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the world as there are few measurements in Africa, Central 
and South America, Central and Southern Asia and the 
Middle Eastern region (or data from these regions were 
not accessible). 

Centralized extractions of aggregated metrics data sets 
applying consistent filtering and statistics routines to the 
entire data set for all TOAR analyses are made available 
through the TOAR data portal at the PANGAEA publishing 
site. Additional methods to access TOAR data are the JOIN 
web interface and the associated REST services. The TOAR 
database allows for novel ways of analysing surface ozone 

data and trends as a result of the extensive data collection, the 
data quality control efforts, the multi-faceted metadata, and 
the consistent processing of all surface ozone observations. 
One particular example is the first objective, globally 
consistent station characterisation through combination 
of various global, gridded data sets. Demonstrations of new 
surface ozone analyses are given in this paper.

An important lesson from the TOAR database building 
effort was the recognition of the value of intensive com-
munication with ozone data centers and other data pro-
viders and the appreciation of their work, expressed also 

Figure 6: Monthly daytime (8–20 h local time) average ozone mole fractions during 2010–2014 gridded onto a 5° × 5° 
longitude-latitude grid. Top: January, bottom: July. All stations at altitudes below 2000 m and with at least 3 years of 
data during the interval were included. Similar maps are available for all months, for rural and urban stations, and for 
various metrics on the TOAR data portal. DOI: https://doi.org/10.1525/elementa.244.f6
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by the long author list of this paper. As there is no global 
standardization of atmospheric composition metadata, 
data formats and data access methods, the data collection 
effort is rather complex and error-prone (see discussion in 
Sofen et al., 2016b). Only by intensive communication with 

the original data providers has it been possible to resolve 
errors and ambiguities, and we hope that the feedback 
they have received from the TOAR database curators will 
help to improve the quality and consistency of the original 
ozone data repositories. 

Figure 7: Seasonal cycles of the gridded daytime average product in 30° × 15° resolution  for 2010–2014. Each panel 
contains all seasonal cycles within one 15° latitude band. Colors (i.e. hue) represent the longitude (in 30° bins). Solid 
lines represent grid boxes where at least 30 sites have valid data (i.e. at least 3 years with 75% coverage), dashed lines 
represent grid boxes with 6 to 29 sites, and dotted lines represent grid boxes with less than 6 sites. As in Figure 6, all 
stations at altitudes less than 2000 m and with at least 3 years of data during the interval were included. DOI: https://
doi.org/10.1525/elementa.244.f7
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To enhance the usability and value of surface ozone 
and air quality observations worldwide, the community 
must make further progress on the data and metadata 
harmonization and quality control. We recommend to 
managers of air quality data that: (i) data centers improve 
the documentation of their metadata and include more 
information on the measurement sites, the instruments 
and calibration techniques in their repositories; (ii) station 
coordinates be provided with better accuracy and station 
locations be verified in order to allow analysis of ozone data 
together with high resolution geographical information, 
thereby enabling new applications such as automatic 
search for nearby pollution sources; (iii) more automated 
quality control tools be developed and harmonized 
among data centers. Automated quality control tools 
should be based on rigorous statistical methods and 
may benefit from new methods of big data analytics (e.g. 
“deep learning”) in order to test data sets for consistency 
in space and time and use additional information such as 
meteorological fields or ozone precursor data to test the 
plausibility of reported ozone concentrations. Finally, we 
express our hope that access to quality controlled hourly 
observations of air quality will be facilitated through 
the implementation of state-of-the-art web services. At 
present a lot of manual intervention is needed in order to 
collect all available observations. Over the coming years 
we aim to further expand and continue updates of the 
TOAR database. Recent additions include ozone precursor 
and meteorological data from European stations. While 
the existence and accessibility of the TOAR database is 
guaranteed for several years, its further development will 
depend on the availability of funding.

The database and tools that have been developed in the 
context of TOAR constitute an important step towards a 
global data architecture (see for example https://www.
rd-alliance.org/about-rda/who-rda.html) and are used as 
examples in presentations and discussions on this topic. 
This work shows a lot of potential but also reveals many 
issues with respect to building the fully interoperable, 
federated data repositories (https://en.wikipedia.org/
wiki/Federated_database_system) of the future. In 
particular, it clearly demonstrates that the cooperative 
involvement of many people is needed in order to bring 

such systems to life and to make sure that the underlying 
information is of known quality, robust, documented, and 
traceable.

Data Accessibility Statement
General access to TOAR data is free and unrestricted 
through the JOIN web interface (https://join.fz-juelich.
de/) and its associated REST service (see documentation 
in Supplemental Material). This applies to all data 
products on daily and coarser time resolution. The hourly 
ozone data in the TOAR database are not publically 
available due to restrictions imposed by individual data 
providers. For use of the interactive JOIN web interface, a 
registration is required. Many of the original hourly ozone 
observations are, however, available from the original 
data center websites (see Table 1 of this article). The 
TOAR data portal on PANGAEA (https://doi.org/10.1594/
PANGAEA.876108) contains ozone statistics (including 
metrics for assessing health, vegetation, and climate 
impacts), trend estimates, and graphical material. The 
TOAR data portal also provides free and unrestricted 
access. All use of TOAR surface ozone data should include 
a reference to this article.

Supplemental Files
The supplemental files for this article can be found as 
 follows:

• Supplement 1. Documentation of TOAR  surface 
ozone data products. DOI: https://doi.org/10.1525/
elementa.244.s1

• Supplement 2. Documentation of the Jülich Open 
Web Interface for accessing TOAR surface ozone data. 
DOI: https://doi.org/10.1525/elementa.244.s2

Note
 1 In most cases the results provided through TOAR will be 

very close to official statistics, but there are subtle dif-
ferences in the implementation of various TOAR metrics 
which may change the results of such analysis. Further-
more, as described in section 5, we performed extensive 
additional quality control on the TOAR  database records 
and even though we reported data flagging changes or 

Figure 8: As Figure 7, but for the 5th percentiles, medians, and 95th percentiles at rural stations in the latitude range 
30°–45°N. DOI: https://doi.org/10.1525/elementa.244.f8
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unit errors back to the data providers, these may not 
always be adopted in the original archives. Finally, some 
data flagging schemes can be ambiguous with respect 
to interpreting “unusual” data as either valid or invalid. 
Such data may be valid for TOAR purposes, but may be 
unsuitable for judging whether a given station attained 
the legal air quality criteria or not.
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