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Summary

This report deals with the role of representativeness in the assessment of air quality. It focuses on the most pressing issue, which is the spatial representativeness of monitoring networks of stations, which provide concentration data at a limited number of points in space, but are usually aiming at measuring the air quality in the entire territory.

This report gives an overview how representativeness is achieved by network design.In several networks in Europe, procedures have been established to characterise the spatial representativeness of stations. These characterisations are crude and cannot be quantitatively used to estimate the concentration distribution throughout a territory, especially not in cities.

An analysis of principles of representativeness and how these should be applied is given. A network of several stations can be used to statisitically estimate the concentration distribution function in a territory, and by assigning areas of representativeness to individual stations, concentration maps of a territory can be constructed. Representativeness relies on the inclusion of external factors, i.e. a priori knowledge of emissions, dispersion and other factors that influence concentrations. Ways to use a priori knowledge to generalise measured concentrations to other locations range between expert judgement and data assimilation.
Recommedations to improve representativeness of monitoring networks are given, addressing the EU level as well as local practioners.
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Prologue

Imagine a planet where technology development took another course than on earth. Satelite technology and remote sensing had become mature before the inhabitants became aware of air pollution. In the first years air pollution was measured from existing military satelites. The army granted just a few snapshots per year. After some years, one had a limited number of high-resolution maps per year of the instantaneous concentrations at the surface. Figures 1 and 2 illustrate the result: Figure 1 shows that their concentration data are continuous in space, but pointwise in time, and Figure 2 shows a cross section of the concentration along a line through the country at a certain moment.
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Figure 1 Air quality measurement data on imaginary planet
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Figure 2 Concentration pattern along a line on imaginary planet

How does this compare with what we have?Figures 3 and 4 show that we are in a similar situation, but time and space are interchanged. We have monitoring stations at a few point-locations in the territory, measuring continuously in time, and hence we are familiar with time series of concentrations.
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Figure 3 Air quality measurement data on earth
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Figure 4 Concentration time series on earth
Which planet has the most appropriate data? Most likely, those living at the other planet would pity the Earth inhabitants; after all, environment is a spatial concept, so the most basic data are about how the pollution is distributed over the territory.
1. Introduction

The representativeness issue is an important aspect in assessment methodology, but at the same time so obvious that we tend to overlook it. Representativeness deals with the fact that in environmental assessment we cannot measure or model each area and time period that we may wish:
· We may wish to monitor the environment everywhere in a city, but we can measure only at a few locations;
· We may wish to model air quality in every streat, but we can model only a few streets;

· We may wish to monitor a pollutant throughout the year, but we can only afford to analyse a limited number of samples;
· We may wish to model the air pollution in a city for the whole year, but computing time allows us to model only a few days.
Instead of measuring or modelling the entire domain (in space and time), we often select a few locations or time periods (sometimes just one) and assume that they represent the entire domain. This assumption is more often made implicitly that explicitly. As the prologue illustrates, the representativeness issue plays in practice a different role in space than in time. We will focus here on spatial representativeness, the most elusive of the two and also the least understood one. 
The European air quality directives distinguish two major areas for the representativeness of measurements. Annex VI of the first daughter directive and Annex IV of the second daughter directive require:

Sampling points directed at the protection of human health should be sited:
(i) to provide data on the areas within zones and agglomerations where the highest concentrations occur to which the population is likely to be directly or indirectly exposed for a period which is significant in relation to the averaging period of the limit value(s);
(ii) to provide data on levels in other areas within the zones and agglomerations which are representative of the exposure of the general population.
It means that measurements have to be done where population exposure occurs, and that in such areas one should measure both at locations with highest concentrations and those with typical
 concentrations. During the review of the directives by the European Commission, the question whether compliance with limit values should also be checked where no population exposure occurs, has been intensely discussed. We assume here, consistent with current practice in most (but not all) Member States, that the outcome of the debate will be that places where people are never present exposed should not be taken into account.
The first daughter directive has also requirements for measuring in relation to the protection of ecosystems (SO2) and vegetation (NOx). The requirements are the same for SO2 and NOx. Protection of ecosystems and vegetation at EU level does not target at individual plants or animals. Accordingly, stations related to the protection of ecosystems or vegetation should not be sited at the points where the concentrations are highest, but the station site should be representative for an area of at least 1000 km2 and should not be located near sources (Annex IV of the third daughter directive):
Sampling points targeted at the protection of ecosystems or vegetation should be sited more than 20 km from agglomerations or more than 5 km from other built-up areas, industrial installations or motorways. As a guideline, a sampling point should be sited to be representative of air quality in a surrounding area of at least 1 000 km2. A Member State may provide for a sampling point to be sited at a lesser distance or to be representative of air quality in a less extended area, taking account of geographical conditions.

