3min (the seasonal equatorial ozone minimum), O3EQ-20N and
O3EQ-20S (average ozone mixing ratios in the two latitude bands). Regression lines (coefficients in
Table 1) are computed on de-seasonalized time series. The three metrics show robust positive
and very similar tendencies, with an average of 0.57 ppbv/year over the 14 year period. The trends
derived from Figure 4 are two times smaller than those found by Bortz et al. (2006) who also used
MOZAIC data in the upper tropospheric tropical belt, albeit over a shorter time period (9 years) and
using a slightly lower altitude layer (7.7-11.3 km versus 9.6-11.6 km here). Also, Bortz et al.
analysed meridional averages over the entire tropical domain covered by MOZAIC data, whereas
we confined the analysis to Africa. The trends derived by us are in agreement with surface ozone
trends found in ship-borne ozone measurements over the tropical Atlantic between 1977 and 2002
by Lelieveld et al (2004), who argued substantial increase of anthropogenic emissions of nitrogen
oxides (NOx) associated with energy use in Africa as a main cause of the trends. Given the
importance of the 2D frame of Hadley cells in structuring the mean features of the atmospheric
composition in the tropics, it is important to further investigate how strong the links between
surface and upper-tropospheric ozone mixing ratios and their respective trends might be over the
ITCZ in Africa. Evidence of such links would improve our understanding of the change in the ozone
budget over Africa within the context of the expansion of the tropical belt in a changing climate.

Figure 4 - Time-series of upper tropospheric ozone (ppbv) across the width of the African tropical belt from January 1995 to
March 2009. (a) Averaged in the latitude band 0-20°N. (b) Following the seasonal migration of the equatorial minimum of
ozone. (c) Averaged in the latitude band 0-20°S. Regression lines in (a) to (c) are built on the de-seasonalized time-series
and coefficients are displayed in Table 1
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4.

Summary
A 14-year time series of airborne in-situ measurements of wind, relative humidity and ozone
in the African upper troposphere was used to assess the rate of increase of the width of the tropical
belt and the ozone trend. The results show a statistically robust rate of expansion of 2.4 degrees
latitude per decade, mainly due to a poleward expansion of the southern boundary of the tropical
belt. The upper tropospheric ozone trend was derived to about 0.6 ppbv/year. Such an increase of
ozone in a widening tropospheric reservoir represents a key observation of tropical climate change,
and can serve as an excellent indicator for future changes in this important region of the earth, if
the measurement programme is continued.
References
Bengtsson, L., K.I. Hodges and E. Roeckner (2006), Storm tracks and climate change. J. Climate
19, 3518–3543.
Benjamin, S.G., B.E. Schwartz, and R.E. Cole (1999), Accuracy of ACARS Wind and Temperature
Observations Determined by Collocation, Wea. and Forecasting, 14, 1032-1038.
Bortz S. E., M. J. Prather, J.-P. Cammas, V. Thouret, H. Smit (2006), Ozone, water vapour, and
temperature in the upper tropical troposphere: Variations over a decade of MOZAIC
measurements, J. Geophys. Res., 111, D05305, doi:10.1029/2005JD006512.
Helten M., Smit H., Strater W, Kley D., Nédélec P., Zoger M., and Busen R. (1998), Calibration and
performance of automatic compact instrumentation for the measurement of relative humidity
from passenger aircraft, J. of Geophys. Res., 103, 25643-25652.
Kushner, P. J., I.M. Held and T.L. Delworth (2001), T. L. Southern hemisphere atmospheric
circulation response to global warming. J. Climate 14, 2238–2249.
Lelieveld, J., J. van Aardenne, H. Fischer, M. de Reus, J. Williams, and P. Winkler, Increasing
Ozone
over
the
Atlantic
Ocean.
Science
4
June
2004:
14831487.DOI:10.1126/science.1096777.
Marenco, A., V. Thouret, P. Nédélec, H. Smit, M. Helten, D. Kley, F. Karcher, P. Simon, K. Law, J.
Pyle, G. Poschmann, R. Von Wrede, C. Hume and T. Cook (1998), Measurement of ozone
and water vapour by Airbus in-service
aircraft: the MOZAIC airborne Programme, An
overview, J. Geophys. Res., 103, 25631-25642.
Pickering, K. E., A.M. Thompson, W.K. Tao, D.P. McNamara, V.W.J.H. Kirchhoff, B.G. Heikes,
G.W. Sachse, J.D. Bradshaw, G.L. Gregory and D.R. Blake (1996), Convective transport of
biomass burning emissions over Brazil during TRACE A, J. Geophys. Res., 101(D19),
23993–24012.
Polvani L.M., D.W. Waugh, G.J.P. Correa and S.-W. Son (2011): Stratospheric ozone depletion:
the main driver of 20th Century atmospheric circulation changes in the southern hemisphere,
J. Clim., 24, 795-812, doi: 10.1175/2010JCLI3772.1.
Saunois M., C. Mari, V. Thouret, J.P. Cammas, P. Peyrille, J.P. Lafore, B. Sauvage, P. Nédélec,
J.P. Pinty, and A. Volz-Thomas, An idealized two-dimensional approach to study the impact
of the West African monsoon on the tropospheric ozone meridional gradient, J. Geophys.
Res., 113, D07306, doi:10.1029/2007JD008707.
Sauvage B., V. Thouret, J.-P. Cammas, J. Brioude, P. Nédélec, C. Mari (2007), Meridional ozone
gradients in the African upper troposphere, Geophys. Res. Lett., 34, L03817,
doi:10.1029/2006GL028542, 2007.
Seidel D.J., Q. Fu, W. J. Randel, and T. J. Reichler (2008), Widening of the tropical belt in a
changing climate. Nat. Geosci., 1, 21–24.
Schumann U. and H. Huntrieser, The global lightning-induced nitrogen oxides source. Atmos.
Chem. Phys., 7, 3823-3907, 2007.

80

Smit H.G.J., A. Volz-Thomas, M. Helten, W. Paetz, and D. Kley (2008), An in-flight calibration
method for near-real-time humidity measurements with the airborne MOZAIC sensor, J.
Atmos. and Oceanic Techn., 25, 656-667.
Thouret, V., A. Marenco, J. A. Logan, P. Nédélec, and C. Grouhel (1998), Comparisons of ozone
measurements from the MOZAIC airborne Programme and the ozone sounding network at
eight locations, J. Geophys. Res., 103, 25,695-25,720.
Yin, J. H. (2005), A consistent poleward shift of the storm tracks in simulations of 21st century
climate. Geophys. Res. Lett. 32, L18701.

_______

81

INTERANNUAL VARIATIONS OF OZONE IN THE TROPICAL TROPOSPHERE AND
TROPOPAUSE REGION FROM THE SHADOZ AND OTHER OZONESONDE DATA SETS
Hiroshi Morioka (1), Masatomo Fujiwara (1), Masato Shiotani (2), Anne M. Thompson (3), Jacquelyn C. Witte (4), Samuel J. Oltmans (5)
(1) Graduate School of Environmental Science, Hokkaido University, Sapporo, Japan (fuji@ees.hokudai.ac.jp)
(2) Research Institute for Sustainable Humanosphere, Kyoto University, Uji, Japan
(3) Department of Meteorology, Pennsylvania State University, University Park, Pennsylvania, USA
(4) Science Systems and Applications Inc., Lanham, Maryland, USA
(5) Also at NASA Goddard Space Flight Center, Greenbelt, Maryland, USA
(6) NOAA/ESRL Global Monitoring Division, Boulder, USA

1.

Introduction
The tropical tropospheric ozone is controlled by (1) photochemistry of precursor gases
emitted from biomass burning, combustion of fossil fuels, and lightning activity, (2) convective
transport of near-surface air (either ozone-poor or ozone-rich), and (3) transport over long
distances within the tropics or from midlatitude regions. There are some studies on interannual
variations and trends in tropical tropospheric ozone using, e.g., Indian ozonesonde data [Saraf and
Beig, 2004], MOZAIC and other aircraft data [Bortz et al., 2006; Schnadt Poberaj et al., 2009], and
TOMS [Ziemke et al., 2005] and SAGE [Randel and Thompson, 2011] satellite data. This study
analyzes ozonesonde data from the Southern Hemisphere Additional Ozonesondes (SHADOZ)
[Thompson et al., 2003; Thompson et al., 2011] during 1998-2008 and other ozonesonde data sets
since 1993.
2.

Data description
Table 1 summarizes the station information including the period and the number of
soundings. We choose 10 SHADOZ stations with a 7- to 16-year record within 20S-20N. Data
during the SHADOZ period (1998-2008) are downloaded from the SHADOZ website during 20072009. Data during the pre-SHADOZ period are also obtained from 5 SHADOZ stations (SAM, NAT,
KUA, WAT, and FIJ; see Table 1 for the station name abbreviation). Electrochemical Concentration
Cell (ECC) ozonesondes (either EnSci or SPC) were used; Meisei was used at WAT during the
period between May 1993 and July 1997. The cathode solution recipe of ECC ozonesondes has
changed at 5 stations, SAM, SAN, NAT, WTK, and FIJ. No data homonization/adjustment is made.
Mixing ratio changes less than 10% for ~10 yr (1%/yr) may need to be viewed cautiously, though
smaller trends may also be valid for integrated column ozone.
Table 1- Station information
Name

(abbr.)

Latitude

Longitude

Period

Number

American Samoa
San Cristóbal Island
Paramaribo
Natal
Ascencion Island
Nairobi
Malindi
Kuala Lumpur
Watukosek, Java
Fiji

(SAM)
(SAN)
(PAR)
(NAT)
(ASC)
(NAI)
(MAL)
(KUA)
(WAT)
(FIJ)

14,23O S
0,92O S
5,81O S
5,42O S
7,98O S
1,27O S
2,99O S
2,73O N
7,57O S
18,13O S

170,56O W
89,60O W
55,21O W
35,38O W
14,42O W
36,8O E
40,19O E
101,7O E
112,65O E
178,40O E

Aug. 1995 – Dec.2008
Mar. 1998 - Oct. 2008
Sep. 1999 – Dec. 2008
Jan. 1997 – Dec. 2008
Jan. 1998 – Oct. 2008
Jan. 1998 – Nov. 2008
Mar. 1999 – Jan. 2006
Jan. 1993 – Dec. 2008
May 1993 – Dec. 2008
Feb. 1997 – Jul. 2008

501
379
378
412
493
465
102
366
389
298

3.

Results and discussion

3.1

Interannual variations in the troposphere
Figure 1 shows the interannual variability in tropospheric column ozone during the period
1998-2008, after the record high impacts of El Nino and Indian Ocean Dipole mode (IOD) events
occurred in 1997. Here, the variability index is defined as the normalized standard deviation with
respect to the climatology for each month at each station, being calculated with the following
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procedures. First, the anomaly is calculated with respect to the 1998-2008 climatology. Second,
three-monthly running averages are taken to obtain a monthly data set in which the subseasonal
components are substantially reduced. Third, the standard deviation of the above calculated
anomaly is calculated for each month at each station. Finally, the standard deviation is divided by
the climatology value for the respective month for normalization and multiplied with 100%. The final
procedure means that the variability defined here is a relative, percent variability with respect to the
climatology at each station. In Figure 1, we observe that the interannual variability is a factor of
about 2 greater in Southeast Asia and the central Pacific than in the Atlantic and South America in
a relative sense with respect to the local climatology. In Dobson units (DU), the variability
translates to generally about 2 DU in all regions (with about 4 DU at Watukosek and Fiji in
September-December and 4-6 DU at Malindi in August--November). In Southeast Asia and the
central Pacific, there are two maxima, one around November-December and the other, secondary
one around March-May. In the Atlantic and South America, there is no significant seasonal
dependence in the interannual variability. In Africa, Nairobi and Malindi show different behaviours:
While Nairobi shows no significant seasonality, Malindi shows the maximum in August--November.
The Malindi maximum is also seen in the 10-15 km column ozone with 1-2 DU variability. This
means that the whole troposphere has high variability in this season at Malindi. The largest value
of the relative interannual variability is found in November-January at Fiji in the central Pacific. This
season corresponds to the transition from the maximum to minimum in tropospheric column ozone
there. It is thus suggested that the El Nino Southern Oscillation (ENSO) may have disturbed this
transition to produce this maximum.

Figure 1 - Longitude-month distribution of the interannual variability in tropospheric column ozone. Normalized standard
deviation with respect to the 1998-2008 climatology for each month at each station is shown. See text for details. The
contour interval is 2%. Regions with more than 10% are shaded

3.2

Decadal variations around the tropopause region
Figure 2 shows the 1993-2008 time series of deseasonalized and annually averaged ozone
mixing ratio relative anomaly at 17-18 km at 10 tropical stations. We observe significant decadal
variations in ozone around the tropopause. A maximum around 1999-2000 and increases during
2006-2008 are the general characteristics at most stations. For the 1999-2000 maximum, there
may be a one-year delay at Ascension and at Malindi compared to most other stations. There is no
significant seasonal dependence for these decadal-scale variations (not shown).
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Figure 2 - Time series of deseasonalized and annually averaged ozone mixing ratio anomaly, with respect to the 1998-2008
average at each station, at 17-18 km at 10 stations between 1993 and 2008

3.3

1998-2008 Trends in the Troposphere
In this section, linear trends in tropospheric ozone between 1998 and 2008 are discussed.
The linear trends were calculated using a data set that had been deseasonalized with the 19982008 climatology and annually averaged at each station; the existence of data gaps were
neglected when creating annual mean values. The 95% confidence interval is calculated using the
Student's t-test for the deseasonalized and annually averaged data set. We should note that linear
trends calculated with relatively short-term, inhomogeneously sampled data may have larger
uncertainty than that obtained from the statistical calculations. Figure 3 shows the time series of
deseasonalized and annually averaged tropospheric column ozone, and Figure 4 summarizes the
linear trend values during/within 1998-2008 at 10 tropical stations. We observe general increasing
trends at about 1% per year which translates to 0.2-0.3 DU per year, except for Fiji (1.85% per
year) and the two stations in Africa. Over Africa, the results are mixed. Note that at Malindi, the
number of soundings is the smallest, covering only the period from 1999 and 2006.

Figure 3 - Time series of deseasonalized and annually averaged tropospheric column ozone at 10 tropical stations
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Figure 4 - 1998-2008 linear trends of tropospheric column ozone in % per year at 10 tropical stations based on Figure 3.
Bars indicate the 95% confidence interval

4.

Summary
Ozonesonde data from 10 SHADOZ stations were analyzed during 1998-2008 (and 19932008 for some stations). Interannual variability in tropical tropospheric ozone largely resulted from
ENSO and IOD particularly in the 1990s. Seasonal and longitudinal dependence of interannual
variability was analyzed; the zonal wave one maximum region (Atlantic) is relatively stable, and the
dry-wet transition seasons in the zonal wave one minimum region (Pacific) are perturbed by
ENSO/IOD. Significant decadal-scale variations were found around the tropical tropopause. Linear
trends were calculated during/within 1998-2008. For tropospheric column ozone, general
increasing trends at 1%/yr (0.2-0.3 DU/yr) were found; however, results from the two African
stations are mixed.
For more accurate estimation of trend values, we need (1) data harmonization/adjustment
for changes in ozonesonde types and cathode solution types at some stations, (2) better treatment
of data gaps, and (3) further accumulation of data.
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1.

Instrumental evolution and discussion
Between September 1992 and March 2011, 585 soundings have been performed at La
Reunion Island (21.0°S 55.5°E). In 1998 La Reunion station joined the SHADOZ Programme
(Southern Hemisphere Additional OZonesondes) allowing improving the frequency of
measurement to one a week.
During this period instrumental changes have occurred concerning: the ECC ozonesonde
(SPC5A, 6A, EnSci Z), the cathode KI solution (1% to 0.5% buffered), the reception-acquisition
system (switch to the NOAA’s system) and finally in 1997 the meteorological radiosonde (Vaisala
RS80 to Modem M2K2). The influence of this last change on data has been analysed with four
dual flights. No systematic bias has been found. Ozone, relative humidity and temperature profiles
are in good agreement (Figure1). The pressure-altitude difference observed above 30 km is within
the Vaisala pressure sensor precision. In addition the wind speed and direction profiles are now
measured.

Figure 1 – From left to right: ozone partial pressure as function of time, relative humidity and temperature profiles
as function of altitude, measured by an EnSci ozonesonde connected to a RS80 Vaisala sonde (in blue) and an EnSci
ozonesonde connected to a M2K2 Modem sonde (in red)

2.

Troposheric ozone trends
If the troposphere is divided in three layers: 2-4 km, 4-10 km and 10-16 km, the larger
positive trend is found in the upper troposphere (10-16 km) with a value of +1.46 ±0.46 DU par
decade (Fig 3.)
If the trends are analyzed according to seasons, DJF, JJA and SON showed significant
positive trends. There is no significant trend in MAM, season where there are no biomass burning
and/or stratospheric tropospheric exchange.
Figure 2 presents the evolution of tropospheric ozone (DU) all along the year, between
ground level and 16 km from 1992 to 2011. The annual variation appears clearly and is fitted with a
4th order polynomial. This variation is then subtracted from the ozone data and the trends are
calculated with the residues. On the Figure below a positive trend of +2.39±1.03 DU per decade
can be seen.
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Figure 2 – Ozone column (DU) between 1 and 16 km (black crosses) fitted by a 4th order polynomial (blue curve)
and the deseasonalized data (red crosses) for the 1992-2011 period as function of Julian day.

Figure 3 – Linear trend of the tropospheric ozone column (DU/decade) for the 1992-2011 period

In order to follow the template of the tropospheric ozone workshop held in Toulouse in April
2011, new calculations have been done. There is no data at La Reunion for the 0-1 km layer. The
obtained results are presented in the Tables 1 and 2.
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Table 1 – Trend values of ozone mixing ratio (ppb/year) in 4 altitude layers for the 1992-2011 period
Altitude range (km)
1992-2011 trends (ppb/year ± 2σ)
Ground - 16
0.198 ± 0.076
1-3
0.084 ± 0.089
3-8
0.121 ± 0.105
8 - 16
0.278 ± 0.083

Table 2 – Trend values of ozone mixing ratio (ppb/year) in 4 altitude layers for the 1992-2000 and 2000-2011 periods
Altitude range (km)
1992-2000 trends (ppb/year± 2σ)
2000-2011 trends (ppb/year± 2σ)
Ground - 16
- 0.309 ± 0.302
0.328 ± 0.140
1-3
- 0.598 ± 0.346
0.229 ± 0.164
3-8
- 0.489 ± 0.431
0.268 ± 0.183
8 - 16
- 0.155 ± 0.280
0.382 ± 0.192

These results in ppb/year follow about the same pattern as the results in DU/decade for the
layers for the 1992-2011 period. The trends before 2000 are slightly negative, quite equal to zero
or not significant. After 2000 they become positive again. It has to be noticed that these altitude
ranges are perhaps not well adapted to tropical atmosphere which is rather different than the midlatitude one.

_______
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General Information about Ushuaia GAW Station
GAW ID: USH
54.84846°S 68.31069°W (18 m a.s.l.)
Time Zone: UTC-3
Station Status: Full operation since 1994

1.2

Description
Ushuaia city is located in a wide bay on the southern coast of the island of Tierra del
Fuego, bounded on the north by the Martial mountain range (Andes range) and on the south by the
Beagle Channel. Its population is estimated today at about 57.000 and it is commonly regarded as
the southernmost city in the world. It has an important harbour and international airport.
The Ushuaia GAW Station is situated roughly 10 km south-west of the city of Ushuaia. It is
located in a coastal cliff at an altitude of 18 m above sea level, on a remote sub-Antarctic marine
coast.
Steady winds blow prevailing from the clean air sector (SW) down the Beagle Channel.
Tierra del Fuego and its adjacent oceanic area are under the westerlies influence.
The ground in the vicinity around the station is covered with pasture and bush. The
vegetation in the surrounding area is consisting mainly of shrub and southern beech Nothofagus
forest.
The facilities at the site consist of the main building of 230 m2 (750 ft2), which provides
space for offices, meeting rooms and laboratories. Attached to this building is the Dobson
spectrophotometer’s room and the new installation for balloon launches.
Meteorological equipment and radiation sensors are mounted on a platform besides the
main building. The air inlet is placed on a small tower at the top of the roof.
At Isla Redonda, 12 kilometres west from the station a 12 meters tower for air sampling is
mounted.
Power supply is reliable (three-phase system), all the equipment is connected to a UPS
system and grounded. The station has no air conditioning, but electrical heating is available.
Satellital Internet connection system is available.
Since 1995, the new Ushuaia airport has opened in the near vicinity of the station. It is
located about 500 m (1650 ft) north of the site towards the city of Ushuaia. Air traffic is estimated to
be 3-10 flights per day depending on the season.
Overall site access is possible by flying to Ushuaia airport and travelling from there by car.
The station can be reached throughout the year; however, during the winter snow and ice can
render access more difficult.
1.3

Instrument (general performance/calibration)
There are 3 instruments (Ultraviolet Light Absorption Analyser) running at the Station.

There is also an ozone calibrator instrument at the Regional Calibration Centre for Surface
Ozone in Buenos Aires (RCC-BsAs).
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TEI 49C
TEI 49
TEI 49
TEI 49C-PS

#56546-318: (at USH since 2008)
#47306-278: (at USH since 1994) #1
#47312-278: (at USH since 1994) #2
#56084-306: (at RCC-BsAs)

Figure 1 – Ushuaia Surface Ozone, daily average 1994-2011 for different instruments.
Data inside the circle should be corrected or removed due to a problem with the air inlet

1.4

System and performance audits for surface ozone and carbon monoxide by WCCEmpa
Audits and intercomparison have been carried out periodically in order to ensure the proper
equipment performance and data quality. WCC-Empa and SMN (Servicio Meteorologico Nacional)
were in charge of this work.
November 1998 [Herzog, et al.,1998] Empa-WCC REPORT 98/8
November 2003 [Zellweger, et al., 2003]
November 2008 [WCC-Empa REPORT 08/4]
September, 2010 [WCC-Empa Report 10/5]
1.5

Regional Calibration Centre for Surface Ozone in Buenos Aires (RCC-BsAs)
In September 2010 a tropospheric ozone analyzer inter-comparison was held in Buenos
Aires. It was co-organized by the Regional Calibration Centre for Surface Ozone in Buenos Aires
(RCC-BsAs) run by the National Weather Service (Servicio Meteorológico Nacional - SMN) and the
World Calibration Centre for Surface Ozone (WCC-Empa).
Eight GAW stations from five South American countries (Ushuaia, San Julián, La Quiaca,
Pilar, Argentina; Salto, Uruguay; San Lorenzo, Paraguay; El Tololo, Chile; Natal, Brasil)
participated in the workshop.
The aim of the comparison exercise was to ensure traceability of ozone measurements
carried out within the WMO-GAW region III against the WMO ozone standard maintained by the
Central Calibration Laboratory (CCL) for Surface Ozone at the National Institute for Standard
(NIST).
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WCC-Empa was able to provide three refurbished TEI 49C surface ozone analyzers to the
GAW stations La Quiaca (Argentina), Salto (Uruguay) and El Tololo (Chile). The instruments were
handed over to the new owners during the workshop, and the operators were trained in using the
new equipment. The instruments were refurbished and calibrated at the WCC-Empa laboratories.

2.

SURFACE OZONE DATA SET

2.1

Selection criteria for data filtering (baseline / non-baseline conditions)
The baseline definition of ozone applied in Ushuaia is based on experiences from Cape
Grim with measurements in the continental boundary layer and coastal sites with similar
geomorphic characteristics (1). Baseline condition was determined taking in account events
number of wind by sector, for different months, ozone levels as a function of wind (direction and
speed) and carbon soot and PAH polycyclic aromatic hydrocarbons as indicators of anthropogenic
influence over long distances.

Figure 2 - Carbon soot for different concentrations (ng/m3) and wind direction; ozone levels as a function of wind (direction
and speed) and events number of wind by sector for different months

Concentrations of both O3 and CO at Ushuaia have been studied as a function of wind
sector. Under clean air conditions (Baseline conditions), O3 and CO remain almost constant with a
low dispersion. For non-baseline conditions (air masses coming from Ushuaia downtown) both O3
and CO concentrations show a high dispersion. CO levels generally tend to increase and O3 levels
tend to decrease.
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Figure 3 - Carbon monoxide signal and ozone concentration versus wind direction

Data obtained from all continuous measurements at the site have been stored as 10-minute
means (1 minute means at present time). Filtering of trace gas data with respect to background
concentrations is performed by automatic routines as well as by visual inspection of the
concentration levels.
Filtering procedures takes into account: Wind sector (220º-270º clean air conditions), Wind
speed (greater than 5 m/s), Statistical methods (Dispersion, Standard deviation σ).
The application of the criteria adopted, determined the average validation of more than 30%
of the data.
Prevailing winds correspond to west-southwest sector, with an average annual rate of 14
km/h and a maximum annual rate of 51km/h. (2).

Figure 4 - Graph shows 10 minutes average of total ozone concentrations (blue), and those selected
considering baseline conditions (red)
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2.2

Annual trends

Figure 5 - Entire time series (in ppb), monthly averages of surface ozone at Ushuaia GAW Station considering baseline
conditions

Figure 6 - Surface ozone at Ushuaia GAW Station. Time series (in ppb) based on monthly mean anomalies
over 1990-2009, 1990-1999 and 2000-2009
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2.3

Seasonal Trends 1990-2009

3.

Comparison with Neighbouring Sites
We compare surface ozone concentration for three Southern Extratropics GAW stations
showing good consistency.

Figure 7 - Monthly averages of surface ozone at Ushuaia, Cape Point and Cape Grim GAW’s Stations

4.

Summary
•
•
•
•
•
•

Absence of a significant long-term trend.
Ozone concentrations under (polluted) air from the Ushuaia city were below the
background levels (all year).
No day and night variation under baseline conditions.
Annual average ozone mixing ratios of about 24 ppb in clean air conditions.
Seasonal variations with average peak-to-peak amplitude of about 20 ppb. With maximum
in June/July and minimum in January/February.
Regional consistency among time series from different Southern Hemispheric Stations
(Cape Grim, Cape Point, etc).
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1.

Introduction
Empa and MeteoSwiss have been supporting the operation of the Global Atmosphere
Watch (GAW) stations Bukit Koto Tabang, Assekrem, and Mt. Kenya with twinning partnerships for
many years. These sites are clean air stations in sparsely populated areas in very different
climates in the Saharan desert (ASK), at high elevation near the equator (MNK) and in a large
forest near the equator (BKT). They are of particular value to the GAW Programme because they
provide viable infrastructures with a long-term perspective in regions of the world with low data
coverage. Surface ozone time series go back as far as 1996, however, large data gaps exist at all
sites due to instrument failures and interrupted power supply.
1.1

Station characteristics and surface ozone instrumentation
Mt. Kenya (MKN, 0.062°S, 37.297°E, 3678 m asl) is a remote elevated site in equatorial
Africa located 21km away from the nearest city (Nanyuki) within the Mt. Kenya in national park.
The station is surrounded by wetland and grass with brushes on a mountain slope. Surface ozone
measurements started in 2002, and the original TEI49 instrument was replaced in 2005 by a
TEI49C. To date large data gaps exist due to unreliable power supply.
Bukit Koto Tabang (BKT, 0.202°S, 100.318°E, 864 m asl) is a remote equatorial site
located on Sumatra 17 km from the nearest city (Bukittinggi). The station is surrounded mainly by
tropical rainforest with some agricultural activities in the vicinity of the station. Ozone
measurements were started by CSIRO in 1996 [Meyer et al., 1998] and continued with twinning
from Empa after 2001; the original TEI49 instrument was replaced in 2006 with a TEI49C.
Assekrem (ASK, 23.267°N, 5.633°E, 2710 m asl) is a remote elevated site in the Saharan
desert located 50 km away from the nearest city (Tamanrasset). Ozone measurements started in
1996 (TEI49), and the original instrument was replaced in 2005 by a TEI49C.
All three stations are supported by QA/SAC Switzerland and were regularly audited by
WCC-Empa, which involved instrument calibration and data correction to ensure traceability to the
GAW surface ozone reference.
2.

Surface ozone data

2.1

Assekrem
The data period considered for this work spans the period from March 1997 to December
2009, with an overall data availability of 70.2% and an average ozone mole fraction of 40.5 ppb
(we use ‘ppb’ as a shorthand for ‘nmol mol-1’). Figure 1 shows the monthly ozone time series as
well as monthly anomalies for months with a data availability of >66%; Seasonal and day and night
time trends were calculated based on monthly anomalies (i.e. after subtraction of the mean annual
cycle) and are summarised in Table 1.
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Figure 1 - ASK monthly surface ozone data and monthly anomalies from 1997-2009

Table1 - ASK annual surface ozone trends (in ppb per year) with uncertainties (k=2) for different time periods and seasons
Annual trend
All
11PM-4AM
11AM-4PM
All data
+0.04±0.06
+0.03±0.12
+0.02±0.11
2000-2009
-0.04±0.18
-0.03±0.21
+0.08±0.17
Seasonaltrend
All data
2000-2009

DJF
-0.13±0.16
-0.14±0.29

MAM
+0.14±0.28
+0.15±0.40

JJA
-0.00±0.25
-0.22±0.47

SON
-0.03±0.20
-0.05±0.32

No significant surface ozone trend was observed at ASK from 1997-2009. Data availability
was low during the first years of measurements, but significantly improved after replacement of the
batteries of the solar power plant and repair of the ozone instrument during the WCC-Empa audit
in 2003. The station is fully operational but has still a limited measurement programme.
2.2

Bukit Koto Tabang
The data period considered for this work spans the period from December 1996 to
December 2010, with an overall data availability of 71.2% and an average ozone mixing ratio of
13.0 ppb. Figure 2 shows the monthly ozone time series as well as monthly anomalies for months
with a data availability of >66%; Seasonal and day and night time trends were calculated based on
monthly anomalies and are summarised in Table 2. The large data gap starting in 1999 was due to
an instrument failure which was resolved during the WCC-Empa audit in 2001.
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Figure 2 - BKT monthly surface ozone data and monthly anomalies from 1996-2010

Table 2 - BKT annual surface ozone trends (in ppb per year) with uncertainties (k=2) for different time periods and seasons

Annual trend
All data
2000-2009

All
-0.24±0.17
-0.30±0.27

11PM-4AM
+0.03±0.13
+0.13±0.24

11AM-4PM
-0.63±0.23
-0.91±0.36

Seasonaltrend
All data
2000-2009

DJF
-0.11±0.32
-0.41±0.65

MAM
-0.26±0.27
-0.65±0.48

JJA
-0.23±0.23
+0.04±0.36

SON
-0.34±0.44
-0.34±0.36

A slight negative surface ozone trend was observed at BKT from 1996-2010 when all
available data were considered. The downward trend was most pronounced during the daytime,
whereas no significant trend was observed during the night-time. The ozone data shows also a
pronounced diurnal variation most likely due to dynamic processes with little evidence for
chemistry.
2.3

Mt. Kenya
The data period considered for this work spans the period from May2002 to December
2008, with an overall data availability of 46.6% and an average ozone mixing ratio of 28.4 ppb.
Figure 3 shows the monthly ozone time series of Mt. Kenya; due to low data availability, trends and
monthly anomalies have not been calculated. The situation concerning data availability is expected
to improve during 2011 since the power line up to the station is currently being replaced. The
representativeness and climatology of the MKN ozone time series have been described elsewhere
(Henne et al., 2008a; Henne et al., 2008b).
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Figure 3 - MKN monthly surface ozone data for the years 2002-2008

3.