For ozone (third daughter directive) the requirements are different, because there are no small scale hotspots of ozone. The directive explicitly defines the representativeness scale per station type:

	Station type
	Protection target
	Representativeness scale

	Urban
	Health
	A few km2

	Sub-urban
	Health and vegetation
	Some tens of km2

	Rural
	Health and vegetation
	Sub-regional ( few km2)

	Rural background
	Health and vegetation
	Regional/national/continental (1000 – 10 000 km2)


The ozone directive does not give text similar to the text quoted above from the first two daughter directive, and it does not explicitly refer to highest and typical levels. 
A third important – though as yet future – requirement is given in the Commission’s proposal for the new Air Quality Directive on Ambient Air Quality and Cleaner Air in Europe, which, following the review mentioned above, will replace the current Framework Directive and the first three daughter directives. It introduces for PM2.5 a reduction target for the Exposure Reduction Indicator, which is defined as “the average level determined from measurements at urban background locations throughout the territory of a Member State and which reflects population exposure”. This standard relies even more explictly than limit values on proper represesentativeness of stations
.
The last few years have seen a growing interest for monitoring population exposure. One of the incentives has come from the new Environment&Health initiative of the European Commission. A consultancy study for the European Commission has given recommendations for improving this in air quality monitoring networks. For an up to date review of the role of representativeness in air quality monitoring, the reader is referred to the methodology report, which is due in September 2006. In the INTARESE project#ref, a review of the relevance of existing networks for pollution of air, water, soil, noise to health risk assessment is being carried out. 
In this report, however, we will focus on the existing and foreseen legislation, for which the representativeness issue relates to the spatial domain. We will focus on the question how well the air quality in a given territory is or can be characterised (represented) by a limited number of monitoring stations. This is the primary issue to be resolved in the design of a monitoring network. The ideas developed below are, mutatis mutandis, also useful for the selection of representative areas for modelling, but this will not be addressed explictly.
Below, Chapter 2 gives an overview of current air quality monitoring approaches in Europe, focusing on network design. In Chapter 3, the issue of representativeness is discussed in a more general way. Chapter 4 gives recommendations on how to achieve a good coverage by a monitoring network and how to deal with uncertainties in the representativeness of the network for the entire territory of interest.

2. Air quality monitoring approaches in Europe

2.1  Introduction

Assessment of air quality by monitoring can be described as a step-wise process, where important elements are:

· monitoring objectives, as a basis for

· monitoring network design, selection of compounds to monitor,

· selection of appropriate methods reflecting the monitoring objectives,

· procedures for controlling the data quality, which includes both:
- accuracy of the measurements,
- representiveness of the measurements, involving both spatial and temporal
   representativeness. 

Two databases and monitoring network systems on the European scale are currently active and available. These are:

· the EMEP monitoring network and database focusing on rural/regional scale monitoring. The main objective of the EMEP network, which includes a limited number of sites per country, in total about 300 stations, is to provide basis for validation of models. 
http://www.nilu.no/projects/ccc/

· the AirBase database system, which focuses on local and urban monitoring, but also here background stations are included. EU and EEA Member Countries report there data to AirBase, coming from about 3300 stations. It makes use of the EuroAirnet network recommendations. 
http://air-climate.eionet.eu.int/databases/airbase/   

The guidelines and criteria for monitoring behind these networks are described in Annex A.

2.2  Monitoring objectives

Objectives of air quality monitoring include those listed below, in a sequence of increasing requirements to the completeness and accuracy of the monitoring system (Larssen, 1998):

Monitoring objectives are that the monitoring system should, e.g.:

· permit a preliminary assessment of air quality, to determine further needs for monitoring, e.g. to determine compliance with air quality limit values (AQLVs);

· facilitate a general description of air quality, and its development over time (trend);

· present on-line air quality information to the public, and support forecasting of  near-future air quality;

· support model validation;

· support establishment of emissions/exposure relations;

· support to quantify damage to health, materials and vegetation, and exposure/effects relations;

· support development of cost-effective abatement strategies;

· support legislation (in terms of air quality directives);

· influence/inform/assess effectiveness of previous/future policy.

The current state of knowledge of air quality, its causes and monitoring is fairly advanced in many European cities. The current “state-of-the-art” objectives of urban monitoring programs in Europe are thus that the monitoring program shall permit:


· determination of the degree of compliance with AQ limit values;

· detection of tendencies and trends with sufficient accuracy, and effects of on-going abatement programs;

· on-line presentation of present air quality;

· determination of source/exposure relationships;

· prediction of effects of planned abatement;

· to forecast short-term (near future) air quality. 

The introduction of the EU AQ Directives and the establishment of the CAFE programme for air pollution management in Europe, has shifted the emphasis on air quality towards the health effects side. This means that in terms of monitoring objectives, the emphasis on the health-relevance of the monitoring efforts has increased.