Conclusions
The three GAW stations presented in this work provide unique continuous records of
surface ozone and other important air constituents from data-sparse regions of the world. In spite
of difficult logistic conditions at these sites data availability significantly improved at BKT and ASK
over the past years. The replacement of the MKN power line should be completed in 2011 which
should also improve the situation at MKN.
Based on monthly anomalies, no significant surface ozone trend was observed at ASK,
whereas a slight negative trend was found at BKT. Trend estimates with sufficient confidence were
not possible with the method recommended for this workshop for the MKN station due to poor data
availability.
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5.

UPDATES OF ANALYSES OVER NORTH AMERICA AND EUROPE
LONG-TERM CHANGES IN OZONE OVER EUROPE: COMPARISON OF OZONE
MEASUREMENTS FROM SONDES, MOZAIC AND ALPINE SITES, AND IMPLICATIONS
FOR TRENDS
J. A. Logan (1), J. Staehelin, I. A. Megretskaia (1), J.-P. Cammas, V. Thouret, H. Claude, H. De Backer, C. Hueglin, H. E. Scheel,
R. Stübi, and M. Fröhlich
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1.

Introduction and approach
We use ozone observations from sondes, regular aircraft (MOZAIC), and alpine surface
sites in a coherent analysis, to determine robust changes in the time evolution of ozone over
Europe. The focus is on measurements above the boundary layer to avoid effects of local air
pollution. Earlier work has shown that sonde data from Hohenpeissenberg, Payerne, and Uccle do
not agree on the time evolution of ozone from 1970 to 1996 although all three sites indicate an
increase (e.g., Logan et al., 1999). Time series from regular aircraft are much more coherent, and
show increasing ozone from mid-1994 until 1999 (Zbinden et al., 2006). Alpine surface sites have
similar time series since about 1995 (Gilge et al., 2010). In this work, the sonde and MOZAIC data
are analysed on the same pressure levels, equally spaced in pressure altitude about 1 km apart.
All results are shown as monthly means. Trends are calculated with a regression model that
includes 12 monthly means and four seasonal trends (for DJF, MAM, JJA, and SON) (e.g., Miller et
al., 1995), i.e., the annual cycle and four seasonal trends are fit simultaneously. The results of this
analysis are described in detail in a paper to be submitted for publication (Logan et al., 2011).
2.

Results
Monthly time series of ozone from the MOZAIC airports are rather similar (with 5 ppb of
each other) in the lower troposphere, as shown in Figure 1a. However, there are larger differences
between the sonde stations (Figure 1b), both at the start and end of the period shown. There is an
increase in the MOZAIC data in the early years, particularly clear for the winter minimum, but no
such trend in the sonde data, as shown clearly in the anomaly plots in Figure 1c and 1d. Reasons
for the high values in the Uccle data after 2006 are unknown, as procedures have not changed at
the station. Both types of data imply that ozone has been relatively flat since about 1998.

Figure 1 - Time series of
monthly mean ozone (a, b) and
anomalies (c, d). Results for
MOZAIC data at European
airports are shown in panels (a)
and (c), and those for sonde
stations are shown in panels
(b) and (d). Results are shown
for the mean of two layers at
681 and 584 hPa. Anomalies
are given relative to the
monthly means for January
1997 to December 2003
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Time series for the alpine sites are rather coherent since 1994 (Figure 2). Agreement
between the sites is better after the GAW audits started in the mid-1990s. Ozone increased from
1994 to 1999 in these data also, although at a slower rate than shown by the MOZAIC data. The
temporal behaviour of ozone at these sites is similar to that reported for Mace Head on the west
coast of Ireland, with increases from 1988 to 1997, and relatively constant ozone since 1999
(Derwent et al., 2007).

Figure 2 - Time series for alpine sites.
Monthly mean time series for ozone
(in ppb) at the alpine sites (upper
panel). Monthly anomalies (in ppb)
relative to the monthly means for
January 1997 to December 2003
(lower panel)

Monthly anomalies after 1998 are very similar for Hohenpeissenberg, Payerne, a weighted
mean MOZAIC time series, and the three alpine sites, Jungfraujoch, Zugspitze, and Sonnblick, as
shown in Figure 3. The Figure includes the annual mean trend, with two standard errors. The
anomalously high ozone during the heat waves in August 2003 and July 2006 is evident at almost
all locations. There is a mean decrease in ozone of 0.2±0.16 ppb yr-1, with similar results for almost
all sites. The seasonal trends are less significant (Figure 4a), with trends close to zero in winter for
most locations, and decreases that are generally not significant in spring and autumn. In summer
there are decreases of ~0.2-0.5 ppb yr-1 that are significant (or close to it) at the alpine and sonde
locations, and only the MOZAIC data give a zero trend.

Figure 3 - Annual trends in ozone (ppb yr-1)
for 1998-2008. The trends are superimposed
on monthly anomalies computed relative to
monthly means for 1998-2008. Two standard
errors are shown
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As might be expected from the differences in the time series for sondes and the MOZAIC
data, the trends for 1995-2008 from these two sets of measurements do not agree (Figure 4b).
The MOZAIC data give an increase in ozone (~0.2 ppb yr-1), largest in winter, while the sonde
stations give a decrease (about -0.3 ppb yr-1), largest in summer. Of the alpine sites, only
Jungfraujoch gives a small increase, less than half of that of the MOZAIC data, while
Zugspitze and Sonnblick show a small decrease (-0.1 ppb yr-1), largest in summer. Trends for
periods as short at 14 years are strongly influenced by data near the start and end, explaining the
differing results for the two time periods.
The early data from Zugspitze (1978-1989) give about the same trend in ozone as the
sonde data from Hohenpeissenberg at ~700 hPa, an increase of ~1 ppb yr-1, although the sonde
data are systematically higher than the surface data (not shown). The two time series converge by
the mid- 1990s.

Figure 4 - Ozone trends at ~700 hPa (3 km) over Europe for 1998-2008 (a) and 1995-2008 (b).
Seasonal and annual trends in ozone (ppb yr-1) are shown for sondes and MOZAIC data at ~700 hPa, and for the
alpine sites. Two standard errors are shown

This work was supported by NASA grants NNX09AC51G and NNX09AJ41G to Harvard
University.
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1.

Introduction
Measurements of the vertical profile of ozone concentration using balloon-borne ECC
ozonesondes have been made weekly since 1980 at four sites in Canada (Edmonton, Goose Bay,
Churchill and Resolute), since 1987 at Alert, since 1992 at Eureka and since 2003 at four southern
mid-latitude sites, Kelowna, Bratt’s Lake, Egbert and Yarmouth (Table 1).
Table 1 - The Canadian ozonesonde network. Soundings are weekly (generally Wednesdays), with extra releases during
special campaigns (i.e. MATCH, TOPSE, IONS, BORTAS). Regular ozone soundings have been made
at Resolute since January 1966
Location

Altitude (m)

Edmonton

53.6°N, 114.1°W

766

Brewer-Mast (1970); ECC (1979)

Goose Bay

53.3°N, 60.3°W

44

Brewer-Mast (1969); ECC (1980)

Churchill

58.8°N, 94.1°W

35

Brewer-Mast (1973); ECC (1979)

Resolute

74.7°N, 95.0°W

64

Brewer-Mast (1966); ECC (1979)

Eureka

80.1°N, 86.4°W

10

ECC (1992)

Alert

82.5°N, 62.3°W

62

ECC (1987)

Kelowna

49.9 °N, 119.4°W

456

ECC (2003)

Bratt’s Lake

50.2 °N, 104.7°W

580

ECC (2003)

Egbert

44.2 °N, 79.8°W

251

ECC (2003)

Yarmouth

43.9 °N, 66.1°W

9

ECC (2003)

Station

Start of sonde record

Figures 1 and 2 show time series of percent deviations in average ozone mixing ratio for
three northern midlatitude stations (Edmonton, Goose Bay, and Churchill) and for the three Arctic
stations (Resolute, Alert, and Eureka). The individual time series for the three sites in either case
have broadly similar features at all levels, and so for simplicity, we present composite time series.
The troposphere and stratosphere have been explicitly separated: that is, integration for the 400–
250 hPa layer is from 400 hPa to 250 hPa or the tropopause, whichever comes first. Similarly,
integration of the 250–158 hPa layer starts either at 250 hPa or at the tropopause, if the latter is
found above 250 hPa.
2.

Trends
For the 1980-2010 period the overall linear trends are generally quite small, and both
positive and negative trends are seen, both in tropospheric and lower stratospheric ozone. The
only exception is the surface trend at the northern midlatitude sites; this appears to be due to urban
development near Edmonton (Tarasick et al., 2005). The surface trend at the Arctic sites is also
stronger than free tropospheric trends; this may be related to an increase in the frequency of
halogen-induced surface ozone depletions (Figure 3), which appear to correlate with negative
anomalies in the surface ozone record (Figure 2). The frequency of such events at Resolute has
increased by nearly 18% over the 1980-2010 period.
However, the time series (at almost all levels) show a strong decline until about 1993,
followed by an increase until 2002 or 2003, with relatively little change afterward. This is reflected
in the decadal trends, which are similar, in all three decades, from the lower stratosphere to the
surface: strongly negative in the 1980s, positive in the 1990s, and small thereafter.
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Figure 1 - Percent deviations in average ozone mixing ratio for three midlatitude stations. Monthly anomalies have been
smoothed with a three-month running average. The overall (31-year) trend line is shown, as well as those for
1980-1989, 1990-1999, and 2000-2010

Figure 2 - As Figure 1, for the three Arctic stations
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Figure 3 - Frequency of occurrence of springtime (March-May) surface ozone (< 10 ppbv) depletion events at northern
ozonesonde stations, 1980–2010. Data have been adjusted for the effects of occasional irregular sampling.
After Tarasick and Bottenheim, 2002

Thus, long-term changes in average tropospheric ozone concentrations over Canada appear to
correspond with lower stratospheric changes. Interannual variability is also similar: statistically
significant (95% confidence) correlations are found for the lowest stratospheric layers with all
tropospheric layers (Table 2). This remains true even if data for 1993 (when the northern
stratosphere may have been perturbed by the Pinatubo eruption) are removed. This suggests that
ozone levels in the troposphere over Canada are partly controlled by stratospheric ozone. The
most evident reason for this is stratosphere-troposphere transport, and this interpretation is
supported by Lagrangian dispersion-model studies which suggest that much of the variability of
ozone in the free troposphere over midlatitude sites in Canada is due to stratospheric intrusions
(He et al., 2011).
Table 2 - Correlations between annual average ozone mixing ratio anomalies in the troposphere and in the lower
stratosphere, for northern midlatitude and Arctic stations, 1980-2010. Statistically significant (95% confidence) correlations
are indicated by shading. Stratosphere and troposphere are explicitly separated
Northern midlatitudes
Ground

Gnd-630

250-158 hPa

0.62

0.68

158-100 hPa

0.48

0.60

100- 63 hPa

0.34

0.57

63 - 40 hPa

0.37

0.61

630-400

Arctic
400-250

Ground

Gnd-630

630-400

400-250

0.73

0.64

0.45

0.58

0.65

0.57

0.69

0.59

0.38

0.58

0.54

0.32

0.71

0.56

0.34

0.55

0.52

0.19

0.73

0.58

0.19

0.35

0.40

0.11

The long-term changes in average stratospheric ozone concentrations are similar to those
of a dynamical indicator, the wintertime frequency of occurrence of laminae in the ozone profile,
suggesting that all of these changes may result from small changes in the atmospheric circulation
(Tarasick et al., 2005; Bönisch et al., 2011).
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3.

Conclusions
While both tropospheric and lower stratospheric ozone show a great of interannual
variability, long-term trends over Canada (1980-2010) are negligible. Changes on decadal scales
are more significant, and may be controlled both in the troposphere and the stratosphere by small
changes in the Brewer-Dobson circulation.
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1.

Ozone monitoring at Observatoire de Haute Provence (OHP)
Ozone trend analysis at European stations remains a key question because comparison
between ozonesonde vertical profiles and airborne data or high altitude ground station
measurements are not always consistent (Schnadt Poberaj et al., 2009). In Europe there are
several stations (Figure 1) with long ozone records at latitudes above 46°N but they are not
suitable for the analysis of the Mediterranean region where an ozone anomaly is revealed by the
satellite measurements (Lelieveld et al., 2002). The analysis of the data from OHP (44°N, 6°E, 670
m) will bring new information first because three different instruments can be compared for a long
time period and second because it samples different air masses than the European stations
discussed in previous studies (Logan, 1999). The main results of this analysis are reported in this
paper.
1.1

Description of the data set and the methodology of the analysis
Electrochemical ozone sonde have been used since 1991 to measure the O3 vertical profile
at OHP every week. The ECC was manufactured by Science Pump Corporation (SPC) for the
period 01/1991-03/1997 and by ENSCI (Z type) afterwards. The ECC was always prepared
according to the NOAA guidelines with a 1% KI solution (Kohmyr, 1986). The meteorological
radiosondes were manufactured by VAISALA from 01/1991-07/2007 and by MODEM (M2K2C
type) after 07/2007. The correction factor is calculated using a normalization of the total ozone
from the sonde to the total O3 measured by a Dobson spectrophotometer at OHP. Sonde data in
the troposphere are not multiplied by this factor which is strongly sensitive to the sonde response
in the stratosphere. The time evolution of the correction factor shows a general decrease by 5%
during the 20 year period which may correspond to the use of the ENSCI sonde after 03/1997.
A lidar instrument was developed in 1989 for tropospheric O3 monitoring (Ancellet et al.
1997). Ozone is measured between 3 and 14 km with a UV DIAL technique using two
wavelengths: 289-299 nm from 1990 to 1993 and 289-316 nm from 1993 until now. The latter
wavelength pair provided lower systematic errors at ranges below 5 km and is better suited for the
detection of strong aerosol layers. Ozone data are removed in such layers to avoid a systematic
error due to the aerosol interference. The measurements characteristics are given in Table 1.
Table 1 - Characteristics of the OHP lidar instrument
UV Laser at 289, 316 nm
Telescope Diameter
Maximum time resolution
Typical integration time
Résolution verticale
Typical altitude range
Precision
Uncertainty

10 mJ, 20 Hz
0.80 m
1 min 40
1 hour
200 m at 2 km and 1000 m at 12 km
3 to 14 km
<10%
7 ppb

In this work the ECC and lidar data from 1991 to 2008 are averaged in the free troposphere
in 3 different altitude bins: 2-4, 4-6 and 6-8 km ASL. The seasonal variations will be studied using 4
seasons (JFM, AMJ, JAS, OND) and by dividing the 18 year period into 4 time periods. The
distribution of the number of lidar measurement for each season and for each period is comparable
to the distribution of the number of ECC sondes although we have more lidar data especially
during the 1990’s (Figure 1). Combining the two data sets can provide more than 2-3 sounding per
week as measurements are performed not on the same day. For the analysis of O3 in the planetary
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boundary layer (PBL), the ECC data are averaged vertically between 0.6 and 1.6 km to be
comparable to the ground observations made by a UV photometer (Thermoelectron 49C) operated
since 12/1997. This instrument was calibrated every other year with an O3 standard at the
company in charge of the instrument maintenance.
1.2

Comparison of lidar and ozonesonde observations
The seasonal variations are compared for the lidar and ECC data set in Figure 2 for the four
time periods. Although similar seasonal variations and interannual variability of the seasonal
means are observed, several differences must be discussed. First, there is a weak but significant
positive difference of 3-5 ppbv between the ECC and lidar seasonal O3 mean. Second, larger
differences are seen for the winter and spring means for specific periods: up to 9 ppbv at 5 km and
20 ppbv at 7 km in 1996-1999 (winter only at 5 km) and in 2005-2008. Analysis of the 3D backward
trajectories at 500 hPa for both instruments reveals that the ratio between the North Atlantic and
the Subtropical Atlantic transport pathway is more important for the lidar. This difference even
exceeds 25% for the years after 2000-2008. It indicates that the two instruments are not fully
representative of the same air masses. This may explain the large O3 differences in 2005-2008
and a fraction of the systematic overestimate with the ECC. The latter can also be related to a
known overestimate by ENSCI ozonesondes in the troposphere (Smit et al., 2007).
2.

Ozone variability over the 1991-2008 period
The interannual variability was studied after combining both instruments in a single data set
since differences between the lidar and the ECC could not be clearly attributed to systematic errors
of both instruments. This will also reduce the meteorological bias related to either the limited
number of sounding for the ECC and the need of clear sky for the lidar. Two parameters will be
studied: the change in the seasonal mean and the long term trend in the O3 anomalies, i.e. the
differences between the ozone mixing ratios and the monthly mean values.
2.1

Variability of the seasonal mean
Changes in the seasonal mean are shown in Figure 3 for the 4 time periods of the 18 year
record and 3 altitude levels in the free troposphere. There is a regular increase of the summer
mean during the last 18 years which cannot be related to a regular change in the atmospheric
circulation. This may be then related to an increase of summer O3 photochemical production. The
second interesting feature is the large variability of the spring O3 maximum showing the lowest
value during the 2000-2004 period. In this case the interannual variability is well correlated with the
variability of the North Atlantic transport pathway.
2.2

Long term trend of the ozone anomaly
The long term trend of the O3 anomalies is shown in Figure 4 for 3 levels in the free
troposphere. The trend is positive and statistically significant in the upper troposphere at 7 km
where it is 2.3 ± 1.6 ppbv/decade. The uncertainty is given for a 95% confidence interval
corresponding to the amount of data available for the trend analysis (2000 profiles for 18 years). At
5 and 3 km the values are respectively 0.6 ± 1.3 ppbv/decade and -0.2 ± 0.6 ppbv/decade, which is
statistically insignificant. In the PBL (Figure 5), the ECC trend for the period 1998-2010 is still
smaller than the 95% confidence interval (0.6 ± 1.3 ppbv/decade), while the trend in UV
photometer data is significantly negative with a value of -3.6 ± 0.1 ppbv/decade. This difference in
the PBL is still unexplained.
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Figure 1 – (Left) Map of the European site with regular O3 vertical profiles (right) Number of profiles available per season
and for the 4 selected time periods. The lidar and ECC are respectively shown by the left and right column for each season
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Figure 2 – Ozone mixing ratio seasonal mean in ppbv for two altitude levels (4-6 km left panel; 6-8 km right panel) and the 4
selected time periods. The lidar and ECC are respectively shown by the left and right column for each season
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1.

Introduction
At the Atmospheric Research Station, Mace Head, situated on the Atlantic Ocean coast of
County Galway, Ireland (53o20’N, 9o54’W), baseline O3 mixing ratios can readily be monitored in
maritime air masses arriving at the western fringes of Europe having travelled thousands of
kilometres across the North Atlantic Ocean. In previous work, we have reported increasing O3
mixing ratios in baseline air masses over the period from 1987 – 2003 (Simmonds et al., 2004) and
from 1987 – 2007 (Derwent et al., 2007). Here we examine in some further detail the hemispheric
baseline O3 levels brought by intercontinental transport. We determine whether, on their own and
without any influence of Europe, intercontinental transport can cause exceedances of
internationally-accepted air quality guidelines set for the protection of human health, crops and
vegetation. We have employed 5 different ozone metrics that are annual in character to assess the
environmental significance of the intercontinental flows. We also assess whether there is any
annual variability or long-term trends in the intercontinental baseline flows of O3 into North West
Europe over the particular 20 year period covering 1990 – 2009.
2.

Baseline Ozone Observations at Mace Head, Ireland
O3 measurements were acquired every 10 s using a commercial UV spectrometer (Model
8810, Monitor labs San Diego, CA), and recorded as hourly averages. The measurements were
recorded as one minute averages which were filtered for invalid data prior to calculation of hourly
averages. The instrument calibration is checked every 3-6 months (www.netcen.co.uk) against a
primary UV photometer (Sweeney and Stacey, 1992). On March 10th 2003, the Monitor Labs
instrument was replaced with a new analyzer (Model 49C, Thermo Electron Inc, CO, USA). Both
instruments have been regularly validated by a system and performance audit conducted by the
World Calibration Centre for surface O3, (Zellweger et al., 2005) and the performance criteria have
consistently been passed as good.
To determine trends in O3 measurements it is important to select air masses that are
representative of the unpolluted Northern Hemispheric marine boundary layer. The O3 levels
monitored in these air masses are referred to as baseline levels and by definition they should have
not been influenced by recent, local or regional emissions. Over the period of the continuous O3
observations at Mace Head, we have developed a number of methods to assign O3 mixing ratios to
specific air mass origins, particularly pollution filtering (Simmonds et al., 1997) and atmospheric
dispersion modelling.
The atmospheric dispersion modelling method employed the ‘NAME’ Lagrangian
dispersion model (Ryall et al., 1998). The NAME model uses three-hourly three-dimensional
meteorology fields from complex meteorological weather prediction models to move abstract air
parcels around a model domain. The three-dimensional model flow is interpolated to each particle
location at each 15-minute time step. Using a random walk technique, each particle moves under
the influence of the mean flow, wind meander and sub-grid scale turbulence. The random walk
scheme uses velocity variance and Lagrangian timescale profiles determined from empirical fits to
observational data to simulate the turbulent motion and are described in greater detail in Ryall and
Maryon (1998); Ryall et al. (1998). The model has been further refined using a back-attribution
technique (Manning et al., 2003) in an inert tracer is released uniformly across a three-hour period
from Mace Head and followed backwards in time, see Figure 1. This Figure shows a composite of
all air mass history maps assigned to the baseline category for 1998. The colours of the pixels in
the plot in Figure 1 show the contribution to the air concentration at Mace Head from emissions at
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that point, with deeper colours showing larger contributions. In this way, we can be sure that the
transport was intercontinental in scale for all periods allocated to the baseline category.

Figure 1 - A composite of the back attribution plots for Mace Head, Ireland for all air masses assigned to the baseline
category during 1998, with the pixel colours showing the relative contribution to the air concentration at Mace Head, Ireland
from the emissions of an inert tracer at that location

The NAME model was run in backwards mode to estimate the impact of surface sources
(assumed within 100m of the ground) within 12 days of travel en-route to Mace Head. The
computational domain covered 100o W to 45.125o E and 10oN to 80.125oN and extended to more
than 10 km vertically. For each 3-hour period, 33000 inert model particles were used to describe
the atmospheric dispersion. Baseline concentrations are defined as those that have not been
influenced by significant regional emissions, i.e. those that are well-mixed and are representative
of the mid-latitude of the northern hemisphere. A 3-hour period is classed as ‘baseline’ if recent
emissions from Europe or local to Mace Head would not significantly contribute or if there is
significant influence from southerly latitudes. The ‘local’ crierion is designed to exclude low wind
and stable boundary layer situations when local topographic or heating effects can result in
complex wind features, e.g. land or sea breezes, which are not resolved by the underpinning
NAME meteorology and when an emission local to Mace Head would have a significant influence
on observations. Southerly air masses are excluded because of the impact of potentially strong
hemispheric gradients.
By merging the ‘pollution filtering’ and ‘NAME model’ datasets, a continuous record of the
ozone mixing ratios in baseline air masses arriving at Mace Head, Ireland between April 1987 and
December 2009 inclusive has been constructed, see Figure 2. The monthly mean of the O3 mixing
ratios in all the air masses assigned to the baseline are shown as ‘+ signs’. The annual rolling
mean of these monthly means is also shown as a continuous line. The time series in Figure 2
represents an extension of the baseline time series previously described in Derwent et al., (2007)
to cover the period from May 2007 through to December 2009.
At the start of the record, the monthly mean levels crossed the 40 ppb threshold line during
only a few spring months. By the end of the record, more than half of the months in each year
showed monthly mean levels in excess of the 40 ppb threshold, illustrating the strong upwards
trend apparent in the baseline data. In contrast, the 50 ppb threshold was intersected relatively
infrequently and only during the months of March and April 1999 and April 2008. This illustrates
what we have remarked on before in Derwent et al., (2007) that there is a marked difference in
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trends between the summer months which have shown little trend and the winter and spring
months which have shown significant trends.

Figure 2 - Monthly mean O3 mixing ratios in baseline air masses (plus + signs) arriving at Mace Head, Ireland between April
1987 and July 2009, together with the rolling annual mean (coloured line) and the 40 ppb and
50 ppb thresholds (straight lines)

3.

Baseline Ozone Trends at Mace Head, Ireland
Annual mean baseline O3 mixing ratios increased steadily from about 35 ppb at the start of
the Mace Head record, see Figure 2, to over 41 ppb in 1999, followed by a small decline and
subsequent stabilisation. Monthly mean baseline levels reached a maximum of over 52 ppb during
March 1999. The trends in monthly mean baseline levels were analysed using the Mann-Kendall
test (Salmi et al., 2002). The non-parametric Sen’s method indicated an upwards trend in the
annual mean baseline level for 1990 – 2009 of +0.34 ± 0.12 ppb year-1, which is highly significant
at the 99% or 3-σ level of confidence, see Table 1. Trends were highest for the months of February
and March reaching +0.44 ± 0.16 ppb year-1 and least for September and October at 0.19 ± 0.19 –
0.24 ± 0.15 ppb year-1. This marked variation in monthly trend implies a statistically significant
change in the amplitude of the seasonal cycle in baseline ozone.
Table 1 - Trends in monthly and annual mean baseline O3 levels at Mace Head (1990 – 2009)
Month
January
February
March
April
May
June
July
August
September
October
November
December
Annual

Trend, ppb/yr {2-σ}
0.42 { 0.31 0.58}
0.44 { 0.28 0.62}
0.44 { 0.28 0.60}
0.41 { 0.23 0.59}
0.36 { 0.19 0.49}
0.29 { 0.12 0.40}
0.23 { 0.09 0.37}
0.22 { 0.04 0.33}
0.19 {-0.02 0.36}
0.24 {-0.01 0.38}
0.31 { 0.08 0.44}
0.34 { 0.15 0.47}

Intercept 1990, ppb {2-σ}
36.56 {37.73 35.61}
38.26 {40.21 37.11}
40.16 {42.28 38.78}
39.89 {42.21 38.60}
37.05 {39.74 36.16}
34.00 {36.36 32.58}
31.24 {32.89 29.79}
30.12 {31.97 28.97}
31.84 {35.00 30.22}
33.95 {37.34 32.95}
35.48 {38.46 34.27}
36.34 {39.02 35.13}

Significance
p=0.001
p=0.001
p=0.001
p=0.001
p=0.01
p=0.01
p=0.01
p=0.05
p=0.1
p=0.1
p=0.01
p=0.001

0.34 { 0.21 0.45}

35.16 {36.72 34.43}

p=0.01
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Examination of the entire 1987 – 2009 baseline O3 record shows the presence of three
distinct phases, see Figure 2. There is an initial period with a steady increase from 1987 – 1997,
followed by a step-change during 1997 – 1999, then a period from 2000 – 2009 with relatively
constant ozone levels. For 1990 – 1999, the Mann-Kendall test shows an upwards trend of +0.51
+0.55
-1
which is highly statistically significant at the 99% or 3-σ level of confidence.
-0.37 ppb year
However, for the 2000 – 2009 period, there are no statistically significant monthly or annual trends.
The increase in baseline ozone appears to have slowed beyond 2000 and baseline have remained
relatively constant.
4.

Exceedance Of Environmental Protection Guidelines
In this study, five different annual metrics have been adopted to describe the potential
environmental significance of the O3 levels observed in baseline air masses crossing the North
Atlantic Ocean, uninfluenced by recent pollution emitted from Europe. These baseline air masses
characterise the input of O3 into northwest Europe from intercontinental transport. The chosen
metrics reflect both the intensity and frequency of O3 episodes in baseline intercontinental flows.
Whichever metric is chosen, the summary in Table 2 demonstrates highly significant positive
trends over the 21-year period 1989 – 2009. Each metric, in addition to any long-term trend, also
shows significant year-on-year variability. The annual mean O3 metric reached its highest level in
1999, as did the maximum 8-hour mean metric and the number of exceedances of the WHO 8hour guideline set at 50 ppb. The crops and vegetation AOT40 exposure metric peaked in 2003 and
that for forests in 2006.
The overall behaviour of baseline O3 is metric dependent. For the annual mean, number
and intensity of the WHO air quality guideline exceedances and the AOT40 exposures for crops and
vegetation metrics, baseline trends have not been monotonic over the 1989 – 2009 period. The
metrics showed an initial period of growth with relatively constant levels during the 2000 – 2009
decade. Only the AOT40 forest metric has shown a statistically significant and steady positive trend
during the entire 1989 – 2009 period. This apparently conflicting behaviour has arisen because of
the marked divergence in the seasonal trends in baseline O3 levels and the extent to which each
metric is seasonally influenced. There is, however, some evidence for a long-term shift in baseline
O3 towards a regime in which levels have been stable, post 2000, rather than increasing, pre 1999.
Table 2 - Trends in the annual baseline O3 metrics at Mace Head, Ireland for the period from January 1989
to December 2009
Baseline O3 metric
annual mean, ppb
8-hour max, ppb
WHO exceedances
AOT40 crops
AOT40 forests

Slope
0.32 ± 0.11 ppb yr-1
0.32 ± 0.21 ppb yr-1
6.8 ± 3.9 yr-1
66.1 ± 42 ppb h yr-1
291 ± 91 ppb h yr-1

Intercept (in 1989)
41.0 ppb
49.9 ppb
-15
303 ppb h
387 ppb h

_______
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Significance
p = 0.001
p = 0.01
p = 0.01
p = 0.01
p = 0.001
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1.

Introduction and methodology
National and European legislation over the past 20 years, and the modernisation or removal
of industrial sources, have significantly reduced European ozone precursor emissions according to
emission inventories. This study quantifies observed European ozone annual and seasonal linear
trends from rural background monitoring stations over a constant time period of a decade (19962005). 158 background sites were selected from the GEOmon (Global Earth Observation and
MONitoring, http://www.geomon.eu/) harmonised data set of trace gases from 397 ground-based
measurement stations representative of rural, suburban and urban European environments. These
stations belong to a variety of regional, national and European air quality networks (e.g. EMEP,
GAW, Airbase and some national network stations). Linear trends were quantified with a MannKenndal trend test utilising the openair package in the statistical programming language R
(Carslaw and Ropkins, 2009). This study aims to characterise and quantify surface European
ozone concentrations and trends and assess the impact of the changing anthropogenic emission
tracers on the observed trends. Annual and seasonal trends are reported including 95%
confidence intervals. The uncertainty of European-averaged annual trends in ozone are reported
with 2σ errors calculated through error propagation from the individual trend uncertainties.
2.

Spatial distribution of European annual O3 trends 1996-2005
Quantification of linear trends in monthly mean O3 (Figure 1) shows that 85 of the 158 sites,
the majority of which are located in north-western and central Europe, display significant (p < 0.1)
positive trends with a range of 0.11 to 1.05 ppbv/yr (0.34 to 6.05 %/yr). Especially high trends are
noted in several Austrian sites. The largest linear trend as a percentage increase over the time
period is observed at Ispra located within the Po Valley, a region of high anthropogenic emissions
and static meteorology (Finzi and Lechi, 1991; Henne et al., 2010). Significant (p < 0.1) negative
linear trends in mean O3 are identified at 18 sites, with a range of -0.16 to -1.28 ppbv/yr (-0.45 to 4.11 %/yr).