2.3 Monitoring objectives and monitoring effort

The objective of the monitoring efforts is the main factor which sets the “level of quality” of the monitoring system, where “quality” can be defined as including both technical quality, (accuracy and representativeness of the data), as well as the costs of the provision of the monitoring data (costs per data point and total). In the EU Air Quality Directives (the Daughter Directives, DD) this concept of “the quality level of monitoring” has been established. It is related to the level of air pollution concentrations relative to the AQ Limit Values for each compound, and it reflects the minimum requirements set to the AQ monitoring in the Directives, see Figure x.1 and Table x.1. It is differentiated between high quality monitoring when concentrations are above the so-called ‘upper assessment threshold, UAT’, ‘indicative’ (‘low quality level’) measurements or only modelling when the concentrations are below the ‘lower assessment threshold, LAT’, and an intermediate quality, in the region in between
. The requirements apply per air quality zone, as designated under the framework directive; if an assessment threshold is exceeded anywhere in the zone, not only the exceedance area, but the entire zone is subject to the associated assessment requirement. The quality levels can be described shortly as:

· ‘Low quality’ monitoring methods, to be used both in the preliminary assessment phase, and later when it has been demonstrated that the pollution level is low, include e.g. passive samplers, simple manual samplers taking daily average samples, etc. (see e.g. the Preliminary Assessment methods report: http://reports.eea.eu.int/TEC11a/en ).

· ‘High quality’ monitoring methods, which are required in agglomerations and when the air pollution concentrations exceeds UAT, entail automatic monitors giving hourly values or better, with near real time transfer of data, so information to the public can be given. The methods must at least comply with the accuracy requirements in the Directives.

· ‘Medium quality monitoring’, which is to be used when the concentrations are between UAT and LAT. This does not necessarily imply that there are some separate ‘medium quality’ types of methods. It means rather that fewer locations may need to be monitored, and the intensity of monitoring can be less, for instance covering less of the time of the day/week/year, mobile monitoring stations can be used to a larger extent, etc.

The minimum number of stations in relation to exceedance of the UAT and LAT are given in annexes of the daughter directives. Table x.2 indicates the relations between the level of monitoring quality and the monitoring objectives it may satisfy. The table is indeed indicative. 
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Figure x. 1 Implication of exceedence of the limit value, the upper assessment threshold and the lower assessment threshold for compliance judgement and assessment requirements in a zone
Source: The "Guidance on assessment under the EU AQ Directives" report: (http://www.europa.eu.int/comm/environment/air/pdf/guidanceunderairquality.pdf)
Table x.1 Air quality assessment and pollution levels according to the EC AQ Directives

	Maximum pollution level in agglomeration or zone
	Assessment Requirements*

	Regime 1: Greater than the upper assessment threshold 
	High quality measurement is mandatory. Data from measurement may be supplemented by information from other sources, including air quality modelling.

	Regime 2: Less than the upper assessment threshold but greater than the lower assessment threshold
	Measurement is mandatory, but fewer measurements may be needed, or less intensive methods may be used, provided that measurement data are supplemented by reliable information from other sources.

	Regime 3: Less than the lower assessment threshold
	

	a. In agglomerations, only for          pollutants for which an alert     threshold has been set**
	At least one measuring site is required per agglomeration, combined with modelling, objective estimation, indicative measurements.

	b. In non-agglomeration zones     for all pollutants and in all     types of zone for pollutants

for which no alert threshold has been set
	Modelling, objective estimation, and indicative measurements alone are sufficient.


*
Data quality objectives are given in Annex VIII of the first Daughter Directive.

**
In the first Daughter Directive this only applies to SO2 and NO2.

Table x.2:  Levels of monitoring quality and related monitoring objectives

	Level of monitoring quality
	Monitoring objectives

	Level
	Types of monitoring
	

	Low

(inexpensive)
	- Passive samplers

- Integrating samplers/subsequent
   analysis in laboratory

- Low-density monitoring (spatial and 
   temporal)

- Few, selected indicator compounds
	- screening of AQ problems
- preliminary assessment



	High
	- Automatic (continuous) monitors

- Reference methods/equivalence

- Passive samplers

- Dense monitoring
	- assess compliance with AQ LV,
- determine AQ trends,
- present on-line AQ info to public,
- support development of AQ action
   plans,
- determination of source-exposure
   relationships,
- predictions of effects of planned 
  abatement;

- health effects studies/epidemiology
- ..

	Medium
	Various possibilities with elements from the above:
- samplers and automatic monitors,
- less dense monitoring
- mobile monitoring,

- …
	Medium quality monitoring could be used to satisfy many of the above objectives, in cases when the requirements to accuracy and specificity can be reduced.


2.4 Monitoring network design

The design of the AQ monitoring network basically involves to determine the number of stations and their location, and monitoring methods, with a view to the objectives, costs and available resources. The topic of network design has been treated by Larssen (1998) and in (http://www.europa.eu.int/comm/environment/air/pdf/guidanceunderairquality.pdf ). 