Figure 1 - Spatial distribution of significant (p < 0.1) annual trends (between -10 to 10 %/yr) in mean O3 (left) and
NOx (right, from the EMEP emission inventory) 1996-2005 inclusive. Open squares represent sites with no statistically
significant trends, black lined squares are trends in O3 surface data 1995-2003 inclusive from Sicard et al. (2009)
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The low percentiles in an ozone distribution can be representative of the influence of
“background” ozone, or be a result from a decreasing trend in removal by reaction with locally
emitted NO (for example see Jenkin (2008)). Examination of O3 5th percentiles demonstrates that
82 of the 158 sites in central and north-western Europe have significant (p < 0.1) positive linear
trends. The range across those sites with a positive significant trends was 0.01 to 0.98 ppbv/yr
(0.01 to 20.02 %/yr). The highest trends in ozone 5th percentiles are observed in several Austrian
sites. These findings are similar to the increasing background trends identified in baseline O3 in
north-west European and Alpine regions (including sites in Ireland, Scotland, Norway, Sweden,
Finland and high altitude sites) between the early 1990s to early 2000s (Lindskog et al., 2003) and
are consistent with observations across the Northern Hemisphere (Carslaw (2005); Vingarzan
(2004) and references therein). Similar to the annual mean O3 trends, the largest trends of the 5th
percentiles in terms of percentage increase per year is observed at Ispra, which is influenced by
the extremely low O3 levels (< 2 ppbv) at the beginning of the measurement period attributed to NO
titration in stagnant air masses. Therefore, emission reductions most likely caused this trend. 19 of
the 158 sites typically in the outermost locations of Europe, some near-coastal, display significant
(p < 0.1) negative trends in O3 5th percentiles, with a range of -0.03 to -0.88 ppbv/yr (-0.67 to -6.32
%/yr). A total of 57 of the 158 sites have linear trends that are not statistically significant,
suggesting that low percentile O3 may not have substantially changed at these sites between
1996-2005.
Peak ozone (95th percentile) linear trends are positive across 71 of the 158 sites
predominantly in central, north-western and western Europe, with a range of 0.15 to 1.21 ppbv/yr
(0.24 to 2.16 %/yr). Peak ozone values and their trends are often taken as evidence for the number
and frequency of photochemically induced events (see for example Jenkin (2008)). Just 19 of the
158 sites scattered throughout Europe display negative linear trends (p < 0.1), with a range of 0.21 to -1.62 ppbv/yr (-0.38 to -3.12 %/yr), consistent with previous analyses of sites in the United
Kingdom, Denmark, Norway, Sweden, Netherlands, Germany, Switzerland and Lithuania which
showed a decrease in peak (95th or 98th percentiles) O3 levels from the early 1990’s to early
2000’s (Lindskog et al., 2003; Jenkin, 2008; Brönnimann et al., 2002). Furthermore, 68 of the 158
sites throughout Europe display trends that were not statistically significant, suggesting that O3
levels at these sites may not have substantially altered during the period. It is interesting to note
that these observations on the surface seem to contradict the perceived wisdom that emission
reductions across Europe have reduced peak ozone levels.
European trends in NOx (Figure 1) and VOC emissions from the EMEP inventory show near
uniform decrease in ozone precursor emissions (apart from increases in NOx in south-western
Europe) across Europe which are not directly reflected in the observed ozone trends. Figure
2
illustrates the European-average seasonal cycles for mean, 5th and 95th percentiles of O3. Included
are the seasonal and annual linear trends in O3 calculated from 158 sites. In Europe overall there
is a net positive annual trend in observed ozone mean (0.16 ± 0.02 ppbv/yr), 5th (0.13 ± 0.02
ppbv/yr) and 95th (0.16 ± 0.03 ppbv/yr) percentiles, representative of positive trends in mean,
baseline and peak ozone.
3.

The Influence of individual years in the annual O3 trend
Despite using 10 year time series for trend analysis, inter-annual and extreme variation of
meteorological and climatological conditions can have a strong influence on trends during the
selected time period (Jonson et al., 2006). Visual inspection of the O3 time-series (given in full in
Wilson et al., 2011) highlights that many sites exhibit unusually high O3 levels in 1997-1998 and/or
2003. A number of phenomena occurred during these time periods that could have had a
substantial influence on the observed O3 concentrations. The relatively high O3 monthly means in
1998/1999 have been linked to large-scale global biomass burning, in conjunction with an El Niño
event between 1997-1998 (Simmonds et al., 2004). In contrast, the European heatwave during the
summer of 2003 is a contributory factor leading to high O3 levels that year (Solberg et al., 2008;
Lee et al., 2006). With European summer heat waves recorded more frequently in recent years
(i.e. 2003, 2006, 2007 and 2010), these extreme meteorological/climatological conditions will
influence O3 levels and trends during this time period, potentially masking the effect of emissions
reductions on the production of secondary pollutants such as O3 (Solberg et al., 2008). It is
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apparent that 1998 and 2003 are pivotal years during the 1996-2005 O3 trend analysis period. The
dependency on the selection of the years highlights the role of variability driven by chemical and
meteorological processes. The observed spatial variability of the trends could reflect the sphere of
influence of the 2003 event (Vautard et al., 2005). Investigating trends in significantly longer timeseries would be required to limit the effects of such years containing unusually high O3 levels as a
result of extreme meteorological/climatological conditions. There are only a limited number of
European measuring sites with long O3 time-series of 20 years or more, these presently not
temporally harmonised to offer spatial coverage across Europe. The continuation of trace gas
measurements across Europe will eventually provide the lengthy time-series required for future
trace gas trend analysis on a regional scale.

Figure 2 - The average European seasonal O3 cycle for mean, 5th and 95th percentiles using data from 158 sites.
Annotations display the statistically significant (p < 0.1) European-averaged seasonal (winter, spring summer, autumn)
and annual trends in ppbv/yr (2σ errors)
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1.

Introduction
The regular long-term measurement of tropospheric ozone in the Czech Republic began
within the Automatic Air Pollution Monitoring Network in 1992. This study is based on the data from
the stations with longest data series: Košetice and Svratouch are the regional EMEP stations,
involved in EMEP programme, Praha-Libuš represents the suburban area of the capital Prague
and Churáňov is typical mountain site.
Table 1 - Geographical coordinates of the stations
Košetice
Praha – Libuš
Svratouch
Churáňov

Altitude (m a.s.l.)
534 m
301 m
737 m
1118 m

longitude
49°35´ N
50°00´ N
49°73´ N
49°04´ N

latitude
15°05´ E
14°27´ E
16°03´ E
13°37´ E

2.

Trend analysis
Figure 1 shows general tendency of mean annual ozone concentrations at selected
stations. The nonparametric Mann-Kendall (Salmi, S. et al., 2002) method was used for statistical
evaluation of tropospheric ozone trends significance. The results are shown in Table 2.
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Figure 1 - Mean annual ozone concentrations at stations Košetice, Svratouch, Praha-Libuš, Churáňov (1992-2010)

Value in the column Q states an estimator for true slope of trend change per year. Test Z
represents test statistics of the existence and significance of trend. Positive (negative) value of Z
indicates an upward (downward) trend. The absolute value of Z is compared to the standard
normal table to decide if there is a trend or not at the α significance:
*** if trend at α = 0.001 level of significance
** if trend at α = 0.01 level of significance
*
if trend at α = 0.05 level of significance
+
if trend at α = 0.1 level of significance
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Table 2 - Trend evaluation of tropospheric ozone data from the Czech stations

Significant downward trend was found at the regional EMEP stations in the whole period
under review. In the first decade of the new millennium, the significance of the trend was lower.
The mountain station is characterised by the slightly decreasing trend both in the whole period and
in the last decade. Warm period (April-September) displays similar pattern as whole year at
regional and mountain level. On contrary, no trend was found in the cold period (October-March).
Suburban station is characterized by slightly increasing tendency, which is not statistically
significant. The difference between mean annual concentrations at regional and suburban stations
was smaller during the period under review from 10 ppb in the 90´ to 6 ppb in last five years.
Tropospheric ozone concentrations at Czech stations have a marked annual variation with
maxima at the end of spring. In June and sometimes also in July there is a decrease caused by the
onset of the so-called “continental monsoon”, which brings increased cloud cover and a drop in
solar radiation. We then register a second maximum in July and August (especially in very hot
summers).
Figure 2 clearly shows the diurnal variation of tropospheric ozone concentrations with a
minimum at around 6 o’clock in the morning and a maximum around 2 o’clock in the afternoon. The
diurnal variation at the mountain station is less significant.
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Figure 2 - Diurnal variation of ozone concentrations at stations Košetice, Svratouch, Praha-Libuš,
Churáňov (1993-2010)
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3.

Critical levels
To assess the effects of tropospheric ozone on human health and on vegetation,
international and national bodies have gradually introduced a number of ambient air pollution limits
or critical values during the period under review. In this study, a comparison with current Czech
ambient pollution limits is used. Target value of ozone for protection of human health is exceeded
when 8-hour running mean is higher than 120 µg.m-3 25times in average for 3 years. Date for
achieving of the target limit was 31.12.2009. The limit for protection of ecosystems and vegetation
is based on AOT40 index. AOT40 is the sum of differences between the hourly concentration
higher than 80 µg.m-3 (=40 ppb) and the value 80 µg.m-3 in the given period by using only hourly
values measured between 8:00 and 20:00 CET. The target value (with effect from 31.12.2009) is
surpassed when the AOT40 index, calculated between May and July is higher than 18 000 µg.m3
.h in average for 5 years.
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Figure 3 - Number of days in which the target limit for human health was exceeded. (8-hours running mean higher than
120 µg.m-3) at stations Košetice, Svratouch, Praha-Libuš, Churáňov (1993-2010)

The target limit for human health protection was exceeded at all selected stations almost
during the whole period 1992-2010, only at suburb station Prague-Libuš the three-year mean
values varied round the target limit in the period 1998-2002 (Figure 3.). Generally, significant drop
was found analyzing the whole period at all types of stations. The year 2003 brought the hot
summer comparable with years 1992 and 1994. Although the emissions of ozone precursors
declined very rapidly in the Central Europe, the number of days in which the limit was exceeded in
2003 reached the level of 1992 and 1994. In last three years, very significant drop of high ozone
episodes was found, probably due to unfavourable meteorological conditions for tropospheric
ozone formation. The 3- year mean declined under the target limit at all stations. We can conclude
that the target limit for human health protection was kept by the deadline 31.12.2009.
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Figure 4 - Trend of AOT40 index values at stations Košetice, Svratouch, Praha-Libuš a Churáňov (1993-2010)

The evaluation of the ozone impacts on vegetation implies that, not only in rural areas, but
practically throughout the Czech Republic, critical levels were significantly surpassed in the
nineties (Figure 4). In 1994 the limit was exceeded twice at both of the EMEP stations. In the
period 1996 -2002 the values dropped significantly at all stations. The values at suburb station
Praha-Libuš declined under the target level. The warmer period 2003 – 2006 brought short-term
increase of AOT40 index values above the target limit. In last 4 years, there was a decline
tendency towards the requested values round 18 000 µg.m-3.h. At the target limit deadline
(31.12.2009), the values really dropped under the target value. But the target limit was exceeded
again at Svratouch station in 2010.
4.
•

•

•

•

•

Conclusions
Significant downward trend of mean annual concentrations was found at the regional EMEP
stations. The mountain station is characterised by the slightly decreasing trend both in the
whole period and in the last decade. Warm period displays similar pattern as whole year at
regional and mountain level. On contrary, no trend was found in the cold period. Suburban
station is characterized by slightly increasing tendency, which is not statistically significant.
Tropospheric ozone concentrations at Czech stations have a marked annual variation with
maxima at the end of spring. Diurnal variation is characterized by a minimum at around 6
o’clock in the morning and a maximum around 2 o’clock in the afternoon.
The number of episodes with target value for human health exceedances dropped
significantly during the period under review, but annual target values surpassed the limit
almost in the whole period. In last three years, very significant drop of high ozone episodes
was found, probably due to unfavourable meteorological conditions. The 3- year mean
declined under the target limit at all stations. The target limit for human health protection
was kept by the deadline 31.12.2009.
Assessment of the ozone impacts on vegetation, using the AOT40 index, suggests that
critical level was exceeded for long periods not only in the regional areas but almost over
the whole Czech Republic. In last 4 years, there was a decline tendency towards the
requested values. To the target limit deadline (31.12.2009), the values really dropped under
the target value. But at Svratouch station, the target limit was exceeded again in 2010.
In the beginning of the second decade of the new millennium, tropospheric ozone remains
one of the most serious environmental problems of the Central European region; however
certain prognoses from the beginning of the nineties, which predicted further continuous
growth in tropospheric ozone concentrations during the nineties, have not been fulfilled.
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1.

Introduction
The Hohenpeissenberg Meteorological Observatory (HPB) is the earth oldest mountain
observatory with continuous observations since 1784. Additionally it is well known for its long
ozone records started in 1964 (ozonesondes and column densities) and 1971 (surface ozone),
respectively. Since 1994 HPB is one platform of the GAW Global Station
“Zugspitze/Hohenpeissenberg” of WMO's Global Atmosphere Watch (GAW) Programme. The
neighbouring high alpine sites Jungfraujoch (JFJ), Switzerland and Sonnblick (SNB), Austria are
working together with Hohenpeissenberg and Zugspitze in the DACH co-operation in order to
generate a larger data base, to give an estimation of global relevance by intercomparison of data
and an estimation of local, regional and global influences.
2.

Experimental
Ozone is measured by UV absorption at all stations, with TEI 49C (Thermo Electron
Corporation, Environmental Instruments) analyzers in recent years. All stations follow the
guidelines by WMO-GAW (GAW-Report No.: 143), and have been audited by the World Calibration
Centre for O3 (Empa, Switzerland) and are therefore traceable back to NIST standard reference
photometer SRP#2. The uncertainties of the 1-hour mean values are generally less than 1.2 ppb or
2%. At Hohenpeissenberg a second UV-absorption, a chemiluminescence and a potassium iodide
analyser are running as back-up instruments and for quality control. More information can be found
on the web (http://www.dwd.de/gaw) or in recent publications, e.g. Gilge et al. (2010),
Mannschreck et al. (2004).
3.

Results
Over the entire time period the monthly mean ozone mixing ratio is strongly increasing but
levels off in recent years (Figure 1). Accordingly the linear trend is significant positive over the
entire time period (0.28 ± 0.08 ppb/a) but only insignificant increasing in the periods 1990-2009
and 1990-1999, respectively. Moreover, there is a slightly (insignificant) decreasing trend from
2000 to 2009 (Figure 2).
In order to analyze this trend it is useful to sort the data set by wind direction. At
Hohenpeissenberg there are two distinct wind sectors: From WSW (225-264°) air masses with low
mixing ratios of primary trace gases are advected to the site. This sector is representative for
Central European rural boundary layer air. The NE (35-74°) wind sector shows slightly enhanced
mixing ratios of primary trace gases caused by emission impact from Munich and Eastern
European countries. Accordingly at air mass transport from WSW ozone shows - even in summer almost no diurnal variation whereas during NE wind directions a typical diurnal variation in ozone
mixing ratios with titration effects during the morning hours and effective ozone production in the
early afternoon can be seen (Figure 3).
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Figure 1 - Surface ozone time series (1997-2009) at Hohenpeissenberg Meteorological Observatory from.
Monthly mean (blue) and polynomial fit (red)

a))

c)
)

b)
)

1971 - 2009
slope
: 0.28 ppb/a
2σ
: 0.081
r²
: 0.09
intercept: 31.6
mean : 37.1

d)
)

1990 - 1999
slope
: 0.15 ppb/a
2σ
: 0.66
r²
: 0.002
intercept: 35.5
mean : 39.2

1990 - 2009
slope
: 0.09 ppb/a
2σ
: 0.29
r²
: 0.003
intercept: 37.4
mean : 39.9

2000 - 2009
slope
: -0.32 ppb/a
2σ
: 0.56
r²
: 0.01
intercept: 51.4
mean : 40.6

Figure 2 - Monthly mean anomalies (blue) and linear trends (red) for surface ozone time series at Hohenpeissenberg
Meteorological Observatory for different time periods: a): 1971-2009; b): 1990-2009, c):1990-1999, d): 2000-2009
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Figure 3 - Diurnal variation of surface ozone at Hohenpeissenberg depending on wind sector (solid: WSW, dashed: NE) and
season (red: summer, blue: winter)

90 – 09 : 0.09 ± 0.29 ppb/a
90 – 99 : 0.15 ± 0.66 ppb/a
00 – 09 : -0.32 ± 0.56 ppb/a

90 – 09 : 0.15 ± 0.19 ppb/a
90 – 99 : 0.36 ± 0.46 ppb/a
00 – 09 : -0.26 ± 0.41 ppb/a

90 – 09 : -0.03 ± 0.15 ppb/a
90 – 99 : 0.34 ± 0.44 ppb/a
00 – 09 : -0.69 ± 0.40 ppb/a

90 – 09 : 0.27 ± 0.15 ppb/a
90 – 99 : 0.76 ± 0.45 ppb/a
00 – 09 : -0.15 ± 0.40 ppb/a

Figure 4 - Monthly mean anomalies and linear trends for surface ozone time series at Hohenpeissenberg (HPB), Zugspitze
(ZUG), Sonnblick (SNB) and Jungfraujoch (JFJ) for different time periods 1990-2009 (red) 1990-1999 and 2000-2009 (blue);
negative Trends are marked red, significant trends bold
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However, the surface ozone trends aren’t markedly affected by the different wind directions
as table 1 shows. This leads to the assumption the detected trends are not locally influenced and
representative for a larger area.
Table 1 – Annual ozone trends depending on wind sector at Hohenpeissenberg Meteorological Observatory
annual trends
1995-2009
1995-1999
2000-2009

wind sector WSW
0.002 ± 0.24 ppb/y
0.47 ± 1.32 ppb/y
- 0.27 ± 0.44 ppb/y

wind sector NE
0.06 ± 0.46 ppb/y
0.56 ± 2.29 ppb/y
- 0.27 ± 0.87 ppb/y

In order to proof this assumption, the Hohenpeissenberg data were compared to the ozone
time series of the DACH sites Zugspitze (Germany), Sonnblick (Austria) and Jungfraujoch
(Switzerland). All four sites show a very similar behaviour: Increasing mixing ratios at three of the
four sites over the last 20 years and at all sites during the nineties as well as a decreasing trend at
all sites for the last ten years. This gives the strong hint the ozone trends at the four DACH sites
reflect no local but regional or supra regional behaviour. Since analyses based on the time series
of ozone precursors measured at the DACH sites couldn’t fully explain this behaviour, a trajectory
based model study with focus on horizontal as well as vertical transport processes is currently in
progress, realized by the Central Institute for Meteorology and Geodynamics Austria (ZAMG).
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1.

Introduction
In Central Europe, the density of ozone measuring stations with long records is much
higher than in other regions. Seven European sounding stations (Hohenpeissenberg and Lindenberg in Germany, Haute Provence in France, Uccle in Belgium, De Bilt in The Netherlands and
Legionowo in Poland) and four mountain stations (Zugspitze and Schauinsland in Germany,
Sonnblick in Austria and Jungfraujoch in Switzerland) were included in a multi-regression trend
analysis.
Most data were obtained from the World Ozone and Ultraviolet Radiation Data Centre
(WOUDC) and the Network for the Detection of Atmospheric Composition Change (NDACC).
2.

Instruments and Sounding Frequency
Hohenpeissenberg has been using the Brewer-Mast (BM) sonde for regular measurements
of the vertical ozone profiles since 1965. Ozone soundings in Payerne have been carried out on a
regular basis with the BM sonde from 1966 to 2002. Since 2002 measurements are made with the
Electrochemical Concentration Cell (ECC). Uccle started measurements in 1969 with the BM
sonde before replacing it by the ECC ozone sensor in April 1997. Lindenberg and Legionowo both
used the East German GDR Sondes in the beginning of their ozone measurements. The GDR
sonde is similar to the Brewer sonde (Logan, 1994). The Lindenberg time series starts in 1975.
The change from GDR to ECC sondes took place in July 1992. Legionowo measurements go back
to 1979, with a change in ozonesondes from GDR to ECC in June 1993. The De Bilt and Haute
Provence ECC sonde data used here start in 1993 and 1997.
Data sampling frequency at most stations is once a week. At Hohenpeissenberg, Payerne
and Uccle measurements are made 2-3 times a week.
3.

Data Analysis
Yearly mean ozone in parts per billion (ppb) at the 700hPa pressure level were used to
calculate linear trends and the corresponding 95% confidence interval (2σ) for the whole time
series and separately for the time periods from 1990 to 2009, 1990 to 1999 and 2000 to 2009.
At Lindenberg and Legionowo, data before 1992 and 1993, when the GDR sondes were
replaced by the ECC, were not considered in the data analysis. Even though Uccle and Payerne
also changed their sondes, their time series do not show any significant jumps at that time.
4.

Results
All sounding stations show a significant increase in ozone from the 1970s to the 1990s.
Also notable is the higher variability among the sounding stations until the 1990s. Later on, the
different stations match better.
In the 1990s, tropospheric ozone levels off. Several sonde stations show negative linear
trends. The mountain sites also show an increase until the early 1990s and a levelling off in the
later years. Averages of all sounding stations and all mountain sites confirm the overall picture of
increasing trends from the 1970s to the early 1990s and the levelling off in the following years.
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Figure 1 - Time series of yearly mean ozone concentrations (ppb) at 7 sounding stations and 5 mountain sites. The black
line represents the average over all sounding stations and its linear trend. The grey line represents the average
over all surface measurement sites and its linear trend. Legionowo as well as Lindenberg data are shown as
dashed lines before the sonde change from BM to ECC

Figure 2 - Annual cycle of ozone concentrations of the sounding stations and the mountain sites
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The climatology of ozone at 700hPa at all sounding stations and mountain sites shows a
clear annual cycle with a broad maximum from spring to late summer. Less smooth cycles may
indicate data problems (e.g. very infrequent sampling) but different annual cycles can also point to
geophysical differences between the stations.
Over the time period from 1990 to 2009 sondes and surface measurements track very well.
Most stations show decreasing ozone in the year after the eruption of Mount Pinatubo in 1991. The
heat wave in 2003 in Central Europe is registered with higher ozone levels at nearly all sounding
stations and mountain sites.
The sounding stations Hohenpeissenberg, Legionowo, Lindenberg, Haute Provence and
Payerne show a general decrease in tropospheric ozone concentrations over the 1990 to 2009
time period, whereas De Bilt and Uccle show increases. Somewhat different, the mountain sites all
show an increasing trend from 1990 to 2009. The most significant difference is between the
negative trend of Hohenpeissenberg soundings and the positive surface trend at Jungfraujoch
(both significant at the 2σ confidence level).
From 1990 to1999 trends at the sounding stations are mostly decreasing, except for
Legionowo and Lindenberg. Ozone at all mountain sites, however, is increasing over this time
period. Again, only few linear trends are significant. From 2000 to 2009, the trends at all sounding
stations, except Uccle, are negative or close to zero. Uccle, however, reports an increase of 0.44
ppb/year (significant at the 2σ confidence level). The mountain sites all show negative trends over
the 2000 to 2009 period.
In addition to the 700hPa altitude, trends were also calculated at the pressure levels
850hPa, 500hPa and 300hPa. From 1990 to 2009 Hohenpeissenberg and Payerne show a
consistent negative trend throughout the troposphere. Hohenpeissenberg trends are significant
from 850hPa to 500hPa. Haute Provence starts out negative at 850hPa and changes sign to a
positive trend at 500hPa, with the only significant trend at 850hPa. De Bilt has a consistent positive
trend, significant only at 850hPa. Uccle changes sign twice from negative at 850hPa to positive at
700 and 500hPa and again to negative at 300hPa. None of these trends are significant.
Lindenberg has a negative trend from 850 to 700hPa, then changes sign to a positive trend in the
upper troposphere. The linear trend of Legionowo is slightly positive at 850hPa and turns negative
at 700hPa and throughout the upper troposphere. Neither the Lindenberg nor the Legionowo
trends are significant.
The linear trends of the surface measurements at the mountain sites are all positive.
However, only Jungfraujoch has a significant trend at the 2σ level.
Linear trends for the shorter time periods 1990 to 1999 and 2000 to 2009 tend to vary
between stations, pressure levels, and periods. They are generally not significant. As a rule of
thumb, these 10 year periods are too short to derive meaningful trends.
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Figure 3 - 1990 to 2009 linear trends of all sounding stations and mountain sites at a 2σ confidence level as a function of
the pressure levels 850hPa, 700hPa, 500hPa and 300hPa

5.

Conclusion
We have analyzed tropospheric ozone trends at several Central European sounding
stations and at selected surface stations in/near the Alps. All sounding stations show a significant
increase in ozone from the 1970s to the 1990s. Also notable is the higher variability among the
sounding stations until the 1990s. Later on, all the different stations track much better. In the
1990s, tropospheric ozone has levelled off over Europe. Some sonde stations even show minor
negative trends from 1990 to 1999. The mountain sites also show an increase until the early 1990s
and a levelling off in the late 1990s, later than seen by the sondes. Averages of all sounding
stations and all mountain sites confirm the overall picture of increasing trends from the 1970s to
the early 1990s and levelling off in the following decades.
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1.

Surface ozone measurements at the Mt. Cimone GAW global station
Mt. Cimone (44.18ºN, 10.70ºE, 2165 m a.s.l.) is the highest peak of the Italian northern
Apennines and it is characterised by a 360º free horizon. As being located South of the Alps and of
the polluted Po basin, at this Global GAW-WMO Station the observations of atmospheric
composition provide useful information for evaluating the role of regional and long-range transport
processes in modifying the tropospheric background conditions in the Mediterranean
basin/southern Europe areas. Moreover, this long-term monitoring activity helps in quantifying the
existing trend of climate-altering substances and atmospheric pollutants.
1.1

Measurement site surroundings
Mt. Cimone (CMN) is located above the timberline (1600 m a.s.l.) and only some patches of
grass can be found on the mountaintop, which is mostly rocky and covered by snow for 6-7 months
a year from mid-November to mid-April. The vegetation in the valleys below mainly consists of read
spruce, larch, and beech. Access to the station is by vehicle only (snow-cat in winter) via a private
road up to 1800 m a.s.l. and by an underground cable railway that covers the last 300 m to the
Station. Within several kilometres from the site, there are no crops, and human activity is very
limited: the closest inhabited areas are small villages located 15 km away and about 1100 m below
the measurement site. The major towns (about 500.000 inhabitants: Bologna, Florence) are in the
lowlands about 60 km away. No local emissions are present at the measurement site, as the
station runs by electric energy only.
1.2

Experimental (sampling system, instrumental set-up and reference scales)
After five years of non-continuous observations, surface ozone (O3) measurements are
continuously carried out at CMN since January 1996 at the Italian Climate Observatory “O. Vittori”
(ICO-OV), the research infrastructure managed by the National Research Council – Institute for
Atmospheric Sciences and Climate (ISAC-CNR). The intake line of sample air is 2 m above the
roof and 7 m above the ground and consists of a Pyrex tube through which the sampled air is
passed at a constant flow rate. Those parts of the system that are outside the building are heated
to prevent ice formation during the cold season. Inside the building the analysers draw their sample
air by a Teflon manifold pipe connected to the Pyrex tube. This experimental set-up allowed the
continuous determination of O3 mixing ratio even during the adverse winter conditions: only from
November 2002 to January 2003 a major data gap can be found in the CMN surface O3 data
series.
Since 1996, O3 measurements were carried out by a UV-absorption analyser Dasibi 1108
W/GEN #136 which perform automatic span and zero checks every 24 hours (see Bonasoni et al.,
2000). This instrument is regularly checked (every 3 months) with the laboratory transfer standard
(Dasibi 1008 PC #6506). Starting from 2008, the laboratory transfer standard is compared every 2
years against primary standard at the WCC-Empa. Before (October 2006), the laboratory transfer
standard was compared against the IMGC-O3SRP primary standard at the Italian National Institute
of Metrological Research (INRIM) in Turin (Italy). From 1996 to 2006, several calibrations were
executed at the manufacturer laboratories (DASIBI ITALIA).
1.3

Annual O3 behaviour at Mt. Cimone
During the period 1996-2009, an average O3 monthly mean of 54.4 ± 8.9 ppb has been
recorded at CMN. The monthly O3 values (calculated using 1-hour mean values) showed a typical
seasonal cycle characterised by winter minima with spring and summer maxima, often resulting in
a broad spring-summer peak (Figure 1). This is a typical feature of the O3 behaviour in the
Mediterranean area and southern Europe high mountain regions, where the hemispheric-scale
spring maximum overlaps the increased photochemical production of O3 that characterises the
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lower troposphere during summer. Over the entire measurement period, the five highest O3
monthly anomalies were observed on July 2006 (+17.0 ppb), April 2007 (+10.7 ppb), September
2006 (+9.5 ppb), September 1997, August 2003 and June 2005 (+6.9 ppb). On the other hand, the
five lowest monthly anomalies were observed on April 2001 (-10.1 ppb), September 2008 (-8.6
ppb), June 2009 (-7.5 ppb), July 2001 (-6.5 ppb) and May 2002 (-6.4 ppb). The most striking
feature of the CMN long-time record is represented by the record-breaking O3 values recorded on
July 2006 (monthly mean: 82.3 ppb; 25th monthly percentile: 71.3 ppb; 75th monthly percentile: 90.8
ppb) when a strong heat wave affected western, central and south Europe (EEA, 2007).
2.

Surface ozone trend analysis

2.1

Annual trends
With the aim of analysing the long-term trends of surface O3, we calculated the slopes of
the monthly mean anomaly linear regressions over two reference periods: 1996 – 2009 and 2000
– 2009, this latter period for having a direct comparison with the MOZAIC data-bases. Because at
CMN, atmospheric compound variability can be influenced (particularly during the warm months)
by “thermal” diurnal wind circulations able to transport air-masses from the PBL during day-time,
we performed trend analyses as a function of different diurnal “time-windows”: (i) all data, (ii) nightime data (from 23:00 to 4:00 UTC+1) and (iii) day-time data (from 11:00 to 16:00 UTC+1).
As reported by Figure 2, positive annual trends (not significant at the 95% confidence level)
characterised surface O3 mixing ratios at CMN during the period 1996 – 2009, with linear slopes
ranging within 0.05 – 0.06 ppb/yr for the different “time-windows” considered. These linear trends
strongly increased when the period 2000 – 2009 is considered, with the calculated slopes which
ranged from 0.22 ± 0.25 ppb/yr for nigh-time data to 0.28 ± 0.26 ppb/yr (statistically significant at
the 95% confidence level) for the day-time data selection. As reported by Cristofanelli et al. (2006),
at CMN not-negligible contributions to high O3 concentrations can be traced back to heatwave
phenomena due to the efficient transport of polluted air-masses on regional and continental scales
as well as to the high fire activity characterising the Mediterranean basin during summer season.
With the purpose of evaluating the influence that the occurrence of high O3 concentrations during
summer heatwaves could have played on the 2000-2009 trends, we calculated the linear fittings for
the day-time data selection by excluding the months for which major heatwave events have been
observed (i.e. August 2003, June 2006). These analyses permitted to assess that for day-time
data, the 2000 - 2009 linear trend reduced to 0.26 ± 0.24 ppb/yr, suggesting a limited contributions
to these specific heatwave events. On the other hand, by excluding from the analysis the April
2001 record (monthly anomaly: - 10.3 ppb over the 2000 – 2009 period), the linear trend of daytime data becomes not-significant, with a slope value of 0.24 ± 0.25 ppb/yr. This clearly indicated
that great caution should be deserved in calculating trends on relatively short time series.
2.2

Seasonal trends
Table 1 reports the results of the seasonal O3 trends analyses as a function of (i) different
“time windows”, (ii) different reference periods (1996 – 2009 and 2000 – 2009) and (iii) different
seasons (December – February: DJF; March – May: MAM; June – August: JJA; September –
November: SON).
Not significant seasonal O3 trends have been observed at CMN. Except than for the
summer, the 2000 – 2009 linear slope values were larger than those calculated for the 1996 –
2009, in agreement with the results obtained for the annual trends. In general, for any kind of data
selection or reference period, the highest linear trends have been observed for the spring season.
Only small positive, or even negative, trends have been detected for summer, i.e. the season
usually indicated as the most affected by photochemical smog episodes in south Europe. In
general, no systematic differences between the various data-selection criteria have been pointed
out. The highest differences between day-time and nigh-time O3 trends have been observed for
spring and autumn 2000 – 2009 (+0.10 ppb/yr and + 0.15 ppb/yr, respectively).
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Table 1 - Analysis of surface O3 seasonal trends at CMN. For different data selection (column 1, see Section 2.1 for
definition), reference periods (column 2) and seasons (columns 3 – 6), the statistical parameters describing the linear
trends (slope ± 2σ) and the average concentrations (Avg) are reported
Data
selection
All data

Reference
period
1996-2009
2000-2009

Night-time
data

1996-2009
2000-2009

Day-time
data

1996-2009
2000-2009

DJF

MAM

JJA

SON

0.04±0.42 ppb/yr
r2: 0.003
Avg: 45.7 ppb
0.24±0.76 ppb/yr
r2: 0.053
Avg: 45.5 ppb
0.04 ± 0.42 ppb/yr
r2: 0.003
Avg: 45.4 ppb
0.22 ± 0.76 ppb/yr
r2: 0.046
Avg: 45.3 ppb
-0.01±0.44 ppb/yr
r2: 0.001
Avg: 45.7 ppb
0.16±0.81 ppb/yr
r2: 0.020
Avg: 45.5 ppb

0.18±0.42 ppb/yr
r2: 0.006
Avg: 59.4 ppb
0.53±0.78 ppb/yr
r2: 0.189
Avg: 59.3 ppb
0.20±0.38 ppb/yr
r2: 0.080
Avg: 59.5 ppb
0.49±0.72 ppb/yr
r2: 0.188
Avg: 59.5 ppb
0.17±0.46 ppb/yr
r2: 0.045
Avg: 59.3 ppb
0.59±0.88 ppb/yr
r2: 0.18
Avg: 59.1 ppb

0.03±0.42 ppb/yr
r2: 0.001
Avg: 63.4 ppb
-0.02±0.82 ppb/yr
r2: 0.001
Avg: 63.4 ppb
0.05±0.42 ppb/yr
r2: 0.004
Avg: 63.5 ppb
-0.03± 0.84ppb/yr
r2: 0.001
Avg: 64.6 ppb
0.04±0.40 ppb/yr
r2: 0.004
Avg: 61.5 ppb
0.02±0.78 ppb/yr
r2: 0.001
Avg: 61.6 ppb

-0.05±0.41 ppb/yr
r2: 0.006
Avg: 48.8 ppb
0.18±0.76 ppb/yr
r2: 0.028
Avg: 48.4 ppb
-0.07±0.40 ppb/yr
r2: 0.010
Avg: 49. 1 ppb
0.12±0.76 ppb/yr
r2: 0.012
Avg: 48.7 ppb
-0.01±0.42 ppb/yr
r2: 0.001
Avg: 48.4 ppb
0.27±0.66 ppb/yr
r2: 0.058
Avg: 48.0 ppb

3.

Summary and conclusion
Basing on the analysis of monthly mean O3 anomalies, no significant positive or negative
linear trends have been observed at the Mt. Cimone GAW Global Station (CMN) over the period
1996 – 2009. Except than for the summer seasons, the period 2000 – 2009 has been
characterised by larger annual trends in comparison with the period 1996 – 2009. Only considering
the observations recorded for “day-time” data, a statistically significant trend (0.28 ± 0.26 ppb/yr)
was calculated over the period 2000 – 2009. However, this latter value appears to be partially
determined by specific O3 episodes (e.g. April 2001). By disaggregating the analysis on a seasonal
basis, the highest trends have been detected for the spring season with linear slopes ranging from
0.17 ± 0.46 ppb/yr for “day-time” data selection 1996 – 2009 to 0.59 ± 0.88 ppb/yr for “day-time”
selection over the period 2000 – 2009.
CMN is the only high mountain station located in the Mediterranean basin and South to the
Alpine region and the Po basin: further work should be deserved in comparing CMN long-term O3
time series with record at near GAW Alpine sites with the purpose of attributing observed
differences and evaluating possible impacts related to the change of reference scales.
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Figure 1 - Surface ozone time series at Mt. Cimone from January 1996 to December 2009. For each month the average value
(blue), the 25th (green) and the 75th (red) percentiles are reported. Statistical parameters are calculated basing on 1-hour
average values. Only months with data coverage exceeding 77% are reported

Figure 2 - Calculated linear trends for surface O3 at Mt. Cimone for the period 1996 – 2009 (upper graphs) and for
the period 2000 – 2009 (bottom graphs) basing on “night-time” data (blue), all data (green) and “day-time” data (red).
Statistical parameters of the linear fitting (slope, 2σ confidence interval) together with mean average concentration (Avg)
are also reported
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TRENDS IN OZONE CONCENTRATIONS AT THE OZONESONDE STATION OF UCCLE
(1)

A. Delcloo, R. Van Malderen and H. De Backer
Royal Meteorological Institute of Belgium, Uccle, Belgium (Andy.Delcloo@meteo.be)

1.

Introduction
Ozonesonde profile data from Uccle (50º48’N,4º21’E, 100 m a.s.l.) are available since 1969
at the Royal Meteorological Institute of Belgium. The station is located in the Southern suburbs of
Brussels. In 1997, a changeover in ozonesonde sensor type took place from Brewer Mast (BM)
towards Z-ECC.
To ensure the homogeneity of this long time series, a comparison study has been done
between ozonesonde data, retrieved from both sensor types by organizing dual flights during one
year. This changeover has been well documented (De Backer, 1999).
Trend results for the time period 1990 – 2009 are shown. A chemical transport model is used to
make comparisons between model- and ozonesonde data at Uccle for the lower troposphere.
2.

Trends
Trends are based on the vertical ozone profile data at the ozone sounding station of Uccle.
These trends have been calculated on different altitude levels and for different months. The vertical
resolution is about 500 meters. On average, the tropopause height is situated around 11 km at
Uccle.
2.1

1990-1999
During the first decade, there is an overall decrease in ozone concentrations in the upper
troposphere, except during winter season. For the lower troposphere, there is only a decrease in
ozone concentrations from May until August (Figure 1).

Figure 1 - Season-height cross-section of ozone trends in percent per year at Uccle for the time period January 1990 to
December 1999. Areas where the trend is statistically significant at the 95 % level are colored darker (red for negative and
blue for positive trends)
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2.2

2000-2009
The second time period is characterized by a general increase in ozone concentrations for
higher tropospheric levels. In the boundary level, a decrease in ozone concentrations is detected
from June until December (Figure 2).

Figure 2 - As in Figure 1 but for the time period January 2000 to December 2009

2.3

1990-2009
In general, there is an overall increase in free tropospheric ozone, due to a significant
increase in ozone concentrations during spring and September. At other altitude levels, no
significant trends in ozone concentrations have been detected (Figures 3 and 4).

Figure 3 - As in Figure 1 but for the time period January 1990 to December 2009
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Figure 4 - Vertical profile of ozone trends (ppb/year) for the time period 1990 - 2009. The height scale is relative to the
tropopause. The 2 sigma bars are shown

3.

Chemical Transport Model
A supplementary test to ensure the homogeneity of the time series in the lower levels of the
ozonesonde data is provided by comparing this data with the output of a chemical transport model.
Therefore we used the CHIMERE model (Vautard et al, 2001). The CHIMERE model is forced by
ECMWF meteorological fields and by the EMEP emission database (2002) (Vestreng, 2003). The
simulation domain covers Western Europe with a spatial resolution of 0.5 degree. The vertical
resolution consists of eight layers from surface level until 500 hPa.
To compare these different levels in CHIMERE with the ozonesonde data, data has been
extracted applying a gaussian filter approach, using fixed heights in the middle of the model levels.
Figure 5 shows results from a comparison between the CHIMERE model output and the
ozonesondes data at the 771 hPa level. It shows that before the BM to Z-ECC changeover in April
1997 (before the vertical black line on the plot), the variability in ozone concentrations is higher.
After April 1997, Z-ECC ozonesondes are used and this results in lower variability in ozone
concentrations. The moving average plot does not show any jumps around this time period. During
the shown time period, there is no drift detectable in the differences between model output and
observed ozonesonde data.
Conclusions
The homogeneity of the ozonesonde time series of Uccle have been verified against model
output data for ozone concentrations in the lower troposphere. Trends on different altitude levels
and for different time periods have been provided. In general, there is a significant increase in
ozone concentrations in the mid free troposphere during the last 20 years.
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Figure 5 - Difference plot (in ppb) between model output of the CHIMERE model and the ozonesondes data
at the 771 hPa level
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OZONE TRENDS IN FRANCE AT REMOTE SURFACE STATIONS OF THE PAES NETWORK
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1.

DATA

1.1

Measurement network

Donon
755m

Puy de Dôm e
1465m

Pic du Midi
2877m

OHP
650m

The network PAES (French acronym for
Atmospheric Pollution at Synoptic scale) is a
research observation service devoted to monitor
ozone and precursors at remote mountain
stations in France. In baseline conditions, the
measurements are representative of the regional
troposphere, or even at larger scale, due to little
exposure of sites to local emissions (Henne et
al., 2010).
The commonly measured variables at all
sites are ozone, carbon monoxide and weather,
but additional measurements exist at some sites
(e.g. NOx at Puy-de-Dôme). Near real time data
are freely available from http://paes.aero.obsmip.fr.

PAES is contributing with ozone data to EMEP since 2008, and also to GAW in the close
future (date under submission to WOUDC).
Station ID
Station name
Ozone data availability

PDM
Pic du Midi
2001 -

PUY
Puy de Dôme
1995 -

OHP
Obs. Haute Provence
2003 -

DON
Donon
1995 – 2008 (closed)

1.2

Ozone measurements
The measurement protocol for ozone follows EMEP’s recommendations. UV photometers
TEI49 (C/I) are used, with on-site calibrations every 3 months. The data are traceable to NIST
reference photometers, to allow for comparison with many other sites in the world. The combined
expanded uncertainty was estimated to be 2.4 ppb at 100 ppb measurement level (Gheusi et al.
2011). Data quality assurance is certified for EMEP by the Ecole des Mines de Douai, which
operates yearly station audits and data quality control. EMEP-certified hourly data from DON, PDM
and PUY are available in EBAS.
2.

METHODOLOGICAL ASPECTS

2.1

Data set
In this study, the basic underlying data set are time-series of daily-averaged ozone mole
fraction (in ppbv). If daytime data are considered, only data between 11pm and 4am data are kept
in the daily average, and the same for night-time data between 11pm to 4 am. Monthly means are
also used in Section 2.2 and 2.3.
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2.2

Trend calculations using non-linear fits
We use a method inspired by Novelli et al. (2003) for CO trend calculations. As CO,
tropospheric ozone follows a seasonal cycle which superimposes on a long-term trend (if any). To
estimate the linear trend of a long ozone series (typically 10 years or more), the series is modelled
by least-square fit with a function of the form:
f(t) = a + b t + c1 sin(2π t/T + f1) + c2 sin(4π t/T + f2) + c3 sin(6π t/T + f3) + c4 sin(8π t/T + f4)

with T = 1 year. The first two terms thus represent the trend component, and the harmonic terms
the seasonal cycle of ozone. The resulting linear trend is the best fit for the slope parameter b. The
uncertainty intervals given in the following are doubled standard errors (2σ), which roughly
represent 95% confidence interval (assuming a normal distribution for b).
Figure 1a shows for example the series of daily data for PDM since 2001, as well as the
fitted curve and the calculated (negative) linear trend. Figure 1b is the same but the analysis is
based on monthly means. The resulting linear trend is almost the same as for daily means. The
double-peak structure of the spring/summer ozone maximum also appears in both analyses.
(Interestingly, this feature was already noted by Chevalier et al. 2007 for Pic du Midi in a more
refined seasonal analysis).
For the analysis based on monthly means however, there is a much greater uncertainty on
the slope, due to the lower number of data points. In turn, the result is not statistically significant in
the second case, whereas it is in the first. This shows that the statistical significance of a trend
obtained with simple regression methods should be considered very cautiously for such timeseries. This example opens two questions. First, what is the most appropriate time step for such
analyses? Second, simple regression methods assume independent data, but time-series of
atmospheric parameters are actually not (short-term memory exists below a certain time scale).
Therefore, we suggest the simple regression methods used in by most participants (including in the
present study) of the workshop on tropospheric ozone changes, 11-13 April 2011 in Toulouse, are
certainly not appropriate to estimate uncertainties on the calculated trends.

(a)

(b)

Figure 1 - Trend analyses of the ozone time-series from Pic du Midi (PDM), based on (a) daily mean values, (b) monthly
mean values. Dots represent data points. The green curve represents the fitted function, and the blue line its linear
component (a + bt)

2.3

Comparison with trends calculated from monthly deviations
The participants of the workshop were encouraged to estimate ozone trends over long
periods (10-20 yr) following a common method in two steps: (i) calculate for every month, the
deviation of the current monthly mean with respect to the “climatology” of the considered month of
the year, i.e. the mean value for this month of the year considering the whole 10-20 yr period (this
step allows to remove the seasonal component from the signal); (ii) apply linear regressions on the
obtained series of monthly values.
In Figure 2, we compare the non-linear fit method (based here on monthly values) with the
monthly deviation method. The results turn out to be very similar. In the following, we therefore
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continue using the non-linear fit method, since it is a convenient way to use daily data and hence a
much greater number of data points (the deviation method could also be carried out with daily
values, but running means would be required in this case.)

(a)

(b)

Figure 2 – Trend analyses of series of monthly ozone values from Pic du Midi (PDM) with two methods: (a) The non-linear
fit method (it is the same analysis as in Figure1b., but here are represented only the linear trend line and the
deseasonalized data, for direct comparison with the monthly deviations). (b) The monthly deviation method

2.4

Iterative process to keep only baseline data
Ozone is strongly dependent on weather, and even monthly mean values might not be
climatologically representative. Such variability might affect trend estimations. One can easily filter
out outlier data points using an iterative process. After a first non-linear fit, we define outliers as
any data points deviating by more than 2σ from the fitted curve, and rule them out from the data
set. We obtain a new data set, on which a new curve is fitted, and so on. The whole process can
thus be applied iteratively until no data are further eliminated. An example is given in Figure 3 for
Puy de Dôme. Convergence was achieved after 15 iterations. Note the change in sign of the trend
(which anyway remains close to zero and is hardly significant in both cases).

(a)

(b)

Figure 3 - Trend analyses of series of monthly ozone values from Puy de Dôme (PUY) without (a) and with (b) iterative
elimination of outliers. In (b) only the finally retained data points are shown. For instance the extreme high values in August
2003 during the major heat wave were eliminated

The following table provides the trends at the four stations obtained from daily values,
keeping either all data or removing outliers. For PDM and OHP, the decreasing trend is much
slower in absence of outliers.
(Trends in ppbv/yr)
Trend (1st iteration)
Trend (convergence)
Iterations
to
convergence

PDM
-0.38 ± 0.12
-0.22 ± 0.07
19

PUY
-0.10 ± 0.11
+0.09 ± 0.07
15
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OHP
-0.68 ± 0.21
-0.26 ± 0.13
12

DON
-0.02 ± 0.14
+0.07 ± 0.08
21

3.

TRENDS

3.1

Decade 2000-2009
To allow comparisons with other contributions from the workshop, we now focus on trend
analyses without filtering of outliers. Trend calculations distinguishing the four seasons, as well as
day vs. night, are summarized in Figure 4.

Figure 4 - Summary of the trend analyses. Bar clusters from left to right in each panel: PDM, PUY, ONH, DON

3.2

Longer time-series for PUY and DON
For these two stations, data are available as early as 1995. For the whole period 1995-2009
the found trends are -0.14 ± 0.06 ppbv/yr for PUY and +0.05 ± 0.07 ppbv/yr for DON.
3.3

Conclusions
Pic du Midi (PDM): a statistically significant negative trend of about – 0.4±0.1 ppb/yr is
found for 2000-2009. The decrease is more pronounced in spring (~ -0.7 ppb/yr) and summer (~0.5 ppb/yr) than in autumn and winter, for which (negative) trends are found to be slow and hardly
significant. Little differences are found in the trends of day and night values, with however a more
rapid decrease of daytime levels in general. All this suggests that the regionally-influenced ozone
levels are decreasing more rapidly than the ozone background at larger scale.
Puy de Dôme (PUY): a slow but statistically significant decrease is found over the full
period of measurements (1995-2009), but hardly over the last decade (2000-2009). Clear negative
trends of about – 0.4±0.1 ppb/yr (for both day time and night time values) are found only in
summer when the regional influence is maximum.
Observatoire de Haute Provence (OHP): a much more rapid decrease (- 0.7±0.2 ppb/yr)
than at the other stations is found for OHP (over 2004-2009). This is especially true for summer.
For this season the trend is as high as - 2 ±0.7 ppb/yr. This Mediterranean observatory is expected
to be intermittently under the influence of the polluted coastal area of Fos-Berre-Marseille,
especially in summer when inland breezes are more frequent and photochemistry active. Clearly,
the rapid decrease in summer could be linked to less frequent pollution episodes.
Donon (DON): no trends were found when considering values over the whole years, but
contrasted results arose when values were considered season by season. A statistically positive
trend of about +0.4±0.3 ppb/yr was obtained from winter values (and also, to a lesser extent in
spring) whereas an opposite (negative) trend is found in summer (and autumn). Further analyses
are needed to explain this finding.
Globally, this data set gives converging indications that the ozone background over France
was stable or slowly decreasing over 2000-2009, but more pronounced negative trends are found
in conditions for which the stations are influenced by regional emissions or pollution episodes.
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ANALYSIS OF OZONE TRENDS AT THE MOUNTAIN SITES ZUGSPITZE AND WANK (47 °N)
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1.

General information

1.1

Site description
The mountain station Zugspitze (ZUG, 47 °N, 11 °E,) is located on a high-altitude summit
(2962 m a.s.l.) at the northern rim of the Alps. On top of the neighbouring, medium-altitude mountain Wank (WNK), observations are performed at 1780 m a.s.l. A detailed description of the
topography was given by Reiter et al. (1986).
1.2

Instrumentation and available records
Surface ozone was measured at both sites with chemiluminescence technique from 1978
till about 1999. Since ~1996 until present UV absorption is in use. Two or three instruments are
operated in parallel, with calibrations tied to the WMO/GAW scale.
The data coverage is typically > 90 %. From concurrent measurements conducted at Zugspitze, data for carbon monoxide (CO), relative humidity (RH) and the stratospheric/upper-tropospheric tracer 7Be are available for filtering the ozone data. The resulting filtered data sets and the
all-data set have been subjected to trend analyses based on different statistical tools The O3 concentrations observed since 1978 have been analysed in a number of previous studies, with respect
to their long-term trend (e.g. Oltmans et al. (2006)) as well as seasonal variations and the impact of
different meteorological conditions.
2.

Trend analyses

2.1

Entire time series
Figure 1 shows the monthly means (ZUG) together with a harmonic regression fit and the
long-term trend curve. The entire O3 record is characterised by seasonal cycling with a summer
maximum and a winter minimum as well as pronounced short-term variations (from minutes to
days) and year-to-year variability. Depending on specific meteorological conditions, the O3 mole
fractions can vary over a range from near zero to about 110 ppb on short time scales.
Previous analyses of the temporal characteristics of the ozone increase have shown that
the Zugspitze record can be divided into three parts (cf. Figure 1). The period 1978-1989 displays
the strongest increase, while the 1990-2002 data still show a significant ozone growth rate. In
contrast, practically no trend can be detected for the period from 2003 to 2008.
The overall shape of the Wank (1780 m a.s.l.) surface ozone time series looks similar. More
detailed comparisons have revealed smaller and partly negative growth rates at the lower altitude
during the 1990s, and a remarkable agreement in the trend behaviour from 2000 onwards.
2.2

Anomalies 1990 - 2009
According to the requirements of the 2nd Workshop on Tropospheric Ozone Trends, the
above-described ozone records were analysed with respect to prescribed intervals. Trend estimates were primarily based on anomalies. It is noted that the present study with its individual
periods 1990 – 1999 and 2000 – 2009 does not perfectly match with the major changes of growth
rates that are obvious from Figure 1.
The Zugspitze anomalies are shown in Figure 2 (cf. Table 1), and are characterized by
strong year-to-year variability. The regression line over the entire period (1990 – 2009) indicates a
small, insignificant positive trend. It camouflages the different developments during the first and
second part, i.e. significant increase and significant decrease, respectively. Figure 3 shows the
seasonal anomalies together with a linear fit for Zugspitze and regression lines only for Wank. The
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high winter-time ozone increase and the summer decrease at Zugspitze reflect probable changes
of upper tropospheric influence in winter and reduced peaks of photochemical production in summer. At the Wank site the ozone decrease during the summer season is much more strongly pronounced, yielding a fit of ± 4 ppb around zero in contrast to merely ± 1.5 ppb for Zugspitze (Figure
3).

Figure 1 - Time series of monthly means together with harmonic regression fit and long-term trend

Figure 2 - Anomalies based on monthly means together with linear regression for the periods 1990 – 2009 (blue),
1990 – 1999 (black) and 2000 – 2009 (red)
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Table 1 - Summary of trend estimates based on anomalies. Statistically significant rates in bold
Site: ZUG
Annual trends

Statist. param. of
Lin. Regr., Intercept
(absol.) for Jan 2000

From monthly mean
anomalies (all available
data)

Neighbouring site: Wank
(WNK)

1990 - 2009

Slope [ppb/yr]
Intercept [ppb]

0.06 (–0.01 - 0.12)
50.3 (49.9 - 50.7)
1.3 %

– 0.16 (–0.23 - –0.09)
46.5 (46.1 - 47.0)
7.5 %

0.42 (0.24 - 0.59)
52.2 (51.2 - 53.2)
15.5 %

– 0.13 (–0.32 - –0.07)
46.6 (45.5 - 47.8)
1.3 %

– 0.20 (–0.38 - –0.02)
51.5 (50.5 - 52.5)
4.0 %

– 0.34 (–0.55 - –0.13)
47.5 (46.3 - 48.8)
7.9 %

r
1990 - 1999

Slope [ppb/yr]
Intercept [ppb]
r

2000 - 2009

Seasonal
trends
(ZUG)
1990 - 2009

2

2

Slope [ppb/yr]
Intercept [ppb]
2
r

DJF
Winter
0.22 (0.08 - 0.36)
43.8 (43.0 - 44.6)
37.0 %

MAM
Spring

JJA
Summer

SON
Autumn

0.12 (–0.03 - 0.27)
55.4 (54.5 - 56.2)
13.7 %

– 0.15 (–0.37 - 0.08)
57.0 (55.7 - 58.4)
9.5%

0.04 (–0.11 - 0.19)
45.2 (44.3 - 46.1)
1.6 %

1990 - 1999

0.75 (0.42 - 1.07)
46.9 (44.9 - 48.9)
77.6 %

0.43 (–0.13 - 0.99)
57.1 (53.7 - 60.5)
28.2 %

0.07 (–0.43 - 0.56)
58.1 (55.2 - 61.0)
1.3 %

0.41 (0.00 - 0.83)
47.1 (44.8 - 49.4)
40.0 %

2000 - 2009

– 0.02 (–0.34 - 0.30)
44.6 (42.9 -46.4)
0.3 %

– 0.09 (–0.38 - 0.20)
56.3 (54.7 - 57.9)
6.2 %

– 0.42 (–1.31 - 0.47)
58.4 (53.3 - 63.5)
12.7 %

– 0.25 (–0.70 - 0.20)
46.7 (44.0 – 49.3)
17.2 %

Figure 3 - Seasonal anomalies with linear regression for Zugspitze and regression lines only for Wank
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2.3

Alternative statistical approaches
A comparison with alternative statistical approaches has shown good agreement of the significant growth rates (Table 2). Taking the rate of 0.42 ppb/yr (0.24 – 0.59), which is based on the
Zugspitze anomalies of 1990 – 1999, as reference, linear regression on monthly means (not deseasonalised) has yielded 0.36 ppb/yr. From linear regression on 12-month moving averages a
growth rate of 0.40 ppb/yr was calculated. The rate from a linear regression on the trend curve
(shown in Figure 1) is 0.39 ppb/yr, while the average rate based on its monthly derivatives is somewhat smaller at 0.21 ppb/yr. The rates for Wank all indicate an ozone decrease, with good agreement among the different methods of calculation (Table 2).
Table 2 - Trend estimates for Zugspitze (ZUG) and Wank (WNK) from alternative statistical approaches.
Growth rates are given in ppb/yr (cf. Table 1)
Anomalies as ref.

Lin. regr.
on monthly
means

Lin. regr. on
12-month
moving avg.

Lin. regr.
on trend
curve

1990 - 2009

ZUG
WNK

0.06
-0.16

0.04
-0.18

0.07
-0.16

0.06
-0.16

Avg. rates
derived
from trend
curve
-0.02
-0.19

1990 - 1999

ZUG
WNK

0.42
-0.13

0.36
-0.21

0.40
-0.15

0.39
-0.14

0.21
-0.14

2000 - 2009

ZUG
WNK

-0.20
-0.34

-0.26
-0.42

-0.18
-0.33

-0.24
-0.34

-0.24
-0.24

3.

Summary and discussion
Surface ozone has been recorded at the Alpine sites Zugspitze (ZUG) and Wank (WNK)
since 1978. The time series display 3 different regimes: 1978 – 1989, 1990 – 2002, and 2003 –
2009 with different trend behaviour. Previous separate studies have shown: (i) Differences in the
seasonal dependence of maximal growth rates between the 1st and 2nd part. (ii) Part of the trend
behaviour appears to reflect the development of precursor emissions. With CO-based clean-air
data filtering (1990 – 2002), Zugspitze growth rates lie above the all-data value. (iii) Indications of
an increasing influence of upper tropospheric air masses on ozone at Zugspitze.
The present coordinated study (periods 1990 – 2009, 1990 – 1999 and 2000 – 2009)
partially merges the trend observations described above. For Zugspitze significant positive O3
growth rates have been obtained for 1990 – 1999 (all data and DJF (winter)); however, for the entire period 1990 – 2009 only for DJF. From the interval 2000 – 2009 (all data) the anomalies
yielded significant negative rates, while the seasonal trend was significantly negative only for JJA
(summer). The other rates given in Table 1 are not statistically significant at the 95% level. Trend
estimates for the Wank site based on all data have displayed significant negative rates for 1990 –
2009 as well as for the sub-periods.
In summary, the overall picture of both sites indicates the strongest O3 decrease for the
summer season. Finally, O3 reference mixing ratios for January 2000 as calculated from linear regression amount to 50.3 ppb for Zugspitze and 46.5 ppb for the lower altitude at Wank.
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THE PECULIARITIES OF INTER-ANNUAL VARIABILITY OF SURFACE OZONE AT
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1.

Ozone monitoring at Kislovodsk High Mountain Station, Northern Caucasus
The Kislovodsk High Mountain Station (KHMS) (43.7°N, 42.7°E; 2070 m a.s.l., Northern
Caucasus, Russia) is situated 48 km to the north of Elbrus mount (5642 m a.s.l.) on the spacious
(12-15km2) Shadzhatmaz plateau at the northern gentle slope of the side ridge of the big
Caucasian massif. This ridge is extended in the latitudinal direction (parallel to the Main
Caucasian Ridge) and hence does not serve as an obstacle for the zonal air flow. There are no
local pollution sources in vicinity of the station. The whole region is not industrial and is used
mainly as a recreation area with a national natural reserve situated to the south of the station.
Total ozone monitoring was organized at KHMS at the end of 70s. At first the
spectrophotometer MDR-23 was used, which was subsequently substituted in 1989 by Brewer
instrument (#43). Observations of the air composition under unpolluted conditions at high altitude
started at the end of 80s and included surface ozone observations.
1.1

Description of the ozone data sets
Surface ozone measurements at KHMS for the period 1989-2009 are presented in the
paper (Figure 1). Original data of ozone mixing ratios with 1 minute resolution (Dasibi 1008-AH
4565 ozone gas analyzer) are averaged to hourly, daily and monthly means for subsequent
analysis. Numerous comparisons and regular calibrations of Dasibi 1008-AH 4565 were performed
at different time using facilities of the Mendeleev Institute of metrology (in Saint - Petersburg) or
instrument Dasibi-1008RS 6394 provided by Max-Planck Institute for Chemistry or transfer
European secondary standard ENV/03-41M1298, purchased by the Obukhov Institute of
Atmosphere Physics in 2003. The last instrument is annually calibrated against European standard
SPR11. The additional checks of the Dasibi-1008AH 4565 instrument stability were performed by
synchronous observations and comparison with Dasibi-1008RS 6394 instrument during the period
February - October 1996. Comparison results confirmed reliability of the data from KHMS. The first
4 years are not well filled with data due to use of the instrument in the other measurement
campaigns and in intercomparisons. Later the instrument was set up as a stationary one and Empa
calibration technique using transfer standards was implemented.
1.2

The main factors controlling surface ozone variability
Mountain stations, situated above
the planetary boundary layer (PBL),
play a special role in the system of
atmosphere monitoring because they
reflect background regional and even
global
conditions
of
the
free
troposphere. However, the well-known
dynamic factors, such as upslope
circulation and lifting effect, can
enhance air exchange between the
PBL and the free troposphere. These
processes should be taken into
account individually for each elevated
observatory.

Figure 1 – Daily mean and monthly mean surface ozone mixing ratio at
KHMS during 1989-2010

Surface ozone variability of different scale was analyzed at the station to estimate the
degree to which anthropogenic factors and the boundary layer mixing impact the surface ozone
mixing ratios at KHMS.
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An efficient method to study the processes controlling surface ozone variability at KHMS is
by performing a comparison of ozone observations and meteorological parameters at the station
with simultaneous observations at the site “town Kislovodsk”. The nearest to KHMS resort town
Kislovodsk (43.9оN. 42.7оE, 890 m asl.) is situated 18 km to the north of the station in the direction
of potential impact of upslope circulation and possible transport pathway of the anthropogenic
primary pollutants. The first comparison of ozone variations at the two stations was performed in
2001 (Senik et al., 2005). If in the town of Kislovodsk ozone diurnal cycle is characterized by a
broad maximum during a day due to the photochemical ozone production in semi-polluted
atmosphere with a peak observed about 1-2 hours after the noon (effect of turbulent mixing), then
diurnal cycle at the mountain station is characterized by ozone maximum at night or later eveningnight (Figure 2).