There are two main basic approaches to determine the number of stations and locations in a monitoring network:

· to locate stations in a regular geometric grid covering the investigated area. The area size grid size thus determines the number of stations;

· to locate stations at sites considered to be representative for more well defined local environments, exposure situations or source activities, such as urban background, traffic/industrial hot-spots.


While the first approach was used earlier, e.g. in Germany, the latter approach is now in more general use, and also the one prescribed by the Directives.

The typical approach to network design, appropriate over city-wide or national scale, thus involves siting monitoring stations or sampling points at carefully selected representative locations, chosen on the basis of the monitoring objectives, the required data and known emission/dispersion patterns of the pollutants under study. This approach to network design requires considerably fewer sites than grid strategies and is, in consequence, less expensive to implement. However, sites must be carefully selected, for each type of micro-environments (e.g. residential, central, hotspot/traffic/industrial, ref. to station types below)  if measured data are to be useful. Moreover, modelling and other objective assessment techniques may need to be utilized to ‘’fill in the gaps’’ in any such monitoring strategy.

Obviously, the monitoring objective affects the network design decisively. For instance: 

· Compliance monitoring: the network should look for areas of exceedance of AQLVs, as well as areas of more typical exposure;

· Health-related monitoring: the network should provide data to support population exposure assessment;

· Model validation: the network must contain station locations representative for spatial elements corresponding to the spatial resolution of the model.

The question of the representativeness of a monitoring station is basic in the ‘network design’ concept. The representativeness of a station location should be determined in terms of the area around itself that it represents, and/or what other (nearby or within city) areas it represents. See Annex B for the definition of representativeness in EuroAirnet.

Another consideration in the basic approach to network design is the origin and scale of the air pollution problem:

· The air pollution is of predominantly local origin. The network is then concentrated within the urban area. Example: CO and benzene.

· There is a significant regional contribution to the problem. More emphasis then on the regional part. Example: ozone, PM.

· Large scale phenomena, such as winter smog episodes in NW Europe, or photochemical pollution episodes in the Mediterranean. Even more emphasis on the regional part of the network.

As a consequence of the EC AQ Directives, the design of monitoring networks now has to be linked to the concept of ‘zones and agglomeration’ as introduced in the Directives. Zones are primarily selected/defined such that they are suitable units for air quality management. A zone should be selected such that its AQ problems can be assessed and managed as much as possible without having to deal with sources and emissions outside the zone in a very detailed manner. An ‘agglomeration’ is a special type of zone, defined as an urban area with population exceeding 250,000. 

By now, all EU Member States have divided their territory into zones. Practice in most countries is to use larger administrative areas as zones, in addition to agglomerations and in a few cases smaller urban areas that are also defined as separate zones, when there is a risk that the LV/TVs are being exceeded in them.

Thus, environmental authorities in Europe now have to refer to these zones and agglomerations, when designing or updating/modifying AQ monitoring networks in their jurisdiction areas.

The number of sites , and the station type mix, depends of course on the size and topography of the urban area, the complexity of the source mix, and again upon the monitoring objectives. The Directives specify a minimum number of stations to be established dependent upon the population, and it also indicates what types of areas should be monitored (representing average as well as hot-spot exposure situations).

The network will normally be established for operation over a long period (many years). Thus its design is a very important process. It involves a basic procedure of several steps, such as:

· Start with a map showing main pollution related features such as urban central district, residential areas, areas of dense traffic, the main road network, large industrial plants and areas;

· Use a (preliminary) emissions inventory as a support to find the most polluted areas;

· Carry out preliminary dispersion modelling to identify polluted areas;

· Carry out surveys using inexpensive methods, such as passive samplers;

· Consider that different pollutants have different spatial scales of variability.
The further process of location and number is subjective.  Some guidance is given e.g. in the Guidance on Assessment under the EU Air Quality Directives  report, and in the  UK Technical Guidance Documents:  http://www.defra.gov.uk/environment/airquality/laqm/guidance/pdf/laqm-tg03.pdf.

A central question is: how many stations are sufficient for assessing ‘my’ city/ problem, according the monitoring objectives behind it? 

One answer to this is to look in the Directives, which sets a minimum number. However, the Directives also require that the air quality is assessed throughout the territory, and hence more stations may be needed than this general minimum. A better assessment may be wanted, or needed by local authorities. Still, one would like to optimise the cost-effectiveness of the network. It should be possible to do this analytically by combining monitoring and modelling, and assessing for instance how accuracy and completeness of the assessment is affected by removing/adding stations.

The site classification scheme used by the European Commission is a guide that should be used in the network design, so that any stations can be classed according to that scheme, and such that the network covers as many as possible of the station classes:

· Level 1: Type of station: traffic, industrial, background;

· Level 2: Type of area: urban, suburban, rural.

(See the EC Exchange of Information (EoI) decision: Council Decision 97/101/EC , and amendment: Commision Decision 2001/752/EC ).