Figure 2 - Seasonal variations of the surface ozone diurnal cycle (with maximum in the late evening – night)
at KHMS during 2005

In contrast to the broad summer maximum in the town of Kislovodsk, seasonal cycle of the
surface ozone mixing ratio at KHMS is bi-modal as can be seen in Figure 2. Local seasonal
maxima are observed in spring (March - April, seldom May) and in late summer (July - August).
Mutual independence (lack of correlation) of the surface ozone variations at the two
considered sites was proven at the scale of interannual variability as well.
Double seasonal maximum is characteristic of some other Russian monitoring stations.
Surface ozone measurements (with chemiluminescent gas analyzer, model 3.02P-A OPTEC,
Russia) in Tomsk campus at the monitoring TOR-Station and aircraft observations in Irkutsk region
showed the seasonality of the ozone in Siberian troposphere: spring and summer maxima in
Tomsk with a spring one dominating ; two seasonal maxima of equal magnitude at the altitude of
500 meters a.s.l.; the single summer maximum at altitude of 7 km a.s.l and transitional (interim)
type of seasonal cycle is observed through troposphere with a pronounced spring maximum at the
altitude from 3 to 7km a.s.l. (for details see Arshinov et al, this value).
At the other Siberian station (Mondy), situated in the valley of the Eastern Sayan at 2010 m
a.s.l., the only spring seasonal maximum of the surface ozone mixing ratio is observed (Pochanart,
2003).
Analysis of the phase features of the seasonal cycle at KHMS demonstrated that the
variation of the local maxima timing relative to each other have similarities with the periods
characteristic to QBO of wind in the tropical stratosphere (Senik et al., 2004).
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2.

Analysis of inter-annual variability of the surface ozone at KHMS

2.1

Surface ozone trends
Surface ozone trends were calculated based on the daily mean mixing ratios for the
“standard” decades and demonstrated the presence of the significant ozone decrease (-0.44±0.12
(2σ)ppb/yr R2=0.193) at KHMS for the whole investigation period (1990-2009). This substantial
trend is basically due to the first decade of observations (1990-1999), when surface ozone trends
reached -0.75±0.44 ppb/yr. For the subset of night and daily observations the difference in trends
is not significant with the daily trends being a bit stronger than the night ones. Trend characteristics
have seasonal features. The trend for the whole period 1990-2009 during the warm part of year is
two times stronger than during the cold part of year. The most significant trend is observed in
spring reaching -0.52±0.24 ppb/yr.
The strongest negative trends of the surface ozone mixing ratio at KHMS occurred during
the period 01.1991-10.1996 and reached -1.6±0.22 ppb/yr.
Surface based observations in Siberia during the “standard” period 1990-1999 also
demonstrate substantial negative trend, which is stronger during this period (nineties) than for the
whole period 1990-2009. The strongest negative trend was observed in spring (similarly strong for
night and day subsets) and reached -1.54±1.19 ppb/yr (2σ).
Synchrony in the surface ozone variations including simultaneous changes of the sign and
magnitude of the trend at spatially separated observational sites demonstrated the impact of the
large-scale processes (probably dynamical) on the formation of the long-term changes of the
surface ozone levels.
2.2

The role of global and regional dynamical factors
Surface ozone data sets at Caucasian station KHMS (Senik et al., 2004), in Siberia at TOR
station (for details see Arshinov et al., this value), at JFJ (Tarasova at al., 2009) demonstrate
significant anomalies in surface ozone levels in 1996 or 1997/1998. This anomaly in the surface
ozone mixing ratios in 1995/1996 overlaps with anomaly in the NAO index, and the one in
1997/1998 is associated with ENSO.
Probable reasons of the huge anomalies of surface ozone level at KHMS and the huge
changes in the magnitude of its long-term changes around peculiarity point 1996 were investigated
in detail by local spectral analysis. Pictures of Wavelet (Morlet) transformation coefficients of local
circulation index (uphill-downhill), of ozone mixing ratio and of global circulation index (NAO, SOI)
demonstrate synchronic changes in the structure of the characteristic frequencies of analyzed sets
around particular points. Local spectral analysis showed the restructuring of the variability pattern
around year 1996 for some global indices and for some parameters characterizing large-scale and
local dynamics and surface ozone mixing ratio at KHMS.
In particular, Figure 3 shows the wavelet transformation coefficients for the local wind at
KHMS during the period 1993-2009. Anomaly in 1995/1996 shows not only an increase of the
frequency of the surface South winds but also the changes of the frequency characteristics
(including the break of the quasi-periodic variations with the period near 1.2 years and occurrence
of 4 years).
Difficult and at the same time consistent picture of interannual quasi-periodic oscillations of
surface ozone and the global circulation processes is a refection of joint oscillations in the
atmosphere-ocean-Earth system (Gruzdev,1999).
Analysis of the interannual variability of the local circulation patterns was performed. It was
found that the Southern wind frequency increased fast of up to 40% during 1991- 1996. During the
same period the frequency of West wind (zonal) decreased by 25-40%. In winter 1996/1997 the
South wind frequency abruptly decreased by 30% and reached 10% in total. From the beginning of
154

1997 to the end of 1998 the frequency of upslope wind increased by 5%. Since 1998 changes of
the local wind were not so substantial.
The described changes of the transforming wind patterns, but do not explain of the ozone
decrease (anomaly) at KHMS. This remains a topic for further research.

Figure 3 - Picture of wavelet transformation coefficients for the local slope circulation index at the
KHMS in 1993-2009

Conclusions
Negative trend of the surface ozone mixing ratio is observed at the Kislovodsk High
Mountain station. Over the Russian territory, over its continental part, negative ozone trends were
also registered in Siberia with the maximum decrease rate during the same decade as at KHMS
(1991-1999).
Period of the substantial surface ozone trend change at KHMS coincides in time with
anomalously low values of the NAO index in 1995/1996. Anomaly of 1995/1996 does not only
demonstrate the local changes of the atmospheric parameters at KHMS but also changes of the
frequency characteristics of considered parameters (local and global circulation indices and
surface ozone mixing ratio). In particular, the local spectral analysis of the NAO index
demonstrated structural changes of the NAO index nearly at the same (1995/1996) as a spectral
decomposition of ozone mixing ratios. This fact is likely to indicate possible modulation of the
ozone variations at KHMS by the large-scale circulation.
An analysis of inter-annual variability of the seasonal extremes of the surface ozone
showed that the large-scale circulation of the tropical atmosphere modulated not only the ozone
mixing ratio but also the phase of the seasonal cycle.
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1.

Tropospheric ozone data available from Boulder, CO
The atmospheric ozone profile in Boulder, CO has been measured by the Dobson (since
1978) and Brewer (since 2006) ozone spectrophotometers, and by ozonesondes (since 1979).
Almost 30 years of Dobson climatology show a distinct seasonal cycle in tropospheric levels of
ozone. Although the majority of atmospheric ozone resides in the stratosphere, tropospheric
ozone is very important for air quality and climate change issues. Therefore, continuous
monitoring of tropospheric ozone is very important for assessment of climate changes on global,
regional and local environment. An Umkehr ozone measurement is taken by the Dobson (Figure
1) or Brewer (Figure 2) instrument on every clear, sunny day, whereas an ozonesonde is launched
approximately one time a week (Figure 1). Although ozonesonde can provide a highly resolve
vertical information on ozone distribution, the Dobson ground-based measurement takes
measurements on average 15 times per month. Moreover, there are other NOAA monitoring
stations in the US that do not support balloon measurements.

Figure 1 - Time series of tropospheric ozone column (DU) measured by Dobson Umkehr (red triangles) and ozone sounding
profile (open black circles) integrated below 250 hPa over Boulder, CO between 1994 and 2006. The 30-day running
average lines are also shown for both dataset. The data are screened for co-incidence of measurements with 48 hours

Figure 2 - Time series of tropospheric ozone column (DU) derived from Umkehr measurements in 2009 by NEUBrew
instrument # 146 (red triangles) located at High altitude observatory (2923 masl) at Niwot Ridge, CO (upper panel) and
Brewer #141 located near Boulder, CO (lower panel). The morning (red squares) and afternoon (blue circles) data are
shown for comparisons
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2.

Ozone variability and the relation to the atmospheric dynamics
Ozone in the free troposphere is greatly influenced by atmospheric dynamics. Therefore,
meteorological parameters and trajectories are used to determine if ozone measurements taken on
different days are comparable. An attempt was made to improve the correlation between differentday Umkehr and ozonesonde tropospheric ozone values. Analysis of the Dobson Umkehr partial
tropospheric ozone column and ozone sounding profile integrated below 250 hPa are done for the
Boulder record available since 1979. The sounding is also smoothed by Umkehr Averaging
Kernels. The same-day comparisons between soundings and Umkehr show correlation of 52 %
(Figure 3). The sondes are usually launched around noon time. When comparisons are separated
into morning and afternoon subsets the correlation changes to 42 and 72 % respectively. The
afternoon Umkehr ozone retrievals also see the increase in tropospheric ozone, which is
associated with the build up of the local pollution. Day-to-day variability in tropospheric ozone in
Boulder, CO is closely related to tropopause height (60% explained variability), meteorological
regimes (50%) and back trajectories (50%) (see Table 1 for complete results). The time series of
Umkehr tropospheric ozone data in Boulder show that the day-to-day variability in ozone causes a
34 % correlation between sequential measurements taken within 24 hours. When the
measurements are taken within 48 hours, the correlation is reduced to 16%. The use of back
trajectories (HYSPLIT) to match the original location, height and path of the air-masses associated
with the tropospheric ozone measured by Umkehr and sounding on different days helped to
increase the correlation to 28 % (Figure 4, left panel). The match of the tropopause heights
(pressure of the tropopause) also increased correlation to 27 % (Figure 4, right panel).
The former EPA network of Brewers was reinstated at NOAA under the NEUBrew
(http://www.esrl.noaa.gov/gmd/grad/neubrew/). The instruments take Umkehr measurements and
the algorithm similar to Dobson Umkehr ozone profile retrieval was developed by Petropavlovskikh
et al. (2005, 2011) and adapted to the optical characteristics of the single Mark IV
spectrophotometer located outside of Boulder, CO. The time series began in the fall of 2006. The
tropospheric ozone data were compared against sounding integrated ozone derived between 2006
and 2010 (Figure 2). Correlation of 43 % was established for measurements taken less than 48 h
apart and when the total ozone column did not change more than 3 DU (similar regime).

Figure 3 - Scatter plot of tropospheric ozone column (DU) measured by Dobson Umkehr and ozone sounding profile
integrated below 250 hPa over Boulder, CO between 1979 and 2003. Correlation coefficient (R2) and a slope (m) for the data
set matched to have both measurements on the same day, as well as separated for morning (am) and afternoon (am)
subsets is shown in the plot
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Figure 4 - Examples of data screening for concurrence of air masses sampled by sounding on days different from Umkehr
measurements. Left panel: trajectory analysis of ozone transport using HYSPLIT model (NCDC’s Daily Surface Data); right
panel: ozone profile derived from Dobson Umkehr data on May 29, 2009 in Boulder, CO. Tropopause level (ESRL/GSD;
RAOB database) is indicated by solid horizontal line

Table 1 - Dobson/sonde correlation, Boulder, 1979-2007, coincidence < 2-day, data are filtered using several
meteorological parameters
Filtered by:

Dates Valid

Same – day only
for date range

Before
Filter

After
Filter

Back trajectories
(ending location, ending height, path)

1979 - 2007

R2 = 0.5240
m = 0.5627

R2 = 0.1545
m = 0.3612

R2 = 0.2290
m = 0.3346

Back trajectories (ending location/height)

1979 - 2007

R2 = 0.5240
m = 0.5627

R2 = 0.1545
m = 0.3612

R2 = 0.2580
m = 0.3501

Meteorological Regimes

1979 – 2003
2006 – 2009

R2 = 0.4892
m = 0.5418

R2 = 0.1761
m = 0.4170

R2 = 0.4364
m = 0.5024

Tropopause heights (in Pressure)

1994 – 2007

R2 = 0.5980
m = 0.1480

R2 = 0.1480
m = 0.3344

R2 = 0.2711
m = 0.3988

Troposphere Thickness (in Pressure)

1995 - 2007

R2 = 0.6056
m = 0.6010

R2 = 0.1402
m = 0.3088

R2 = 0.2580
m = 0.3674

3.

Ozone variability influenced by meteorological regimes and subtropical jets.
The association of the total ozone column variability with meteorological regimes through
changes in the tropopause was originally discovered and published by Hudson et al. in 2003
(Hudson et al., 2003; Hudson et at., 2006), and further studied by Follette-Cook (dissertation,
2007). We used the regime data (private communications with Melanie Follette-Cook
NASA/Goddard, June 2008) derived from TOMS ozone record for Boulder geo-location, and for the
dates when the ozone-sonde and Dobson Umkehr measurements were taken. The meteorological
regime is determined by the Boulder station location relative to subtropical and polar night jets
(horizontal current of winds with high vertical shear), which are in turn related to the sharpest
gradient in PV on the 550 K isentropic surface. Thus, the regime south of subtropical jet is called
„tropical“, north of Polar night jet – ”Polar”, and the one in between is called ”middle“ (see Figure 5
for details). It was found that the ozone measured by Umkehr and sondes in Boulder with less than
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2-days apart between 1979 and 2003 agree at 43 % when the data are in the same meteorological
regime, as compared to 17 % prior to screening.

Figure 5 - Regimes and location of jet fronts scheme copied from Melanie Foullette-Cook dissertation (2007)

4.

Ongoing research
The subtropical jets and polar night jets define the features of the UTLS (upper
troposphere/lower stratosphere) transport and circulation. The changes in the Brewer-Dobson
circulation and the widening of the tropical belt are some examples of climate change (Seidel et al.,
2008, and references within). Analysis of the Aura Microwave Limb Sounder (MLS) ozone fields
show frequent intrusions of stratospheric air into the troposphere below and pole ward of the
subtropical jet (Manney et al, 2011). Umkehr tropospheric ozone time series in Boulder acquired
between 2006 and 2010 were analyzed for the unusual increases associated with the location of
subtropical and polar night jets relative to Boulder station location. Upper panel of Figure 6 shows
time series plot of daily tropospheric ozone (Umkehr ozone column below 250 hPa, open circles) in
Boulder, CO. The 60-day smoothed fit (black thin line) and ozone climatology (green line) are also
included. Tropospheric ozone data associated with the location of the Polar jet (blue dots) south of
Boulder (40 N) and Subtropical jet (red dots) north of 40 N are indicated. Bottom panel of Figure 6
shows time series of Polar and Subtropical jet location (G. Manney et al., 2011, ACPD) based on
the GEOS-5 analysis and MLS data assimilation.

Figure 6 - Time series of daily tropospheric ozone (Dobson Umkehr ozone column below 250 hPa) in Boulder, CO. Top
panel shows time series of Umkehr ozone (open circles), 60-day smoothed fit (black thin line), ozone climatology (green
line). Tropospheric ozone data associated with the location of the Polar jet (blue dots) south of Boulder (40 N) and
Subtropical jet (red dots) north of 40 N are indicated. Bottom panel shows time series of Polar and Subtropical jet location
(G. Manney et al., 2011, ACPD) based on the GEOS-5 analysis and MLS data assimilation
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5.

Conclusions
Comparison of ozone sounding and Umkehr data allows defining quality control
parameters. In order to analyze spatial and temporal variability of the tropospheric ozone data we
use information on the subtropical and polar jet location relative to the station location. The
screening of the Umkehr data is important for consistency in large-scale distribution of subtropical
and polar jets relative to the station location to improve temporal matches between ozone sounding
and Umkehr tropospheric ozone columns. Analyses of tropospheric ozone variability with respect
to jets positioning is of interest to explain the short-term and long-term tendencies in the long-range
transport of ozone pre-cursors and local pollution. The quality assurance of ozone data sets is
important for satellite data validation (i.e. JPSS, Aura) and ozone recovery analysis.
Umkehr retrieved ozone profile time series are valuable assets in determining ozone interannual variability and trends in both the stratosphere and troposphere. Day-to-day variability in
tropospheric ozone in Boulder, CO is closely related to tropopause height, meteorological regimes
and back trajectories. The day-to-day correlation in tropospheric ozone is estimated at 34 % in
Umkehr data. The Dobson and Brewer Umkehr ozone data agree with sounding in 36 % of the
cases if they are measured less than 2-days apart and in 43% of the cases if they can be also
traced back to the same meteorological regime. The geophysical position of jets defines the
meteorological regimes and influences the low/high of tropospheric ozone through
stratosphere/troposphere exchange and meridional transport processes. This research will
continue to study the jet related variability in tropospheric/lower stratospheric ozone over Boulder.
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MOZAIC-IAGOS : ASSESSING OZONE “TRENDS” IN THE TROPOSPHERE
V. Thouret (1), J.P. Cammas (1), P. Nédélec (1), H. Clark (1), R. Zbinden (1),
G. Athier (1), D. Boulanger (1) and J.M. Cousin (1)
(1) Laboratoire d’Aérologie, Observatoire Midi-Pyrénées, CNRS-Université de Toulouse (valerie.thouret@aero.obs-mip.fr)

1.

Introduction
The MOZAIC Programme (Measurement of Ozone and Water Vapour by Airbus in Service
Aircraft) has been set up in Europe and is in operation since August 1994 (http://mozaic.aero.obsmip.fr/web) with up to 5 commercial aircraft for regular and automatic ozone measurements from
the surface to 12 km altitude. The new IAGOS initiative (In service Aircraft for Global Observing
System; http://www.iagos.org) is continuing these observations with the objective to equip 10 to 20
more aircraft in the 10 to 20 following years in order to widen the geographical coverage and to
ensure long-term continuity. The MOZAIC-IAGOS programme is complementary to the
ozonesonde networks (i.e. http://www.woudc.org; http://tropo.gsfc.nasa.gov/shadoz/) providing
regular vertical profiles of ozone from the ground to the lower stratosphere (0-12 km). The
sampling frequency over European airports and a few airports outside of Europe is higher than that
of ozonesondes which makes the MOZAIC-IAGOS data suitable for tropospheric “trend”
assessment studies.
At present time, thanks to the available measurements in the MOZAIC-IAGOS data base, it
is possible to derive “trends” throughout the troposphere over the period Jan. 1995 - Dec. 2008,
over the following airports: Frankfurt, Vienna, Delhi, Caracas, New-York, Dallas, and Tokyo-Osaka,
where the time-series is long enough (more than 11 years) and not (largely) interrupted. A detailed
analysis of ozone trends over New York, Frankfurt and Tokyo-Osaka can be found in Zbinden et
al., (2006). At the Toulouse workshop, these analyses were updated and augmented with similar
assessments for other airports. This abstract summarizes three poster presentations with the first
trend analyses of MOZAIC-IAGOS data over Frankfurt and Vienna, Delhi, Caracas, New York and
Dallas over the period 1995-2008. An analysis of the Japanese measurements has been given as
oral presentation by Zbinden et al. (this issue), and the global analysis in the UTLS region by
Thouret et al. (this issue).

Figure 1 - Example of regular comparisons made between different MOZAIC aircraft (instruments) to ensure the global data
quality: 3 aircraft flying over the Atlantic (left) and 2 aircraft landing in Frankfurt (right)

2.

The MOZAIC-IAGOS data quality
A fundamental prerequisite for ozone trend analysis is the reliance on a high quality data
set throughout the entire time period. Data quality and accuracy have been at the focus of the
programme since the beginning. Based on the dual-beam UV absorption principle (Model 49-103
from Thermo Environment Instruments, USA), the ozone measurement accuracy is estimated at 2
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ppbv +/- 2% with a 4s time response (Thouret et al., 1998). The measurement quality control
procedures have remained unchanged to ensure that long-term series are free of instrumental
artefacts. Instruments are laboratory calibrated against a NIST reference before and after a flight
period of about 12 months. Besides, the different MOZAIC systems (up to 5 till now) are frequently
intercompared when they fly the same route (cruise or vertical profile) within 2 hours maximum
time difference. The results are always satisfactory, as shown by the two examples in Figure 1.
Consequently we suggest that the MOZAIC data set is well appropriate to derive decadal trends of
ozone.
3.

Results
In this section, we focus the discussion only on the three following regions: US east and
south (New York and Dallas), EU west (Frankfurt and Vienna) and Southern or tropical locations
(New Delhi and Caracas), referring to the three posters exhibited during the workshop. According
to the template distributed before the workshop, we calculated “trends” for 4 different altitude levels
referred as A, B, C and D in the Figures below. Level A is for 0-1 km, level B for 1-3, level C for 3-8
and level D for 8 km up to the tropopause. We also calculate “trends” for 3 different periods, 19952008 (the full period), 1995-1999 (before 2000), and 2000-2008 (after 2000).
3.1

Ozone “trends” in the lower troposphere (A and B)
It is somewhat difficult to assess and understand tropospheric ozone changes at these
levels, especially the lowest one, with the MOZAIC data. By definition, data are recorded over
populated urban areas and no filtering has been applied before processing to this linear trend
analysis. These preliminary results must then been taken with caution.
However, as shown in Figure 2 below, it is worth noting that ozone is increasing the most
over New Delhi, India, before 2000 (about 2.5 ppb/yr) and is still increasing at about 1 ppb/yr after
2000, with no significant seasonal behaviour. Ozone data over Caracas show the maximum of
increase in the boundary layer (levels A and B) for the full period between 0.5 and 1 ppb/yr, mostly
due to the spring and summer higher concentrations when biomass burning is occurring and/or
other anthropogenic precursors emissions have the greatest impact on ozone production in this
region.
Surprisingly, over mid-latitudes (US and Europe in this study), Vienna data are the only
ones showing a significant ozone increase after 2000, between 0.5 and 0.8 ppb/yr in the boundary
layer (levels A and B). This may be due to a shorter time series as this seems to be in contradiction
with the Frankfurt data, a few hundreds of km westward, and with the acknowledged decrease of
precursor’s emissions over US and Europe since the 1990s. Globally, for the entire period 19952008, there is no significant ozone increase, except a slight one over New York at level A (about
0.6 ppb/yr).
3.2

Ozone “trends” in the mid to upper troposphere (C and D)
Focusing on the free troposphere (levels C and D), as shown in Figure 3 below, we globally
observe about the same behaviour as in the UTLS (see Thouret et al., this issue), i.e., no or slight
increase for the full period, actually hiding a significant increase before 2000 and a decrease or
levelling off after 2000. Surprisingly, as for the lower levels, Vienna still exhibits a significant
increase after 2000 in the upper troposphere, which may be due to the shorter time series. Over
New Delhi, the increase after 2000 is not as strong (less than 1 ppb/yr) as what we could expect
from the Asian UTLS region analyzed in the other presentation (Thouret et al., this issue). Further
investigation is necessary.
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Figure 2 - Ozone monthly mean anomalies (blue lines) in the lower troposphere (1-3 km) over the 6 selected airports. Solid
lines represent the linear fit defining the “trends” for the different periods, 1995-2008 in black, 1995-1999 in red and 20002008 in cyan. Indications of the statistical significance as the p-value (p) and correlation factor (R2) are also given

Figure 3 - Ozone monthly mean anomalies (blue lines) in the upper troposphere (8 km to tropopause) over the 6 selected
airports. Solid lines represent the linear fit defining the “trends” for the different periods, 1995-2008 in black, 1995-1999 in
red and 2000-2008 in cyan. Indications of the statistical significance as the p-value (p) and correlation factor (R2)
are also given

4.

Conclusions
Thanks to regular visits of the up to 5 aircraft equipped with MOZAIC instruments and the
use of the same instruments subjected to the same quality control procedures since the beginning
of the programme, the MOZAIC data base allows a first assessment of the ozone “trends” since
1995 throughout the troposphere over several regions of the northern mid-latitudes and one sub
tropical location (Caracas). Figure 4 below summarizes the vertical “trends” for 6 of the most
164

frequently visited airports between 1995 and 2008, from 1995 to 2000 and after 2000 and includes
the seasonal changes during the full period. Note that the trend analysis for Tokyo (well sampled
as well) is presented in the study by Zbinden et al. (this issue). The common feature to all sites is
the observation of the significant ozone increase before 2000, which may be attributed to the effect
of the so-called 1998-1999 ozone anomaly, globally observed after the extreme El-Nino event in
1997 (Thouret et al., 2006; Koumoutsaris et al., 2008). For the full period, or only after 2000, it
seems that the only places where we observe an ozone increase are Asia (New Dehli in this study)
and the Tropical area (Caracas in this study), exactly where we expect the precursors emissions to
have increased the most in the last decade.

Figure 4 - Summary of the vertical ozone “trends” over the 6 selected airports for the different sub-periods (left)
and for the different seasons regarding the full period (right).
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6.

EVALUATION OF LONG-TERM MODEL RUNS
RE-ANALYSIS OF TROPOSPHERIC OZONE FOR THE PERIOD 1980-2005 USING THE
CHEMISTRY AEROSOL GENERAL CIRCULATION MODEL ECHAM5-HAMMOZ
Luca Pozzoli (1,*), Greet Janssens-Maenhout (1), Thomas Diehl (2,6), Isabelle Bey (3), Martin Schultz (4), Hans Feichter (5),
Elisabetta Vignati (1) and Frank Dentener (1)
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Understanding historical trends of trace gas and aerosol distributions in the troposphere is
essential to evaluate the efficiency of existing strategies to reduce air pollution and to design more
efficient future air quality and climate policies. We performed coupled photochemistry and aerosol
microphysics simulations for the period 1980-2005 using the aerosol-chemistry-climate model
ECHAM5-HAMMOZ (Pozzoli et al., 2008), to assess our understanding of long-term changes and
inter-annual variability of the chemical composition of the troposphere. Here we focus on O3
concentrations, for which long-term surface observations are available. Inter-annual meteorological
variability in the last decades also strongly determined the variations of the concentrations and
geographical distribution of air pollutants. For example, the El Nino event in 1997-1998 and the
period after the Mt. Pinatubo volcanic eruption in 1991 can explain much of the past chemical interannual variability of tropospheric O3, CH4 and OH (Fiore et al., 2009; Dentener et al., 2003; Hess
and Mahowald, 2009). In Europe, the infamous summer of 2003 led to a strong positive anomaly of
solar surface radiation (Wild, 2009) and exacerbated ozone pollution at ground-level and
throughout the troposphere (Solberg et al., 2008; Tressol et al., 2008). In this study (Pozzoli et al.,
2011) we analyzed the chemical variability due to changes in meteorology (i.e. transport,
chemistry) and natural emissions, and separated them from anthropogenic emissions induced
variability. We focused on four regions of the world (North America, Europe, East Asia, and South
Asia, Figure 1) where significant changes in terms of the absolute amount of emitted trace gases
and aerosol precursors occurred in the last decades.

Figure 1 - Map of the selected regions for the analysis and measurement stations with long records of O3 and
SO42- surface concentrations. North America (NA) [15N-55N; 60W-125W], Europe (EU) [25N-65N; 10W-50E], East Asia (EA)
[15N-50N; 95E-160E)], and South Asia (SA) [5N-35N; 50E-95E]. Triangles show the location of EMEP stations, squares of
WDCGG stations, and diamonds of CASTNET stations. The stations are grouped into sub-regions: Northern Europe (NEU);
Central Europe (CEU); Western Europe (WEU); Eastern Europe (EEU); Southern Europe (SEU); Western US (WUS): North
Eastern US (NEUS); Mid-Atlantic US (MAUS); Great lakes US (GLUS); Southern US (SUS)
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In order to separate the impact of the anthropogenic emissions and meteorology on
atmospheric chemistry, we compare two model experiments, driven by the same ECMWF reanalysis data, but with varying (SREF) and constant (SFIX) anthropogenic emissions, respectively.
The anthropogenic emissions of CO, NOx, and VOCs for the period 1980-2000 were taken from
the RETRO inventory (http://retro.enes.org/), which provides monthly average emission fields. NOx
aircraft emissions are based on Grewe et al. (2001) and distributed according to prescribed height
profiles. For the period 2001-2005 we used the 2000 emissions, except for the regions where
significant changes were expected between 2000 and 2005, such as US, Europe, East Asia and
South East Asia (defined as in Figure 1). For these regions we derived and applied to the year
2000 emission trends of CO, NOx, and VOCs, from USEPA, EMEP, and REAS. Global emissions
of CO, and VOCs were relatively constant during the last decades, with small increases between
1980 and 1990, decreases in the 1990s and renewed increase between 2000 and 2005. During
the simulated 25 yr, global NOx emissions increased up to 10%. However, these global numbers
mask that the global distribution of the emission largely changed, with reductions over North
America and Europe, balanced by strong increases in the economically emerging countries, such
as China and India.
Some O3 precursors are emitted by natural processes, which exhibit inter-annual variability
due to changing meteorological parameters (temperature, wind, solar radiation, clouds and
precipitation). Here we just mention vegetation and lightning emissions. The emissions from
vegetation of CO and VOCs (isoprene and terpenes) were calculated interactively using the Model
of Emissions of Gases and Aerosols from Nature (MEGAN) (Guenther et al., 2006). The total
annual natural emissions in Tg(C) of CO and biogenic VOCs (BVOCs) for the period 1980-2005
range from 840 to 960 Tg(C)/yr with a standard deviation of 26 Tg(C)/yr, which corresponds to 3%
of the annual mean natural VOC emissions for the considered period. 80% of these total biogenic
emissions occur in the tropics. Lightning NOx emissions are calculated following the
parameterization of Grewe et al. (2001). We calculated a 5% variability for NOx emissions from
lightning, from 3.55 to 4.25 Tg(N)/yr, with a decreasing trend of 0.017 Tg(N)/yr (R2 of 0.53; 95%
confidence bounds ±0.007).
Surface temperature evolution in the SREF simulation showed large anomalies in the last
decades, associated with major natural events. For example, large volcanic eruptions (El Chichon,
1982; Pinatubo, 1991) generated cooler temperatures due to the emission into the stratosphere of
sulphate aerosols. The 1997-1998 ENSO caused ca. 0.4 K elevated temperatures. The strong
coupling of the hydrological cycle and temperature is reflected in a correlation of 0.83 between the
monthly anomalies of global surface temperature and water vapour content. These two
meteorological variables influence O3 and OH concentrations. For example the large 1997-1998
ENSO event corresponds with a positive ozone anomaly of more than 2 ppbv. There is also an
evident correspondence between lower ozone and cooler periods in 1984 and 1988. However, the
correlation between monthly temperature and O3 anomalies (in SFIX) is only moderate (R= 0.43).
We calculated a 25 yr global surface O3 average of 36.45 ppbv (SREF) and it increased by 0.48
ppbv when using year 1980 constant anthropogenic emissions (SFIX). About half of this increase
is associated with anthropogenic emission changes. The inter-annual monthly surface ozone
concentrations varied by up to 2.17 ppbv (SD=0.83 ppbv), of which 75% (0.63 ppbv in SFIX) was
related to natural variations- especially the 1997-1998 ENSO event.
Global trends and variability may mask contrasting regional trends. Therefore we also
performed a regional analysis for North America (NA), Europe (EU), East Asia (EA) and South Asia
(SA) (see Figure 1). A comparison to observed trends provides additional insight into the accuracy
of our calculations (Figure 2). This comparison, however, is hampered by the lack of observations
before 1990, and the lack of long-term observations outside of Europe and North America. We will
therefore limit the comparison to the period 1990-2005, separately for winter (DJF) and summer
(JJA), acknowledging that some of the larger changes may have happened before 1990. Figure 1
displays the measurement locations: we used 53 stations in North America and 98 stations in
Europe. To allow a realistic comparison with our coarse-resolution model, we grouped the
measurement in 5 sub-regions for EU and 5 sub-regions for NA. For each sub-region we
calculated the trend of the median winter and summer anomalies.
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In Europe the calculated and observed O3 trends for the period 1990-2005 are relatively
small compared to the inter-annual variability. In winter (DJF) (Figure 2a) measured trends confirm
increasing ozone in most parts of Europe. The observed trends are substantially larger (0.3-0.5
ppbv/yr) than the model results (0-0.2 ppbv/yr), except in Western Europe (WEU), where there is a
good agreement between model and observations. In summer (JJA) the agreement of calculated
and observed trends is small (Figure 2b): in the observations they are close to zero for all
European regions with large 95% confidence intervals, while calculated trends show significant
decreases (0.1--0.45 ppbv/yr) of O3. Despite seasonal O3 trends are not well captured by the
model, the seasonally averaged modelled and measured surface ozone concentrations are
generally reasonably well correlated.

Figure 2 - Trends of the observed (OBS) and calculated (SREF and SIFX) O3 seasonal anomalies (DJF and JJA)
averaged over each group of stations as shown in Figure 1: Northern Europe (NEU); Central Europe (CEU); Western Europe
(WEU); Eastern Europe (EEU); Southern Europe (SEU); Western US (WUS): North Eastern US (NEUS); Mid-Atlantic US
(MAUS); Great lakes US (GLUS); Southern US (SUS). The vertical bars represent the 95% confidence interval of the trends.
The number of stations used to calculate the average seasonal anomalies for each sub-region is shown in parentheses

In North America the computed and measured summer concentrations were better
correlated than those in winter. However, while in winter an analysis of the observed trends seems
to suggest 0-0.2 ppbv/yr O3 increases, the model rather predicts small O3 decreases. However,
these differences are often not significant. In summer the modelled upward trends (SREF) are not
confirmed by measurements, except for the Western US (WUS). The simulated upward trends
were strongly determined by the large-scale meteorological variability (SFIX), and the model trends
solely based on anthropogenic emission changes (SREF-SFIX) would be more consistent with
observations. We speculate that the role of, and the meteorological feedbacks on, natural
emissions may be too strongly represented in our model in North America, but a process study
would be needed to confirm this hypothesis.
To quantify the impact on surface concentrations after 25 yr of changing anthropogenic
emission, we compare the averages of two 5-yr periods, 1981-1985 and 2001-2005. We
considered 5-yr averages to reduce the noise due to meteorological variability in these two periods.
In Figure 3 we provide maps for the globe, Europe, North America, East Asia and South Asia
(rows), showing in the first column (a) the reference surface concentrations, and in the other 3
columns relative to the period 1981-1985, the isolated effect of anthropogenic emission changes
(b), meteorological changes (c), and combined meteorological and emissions changes (d). The
global maps provide insight into inter-regional influences of concentrations.
In Europe annual averaged surface O3 concentration augments by 0.81 ppbv because of
changing anthropogenic emissions (Figure 3f). NOx and VOC anthropogenic emissions decreased
by 20% and 25%, respectively. The spatial distribution of the calculated trends is highly variable
over Europe, computed O3 increased between 1 and 5 ppbv over Northern and Central Europe,
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while it decreased by up to 1-5 ppbv over Southern Europe. The impact of changing meteorology
and natural emissions over Europe is shown in Figure 3g, showing an increase by 0.37 ppbv
between 1981-1985 and 2001-2005. Wintertime variability drives much of the inter-annual
variability of surface O3 concentrations. While it is difficult to attribute the relationship between O3
and meteorological conditions to a single process, we speculate that the European surface
temperature increase of 0.7 K from 1981-1985 to 2001-2005 could play a significant role. Figures
3d, 3h, and 3l show that modelled North Atlantic ozone increased during the same period,
contributing to the increase of the baseline O3 concentrations at the western border of EU.

Figure 1 - Maps of surface O3 concentrations and the changes due to anthropogenic emissions and natural
variability. In the first column we show 5 yr averages (1981-1985) of surface O3 concentrations globally and over the
selected regions, Europe, North America, East Asia, and South Asia. In the second column we show the effect of
anthropogenic emission changes in the period 2001-2005 on surface O3 concentrations, calculated as the difference
between SREF and SFIX simulations. In the third column the natural variability of O3 concentrations is shown, which is due
to natural emissions and meteorology in the simulated 25 yr, calculated as the difference between 5 yr average periods
(2001-2005) and (1981-1985) in the SFIX simulation. The combined effect of anthropogenic emissions and natural variability
is shown in the last column and it is expressed as the difference between
the 5 yr average periods (2001-2005)-(1981-1985) in the SREF simulation

In North America the anthropogenic NOx emissions decreased by 17% between 1980 and
2005, particularly in the 1990s (-22%). These emission reductions produced an annual mean O3
concentration decrease of up to 1 ppbv over all the Eastern US, 1-2 ppbv over the Southern US,
and 1 ppbv in the Western US. Changes in anthropogenic emissions from 1980 to 2005 (Figure 3j)
resulted in a small average increase of ozone by 0.28 ppbv over NA, where effects on O3 of
emission reductions in the US and Canada were balanced by higher O3 concentrations mainly over
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the tropics (below 25N). Changes in meteorology (Figure 3k) increased O3 between 1 and 5 ppbv
over the continent, and reduced O3 by up to 5 ppbv over Western Mexico and the Atlantic Ocean
(average increase of 0.89 ppbv over the entire region). Thus meteorological variability was the
largest driver of the over-all average regional increase of 1.58 ppbv in SREF (Figure 3l).
Over East Asia, anthropogenic NOx and VOC emissions increased by 125% and 50%,
respectively, from 1980 to 2005. Between 1981-1985 and 2001-2005 O3 is reduced by 10 ppbv in
North Eastern China, due to reaction with freshly emitted NO. In contrast, O3 concentrations
increase close to the coast of China by up to 10 ppbv, and up to 5 ppbv over the entire north
Pacific, reaching North America (Figure 3b). For the entire East Asia region (Figure 3n) we found
an increase of annual mean O3 concentrations of 2.43 ppbv. The effect of meteorology and natural
emissions is generally significantly positive, with an East Asia-wide increase of 1.6 ppbv, up to 5
ppbv in northern and southern continental East Asia (Figure 3o). The combined effect of
anthropogenic emissions and meteorology is an increase of 4.13 ppbv in O3 concentrations (Figure
3p). The effect of meteorology on the seasonal mean O3 concentrations shows opposite effects in
winter and summer: a reduction between 0 and 5% in winter, and an increase between 0 and 10%
in summer.
Of all 4 regions, the largest relative change in anthropogenic emissions occurred over
South Asia: NOx emissions increased by 150% and VOC 60%. The increasing anthropogenic
emissions enhanced annual mean surface O3 concentrations by on average 4.24 ppbv (Figure 3r).
The effect of meteorology produced an annual mean O3 increase of 1.15 ppbv over the region and
more than 2 ppbv in the Ganges valley and in the southern Gulf of Bengal (Figure 3s). In 25 yr, the
computed annual mean O3 concentrations increased by 5.12 ppbv over South Asia, approximately
75% of which are related to increasing anthropogenic emissions (Figure 3t).
Our re-analysis study showed that several of the overall processes determining the
variability and trend of O3 and aerosols are qualitatively understood- but also that many of the
details are not well included in the simulation (e.g. the stratosphere/troposphere fluxes). As such it
gives some trust in our ability to predict the future impacts of aerosol and reactive gases on
climate, but also that many model parameterisation need further improvement for more reliable
predictions. It is our feeling that comparisons focusing on 1 or 2 yr of data, while useful by itself,
may mask issues with compensating errors, and wrong sensitivities. Re-analysis studies are useful
tools to unmask these model deficiencies. The analysis of summer and winter differences in trends
and variability was particularly insightful in our study, since it highlights our level of understanding
of the relative importance of chemical and meteorological processes. The separate analysis of the
influence of meteorology and anthropogenic emissions changes is of direct importance for the
understanding and attribution of observed trends to emission controls. The analysis of differences
in regional patterns again highlights our understanding of different processes.
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1.

Introduction
Tropospheric ozone (O3) has an impact on air quality and acts as a greenhouse gas.
Variations in tropospheric O3 levels are principally governed by changes in the emissions of
precursors (e.g., oxides of nitrogen (NOx)), downwelling from the stratosphere (e.g., Stohl et al.,
2003) and meteorological variability (e.g., Hess and Mahowald, 2009). Long-term changes in
tropospheric O3 vary in both sign and magnitude of trends (Oltmans et al., 2006). The attribution of
these changes has been the subject of intense debate in the literature. In some regions decadal
trends have been inferred as a result of increasing anthropogenic emissions (e.g. Lelieveld et al.,
2004; Cooper et al., 2009). Other studies have stressed the importance of changes in lower
stratospheric ozone (e.g. Ordóñez et al., 2007; Thouret et al., 2006).
Here we investigate whether decadal simulations performed with a global chemistry
transport model (TM5) can capture and quantify the impact of increasing Asian emissions on
tropospheric O3 in the Pacific outflow over Japan. For this purpose we employed a number of
different state-of-the-art emission inventories which include changing emission patterns over the
period 2000-2008. By fixing anthropogenic emissions at estimates for the year 2000 we investigate
the signature of increasing Asian emissions on regional air quality. We also identify a trend in the
stratosphere-troposphere exchange (STE).
2.

Model simulations
The global chemistry and transport model TM5-chem-v3.0 (Huijnen et al., 2010) has been
run for the period 2000-2008 using a horizontal resolution of 3 by 2 degrees, 34 vertical layers and
model top at 0.5 hPa. Three simulations have been performed using a combination of emission
inventories (see Table 1): namely i) one of the representative concentration pathways (RCP4.5)
developed for the IPCC’s fifth assessment report (AR5), supplemented by biogenic/natural
components from the European GMES programme’s atmospheric service MACC (AR5R45), ii) a
combination of global emissions from the RETRO project, the regional emission inventory in Asia
(REAS) and the Global Fire Emissions Database (GFEDv2), supplemented by biogenic/natural
emissions from the ORCHIDEE vegetation model and the POET project (RETREA) and iii) as for ii)
except fixing anthropogenic emissions estimates for the year 2000 (FXANTH). A two-year spin-up
has been performed for each simulation. The three model simulations have all been driven by
reanalysis data (ERA-Interim) from the European Centre for Medium-Range Weather Forecasts
(ECMWF) (Dee et al., 2011).
Table 1 – Details of the emission inventories used for anthropogenic, biomass burning,
biogenic/natural and lightning sources used in the study
Name

Anthropogenic

Biomass b.

Biogenic / Natural

Lightning

Period

RETREA

RETRO1/REAS2

GFEDv24

ORCHIDEE5 / POET6

online8

1999-2008

FXANTH

RETRO1/REAS2 (2000)

GFEDv24

ORCHIDEE5 / POET6

online8

1999-2008

AR5R45

RCP4.53

RCP4.53

MEGANv27,‡ / POET6,‡

online8

2000-2009

1)

Schultz and Rast, 2007. 2) Ohara et al., 2007. 3) Clarke et al., 2007; Smith and Wigley, 2006; Wise et al., 2009 4) van der Werf et
al., 2006. 5) Lathière et al., 2006. 6) Granier et al., 2005; Olivier et al., 2003. 7) Guenther et al., 2006. 8) Meijer et al., 2001. ‡) Via
MACCity (http://accent.aero.jussieu.fr/MACCity.php).
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For RETREA anthropogenic emissions are kept constant based on estimates for the year
2000 outside the REAS region (10°S-50°N / 60°E-160°E, see Figure 1), where anthropogenic
emissions dominate. In the REAS inventory a ~30% increase in NOx emissions in China occurs
from 2000 to 2008 (2000: 5.3, 2008: 6.9 TgN), whereas for AR5R45 this increase is more muted at
~20%. For the Japanese outflow region RETREA gives nearly constant annual emission estimates
for the entire simulation period, whereas for AR5R45 there is a decrease of ~25% due to mitigation
practices.

Figure 1 - A definition of the REAS emission region including the location of MOZAIC airports (Δ) and the subregions of China and Japan (left), together with the evolution in NOX emissions from the different simulations integrated
over China (middle) and Japan (right) for the period 2000-2008. Annual totals of NOx emissions for each sub-region are
provided at the top

3.

Inter-annual variability and trends
Figure 2 shows comparisons of monthly mean O3 mixing ratios at 850 hPa and 500 hPa
against aircraft data measured as part of the Measurements of OZone and water vapour by inservice AIrbus aircraft (MOZAIC) project (http://mozaic.aero.obs-mip.fr). The MOZAIC composites
were assembled using profile data from three Japanese airports (Tokyo, Osaka and Nagoya) and
one Korean airport (Seoul). In general, TM5 is able to reproduce both the relative amounts and
observed seasonal cycle in O3 rather well, except for the summer of 2002. The absolute biases
are lower than 2 ppb at both pressure levels for RETREA and AR5R45, where the AR5R45
simulation has almost no bias at 850 hPa. The temporal correlation coefficients are higher than
0.68 (0.83) at 850 hPa (500 hPa). This gives confidence in the performance of TM5 towards
capturing the inter-annual variability of tropospheric O3 over this region.

Figure 2 - Ozone monthly means at 850 hPa (left) and 500 hPa (right) compared to MOZAIC profile observations
over the four airports in Japan and Korea
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The scarcity of MOZAIC flights to Japan between 2006 and the end of 2008 limits the trend
analysis to 6 years only, complicating the detection of significant trends in the observations,
especially for higher altitudes (R. Zbinden, these proceedings). In the following, we will therefore
limit our analysis to trends inferred from the TM5 model simulation results, covering the period
2000-2008.
The local emission and deposition of O3 precursors near the surface has been shown to be
important for O3 in the boundary layer, whereas in the free troposphere long-range transport
dominates (Jonson et al., 2010). Depending on latitude, STE can also influence the vertical
distribution of tropospheric O3 (Stohl et al., 2003). Figure 3 shows the simulated O3 trends for
Japan from TM5 between 2000-2008, where the data is binned with respect to pressure. For
RETREA the trends are positive and significant throughout the whole vertical column, increasing
from 0.1 ppb yr-1 at the surface to 0.6 ppb yr-1 in the upper troposphere (UT). The AR5R45
simulation gives smaller increases than RETREA, ranging from -0.04 ppb yr-1 near the surface to
0.6 ppb yr-1 in the UT. Comparing against FXANTH shows that a large fraction of the positive
trend shown for RETREA can be attributed to enhanced long-range transport of O3 and/or NOx
reservoir species (e.g. peroxyacetyl nitrate (PAN)). We therefore show in Figure 3 the
corresponding results for PAN over Japan, which also exhibit positive trends reaching 1.8 (1.4) ppt
yr-1 in the free troposphere for the RETREA (AR5R45), confirming the importance of long-range
transport. Interestingly there is still an O3 trend in the free troposphere for FXANTH. Using a
stratospheric O3 tracer (Huijnen et al., 2010) this trend can be attributed to an increase in the STE
flux over the simulation period, as seen also for other meteorological data sets (e.g. using the
NCEP reanalysis, Hess et al., these proceedings). For AR5R45 the decreasing trends in surface
O3 (being negative below 900 hPa) can be attributed to the decrease of local emissions in the AR5
inventory (see Figure 1).
Finally, Figure 3 also shows the trends integrated over height ranges of 0-1 km (A, surface
layer), 1-3 km (B, lower free troposphere) and 3-8 km (C, mid free troposphere). All simulations
give a positive and statistically significant trend in the mid free troposphere, where about half of the
simulated trend is due to an increase in the influx of O3 from the stratosphere.

Figure 3 - Modelled trends in O3 (left) and PAN (middle) over the Japanese region as a function of pressure, as
simulated by TM5. Right panel gives trends binned to height ranges following the recommendations for these proceedings.
Error bars denote the 95% confidence interval
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4.

Summary and conclusions
A modelling study has been performed with the global CTM TM5 using three different stateof-the-art emission data sets. Comparing results against MOZAIC observations taken over
Japanese airports between 2000 and 2006 the inter-annual variability and mean ozone levels are
captured well by TM5, especially with the IPCC-AR5 RCP4.5 emission inventory.
Analysing the ozone trends yields results on the sensitivity of tropospheric ozone to
changes in anthropogenic emissions from Asia on a decadal scale. All simulations show positive,
significant trends over the period 2000 – 2008. The trends for the REAS (AR5 RCP4.5) emission
data set reach 0.60 ± 0.35 (0.58 ± 0.34) ppb yr-1 in the upper troposphere, or 0.41 ± 0.17 (0.38 ±
0.16) ppb yr-1 in the 3-8 km height range.
Both long-range transport and emission changes in China/Japan have been identified as
reasons for the ozone trends inferred over Japan using the different emission data sets. Using a
specific tracer to identify stratospheric ozone intrusions, about half of the positive ozone trend in
the mid to upper troposphere can be explained by increasing stratospheric O3 being mixed into the
troposphere (0.19 ± 0.14 ppb yr-1) when adopting ECMWF ERA-Interim meteorology.
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Abstract
This study aims to evaluate near surface ozone simulated with the modelling system
RegCM3/CAMx against ozone measurements from the EMEP database for the recent decade
1990-2001. The simulations are performed on a 50 km x 50 km grid over Europe (with CAMx
extending up to 6.5 km) driven by ERA-40 reanalysis fields. A set of statistical evaluation metrics is
used for the model evaluation, including phase, amplitude and bias of the simulated values against
observations. Overall, a good agreement is found for the majority of stations in all metrics for
monthly ozone values as well as for daily ozone values. An analysis separating day-time and
night-time values reveals that the model performs considerably better during the day-time. Based
on these results, it is assessed that the modelling system RegCM3/CAMx is suitable to be used for
present and future regional climate-air quality simulations with emphasis on lower tropospheric
ozone. The comparison of modelled versus observed ozone trends for the period 1990-1999
indicates that the meteorological variability is not a plausible reason for the observed positive
ozone trends implying the important role of trends in emissions and trends in stratosphere-totroposphere or intercontinental transport.
1.

Introduction
The issue of recent past trends and future changes in ozone is complex, being related to
changes of a) anthropogenic emissions, b) natural emissions, c) land use, and d) meteorological
conditions. The scientific discussion of the potential sensitivity of air quality to climate change has
increased in recent years with emphasis given on tropospheric ozone. To date, most studies
investigating future tropospheric ozone changes have been based on global climate-chemistry
models or global climate models coupled off-line to global chemistry-transport models
(Hauglustaine et al., 2005; Racherla and Adams, 2006; Stevenson et al., 2006). Only recently an
increasing number of studies has appeared in the literature based on regional models focusing on
Europe and North America (Katragkou et al., 2010 and references therein). When using a
modelling system to study the effects of climate change on tropospheric ozone for future scenario
conditions it is essential to evaluate the performance of such a modelling system for the recent
past period. This evaluation process is indeed difficult, since observation data are often sparse or
not available for long periods and observed local station values need to be compared against
simulated values representing the grid cell area (Tilmes et al., 2002).
Based on this premise, the objective of this study is the evaluation of simulated near
surface ozone in long-term simulations performed with the modelling system RegCM3/CAMx
against near surface ozone measurements from the EMEP database (European Monitoring and
Evaluation Programme, http://tarantula.nilu.no/projects/ccc/emepdata.html) covering the recent
period 1990-2001. Furthermore the trends of observed and modelled near surface ozone over the
period 1990-1999 are also discussed.
2.

Model simulations, data and evaluation metrics
The regional modelling system used in this work for long-term air-quality simulations over
Europe
is
RegCM3/CAMx.
It
includes
the
regional
climate
model
RegCM3
(http://www.ictp.trieste.it/~pubregcm/RegCM3/) to provide the meteorological forcing to drive airquality simulations carried out by CAMx version 4.40 (http://www.camx.com/). CAMx is off-line
coupled to RegCM3 with a Fortran-based interface which reads the basic meteorological
parameters from RegCM3 (wind, temperature, water vapour, cloud water content, precipitation rate
and pressure) and exports them to CAMx-ready fields and format. Some fields required by CAMx
are parameterized based on the RegCM3 output (vertical diffusivity, cloud optical depth and rain
water content). The interface also includes a pre-processor to calculate biogenic emissions from
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the regional climate simulations. RegCM3 was used to simulate the time period 1960-2002, forced
at the lateral boundaries by ERA-40 reanalysis fields over Europe with a grid resolution of 50 km x
50 km and 18 vertical layers up to 50 hPa. This long-term simulation of RegCM3 were carried out
at ICTP (International Centre for Theoretical Physics) within the framework of the EU project
ENSEMBLES and provided the meteorological forcing for the air quality simulations with CAMx.
The air quality model simulations were performed with the Comprehensive Air quality Model with
extensions (CAMx) version 4.40. CAMx was run over Europe with a spatial resolution of 50x50 km,
identical to the grid defined for the climate runs carried out by RegCM3 in order to avoid
interpolations between grids that usually introduce large errors. CAMx uses 12 layers of varying
thickness which set to match the lower 12 levels of the RegCM3 simulations. The simulation
discussed here is a perfect lateral meteorological boundary conditions experiment of
RegCM3/CAMx for the period 1990-2001 using as lateral boundary for RegCM3 the ERA-40
meteorological fields. More details for the model simulations and model set-up can be found in
Katragkou et al. (2010).
The simulated ozone concentrations were evaluated using near surface O3 measurements
from the EMEP database (http://tarantula.nilu.no/projects/ccc/emepdata.html). The database
includes only rural stations throughout Europe, to enhance consistency with the 50 km x 50 km
model data. Since many of the stations of the EMEP network were not operating continuously
during the time period of our study (1991-2000), we have used in the validation analysis only those
stations that fulfil the criteria of 75% data availability for near surface ozone.
In order to provide a concise statistical summary of how well observed and simulated
patterns match each other in terms of their correlation and the ratio of variance, Taylor diagrams
are used (Taylor, 2001). On a Taylor diagram the correlation coefficient (R) between the two fields,
along with the ratio of the standard deviations of the two patterns (NSD), are all indicated by a
single point on a two dimensional polar coordinate plot. The radial distance from the origin
corresponds to the normalized standard deviation NSD while the azimuthal position corresponds to
the correlation coefficient R. In the Taylor diagrams the reference point is also displayed, which
has normalized standard deviation and correlation coefficient equal to one. Thus it is easy to
identify stations for which the model performs relatively well, as they lie close to the reference
point. A relatively skilful model should be able to accurately simulate both the amplitude and
pattern of variability. The isolines denote the overall model skill score S, with this score
approaching 1 with improving performance. So as the model variance approaches the observed
variance and as R tends to 1, the skill score S approaches also 1. Details about construction of a
Taylor diagramme are given by Taylor (2001).
3.

Results and discussion
The left panel of Figure 1 shows a Taylor diagram that summarizes how well simulated
monthly ozone values compare with the measured ones. In summary for monthly values the model
performs relatively well, as the points lie close to the reference point which has normalized
standard deviation and correlation coefficient equal to one. For the majority of stations the NSD
ranges between 0.8 and 1.2 the correlation coefficients mostly between 0.7 and 0.9 and the overall
model skill score between 0.8 and 1. All these are measures of good model skill.
The right panel of Figure 1 (Figure 1b) is similar to Figure 1a with the only difference that
the NSD and R values are based on daily simulated and observed ozone values rather than
monthly ones. This shows that even when daily values are considered the statistical evaluation
metrics of the Taylor plot remain high and are only slightly worse than for monthly values. For
example, for the majority of stations the NSD ranges again between 0.8 – 1.2, the correlation
coefficients mostly between 0.6 and 0.8 and the overall model skill score between 0.6 and 0.8. A
spatial inspection of the model performance reveals, as expected, that the largest errors of the
modelling system are associated with the space and time invariant boundary conditions affecting
mostly the outermost regions of the domain. Overall, despite the presence of some systematic
biases, all metrics considered indicate a relatively good performance of the RegCM3/CAMx
modelling system in simulating near-surface ozone levels over Europe. These results thus justify
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our overall assessment that the RegCM3/CAMx is suitable to be used for present and future
regional climate-air quality simulations with emphasis on near surface ozone.
The ozone trends over the period 1990-1999 have been also calculated for the selected 68
EMEP stations based on both the EMEP ozone data and the simulated RegCM3/CAMx ozone
data. The trend estimates were calculated as the slope of the linear regression line based on
monthly mean anomalies while the corresponding 95% confidence interval for the trend (2σ) was
also calculated. As can been noted from Figure 2, the modelled trends are generally slightly
negative for almost all cases. In contrast, the observed trends are positive and bigger in magnitude
for the majority of the EMEP stations when compared to the modelled ones. This comparison
indicates that the meteorological variability is not a plausible reason to explain the observed
positive ozone trends. This result indicates that trends in emissions, in stratosphere-to-troposphere
or intercontinental transport are the other possible causes to explain the observed positive ozone
trends and which were not considered in our model simulations.

a)

b)

Figure 1 - Taylor plots of the comparison between modelled and observed ozone concentrations at the 68 EMEP stations
on a yearly basis for the time period 1991-2000 based on a) monthly values and b) daily values. The colour of the points in
the Taylor plots is related to the latitude, with light blue corresponding to stations southern than 45° N, with pink for
stations between 45° N and 52.5° N and with green to stations northern than 52.5° N

Figure 2 - Observed and modelled annual ozone trends for the selected 68 EMEP stations over the period 1990-1999. The
error bars denote 95% confidence interval of the trend calculation. At the x-axis the EMEP stations are denoted with their
respective station code
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1.

Background and state-of-the-art
Since about two decades a number of global three-dimensional numerical models of
atmospheric transport and chemistry have been developed and applied to various scientific
questions concerning global air pollution and its relation to climate change. Many of these models
have focused at least initially on tropospheric ozone and ozone precursor species, or alternatively
on aerosol. Only recently more and more models attempt to integrate gas-phase and aerosol
chemistry and also establish consistent chemical schemes for both tropospheric and stratospheric
chemistry. Furthermore, some chemical schemes have now been integrated into general
circulation models in order to investigate the feedback processes between short-lived chemical
constituents and climate.
While global chemistry transport models have shown some success in the past to
reproduce key features of the spatial and temporal distribution of ozone and its precursors (cf.
Stevenson et al., 2006; Fiore et al., 2009), considerable uncertainties remain, in particular with
respect to the attribution of changes in tropospheric ozone. Gauss et al. (2006) analyzed the
response of tropospheric ozone in 10 models to emission changes from preindustrial times to
present and found differences of almost a factor of two. Some models exhibited ozone increases
only in the lower troposphere and predominantly in the northern mid latitudes, while other models
showed a strong perturbation throughout the tropical troposphere. Up to now global models also
had some difficulties to reproduce the recent interannual variability of surface ozone, even if the
comparison was restricted to sites remote of local pollution sources. Some of these stations appear
to show a significant positive ozone trend at least for winter and spring, which is generally not seen
in decadal-scale model simulations (cf. Schultz et al., 2007; Lamarque et al., 2010). Another
feature of current global model simulations of tropospheric ozone is a consistent overestimate of
preindustrial surface ozone concentrations compared to the measurements made at Montsouris
between 1876 and 1910 (Volz and Kley, 1988). While this could very well point to deficiencies in
the models, there have also been concerns about potential local influences on the Montsouris data
set comprising 24 hour averages collected close to the ground. The ensemble mean values from 9
different global models for the surface layer (20-25 nmole mole-1) is similar to the 90 percentiles of
the Montsouris data (about 20 nmole mole-1, Figure 1), which would be representative of days with
high wind speeds and vertical mixing. However, before concluding that the upper end of the
Montsouris frequency distribution is more appropriate for comparison with coarse-scale models,
this hypothesis needs to be tested with the help of better-resolved models.

Figure 1 - Frequency distribution of 24-h mean surface ozone concentrations obtained at the Montsouris observatory, Paris
between 1879 and 1911 (Figure reproduced from A. Volz-Thomas, 1992)
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2.

The need for more rigorous process-based model evaluation
Various recent international model intercomparison exercises investigated the ability of
global models to simulate the global distribution of ozone and its precursor species (cf. Stevenson
et al., 2006; Shindell et al., 2006; Schultz et al., 2007; Fiore et al., 2008; HTAP, 2011; Wild et al.,
2011). The ensemble mean of these models generally captures the magnitude and seasonality of
regionally averaged observed surface ozone concentrations fairly well (within 10%), however, the
models show considerable spread around the mean (30% or more). Longer-lived ozone precursors
such as CO are generally more similar among the models, at least if they all use the same
emission inventories (Shindell et al., 2010). A recent comparison of 7 regional air quality models on
a common European domain confirms these findings and demonstrates that these models yield
rather different ozone concentrations in spite of very similar concentrations of the precursors NO2
and CO (Figure 1).
The time series of the concentration of reactive gases at a location is determined by
transport, chemical processes, and deposition in case of surface sites. The good agreement of
simulated ozone precursor species shown in Figure 2 seems to indicate that transport processes
are now well represented and that the larger model errors for ozone should be related to the
parameterisation of chemical processes (atmospheric chemical reactions including photolysis,
deposition, washout). However, this conclusion is misleading as the analysis shown in Figure 1
primarily evaluates horizontal transport due to the much larger tendency that is induced from
horizontal transport compared to vertical transport. It is well known from research conducted in the
1980s and 1990s (cf. EUROTRAC, 2002) that surface ozone concentrations can depend quite
strongly on the vertical exchange of air between the boundary layer and the free troposphere. In
the framework of the task force on hemispheric transport of air pollution (TFHTAP), a model
intercomparison experiment was performed with participation of more than 20 global chemistry
transport models. One of the experiments was a simulation with an artificial CO-like tracer in order
to diagnose differences in model transport. A simple means to quantify inter-model differences in
the vertical transport within the lower atmosphere is the so-called CO boundary layer ratio shown
in Figure 3. It provides a rough measure for the intensity of vertical exchange over continental
surfaces. About two thirds of the models agree within 20%, but some models show much larger
differences. Unfortunately it is difficult to relate this diagnostics to observable quantities.
Nevertheless, it is a useful test in a standard model evaluation suite to find out if a new model or
model version deviates from the ensemble mean, which could be a hint at model parameterisation
errors.