Some countries have developed station classification schemes of their own, following the same basic principles as above, but deviating somewhat, e.g. UK http://www.airquality.co.uk/archive/siteclass.php  and France (ref/web link to be provided).

Each station is described in terms of meta data, which includes data such as code, coordinates, type, specific location area of representativeness, additional data such as traffic data, etc. (see also EoI as above, and its guidance document: Guidance report on the Annexes to Decision 97/101/EC ).

Monitoring involves assessing pollutant behaviour in both space and time. A good network design should therefore seek to optimise both spatial and temporal coverage, within available resource constraints. 

The first target is to maximize spatial coverage and obtaining representative measurements. Once priority pollutants have been selected, the sampling methods must be capable of a time resolution consistent with the pollutant averaging times specified in guidelines.

The compounds to be measured and the reference methods used are prescribed by the Directives and in the EoI Decision.

An air quality monitoring network must in addition to the air pollution monitoring part, also comprise a meteorology (dispersion parameter) monitoring part. It depends on the purpose of the measurements whether the meteorological measurement need to be done at the air quality monitoring site. The meteorological data are needed for at least two reasons: 

1. For the interpretation of the temporal and spatial variation of the data from the air quality monitoring, there is an obvious need for meteorological data: wind speed and direction; parameters describing atmospheric turbulence and stability, such as temperature profiles (measurements at two or more heights), or direct turbulence measurements; mixing height; and ground air temperature. 

2. The meteorological data should provide hourly spatial fields of the meteorological/dispersion parameters, either by interpolation, or using a wind-field model. The calculation of dispersion parameters from the meteorological parameter measurements to be used in the dispersion models, usually require the use of a meteorological pre-processor.

In addition to the network design considerations given above, the choice of monitoring methods and the establishment of data quality procedures are essential for an adequate network. Annexes B and C summarise the main aspects of those matters.

3. Representativeness
3.1 Current problems with representativeness

In local networks

The main and overobvious problem with representativeness is that monitoring stations are not numerous enough to cover the entire territory of interest. At the same time it is clearly not realistic to require that every location is covered by measurements. The representativeness of stations is usually only indicated by the station class (traffic, industrial, urban, rural station), but the class essentially refers to the presence or absence of local sources and only indirectly gives some information on areas with similar concentrations. In fact, concentrations at stations within the same class can be quite different, e.g. levels at one industrial station can be totally different from those at another industrial stations. More generally, it is generally not clear whether a station is at a site with highest or typical concentrations within its class (this is often known to the network operators, but usually not reported). There are also measuring sites of which it is not know where it is sited relative to location with the highest pollution, e.g. near industrial complexes. When measured concentrations are used in public debate, they are often regarded as representative for the whole area.
At the EU level

EU station classifications are widely used, but there are differences in definitions given in EoI, DD1/2 and DD3. There are important differences between Member States in the distribution of stations over the station classes, e.g. the UK reports four times more urban background stations than traffic stations, in contrast to Spain with four times more traffic stations than urban background stations #ref.
Furthermore, there is evidence that a significant number of stations is incorrectly classified #ref.

Another major problem is that it is not clear whether stations within a given class are sited in the same way, e.g. an industrial station may be sited near an industrial plant to capture the peak concentration or to measure the typical exposure in a nearby residential area.

3.2 Representativeness framework
Terminology

To simplify reading we use the following terms:
· Example Group: this is the group of items which are considered to be representative for a larger group of items. (In statistics it is often called the “sample”.)
· Whole Group: this is the group of items for which the Example Group is representative. Usually the Example Group is part of the Whole Group. (In statistics it is often called the “population”.)
· Similar to: when a certain property of an Example group is representative for a Whole Group, the value of this property of the Whole Group is said to be similar, i.e. equal within a (specified or unspecified) range, to the value of the Example Group.

· Property: similarity is defined for the distribution or range of values of a certain property of the Whole Group.

· Class: a class is a subgroup with a certain range of values of a property.

· Representativeness: a generally accepted definition does not seem to exist – dictionaries even do not acknowledge representativeness as an existing word. Representativeness refers to being representative (see the term similar).
Representativeness in space and time

In air quality assessment, the representativeness issue usually relates to a set of locations, in particular the sites of monitoring stations (the Example Group) having similar air quality properties as a larger area (the Whole Group of locations). It is sometimes also applied to a time periods (specific hours; specific episodes) having similar properties as a larger group of periods (e.g. a year; all high pollution episodes).

Representativeness in space for exposure

A special case of application to space is the characterisation of exposure (of humans, vegetation, materials) to air pollution. In that case, the Whole Group is restricted to those locations where exposure occurs. Used in this sense, exposure is only a crude estimator of the real exposure of humans, because e.g. indoor exposure is not taken into account. A relevant question is how the current network of monitoring stations is representative for human exposure. This has recently been evaluated in Kuhlbush et al. (2006)ref# and is also being addressed in the INTARESE project#ref.
Representativeness versus spatial resolution
Two types of representativeness are often confused. One type is associated with the spatial resolution of the concentration to be assessed. For comparing concentrations with air quality standards, a certain spatial resolution should, implicitly or explicitly, be used. For ecosystem/vegetation protection, it is 1000 km2, for streets it is 200 m2 (see Annex VI of the First Daughter Directive). It means that the station should not be at small-scale (sub-resolution) peaks within such an area but must be so placed that it measures the spatial average concentration in such an area
. One could say that its location should be “representative” for this resolution area (in the same way as a grid point in model output can represent the average of its grid cell), but this “microscale representativeness” is essentially different from the macroscale representativeness discussed above (which, in the model analogon, relates to similarity of different grid cells). We are applying here the term representativeness to the macrositing of stations, and associate the micrositing scale with spatial resolution. It can be noted that the directives do not clearly distinguish this, because the spatial resolution for ecosystem/vegetation protection is specified under the heading “macrositing”.
Representativenesss of a network of stations
Usually the Example Group must be large enough to statistically reliable, e.g. the number of people interviewed should not be too small in order to consider it representative for the entire population of a country. Representativeness means that statistics of the distributions of the values of the two groups are similar; individual values are not compared. An obvious application to air pollution assessment is the distribution of concentration values (e.g. the range of annual mean NO2 concentrations) of an Example Group of stations (e.g. at traffic sites) being similar to that of the corresponding Whole Group (e.g. the range of annual NO2 concentrations at all traffic locations). Because the statistical application does not relate to individual locations, it is not possible to draw up maps (or, in time domain, time series) of concentrations for this type of similarity.
Representativeness of a single station
In air pollution assessment practice, the Example Group sometimes consists of a single item (e.g. a monitoring station; a modelled episode), with the similarity relating to the concentrations (e.g. annual mean PM10 concentration). In this case, the individual value of the Example Group has to be compared with the values in the Whole Group, and the similarity refers to the range of values in the Whole Group instead of the distribution of values in the general case. In the case of a single monitoring station, it then represents all locations with similar concentrations which is a part of the map of the territory. Another (single) station may then be representative for other parts of the map and, ideally, the entire network of stations could cover all parts of the map.
A more restricted application for the single station case is the radius of representativeness (see EoI ref), which only includes the area directly adjacent to the station site, and excludes locations with similar concentrations that are not contiguous (connected). 

Classes of stations
For better insight, the Whole Group is often subdivided into subgroups (e.g. by dividing the population into male and female), provided that the corresponding sub-Example Groups are large enough. These subgroups are called classes. The property for which the classification (e.g. the gender) is chosen is generally different from the property to which the representativeness of an Example Group relates (e.g. employment rate).

In air pollution, the most common classification refer to stations: rural, urban, traffic, industrial stations. The properties of the stations that define this class are not properties of the concentrations but they relate to the nearness of sources; e.g. the concentration profile at a traffic station in Vienna need not be similar to that of a traffic station in Nigeria.
Property to which air quality representativeness applies

In practice, representativeness as used in air quality assessment applies to air pollution concentrations: a station is representative for another location if the concentrations are similar. Crudely, the similarity is often assumed for all concentration parameters (e.g. annual mean, percentiles, exceedances), but it may be more appropriate to restrict it to the most relevant parameters. In relation to the AQ Dts, the parameters are the ones used in the definition of the air quality standards, such as the annual mean, percentiles of daily means concentration.

Accuracy of representativeness

When evaluating representativeness, two uncertainty ranges should be distinguished:

· The range within differences between the concentrations should fall in order to be regarded as representative. For concentrations in general, a indicative 20% has been mentioned for EUROAIRNET.

· The probability that a prediction that a station is representative for a location is correct. The prediction that the concentration are similar with e.g. 20% should have a substantial certainty to be meaningful, e.g. 70%.

In current practice the second probability is not addressed explictly, and the first is mainly used as an indication, to be used in expert judgement.

Criteria for representativeness

1. Multistation case
The criterion for representativeness defines the property(-ies) to which the similarity applies, and possibly defines the similarity with a quantitative range. For an Example Group of several items, the distributions of the values of this property are similar. For the multi-station case in air pollution, this is usually the spatial concentration distribution. An example is the annual mean NO2 concentrations at traffic stations in a country, which should be representative for all traffic locations in the country. More often, the representativeness is more loosely defined, assuming similarity for concentrations in general.
Obviously, it is important to have an appropriate definition of the class traffic locations, which should not include sites near quiet roads. The EoI classification gives a more restrictive definition (“located such that their pollution level is influenced mainly by emissions from a nearby road/street”), but it is still very crude, as for instance this depends for a given station on the pollutant. For industrial stations the situation is even less clear (“located such that their pollution level is influenced mainly by nearby single industrial source or industrial areas”), because high chimneys have their largest contribution at a considerable distance.