Figure 2 - Comparison of seven regional air quality models from the European MACC project that are run on a common
European domain and with common (anthropogenic) emission sources. Figure courtesy of L. Rouil, INERIS
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Figure 3 - Multi-model results of the “CO boundary layer ratio” (regionally averaged concentration of CO in the
lowest 200 m divided by CO in the lowest 2000 m) from the Task Force Hemispheric Transport of Air Pollution (TFHTAP)
study. All models used the same emission inventory and CO was implemented as an artificial tracer with a fixed e-folding
lifetime in order to evaluate inter-model differences due to transport only

Vertical exchange is crucial for the determination of the global tropospheric ozone budget
and its changes in time (cf. Gauss et al., 2006). Measurements at the mountain station Zugspitze,
Germany at about 3 km altitude (Scheel 2003) and in-flight observations of ozone in the upper
troposphere (8 - 12 km altitude) from the MOZAIC programme (Marenco et al., 1998) show a
remarkably similar seasonal variation with almost identical minimum values in winter whereas a
distinct vertical gradient is observed in summer (about 30% larger concentrations at 8-12 km
compared to 3 km) (Figure 4). Preliminary analysis of three models from the RETRO project
(Schultz et al., 2007) shows that the models typically exhibit a larger vertical gradient in winter and
don’t capture the seasonal change in the ratio of upper tropospheric and mid tropospheric ozone
concentrations. Similar analyses could be performed with data from ozonesondes, some of which
have a much longer time record than the MOZAIC data.
As a final example for a more process-oriented approach to model evaluation Figure 5
shows the wind sector analysis of surface ozone concentrations at Mace Head, Ireland.
Observations and model results were sampled every three hours and the data were grouped into
16 wind sectors of 15° each. The ECHAM5-MOZ model captures several aspects of this
distribution (in particular the reduced ozone concentrations for easterly winds) and it also
reproduces the seasonal changes of it, albeit with a stronger change between spring and summer
than the observations. Wind sector analysis can help elucidate reasons for model discrepancies
(local flow conditions, errors in emission estimates) and should become more common. We note,
however, that considerable effort is sometimes needed to merge observational data sets from
different stations and networks and that it can be difficult, particularly in Europe, to obtain
sufficiently resolved meteorological data at the location of air quality measurement stations.
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Figure 4 - Comparison of observed ozone concentrations from Zugspitze (, 2945 m asl) and MOZAIC passenger
aircraft (flight altitudes 8-12 km, region around Frankfurt/Main, Germany) for August 2004 to August 2006.
(Zugspitze Data courtesy of H. E. Scheel)

Figure 5 - Wind sector characteristics of surface ozone concentrations at Mace Head, Ireland (53°17’ N, 9°10’ W,
15 m asl). Left: observations, right: ECHAM5-MOZ model results. Black boxes and whiskers denote the annual median,
25%-75% and 5%-95%-iles and coloured lines show medians for individual seasons
(blue: winter, green: spring, red: summer, orange: autumn)

3.

Conclusions
This presentation gave a brief overview of the state-of-the-art in the simulation of
tropospheric ozone changes with global chemistry transport models. In order to build sufficient trust
in the predictions of these models regarding past and future ozone changes, we call for a
community organized effort to build a rigorous process-based evaluation test suite for these
models. Considerable challenges remain in the interpretation of the observational record and the
robust detection and attribution of tropospheric ozone changes may be impossible for some
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regions on Earth. Nevertheless, it is an important task to better assess the ability of current models
to capture ozone variability and the response of the ozone concentration to changes in dynamics,
chemical precursors, and deposition. The examples for process-based diagnostics explained in
this paper could become part of a standard evaluation procedure for tropospheric chemistry
transport models in a coordinated community approach.
Acknowledgements
The authors gratefully acknowledge Philippe Nedelec and the team of CNRS Laboratiore
d'Aerologie for the use of MOZAIC data, which have been collected with cofunding from the
European Commission and support of the participating airlines. We are also grateful to H.-E.
Scheel and L. Rouil for providing us Figure 2 and the data for Figure 3.
References
Midgley, P. M. and M. Reuther (editors) (2003), Towards Cleaner Air for Europe - Science, Tools
and Applications, Part 2. Overviews from the Final Reports of the EUROTRAC-2
Subprojects, Margraf Verlag, Weikersheim.
Fiore, A. M., F. J. Dentener, O. Wild, C. Cuvelier, M. G. Schultz, P. Hess, C. Textor, M. Schulz, R.
M. Doherty, L. W. Horowitz, I. A. MacKenzie, M. G. Sanderson, D. T. Shindell, D. S.
Stevenson, S. Szopa, R. Van Dingenen, G. Zeng, C. Atherton, D. Bergmann, I. Bey, G.
Carmichael, W. J. Collins, B. N. Duncan, G. Faluvegi, G. Folberth, M. Gauss, S. Gong, D.
Hauglustaine, T. Holloway, I. S. A. Isaksen, D. J. Jacob, J. E. Jonson, J. W. Kaminski, T. J.
Keating, A. Lupu, E. Marmer, V. Montanaro, R. J. Park, G. Pitari, K. J. Pringle, J. A. Pyle, S.
Schroeder, M. G. Vivanco, P. Wind, G. Wojcik, S. Wu, and A. Zuber (2009), Multimodel
estimates of intercontinental source-receptor relationships for ozone pollution, J. Geophys.
Res., 114, D04301, doi:10.1029/2008JD010816.
Gauss, M., G. Myhre, I. S. A. Isaksen, V. Grewe, G. Pitari, O. Wild, W. J. Collins, F. J. Dentener, K.
Ellingsen, L. K. Gohar, D. A. Hauglustaine, D. Iachetti, J.-F. Lamarque, E. Mancini, L. J.
Mickley, M. J. Prather, J. A. Pyle, M. G. Sanderson, K. P. Shine, D. S. Stevenson, K. Sudo,
S. Szopa, and G. Zeng (2006), Radiative forcing since preindustrial times due to ozone
change in the troposphere and the lower stratosphere, Atmos. Chem. Phys., 6, 575–599.
Lamarque, J.-F., T. C. Bond, V. Eyring, C. Granier, A. Heil, Z. Klimont, D. Lee, C. Liousse, A.
Mieville, B. Owen, M. G. Schultz, D. Shindell, S. J. Smith, E. Stehfest, J. Van Aardenne, O.
R. Cooper, M. Kainuma, N. Mahowald, J. R. McConnell, V. Naik, K. Riahi, and D. P. van
Vuuren (2010), Historical (1850–2000) gridded anthropogenic and biomass burning
emissions of reactive gases and aerosols: methodology and application, Atmos. Chem.
Phys., 10, 7017–7039.
Marenco A., V. Thouret, P. Nedelec, H. G. Smit, M. Helten, D. Kley, F. Karcher, P. Simon, K. Law,
J. Pyle, G. Poschmann, R. Von Wrede, C. Hume, and T. Cook (1998), Measurement of
ozone and water vapour by Airbus in-service aircraft: The MOZAIC airborne programme, An
overview, J. Geophys. Res., 103 (D19): 25631-25642.
Scheel, H. E. (2003), Trend and seasonal cycles of ozone at the Zugspitze, Proceedings
EUROTRAC-2 Symposium 2002, 11-15 March 2002, Garmisch-Partenkirchen.
Schultz, M.G. (ed.) (2007), REanalysis of the TROpospheric chemical composition over the past
40 years -- A long-term global modeling study of tropospheric chemistry, Final project report
of EU project EVK2-CT-2002-00170 (RETRO), published as report no. 48/2007 in the series
„Reports on Earth System Science“ of the Max Planck Institute for Meteorology, Hamburg,
ISSN 1614-1199, Jülich/Hamburg, Germany, August 2007.

185

Stevenson, D.S., F.J. Dentener, M.G. Schultz, K. Ellingsen, T.P.C. van Noije, O. Wild, G. Zeng, M.
Amann, C.S. Atherton, N. Bell, D.J. Bergmann, I. Bey, T. Butler, J. Cofala, W.J. Collins, R.G.
Derwent, R.M. Doherty, J. Drevet, H.J. Eskes, A.M. Fiore, M. Gauss, D.A. Hauglustaine,
L.W. Horowitz, I.S.A. Isaksen, M.C. Krol, J.-F. Lamarque, M.G. Lawrence, V. Montanaro, J.F. Müller, G.Pitari, M.J. Prather, J.A. Pyle, S. Rast, J.M. Rodriguez, M.G. Sanderson, N.H.
Savage, D.T. Shindell, S.E. Strahan, K. Sudo, S. Szopa (2006), Multi-model ensemble
simulations of present-day and near-future tropospheric ozone, J. Geophys. Res., 111,
D08301, doi:10.1029/2005JD006338.
Volz, A., and D. Kley (1988), Ozone Measurements in the 19th Century: An Evaluation of the
Montsouris Series, Nature, 332, 240-242.
Volz-Thomas, A. (1992), Trends in Photo-oxidant Concentrations, The Proceedings of the
EUROTRAC Symposium ’92, SPB Academic Publishing bv, The Hague, NL, pp. 59-64.
Wild, O., A. M. Fiore, D. T. Shindell, R. M. Doherty, W. J. Collins, F. J. Dentener, M. G. Schultz, S.
Gong, I. A. MacKenzie, G. Zeng, P. Hess, B. N. Duncan, D. J. Bergmann, S. Szopa, J. E.
Jonson, T. J. Keating, and A. Zuber (2011), Future Changes in Surface Ozone: A
Parameterized Approach. Manuscript in preparation for Atmos. Chem. Phys.

_______

186

REGIONAL CLIMATE-AIR QUALITY SIMULATIONS FOR THE REFERENCE DECADE 19912000: IMPACT OF METEOROLOGICAL FORCING ON
SURFACE OZONE OVER EUROPE
E. Katragkou (1,2), P. Zanis (2), I. Tegoulias (2) and D. Melas (1)
Department of Meteorology and Climatology, School of Geology, Aristotle University of Thessaloniki, Greece
(2) Laboratory of Atmospheric Physics, School of Physics, Aristotle University of Thessaloniki, Greece (katragou@auth.gr)
(1)

1.

Abstract
Regional climate-air quality decadal simulations over Europe were carried out with the
RegCM3/CAMx modelling system for the time slice 1991-2000, in order to study the impact of
different meteorological forcing on surface ozone. The RegCM3 regional climate model was
constrained by the ERA40 reanalysis and by the global circulation model ECHAM5. The different
meteorological forcing resulted in changes of near surface ozone over Europe of up to ±4 ppb. The
winter circulation pattern in the ECHAM5-forced simulation was more anticyclonic over eastern
Europe in comparison to the ERA-forced simulation. This feature was accompanied by fairer
weather conditions, higher temperature, lower cloudiness and higher surface solar radiation levels.
All these parameters supported the build up of higher ozone concentrations in central and south
eastern Europe. The summer average decadal ECHAM-forced simulation was characterized by
enhanced mid-latitude westerly winds, lower temperatures, solar radiation and biogenic emissions.
These synergistic effects leaded to lower surface ozone concentrations over the whole continental
Europe, especially over the mid-latitudes of central Europe.
2.

Simulations
For the climate-air quality simulations the regional climate model RegCM3 and the off-line
coupled air quality model CAMx modelling were used. More details on the modelling system and its
evaluation can be found in Katragkou et al., 2010. The simulations were performed for the decade
1991-2000 twice: firstly by ECHAM5/RegCM/CAMx, which served as a global circulation model
(GCM) driven experiment and then by ERA40/RegCM/CAMx, which was the perfect lateral
boundary conditions experiment. These two simulations will be referred to hereafter as ECHAM
and ERA runs respectively. In this work the reanalysis-driven run (ERA) is compared to the
ECHAM run performed for the same decade and the average decadal differences ECHAM-ERA for
the decade 1991-2000 are presented. Emphasis is given on how the different meteorological
forcing affects surface ozone.
3.

Results

3.1

Changes in surface ozone
The ERA40/RegCM3/CAMx model calculations yield higher O3 concentrations over the
Mediterranean basin, attaining values of more than 60 ppb in summer (Figure 1 left panel) and
around 35 ppb in winter. Over continental Europe the summer decadal averages range between 30
and 45 ppb and winter decadal averages around 15-25 ppb. The right panel of Figure 1 depicts the
calculated summer trends of the ERA-forced simulation. The average decadal winter and summer
differences between ECHAM and ERA simulations in near surface O3 over Europe are shown in
Figure 2. Changes in winter are smaller, in the range of 1-2 ppb with some local maxima reaching
up to 4 ppb, positive for southern and eastern Europe and negative for the north and western part
of the domain. In summer, ozone is lower almost over the entire domain in the ECHAM simulation,
by about 2-4 ppb and mostly over the mid-latitudes of central continental Europe.

187

Figure 1 - Summer average decadal (1991-2000) surface ozone (right) and summer trends (right) for the
ERA40/RegCM3/CAMx simulation

Figure 2 - Differences in simulated decadal (1991-2000) average surface ozone fields between the ECHAM5/RegCM3/CAMx
and the ERA40/RegCM3/CAMx simulations for winter (left) and summer (right)

3.2

Changes in meteorology
Figure 3 shows the changes in meteorological variables and the meteorological dependent
biogenic emissions due to external meteorological forcing for winter and summer seasons in the
left and right panels respectively. The ECHAM simulation yields higher temperatures over Europe
mainland up to 4 degrees in winter. The highest positive temperature differences seen over
central-eastern and south-eastern Europe collocate with the highest positive ozone changes. The
surface temperature in summer is lower by1-4 K in the ECHAM simulation with the maximum
decreases seen over the eastern parts of Europe.
The incoming solar radiation changes mostly during the summer season, and namely
decreases by more than 100 W/m2 in the latitudinal belt of 50-60o, coinciding with the summer
surface ozone decrease. As shown in Katragkou et al., 2010 there is significant spatial correlation
between surface ozone and solar radiation in summer but not in winter, which can be well
understood since ozone is photochemically driven and photochemistry is more active during
summer.
The average 1991-2000 winter ECHAM circulation pattern has a steeper 500 mbar
geopotential height gradient along Europe, being more anticyclonic over eastern Europe and more
cyclonic over west Europe-east Atlantic. The more anticyclonic conditions over eastern Europe are
expected to be accompanied with fairer weather conditions, higher temperature, lower cloudiness
and higher surface solar radiation levels. All these parameters support the build up of high ozone
concentrations as well as its photochemical production in winter. Indeed, ozone concentrations are
higher in winter over eastern Europe and decrease gradually towards the eastern Atlantic. A more
cyclonic behaviour of ECHAM in the region between 50-60o latitude is seen in the summer season,
which is expected to be accompanied with typical cyclonic patterns, i.e. lower temperatures,
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increased cloudiness and reduced solar radiation. These features are indeed encountered in the
temperature and solar radiation fields. The average difference map of wind components for the
summer period shows enhanced westerly winds in mid-latitudes for the ECHAM run (not shown)
related to higher west-east geopotential height gradient. A stronger north meridional component is
also apparent mainly over Scandinavia, which is associated with the low seen over Russia in the
map of geopotential height.
Analysis of the climate dependent biogenic emissions suggests a small but significant
impact of biogenic emission changes on surface ozone during winter. The small increase of
biogenic emissions over the Balkan Peninsula in the ECHAM run is related to the temperature
increase. Biogenic emissions are lower for the ECHAM simulation during summer, due to the
mostly negative solar radiation and temperature fields. The effects of decreasing temperature,
solar radiation and biogenic emissions act synergistically on surface ozone and lead to its
reduction by up to 4 ppb.

Figure 3 - Differences in simulated average decadal (1991-200) fields between the ECHAM5/RegCM3/CAMx and the
ERA40/RegCM3/CAMx simulations for the winter (left) and summer (right) season. The fields shown are (from top to
bottom): surface temperature, incoming solar radiation, 500 hPa geopotential height and biogenic emissions
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1.

Introduction
Tropospheric composition interannual variability (IAV) can be driven by changes in various
factors that fall into two broad categories: a) meteorology (winds, temperature, humidity, clouds
etc; e.g. see Hess and Mahowald (2009)), b) emissions (anthropogenic, biomass burning,
biogenic). Non-methane species with an important role in tropospheric ozone chemistry (CO, NOx,
VOCs) can be affected by both factors mentioned above. Few studies (e.g. Szopa et al., 2007;
Voulgarakis et al., 2010) have examined how emissions can drive IAV of such species over large
geographical scales. Voulgarakis et al. (2010) used a CTM for 1996-2000 and found that
global/regional tropospheric CO burden IAV is almost entirely driven by emission changes, while
for NOx and ozone, emissions played a non-negligible but smaller role. Szopa et al. (2007) focused
on CO and found that meteorology can be very important in driving IAV of CO. However, their
study analyzed only surface locations and not the troposphere as a whole. Here, we ran a
chemistry-climate model and study the impact of biomass burning on the IAV of global and regional
ozone, NO2 and CO burdens, for a relatively extensive period (1997-2009). The results are
compared with the findings of Voulgarakis et al. (2010).
2.

Experimental set-up
We use the G-PUCCINI chemistry-climate model (GISS modelE GCM with simulated and
interactive composition) with winds nudged to the NCEP reanalysis. Tropospheric and
stratospheric chemistry are simulated simultaneously. A full description of the model is given in
Shindell et al. (2006). The horizontal resolution is 2x2.5 degrees and there are 40 vertical levels.
Simulations were performed using observed SSTs. Present-day anthropogenic emissions are from
Lamarque et al. (2010), produced in support of IPCC AR5. For biomass burning, we use emissions
data from the Global Fire Emissions Database version 3 (GFEDv3). Isoprene emissions are a
function of vegetation, temperature and solar radiation. Lightning NOx emissions depend on the
climate model’s convection. The abundances of long-lived species (including methane) have been
prescribed. Two experimental runs have been performed for 1997-2009 (with 1995-96 as spin-up):
a) BASE, in which emissions and meteorology are varying from year to year (1997-2009), and b)
BBFix, in which biomass burning emissions are fixed to 1997-2009 average values.
3.

Results and discussion

3.1

Comparison of ozone and CO to satellite (TES) observations:
We plot (Figure 1) the seasonal mean (Jul/Aug) ozone using 5 years (2005-09) of
Tropospheric Emission Spectrometer (TES) and processed model data (for more details, see
Voulgarakis et al., 2011). The plots are for the lower/middle free troposphere (800-400 hPa), where
the instrument has a better sensitivity. The comparison looks good. We also plotted the standard
deviation of seasonal mean (Jul/Aug) CO and ozone using 5 years (2005-09) of TES and
processed model data. This standard deviation is an indicator of interannual variability. The regions
of high CO IAV (not shown) are captured well. There are areas (e.g. South America) where CO
IAV is overestimated in the model. Ozone IAV (Figure 2) is captured well in some areas, but there
are also substantial discrepancies, with the model generally having smaller IAV than TES.
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Figure 1 - Average 800-400hPa ozone for July/August 2005-09, from the TES satellite (left) and the G-PUCCINI model (right)

Figure 2 - Standard deviation (indicative of interannual variability) of average 800-400hPa ozone for Jul/yAugust,
from the TES satellite (left) and the G-PUCCINI model (right)

3.2

Interannual variability on global scales
In Figure 3, we show global model anomalies from the 1997-2009 mean, of NO2 and CO
global tropospheric burdens. The two runs are BASE and BBFix. There is a minimum in global NO2
in 1998 and a maximum in 2000. These could be related to El Niño (1998) and La Niña conditions.
For the rest of the period, fluctuations are smaller. Biomass burning emissions are not driving NO2
IAV in the model. For CO, fluctuations are large in the earlier period, with a maximum in 1997-98
and a minimum in 2000-01. IAV is almost entirely driven by biomass burning (BBFix simulation
shows almost no interannual variability).
We performed a similar analysis for the global tropospheric ozone burden (Figure 4). Global
ozone IAV is much smaller than that of NO2 and CO, which is in line with the idea that ozone is
very well buffered. There is a maximum in 1998, which agrees with previous studies (e.g.
Voulgarakis et al., 2010; also see Koumoutsaris et al., 2008). Biomass burning seems to be
playing a major role in the earlier part of the study period (up to 2002) but later on its effect is
minimal.

Figure 3 - Percentage anomalies from the 1997-2009 mean for global NO2 (left) and CO (right) burden, for the BASE run
(black) and the BBFix run (red)
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Figure 4 - Percentage anomalies from the 1997-2009 mean for global ozone burden, for the BASE run (black)
and the BBFix run (red)

3.3

Interannual variability on regional scales
We analyzed the interannual variability in the regional burdens of NO2 and CO (not shown).
We chose two regions, representative of the tropics and the extratropics. IAV of both species is
larger over Indonesia than over Europe. There is a peak of NO2 and CO over Indonesia in 1997, a
year of intense biomass burning. IAV of NO2 is not drastically changing when fixing biomass
burning emissions. The only case when it seems important is 1997 over Indonesia. IAV of regional
CO is mainly driven by biomass burning, similarly to the global case.
Figure 5 presents the IAV of regional ozone. Over Europe, there are two major ozone
maxima: one in 1998 and one in 2002/03. However, the anomalies are not large. The 1998 ozone
maximum seems to be driven by biomass burning emissions, while the one in 2002/03 is captured
even with the biomass burning emissions fixed. Over Indonesia, there is a maximum that stands
out in 1997, and it is only partly driven by emissions. The analysis shows that there would be an
ozone increase in this region even without the unusual fires, most likely due to the meteorological
factors related to El Niño.

Figure 5 - Percentage anomalies from the 1997-2009 mean for ozone burden over Europe (left) and Indonesia (right),
for the BASE run (black) and the BBFix run (red)

3.4

Comparison with results from Voulgarakis et al. (2010)
Voulgarakis et al. (2010) studied the 1996-2000 period, using a different model (p-TOMCAT
CTM), following a similar approach. Similarly to our study, global and European ozone peaks in
1998, and ozone over Indonesia peaks in 1997. However, the magnitude of the global and
European IAV in the p-TOMCAT model is much larger than in G-PUCCINI. This is possibly due to
El-Niño-related anomalies in STE being overestimated in the p-TOMCAT model or underestimated
in the G-PUCCINI (see TES comparison in Section 3.1, which revealed that ozone IAV may be
underestimated in G-PUCCINI). Over Indonesia, the magnitude of IAV is similar in both models. In
terms of drivers, global and regional IAV of ozone is driven more by meteorology than by
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emissions in the p-TOMCAT model. This is not always true for the G-PUCCINI model: the 1998
peak is mainly driven by emissions.
4.

Conclusions
For NO2, we conclude that meteorology is the main driver of interannual variability. For CO,
emissions, and especially biomass burning are the major driver of IAV, both globally and
regionally. Both these results are in agreement with Voulgarakis et al. (2010). For ozone, the
situation appears more complicated: emissions are important, but not always. More investigation is
required to understand these features and the differences between the models.
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7.

METHODS
SUMMING-UP AUDIT RESULTS OF THE WORLD CALIBRATION CENTRE FOR SURFACE
OZONE (WCC-Empa) OBTAINED DURING THE PAST 15 YEARS
C. Zellweger, M. Steinbacher and B.Buchmann
Empa, Swiss Federal Laboratories for Materials Science and Technology
Laboratory for Air Pollution / Environmental Technology
Überlandstrasse 129,CH-8600 Dübendorf (christoph.zellweger@empa.ch)

1.

Introduction
Empa operates the World Calibration Centrefor Surface Ozone, Carbon Monoxide,
Methane and Carbon Dioxide (WCC-Empa) since 1996 as a Swiss contribution to the GAW
Programme (funded by MeteoSwiss). To date 58 audits were made mainly at global GAW stations
(Figure 1). The purpose of these audits is to ensuring traceability to a common reference
maintained by the Central Calibration Laboratory (CCL) [Buchmann et al., 2009; Klausen et al.,
2003], as illustrated in Figure 2.

Figure 1 - Audits by WCC-Empa. Red triangles (O3, CO,
CH4), green (O3, CO), blue (O3); Stations with black
triangles have not yet been audited. The numbers refer
to the year the audit(s). Circles are central calibration
facilities

Figure 2 - Traceability chain for surface ozone (schematic).
A travelling standard with traceability to the CCL is used during
the audit for on-site comparisons

2.

Stability of the ozone reference
Surface ozone measurements within GAW are traceable to the GAW reference
maintained by the CCL (NIST Standard Reference Photometer SRP). Consequently, the long-term
stability of the ozone reference is of utmost importance if ozone trends are assessed. During the
past two decades, the NISTSRPs underwent two major upgrades; the first upgrade replaced the
SRP electronics (starting in 2000), whereas the second upgrade addressed issues with
temperature gradients and multiple reflection of the UV light [Viallon et al., 2006]. Figure 3 shows
the stability of the two SRPs maintained as Laboratory Standards (LS) by WCC-Empa. It can be
seen that mainly the first upgrade caused a significant change in the order of ~0.4%, whereas the
second upgrade led mainly to an improved reproducibility of the SRP-SRP comparisons. This is in
agreement with the reduction of the average bias from 0.72% to 0.33% for all upgraded
SRPs[NIST, 2011]. WCC-Empa compared the SRP#15 maintained as a laboratory standard
directly with NIST at least every four years.
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Figure 3 - Stability of the WCC-Empa ozone reference. Left: Intercept vs. slope for SRP#23 vs. SRP#15 comparisons
between 2001 and 2011. Right: Upper panel: Slope over time, lower panel: Intercept over time for SRP#23 vs. SRP#15
comparisons. The black dotted lines refer to SRP upgrades

3.

Surface ozone audit results
Figures 4 summarises the surface ozone audit results obtained during the past 15 years by
WCC-Empa with respect to the WMO/GAW Data Quality Objectives (DQOs). The DQOs were
initially defined in WMO/GAW report 97 [WMO, 1997] and have been refined by Klausen et al.
[2003]:
DQO [Klausen et al., 2003]:

≤ 20 ppb:
> 20 ppb:

Sufficient:
Good:
Sufficient:
Good:

2.1 ppb + 3%
1.8 ppb + 2%
1.3 ppb + 7%
1.4 ppb + 4%

Figure 4 - Right panel: Intercept vs. slope for ozone audits conducted by WCC-Empa between 1996 and 2011. The areas
defining good and sufficient agreement according to the DQOs are shown with dotted and solid lines of a range of 0-100
ppb. Left panel: Temporal development of intercept and slope for ozone audits conducted by WCC-Empa
between 1996 and 2011
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Figure 4 shows that most stations fulfil the current GAW DQOs, but differences between
instruments can be seen. Especially more recent analysers usually fulfil the DQOs.
To demonstrate the importance of the DQOs, the monthly surface ozone data for the period
2000-2009 of Jungfraujoch was modified to simulate a drifting instrument with a linear drift over
time in a way that the DQOs were still met at the end of the period, as illustrated in Figure 5.

Figure 5 - Upper panel: Jungfraujoch monthly surface ozone data (2000-2010). Lower panel: Monthly ozone anomalies
and linear trend. Black lines are original (valid) data. Red lines represent modified data to demonstrate the influence of a
hypothetical instrument drift over time (see insert in upper panel)

The original data showed no significant trend based on monthly anomalies during this
period, with an average ozone mixing ratio of 52.6 ppb and a trend of -0.11±0.14(2σ) ppb/year.
However, the trend became significant for the modified (hypothetical) data with an average mixing
ration of 51.5 ppb and an annual trend of -0.33±0.14(2σ) ppb/year. This clearly demonstrates the
current DQOs are not sufficient for estimating trends over periods of ten or more years.
4.

Conclusions
The current analytical technique for surface ozone measurements is based on UV
absorption measurement, and the NIST standard reference photometers have shown improvement
on overall agreement with recent upgrades. The role of WCC-Empa is to ensuring traceability of
surface ozone measurements to the GAW reference. It could be shown that most stations fulfil the
current DQOs; however, these DQOs are not sufficiently tight for the assessment of e.g. ozone
trends. Therefore a revision of the current DQOs is needed to meet the scientific needs.
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METHODOLOGY AND RESULTS FOR IDENTIFYING CHANGES IN SURFACE OZONE
LEVELS IN THE US FOR 1980-2009 AND 1995-2009
(1)

1.

A.S. Lefohn (1), D. Shadwick (2) and S.J. Oltmans (3)
A.S.L. & Associates, Helena, Montana, USA (alefohn@asl-associates.com)
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A philosophy and approach for assessing surface ozone trends

1.1

Introduction
Our approach for quantifying O3 trends in hourly average concentrations focuses on
quantifying changes that occur at a specific monitoring site and exploring whether the trending
pattern observed is similar to trending patterns that occur at other monitoring sites locally,
regionally, nationally, or internationally. Our focus is on sites that are not routinely affected by
anthropogenic emissions (Oltmans et al., 2006), as well as on urban and rural monitoring sites that
may be routinely impacted by anthropogenic emissions (Lefohn et al., 2008, 2010).
Due to emission reductions in the US, many of the higher hourly average O3 concentrations
experienced in the 1980s have been reduced (US EPA, 2006). At mid latitudes in the northern
hemisphere, continental Europe, and Japan, significant increases in O3 occurred in the 1970s and
1980s but in all three of these mid latitude, continental regions, tropospheric O3 amounts appear to
have levelled off or in some cases declined in the more recent decades (Oltmans et al., 2006). For
assessing the relative reduction trend in peak and mid-level (50 – 99 ppb) hourly average O3
concentrations, we utilize health- and vegetation-based exposure metrics (Lefohn et al., 2008,
2010). The two human health-based metrics (i.e., an annual 2nd highest daily maximum 1-h
average concentration and an annual 4th highest daily maximum 8-h average concentration) focus
on high concentrations, while the vegetation metric (i.e., W126) includes both the mid-level and
higher hourly average concentrations. The 24-h W126 exposure metric, described in Lefohn and
Runeckles (1987) and Lefohn et al. (1988), uses a sigmoidal weighting to capture the change in
the distribution of the hourly average concentrations. Quantifying the changes that occur within this
part of the distribution, the three exposure metrics provide a way to evaluate the changes that
occur over time. To supplement this information, as well as to quantify changes that occur in the
lower part of the distribution, changes by month in the distribution of hourly average O3
concentrations are identified. The monthly trends are characterized as changes in frequency within
10 ppb increments (i.e., bins) of the distribution. The monthly trending results provide supplemental
information on trending in situations when the three exposure metrics do not provide statistically
significant trends. Characterizing statistically significant monthly distributional changes in mid- and
low-level hourly values is important for assessing physical processes associated with global
climate change, long-range transport, and in modeling health risks that accumulate in
concentration bins just above policy relevant background levels (US EPA, 2006, 2007). In addition,
the quantitative assessment of the changes in the hourly distribution patterns provides valuable
information about the efficacy of prospective emission control programmes in reducing health and
welfare risk (Lefohn et al., 2010). Because a levelling off or in some cases declining trends have
occurred at some O3 monitoring sites, we utilize moving 15-year trends.
The Theil estimate (Hollander and Wolfe, 1999) is used to estimate the trend slope. The
Theil estimate is a non-parametric estimator that is numerically identical to the ordinary least
squares (OLS) slope estimate when the OLS model assumptions are satisfied. The Theil estimate
is determined as the median of slope estimates calculated as the slope of the line passing through
paired points for all point pairs in the data set of interest. To test for statistical significance,
Kendall’s tau test (Lefohn and Shadwick, 1991; Hollander and Wolfe, 1999) is used to determine
significance at the 10% level. Because the tail probability can change abruptly from year to year,
the significance level of 0.10 is selected to reflect the degree of variability for the Kendall’s τ
statistic over the range of years in the time series.
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1.2

Results
In our analysis, we characterize urban and rural O3 trends across the US for the periods
1980-2009 (30 years) and 1995-2009 (15 years) using three exposure metrics and also quantifying
the monthly changes in the distribution of hourly average concentrations. We find that the two most
common trends among monitoring sites are either a continuation of negative trending over the 30year period or a shift from negative to no trend status, indicating a levelling off of the negative
trending. Very few sites exhibit statistically significant increases. In characterizing the statistically
significant changes in the distribution of hourly average O3, we observe subtle statistically
significant changes in the lower part of the distribution (i.e., below 50 ppb) that are not necessarily
captured by the trending patterns associated with the three exposure metrics. Using the three
exposure metrics for the rural CASTNET data set, we find that most of the monitoring sites
experience a negative trend over the 15-year period, 1995-2009, with a small number of sites
experiencing no trending (Figure 1). While no increases in trends were observed for the CASTNET
sites using the two human-health based exposure indices, we observed one site that illustrated an
increasing trend when applying the W126 exposure index (i.e., Big Bend National Park, Texas).
Jaffe et al. (2003), Parrish et al. (2004), and Jaffe and Ray (2007) have described increases in O3
levels at rural monitoring sites in the western US and have suggested that these increases are due
to possible long-range transport from Asia. We investigated the hourly average O3 concentration
data from Lassen Volcanic National Park in California and identified no trending using the three
exposure metrics for the 15-year, 1995-2009 period (Lefohn et al., 2011). Characterizing the
monthly change in the distribution of hourly average concentrations, we identified for the months of
January and February, a shift upwards from the hourly average O3 concentrations in the 40 ppb
range to the 50 to 60 ppb range; a shift downwards from the 70-80 ppb range occurred during the
month of October (Figure 2). For January or February, approximately 5 percent of the hourly
average concentrations are ≥ 50 ppb at Lassen Volcanic National Park. Therefore, during this 2month period, the number of hourly average concentrations that shift upward is small. For
assessing how year-to-year variability may influence a trending determination, we characterized
the trending pattern over moving 15-year periods. Using the 3 exposure metrics, we noted for
Lassen Volcanic National Park no statistically significant trending patterns for the ten moving 15year periods. For this site, 1988-1993 exhibited low hourly O3, with six of the lowest seven years
over the entire 22-year record (1988-2009). Based on our results that show no trending using the 3
exposure metrics, changes in the distribution of the hourly average concentrations at this site for
the 1995-2009 period are occurring within the lower part of the distribution during the winter and
fall months but not during the spring or summer months.