2. Single station case
In the case of an Example Group of a single item, there is only a single value of the property in the Example Group, so distributions cannot be compared. Instead, the single station is said to be representative for those locations in the Whole Group that have a similar value for the concentration. Also here, the concentration property can be more exactly defined, e.g. annual mean, and a quantitative range can be set for the similarity, e.g. a maximum difference of 20%. 

Methods for predicting representativeness

Stating that concentrations at a station are representative for another location is only useful if the concentrations at the other location are not well known; if they are accurately known, there is no point in using the concentrations at the station as surrogates. Hence, siting a new monitoring station at the other location is a useless method for establishing representativeness. Essentially, the method should rely on an estimator of the concentration parameters of interest. These can either be (1) less accurate or less complete (cheaper) measurements or (2) external factors that are known to have a relation with the concentrations.
Predicting representativeness with less accurate or incomplete measurements

In order to investigate whether concentrations at a certain location (or area) are similar to the concentrations at a measurement station, one may carry out explorative measurements. Obviously these should be less laborious or expensive than the measurements at the station to be useful for this purpose. The following types of measurement are appropriate:
· campaign measurements or random measurements in time;
· passive monitoring;

· satelite measurements.

For this method to be practical, also external factors should be taken into account for selecting the areas in which representativeness is likely. The measured concentrations, can be compared with those of fixed stations, and if also the external factors indicate similarity, one may conclude that a station is representative for the location (or area) and even quantify differences.

Predicting representativeness with external factors

Establishing representativeness with measurements requires a very large effort, and coverage of a large variety of locations is hardly feasible in practice. Therefore, prediction based on external factors that are known to have a relation with concentrations is often more practicable. The external factors to be chosen should be kown to influence concentrations, and they should be available for the territory of interest. The most common parameters are:
· distance to local sources

· dispersion characteristics

· background level
Clearly, the estimate of representativeness depends on the extensiveness and accuracy of external factors:

· If we have very extensive information (external factors) about the territory (traffic data, local emissions, distant emissions, dispersion, ...), we might in theory group locations by combinations of these data and form groups of locations for which concentrations are similar. However, with this detailed information, we even do not need to group locations in classes; we can use continuous functions. The function that is best tailored for estimating representativeness would be the one that approximates the concentration parameters that we wish to know. This is essentially a model. When the model is fitted to measurement of a network, we can also regard this as a spatial generalisation. The cross-cutting topic Data Assimilation discusses in great detail these sophisticated approach for estimating concentrations in the entire territory by combining measurement data at fixed stations with models.
· If we have less detailed data (e.g. for streets: traffic intensity, fraction heavy duty and dispersion characteristic), we can use these parameters as surrogate data and divide them in groups with similar concentrations. We can, alternatively, decide not to classify, but keep these surrogate data as continuous variables; then we have a simple model that describes how concentrations are distributed over the territory.
· In case of a homogeneous territory, this simple model collapses into a simple interpolation.
· An even simpler approach is to replace the interpolation function by several constant values, each determined by a single station.
4. Recommendations

4.1 Recommendations for improving the current EU approach
To improve the comparability of stations, it is recommended to facilitate proper classification of stations:
1. Station class definitions in the Exchange of Information Decision, the first two daughter directives and the third daughter directive should be made fully consistent. To avoid confusion, station classes should however not be fundamentally redefined. Refinement should rather be sought in sub-dividing the existing classes in sub-classes.
2. It should not be attempted to catch all possible station types in a few classes, as this requires station classes to be wide, thus allowing large differences between stations within a class. Instead, station classes should be narrowed.

3. To avoid misclassification of special stations, an additional station class “other stations” should be introduced, thus avoiding that deviating station types are misclassified.

4. It should be considered to include a sub-classification high and typical (and other) for station classes “urban”, “industrial” and “traffic”, where “high” and “typical” expresses which levels the station is aimed to represent and “other” applies to stations for which this is not applicable or unclear.
To improve the spatial coverage of the assessment:
1. Stimulate the combination of measurements and models, such as data assimilation.
2. Extend the current reporting of concentrations measured at fixed stations to reporting of concentration maps.

3. Stimulate the development and use of cheap measuring methods, in particular diffusive samplers.

4. When considering to set short-term air quality standards, one should take into account the drawback that short-term standards generally require more complex instrumentation than standards for long-term averages, and therefore tend to significantly reduce the number of stations that can be afforded, and also increase the modelling efforts needed.

4.2 Recommendations for practitioners
Recommendations for improving the representativeness of a monitoring network
When basing the results of assessment on monitoring data, it should be ensured that the relevant locations in the study area are sufficiently covered. In the current air quality directives these are the hotspot locations with the highest population exposure
 and the areas representative for the exposure of the general population.