Figure 1 - Trend of W126 ozone metric for 1995-2009 using CASTNET data
200

Figure 2 - Distribution changes by month for the period 1995-2009 at Lassen Volcanic National Park, California

1.3

Recommendations
For assessing changes in the mid- and high-level O3 concentrations, the three biologically
relevant exposure metrics used in our analysis cover this concentration range. For assessing
possible shifts in the distribution of hourly average O3 concentrations, we recommend trending
changes in the distribution of hourly average concentrations by month. Identifying statistically
significant monthly changes in the mid- and low-level hourly average concentrations provide
information for assessing changes in physical processes associated with global climate change,
long-range transport, and the efficacy of models used for emission and risk reductions. In addition,
for assessing how year-to-year variability influences trending patterns, we recommend
characterizing moving 15-year trends. Due to the differential changes that might occur over time to
parts of the distribution, a careful selection of O3 exposure metrics is recommended. For example,
one exposure metric may focus on the higher concentrations in a distribution, while another metric
might focus on the lower portion of the distribution; a different trending pattern might result
between the two exposure metrics depending upon which part of the distribution changed over
time (Lefohn et al., 2008, 2010).
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ANNEX II

2nd Tropospheric Ozone Workshop
Tropospheric ozone changes: Observations, state of understanding, and model performances
(11-13 April 2011, Météo France, Toulouse, France)
Workshop Agenda
Monday 11 April
10h00-13h00

Registration and Lunch at Meteo France conference center

13h00-13h45

Welcome
V. Thouret: Organization and objectives
J. Logan: Summary of Boulder workshop
O. Tarasova: Ozone measurements in the Global Atmosphere Watch Programme

13h45-15h00
10+3'
10+3'
10+3'
10+3'
10+3'

Session 1 – Data analysis in the UT/LS, global analysis
V. Thouret (MOZAIC UTLS midlatitudes);
J. Staehelin (MOZAIC/GASP: Long-term ozone changes in UT/LS in the northern hemisphere);
M. Prather (Searching for the cause of the North-South asymmetry in tropopause ozone)
P. Hess (The impact of the stratosphere on tropospheric ozone trends: 1990-2009)
M. Lin (Variability and trends in springtime tropospheric ozone from 1981-2007:
Exploring the roles of stratosphere-troposphere exchange and North American emissions)

10 minutes for discussion
15h00 – 16h00

Coffee break and posters on UTLS, Asia, SH and tropics, methods (10)

16h00- 18h30
15+5'

Session 2 – Data analysis over Asia
A. Ding (Aircraft Measurement of Air Pollutants in China: Results from the MOZAIC programme and the 2007
Northern China study)
H. Tanimoto given by J. Logan (Decadal trends in lower-tropospheric ozone over Japan during1998- 2008:
Records at multiple sites and comparison to regional model simulations)
J. Logan (Sondes over Asia: Japan and Hong Kong)
R. Zbinden (Tropospheric ozone trends over JAPAN from 1995-2008 : a MOZAIC and WOUDC ozonesondes
comparison)
T. Wang (Surface ozone concentrations at a non-urban coastal site (Hok Tsui, Hong Kong) in
southern China, 1994–2010)
X. Xu (The trend and variability of surface ozone at the global GAW station Mt. Waliguan, China)
P. Cristofanelli (Surface ozone measurements at the Nepal Climate Observatory – Pyramid
(PYR), global GAW-WMO station (Nepal, 5079 m a.s.l.) )
M. Y. Arshinov (long-term monitoring of the ozone vertical distribution in the Siberian troposphere)

12+3'
10+3'
10+3'
10+3'
10+3'
10+3'
10+3'

30 minutes for discussions and summary
18h30 – 19h30

Cocktail and posters (all sessions)

Tuesday 12 April
08h30 – 10h30
12+3'
10+3'
10+3'
10+3'

Session 3 – Data analysis over SH and Tropics:
I. Galbally (Long Term Trends in Ozone in the Southern Ocean Marine Boundary Layer and in
the Southern Hemisphere Free Troposphere)
E. Brunke by H.E. Scheel (Analysis of ozone trends at the Cape Point GAW station, South Africa (34 °S))
J.P. Cammas (MOZAIC UT Tropics over Africa)
J. Ziemke by J. Rodriguez (A long-term satellite data set on tropospheric ozone column: status,
availability, and future plans)
207

10+3'
10+3'
10+3'
10+3'

H. Morioka by Irina P. (Interannual variations of ozone in the tropical troposphere and tropopause
region from the SHADOZ and other ozonesonde data sets)
F. Posny (Ozone-sonde measurements at Reunion Island : tropospheric ozone trends from 1992 to 2011.)
A.C. Nahas or A. Ilahi (Surface Ozone Measured at Tropical Marine-Background Bukit Kototabang, Indonesia)
S. Luppo (Surface ozone measurements at Ushuaia GAW Station)

15 minutes for discussion and summary
10h30 – 11h00

coffee break

11h00 – 13h00
15+5'

10+3'

Session 4 – Updates of analyses over North America and Europe
J. Logan (Long-term changes in ozone over Europe – comparison of ozone measurements from sondes,
regular aircraft (MOZAIC) and alpine surface sites, and implications for trends)
K. Law (Northern Hemisphere ozone trends: results from TF-HTAP)
D. Tarasick (Changes in the vertical distribution of ozone over Canada from ozonesondes: 1980-2010)
R. Kivi (Trends in tropospheric ozone over northern high-latitude ozonesonde stations)
G. Ancellet (Analysis of a 25 year ozone profile data set recorded at Observatoire de
Haute Provence (OHP), Southern France)
R. Derwent (Trends and annual variability in intercontinental baseline flows of ozone into north west Europe
observed at Mace Head, Ireland 1989–2009)
R. Wilson (Have primary emissions reduction measures reduced ozone across Europe? Analysis of
European Ozone Trends 1996-2005)
M. Vana (Long-term trends of surface ozone in the Czech Republic)

13h00 – 14h00

Lunch

14h00 – 15h00

Poster session: North America / Europe, and model studies (13)

15h00 – 16h00
12+3'

Session 4 continued: 2 talks by
S. Gilge (Trend of near surface ozone at Hohenpeissenberg Meteorological Observatory in comparison
to the other GAW-DACH-sites Sonnblick, Jungfraujoch and Zugspitze)
B. Galleithner (Tropospheric ozone trends at Central European sounding stations and mountain sites)

12+3'
12+3'
10+3'
10+3'
10+3'
10+3'

12+3'

30 minutes for discussion and summary
16h00 – 16h30

Coffee break

16h30 – 18h00

Session 5 – Discussion session: State-of-the-art and future needs

Deliverables from this workshop

Wednesday 13 April
08h30 - 10h30
12+3'
12+3'
12+3'
12+3'
12+3'
12+3'
12+3'

Session 6 – Evaluation of long-term model runs
L. Pozzoli by F. Dentener (Reanalysis of tropospheric sulphate aerosol and ozone for the period
1980-2005 using ECHAM5-HAMMOZ)
K. Sudo (Interannual trend and variability in global tropospheric ozone during 1970- 2009 simulated in
the CHASER model)
A. Strunk (Influence of meteorology and increasing anthropogenic emissions on the vertical distribution of
tropospheric O 3 near the Asian continent for the period 2000- 2008)
P. Zanis (Regional climate - air quality simulations with RegCM3/CAMx over Europe for the period
1990-2001: Validation of simulated near surface ozone with observations from the EMEP network)
M. Schultz (Detecting tropospheric ozone trends in long-term (global) model simulations)
C. Granier (Evolution of the distribution of tropospheric ozone and its precursors during the 1997-2008 period)
L. Oman by A. Douglass (New Insights in Tropospheric Ozone and its Variability)

15 minutes for discussion and summary
10h30 – 11h00

Coffee break
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11h00 – 13h00
Session 7 – Common methodologies and standard data sets
Discussion on the following topics (list can be extended if desired):
-

Can we all agree on common time periods for the assessment of past trends?
Can we agree on a common data format (including sampling frequency)?
Are there universal methods for filtering time series (background, wind sectors, …)?
Is there a need to define a subset of measurements for model evaluation?
Is there a common, robust method to evaluate models with ozone data?
How can we use the data to identify poorly represented processes in models?

The discussion may be preceeded by one or two seed presentations:
12+3'
12+3'

M. Saunois (Effect of sampling frequency on ozone trends: Lessons from MOZAIC.);
A. Lefohn (Methodology and Results for Identifying Changes in Surface Ozone Levels in the US for 1980-2009
and 1995-2009)

13h00 – 14h00

Lunch

14h00 – 15h30
2:00-2:30
2:30-3:00
3:00-3:30

Joint session with ACCMIP
D. Shindell/J.-F. Lamarque: Overview of ACC-MIP
M. Schultz: Summary of Tropospheric Ozone Workshop and Model evaluation
I. Bey/C. Granier/F. Dentener: 1980-2010 hindcast

15h30 – 16h00

Coffee break

16h00 – 18h00

Session 7 - Wrap up, summary

What have we learned?
Future activities: formal intercomparison, next workshop(s), organization of a review article framework of future workshops
(endorsement by international programme, etc.)

POSTERS (29)
UTLS, Asia, SH and tropics (7)
B.D. Belan (Long-term variability of surface ozone concentration near Tomsk and its prediction for the solar activity cycle 24)
F. Ebojie (Tropospheric ozone climatology derived from SCIAMACHY limb-nadir matching observations.)
S. Oltmans (Long-term tropospheric ozone variations at background measurement sites.);
D. Plummer (seasonal cycle around the tropopause)
K. Shibata (Simulation of tropospheric ozone in the past, present and future with a chemistry climate model of Meteorological
Research Institute)
V. Thouret (MOZAIC over India and Caracas)
C. Zellweger (Surface Ozone Variability and Trends at the Global GAW Stations Assekrem (Algeria),
Bukit Koto Tabang (Indonesia) and Mt. Kenya (Kenya))
Methods (2)
S. Fuzzi (ACCENT-Plus: linking science and policy needs in atmospheric composition change)
C. Zellweger (Summing-up audit results of the World Calibration Centre for Surface Ozone (WCC-Empa) obtained
during the past 15 years)

209

North America / Europe and model studies (20)
K. Boersma (Significant trends in tropospheric nitrogen oxide concentrations observed over Europe from the
Ozone Monitoring Instrument)
G. Clain (European surface trends in ozone, 1990-2007, a modelling study)
P. Cristofanelli (Analysis of O3, CO and BC variability at the Mt. Cimone GAW-WMO regional station (Italy, 2165 m a.s.l.)
by using FLEXPART analyses)
A. Delcloo (Trends in ozone concentrations for the long term ozonesonde observation record in the troposphere and the
stratosphere for Uccle)
S. Eckhardt (The impact of North American emissions on carbon monoxide and ozone concentrations over Europe)
Z. Fleming (Untangling the influence of air mass origin on ozone and ozone precursor measurements at the Weybourne
and Cape Verde Atmospheric Observatories)
F. Gheusi (Ozone trends at remote surface stations in France from the PAES network)
S. Henne (European trends of surface O3 and Ox evaluated with Generalised Additive Models)
Irina P. (An Analysis of Tropospheric Ozone over Boulder, CO)
E. Katragou (Regional climate-air quality simulations for the reference decade 1991-2000: Impact of meteorological forcing
on surface ozone over Europe.)
A. Ladstaetter-Weissemayer (First Steps in the validation of Tropospheric Ozone Limb-Nadir- Matching with SCIAMACHY)
H.E. Scheel (Analysis of ozone trends at the mountain sites Zugspitze and Wank (47 °N)
I. Senik (The peculiarities of inter-annual variability of surface ozone at Kislovodsk High Mountain Station
(43.73oN, 42.66oE, 2070 m a.s.l., Northern Caucasus ))
J. Staufer (Comparison of ozone measurements of MOZAIC with ozonesondes based on backward trajectory analysis)
D. Tarasick (Tropospheric Ozone Maps from the Trajectory Mapping of Global Ozonesonde Data)
S. Tilmes (Ozonesonde climatology for Model Evaluation of the Troposphere and Lower Stratosphere)
V. Thouret (MOZAIC over Frankfurt and Vienna)
V. Thouret (MOZAIC over NewYork and Dallas)
A. Voulgarakis (Interannual variability of tropospheric ozone and its precursors: exploring biomass burning emissions
as a potential driver)
R. Zbinden (Tropospheric ozone trends deduced from MOZAIC time-series (1995-1998) with fully defined individual
tropospheric columns over Eastern USA, Germany, Japan)
_______
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GLOBAL ATMOSPHERE WATCH REPORT SERIES
1.

Final Report of the Expert Meeting on the Operation of Integrated Monitoring Programmes, Geneva, 2 -5 September 1980.

2.

Report of the Third Session of the GESAMP Working Group on the Interchange of Pollutants Between the Atmosphere and
the Oceans (INTERPOLL-III), Miami, USA, 27-31 October 1980.

3.

Report of the Expert Meeting on the Assessment of the Meteorological Aspects of the First Phase of EMEP, Shinfield Park,
U.K., 30 March - 2 April 1981.

4.

Summary Report on the Status of the WMO Background Air Pollution Monitoring Network as at April 1981.

5.

Report of the WMO/UNEP/ICSU Meeting on Instruments, Standardization and Measurements Techniques for Atmospheric
CO2, Geneva, 8-11; September 1981.

6.

Report of the Meeting of Experts on BAPMoN Station Operation, Geneva, 23–26 November 1981.

7.

Fourth Analysis on Reference Precipitation Samples by the Participating World Meteorological Organization Laboratories by
Robert L. Lampe and John C. Puzak, December 1981.

8.

Review of the Chemical Composition of Precipitation as Measured by the WMO BAPMoN by Prof. Dr. Hans-Walter Georgii,
February 1982.

9.

An Assessment of BAPMoN Data Currently Available on the Concentration of CO2 in the Atmosphere by M.R. Manning,
February 1982.

10.

Report of the Meeting of Experts on Meteorological Aspects of Long-range Transport of Pollutants, Toronto, Canada,
30 November - 4 December 1981.

11.

Summary Report on the Status of the WMO Background Air Pollution Monitoring Network as at May 1982.

12.

Report on the Mount Kenya Baseline Station Feasibility Study edited by Dr. Russell C. Schnell.

13.

Report of the Executive Committee Panel of Experts on Environmental Pollution, Fourth Session, Geneva,
27 September - 1 October 1982.

14.

Effects of Sulphur Compounds and Other Pollutants on Visibility by Dr. R.F. Pueschel, April 1983.

15.

Provisional Daily Atmospheric Carbon Dioxide Concentrations as Measured at BAPMoN Sites for the Year 1981, May 1983.

16.

Report of the Expert Meeting on Quality Assurance in BAPMoN, Research Triangle Park, North Carolina, USA,
17-21 January 1983.

17.

General Consideration and Examples of Data Evaluation and Quality Assurance Procedures Applicable to BAPMoN
Precipitation Chemistry Observations by Dr. Charles Hakkarinen, July 1983.

18.

Summary Report on the Status of the WMO Background Air Pollution Monitoring Network as at May 1983.

19.

Forecasting of Air Pollution with Emphasis on Research in the USSR by M.E. Berlyand, August 1983.

20.

Extended Abstracts of Papers to be Presented at the WMO Technical Conference on Observation and Measurement of
Atmospheric Contaminants (TECOMAC), Vienna, 17-21 October 1983.

21.

Fifth Analysis on Reference Precipitation Samples by the Participating World Meteorological Organization Laboratories by
Robert L. Lampe and William J. Mitchell, November 1983.

22.

Report of the Fifth Session of the WMO Executive Council Panel of Experts on Environmental Pollution, GarmischPartenkirchen, Federal Republic of Germany, 30 April - 4 May 1984 (WMO TD No. 10).

23.

Provisional Daily Atmospheric Carbon Dioxide Concentrations as Measured at BAPMoN Sites for the Year 1982.
November 1984 (WMO TD No. 12).
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24.

Final Report of the Expert Meeting on the Assessment of the Meteorological Aspects of the Second Phase of EMEP,
Friedrichshafen, Federal Republic of Germany, 7-10 December 1983. October 1984 (WMO TD No. 11).

25.

Summary Report on the Status of the WMO Background Air Pollution Monitoring Network as at May 1984. November 1984
(WMO TD No. 13).

26.

Sulphur and Nitrogen in Precipitation: An Attempt to Use BAPMoN and Other Data to Show Regional and Global Distribution
by Dr. C.C. Wallén. April 1986 (WMO TD No. 103).

27.

Report on a Study of the Transport of Sahelian Particulate Matter Using Sunphotometer Observations by Dr. Guillaume A.
d'Almeida. July 1985 (WMO TD No. 45).

28.

Report of the Meeting of Experts on the Eastern Atlantic and Mediterranean Transport Experiment ("EAMTEX"), Madrid and
Salamanca, Spain, 6-8 November 1984.

29.

Recommendations on Sunphotometer Measurements in BAPMoN Based on the Experience of a Dust Transport Study in
Africa by Dr. Guillaume A. d'Almeida. September 1985 (WMO TD No. 67).

30.

Report of the Ad-hoc Consultation on Quality Assurance Procedures for Inclusion in the BAPMoN Manual, Geneva, 29-31
May 1985.

31.

Implications of Visibility Reduction by Man-Made Aerosols (Annex to No. 14) by R.M. Hoff and L.A. Barrie. October 1985
(WMO TD No. 59).

32.

Manual for BAPMoN Station Operators by E. Meszaros and D.M. Whelpdale. October 1985 (WMO TD No. 66).

33.

Man and the Composition of the Atmosphere: BAPMoN - An international programme of national needs, responsibility and
benefits by R.F. Pueschel, 1986.

34.

Practical Guide for Estimating Atmospheric Pollution Potential by Dr. L.E. Niemeyer. August 1986 (WMO TD No. 134).

35.

Provisional Daily Atmospheric CO2 Concentrations as Measured at BAPMoN Sites for the Year 1983. December 1985
(WMO TD No. 77).

36.

Global Atmospheric Background Monitoring for Selected Environmental Parameters. BAPMoN Data for 1984. Volume I:
Atmospheric Aerosol Optical Depth. October 1985 (WMO TD No. 96).

37.

Air-Sea Interchange of Pollutants by R.A. Duce. September 1986 (WMO TD No. 126).

38.

Summary Report on the Status of the WMO Background Air Pollution Monitoring Network as at 31 December 1985.
September 1986 (WMO TD No. 136).

39.

Report of the Third WMO Expert Meeting on Atmospheric Carbon Dioxide Measurement Techniques, Lake Arrowhead,
California, USA, 4-8 November 1985. October 1986.

40.

Report of the Fourth Session of the CAS Working Group on Atmospheric Chemistry and Air Pollution, Helsinki, Finland, 1822 November 1985. January 1987.

41.

Global Atmospheric Background Monitoring for Selected Environmental Parameters. BAPMoN Data for 1982, Volume II:
Precipitation chemistry, continuous atmospheric carbon dioxide and suspended particulate matter. June 1986 (WMO TD No.
116).

42.

Scripps reference gas calibration system for carbon dioxide-in-air standards:
P.R. Guenther and D.J. Moss. September 1986 (WMO TD No. 125).

43.

Recent progress in sunphotometry (determination of the aerosol optical depth). November 1986.

44.

Report of the Sixth Session of the WMO Executive Council Panel of Experts on Environmental Pollution, Geneva,
5-9 May 1986. March 1987.

45.

Proceedings of the International Symposium on Integrated Global Monitoring of the State of the Biosphere (Volumes I-IV),
Tashkent, USSR, 14-19 October 1985. December 1986 (WMO TD No. 151).
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revision of 1985 by C.D. Keeling,

46.

Provisional Daily Atmospheric Carbon Dioxide Concentrations as Measured at BAPMoN Sites for the Year 1984. December
1986 (WMO TD No. 158).

47.

Procedures and Methods for Integrated Global Background Monitoring of Environmental Pollution by F.Ya. Rovinsky, USSR
and G.B. Wiersma, USA. August 1987 (WMO TD No. 178).

48.

Meeting on the Assessment of the Meteorological Aspects of the Third Phase of EMEP IIASA, Laxenburg, Austria, 30 March
- 2 April 1987. February 1988.

49.

Proceedings of the WMO Conference on Air Pollution Modelling and its Application (Volumes I-III), Leningrad, USSR, 19-24
May 1986. November 1987 (WMO TD No. 187).

50.

Provisional Daily Atmospheric Carbon Dioxide Concentrations as Measured at BAPMoN Sites for the Year 1985. December
1987 (WMO TD No. 198).

51.

Report of the NBS/WMO Expert Meeting on Atmospheric CO2 Measurement Techniques, Gaithersburg, USA, 15-17 June
1987. December 1987.

52.

Global Atmospheric Background Monitoring for Selected Environmental Parameters. BAPMoN Data for 1985. Volume I:
Atmospheric Aerosol Optical Depth. September 1987.

53.

WMO Meeting of Experts on Strategy for the Monitoring of Suspended Particulate Matter in BAPMoN - Reports and papers
presented at the meeting, Xiamen, China, 13-17 October 1986. October 1988.

54.

Global Atmospheric Background Monitoring for Selected Environmental Parameters. BAPMoN Data for 1983, Volume II:
Precipitation chemistry, continuous atmospheric carbon dioxide and suspended particulate matter (WMO TD No. 283).

55.

Summary Report on the Status of the WMO Background Air Pollution Monitoring Network as at 31 December 1987 (WMO
TD No. 284).

56.

Report of the First Session of the Executive Council Panel of Experts/CAS Working Group on Environmental Pollution and
Atmospheric Chemistry, Hilo, Hawaii, 27-31 March 1988. June 1988.

57.

Global Atmospheric Background Monitoring for Selected Environmental Parameters. BAPMoN Data for 1986, Volume I:
Atmospheric Aerosol Optical Depth. July 1988.

58.

Provisional Daily Atmospheric Carbon Dioxide Concentrations as measured at BAPMoN sites for the years 1986 and 1987
(WMO TD No. 306).

59.

Extended Abstracts of Papers Presented at the Third International Conference on Analysis and Evaluation of Atmospheric
CO2 Data - Present and Past, Hinterzarten, Federal Republic of Germany, 16-20 October 1989 (WMO TD No. 340).

60.

Global Atmospheric Background Monitoring for Selected Environmental Parameters. BAPMoN Data for 1984 and 1985,
Volume II: Precipitation chemistry, continuous atmospheric carbon dioxide and suspended particulate matter.

61.

Global Atmospheric Background Monitoring for Selected Environmental Parameters. BAPMoN Data for 1987 and 1988,
Volume I: Atmospheric Aerosol Optical Depth.

62.

Provisional Daily Atmospheric Carbon Dioxide Concentrations as measured at BAPMoN sites for the year 1988 (WMO TD
No. 355).

63.

Report of the Informal Session of the Executive Council Panel of Experts/CAS Working Group on Environmental Pollution
and Atmospheric Chemistry, Sofia, Bulgaria, 26 and 28 October 1989.

64.

Report of the consultation to consider desirable locations and observational practices for BAPMoN stations of global
importance, Bermuda Research Station, 27-30 November 1989.

65.

Report of the Meeting on the Assessment of the Meteorological Aspects of the Fourth Phase of EMEP, Sofia, Bulgaria, 27
and 31 October 1989.

66.

Summary Report on the Status of the WMO Global Atmosphere Watch Stations as at 31 December 1990 (WMO TD No.
419).
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67.

Report of the Meeting of Experts on Modelling of Continental, Hemispheric and Global Range Transport, Transformation and
Exchange Processes, Geneva, 5-7 November 1990.

68.

Global Atmospheric Background Monitoring for Selected Environmental Parameters. BAPMoN Data For 1989, Volume I:
Atmospheric Aerosol Optical Depth.

69.

Provisional Daily Atmospheric Carbon Dioxide Concentrations as measured at Global Atmosphere Watch (GAW)-BAPMoN
sites for the year 1989 (WMO TD No. 400).

70.

Report of the Second Session of EC Panel of Experts/CAS Working Group on Environmental Pollution and Atmospheric
Chemistry, Santiago, Chile, 9-15 January 1991 (WMO TD No. 633).

71.

Report of the Consultation of Experts to Consider Desirable Observational Practices and Distribution of GAW Regional
Stations, Halkidiki, Greece, 9-13 April 1991 (WMO TD No. 433).

72.

Integrated Background Monitoring of Environmental Pollution in Mid-Latitude Eurasia by Yu.A. Izrael and F.Ya. Rovinsky,
USSR (WMO TD No. 434).

73.

Report of the Experts Meeting on Global Aerosol Data System (GADS), Hampton, Virginia, 11 to 12 September 1990 (WMO
TD No. 438).

74.

Report of the Experts Meeting on Aerosol Physics and Chemistry, Hampton, Virginia, 30 to 31 May 1991 (WMO TD No. 439).

75.

Provisional Daily Atmospheric Carbon Dioxide Concentrations as measured at Global Atmosphere Watch (GAW)-BAPMoN
sites for the year 1990 (WMO TD No. 447).

76.

The International Global Aerosol Programme (IGAP) Plan: Overview (WMO TD No. 445).

77.

Report of the WMO Meeting of Experts on Carbon Dioxide Concentration and Isotopic Measurement Techniques, Lake
Arrowhead, California, 14-19 October 1990.

78.

Global Atmospheric Background Monitoring for Selected Environmental Parameters BAPMoN Data for 1990, Volume I:
Atmospheric Aerosol Optical Depth (WMO TD No. 446).

79.

Report of the Meeting of Experts to Consider the Aerosol Component of GAW, Boulder, 16 to 19 December 1991 (WMO TD
No. 485).

80.

Report of the WMO Meeting of Experts on the Quality Assurance Plan for the GAW, Garmisch-Partenkirchen, Germany, 2630 March 1992 (WMO TD No. 513).

81.

Report of the Second Meeting of Experts to Assess the Response to and Atmospheric Effects of the Kuwait Oil Fires,
Geneva, Switzerland, 25-29 May 1992 (WMO TD No. 512).

82.

Global Atmospheric Background Monitoring for Selected Environmental Parameters BAPMoN Data for 1991, Volume I:
Atmospheric Aerosol Optical Depth (WMO TD No. 518).

83.

Report on the Global Precipitation Chemistry Programme of BAPMoN (WMO TD No. 526).

84.

Provisional Daily Atmospheric Carbon Dioxide Concentrations as measured at GAW-BAPMoN sites for the year 1991 (WMO
TD No. 543).

85.

Chemical Analysis of Precipitation for GAW: Laboratory Analytical Methods and Sample Collection Standards by Dr Jaroslav
Santroch (WMO TD No. 550).

86.

The Global Atmosphere Watch Guide, 1993 (WMO TD No. 553).

87.

Report of the Third Session of EC Panel/CAS Working Group on Environmental Pollution and Atmospheric Chemistry,
Geneva, 8-11 March 1993 (WMO TD No. 555).

88.

Report of the Seventh WMO Meeting of Experts on Carbon Dioxide Concentration and Isotopic Measurement Techniques,
Rome, Italy, 7-10 September 1993, (edited by Graeme I. Pearman and James T. Peterson) (WMO TD No. 669).

89.

4th International Conference on CO2 (Carqueiranne, France, 13-17 September 1993) (WMO TD No. 561).
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90.

Global Atmospheric Background Monitoring for Selected Environmental Parameters GAW Data for 1992, Volume I:
Atmospheric Aerosol Optical Depth (WMO TD No. 562).

91.

Extended Abstracts of Papers Presented at the WMO Region VI Conference on the Measurement and Modelling of
Atmospheric Composition Changes Including Pollution Transport, Sofia, 4 to 8 October 1993 (WMO TD No. 563).

92.

Report of the Second WMO Meeting of Experts on the Quality Assurance/Science Activity Centres of the Global Atmosphere
Watch, Garmisch-Partenkirchen, 7-11 December 1992 (WMO TD No. 580).

93.

Report of the Third WMO Meeting of Experts on the Quality Assurance/Science Activity Centres of the Global Atmosphere
Watch, Garmisch-Partenkirchen, 5-9 July 1993 (WMO TD No. 581).

94.

Report on the Measurements of Atmospheric Turbidity in BAPMoN (WMO TD No. 603).

95.

Report of the WMO Meeting of Experts on UV-B Measurements, Data Quality and Standardization of UV Indices, Les
Diablerets, Switzerland, 25-28 July 1994 (WMO TD No. 625).

96.

Global Atmospheric Background Monitoring for Selected Environmental Parameters WMO GAW Data for 1993, Volume I:
Atmospheric Aerosol Optical Depth.

97.

Quality Assurance Project Plan (QAPjP) for Continuous Ground Based Ozone Measurements (WMO TD No. 634).

98.

Report of the WMO Meeting of Experts on Global Carbon Monoxide Measurements, Boulder, USA, 7-11 February 1994
(WMO TD No. 645).

99.

Status of the WMO Global Atmosphere Watch Programme as at 31 December 1993 (WMO TD No. 636).

100.

Report of the Workshop on UV-B for the Americas, Buenos Aires, Argentina, 22-26 August 1994.

101.

Report of the WMO Workshop on the Measurement of Atmospheric Optical Depth and Turbidity, Silver Spring, USA, 6-10
December 1993, (edited by Bruce Hicks) (WMO TD No. 659).

106.

Report of the Workshop on Precipitation Chemistry Laboratory Techniques, Hradec Kralove, Czech Republic, 17-21 October
1994 (WMO TD No. 658).
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