The recommendations on improving the representativeness given here aim at optimising an existing network, rather than assuming that a network should be set up from scratch. The latter is today hardly useful, with air quality monitoring networks existing in all Member States. 

To optimise the spatial representativeness of monitoring network, it is recommended to take the following steps – for each pollutant and each objective of the measurements separately. It would be wise to do this first quickly, to acquire insight, and then to elaborate where needed.

1. Decide for which area the assessment should be made, e.g. a city, a city district, an air quality zone. If there are several areas to be assessed separately, carry out the following steps for each area.

2. Estimate the main spatial characteristics of the air pollution concentration patterns in the area using the results of the monitoring network, supplementing this by model results or by estimates based on knowledge of emissions in the area. In particular, estimate where peaks exist and where smooth patterns can be expected.

3. Characterise for each station its site:

a. the station class
;
b. the ‘relative pollution level’: the severity of pollution at this station compared with all other locations within this class: is the station at one of the most polluted locations of its class in the study area (‘highest’) or at a typical site for its class (‘typical’)
,
.

4. Ensure that each station is sited in accordance with the spatial resolution required  (for assessment under the EU directives, see Chapter 1).

5. Taking the objective of the assessment into account, determine which relative pollution level should be characterised: the highest, the typical or both. Establish for each station class which stations in the network give the required information.

6. For each station class and relative pollution level, determine whether the available station(s) give adequate information on the relative pollution level needed. (If several stations within a class are available, estimate whether they characterise the distribution of the relative pollution levels well.) In assessing the adequacy, one should carefully consider the way in which external information is used in the interpretation: by expert judgement, by interpolation methods, by combination with modelled concentrations, by data assimilation. If the information is adequate for each station class and relative pollution level, no further steps are needed. If the information is not adequate, it should be considered to either relocate or add one or more stations to improve the coverage, or to develop a more sophisticated way of using external factors.

Scientific recommendations

In view of the severe shortcomings in comparability of European networks due to differences in coverage, further development of procedures to characterise and minimise the uncertainty ranges related to representativeness is needed.

Annex A Monitoring approaches in EUROAIRNET and EMEP

EUROAIRNET air quality monitoring criteria 

In 1996 the European Environmental Agency (EEA) defined the European monitoring network EuroAirnet, which consisted of already existing stations throughout Europe (http://air-climate.eionet.eu.int/databases/EuroAirnet/index_html). The network and associated database, AirBase, enabled the collection, quality control and distribution of a large number of representative monitoring stations throughout Europe. This strategy has allowed the assessment and comparison of monitoring data from more than 1500 stations from 29 European countries and gives a European wide coverage of all types of monitoring stations in a large variety of regions and for a large number of pollutants. The objective of the network is to “provide the Community and the Member States with objective, reliable and comparable information at the European level enabling them to take the requisite measures to protect the environment, to assess the results of such measures and to ensure that the public is properly informed about the state of the environment".

Certain criteria for the establishment of a European-wide AQ monitoring network were defined regarding selection of areas to monitor, classification of stations and specification of their area of representiveness, , selection of compounds, and on data quality. A summary of these are as follows:


1. Selection of urban areas in a country to be monitored:
 
- All cities with <0.5 mill pop.

 
- At least 25% of the cities with pop 0.25-0.5 mill.
 
- At least 10% of the cities with pop 0.05-0.25 mill.

2. Classification of monitoring stations: the EUROAIRNET criteria were used for the
    EoI amendment in 2001, and the following classes are specified:
 
- Type of area: urban, suburban, rural
 
- Type of station: traffic, industrial, background

· Sub-types of rural stations: near-city, regional, remote.

3. Areas of representativeness of monitoring stations, were specified as follows:
 
- Traffic stations: in terms of length or road that a station represents
 
- Industrial stations: in terms of radius of area: 10-100 meters
 
- Background stations: in terms of radius of area, or typical area size:
 
    - urban background: 100 m – 1 km, or 1-2 km2
 
    - near-city: 1-5 km, or 10-30 km2
 
    - regional: 25-150 km, or 10,000 – 30,000 km2
 
    - remote: 200-500 km, or 200,000 – 400,000 km2 
    The area of representativeness is defined as the area where the concentrations do 
    not deviate more that +-20% from that measured at the station.

4. Selection of compounds for monitoring: the list of compounds basically comprise the regulated compounds as well as those needed to comply with all the requirements of the Daughter Directives.

5. Data quality criteria:
  
- Data quality objectives (DQO): The EUROAIRNET DQOs are a bit more
 
  demanding than those of the Daughter Directives as far as accuracy and 
 
   precision goes:
 
     - DQO for mapping and comparability between stations: better than 10% 
 
      accuracy, better than 2 ppb precision (2 ug/m3 for PM).
 
     - DQO for trend detection: combined accuracy and precision should be 
 
      considerably better than the expected trend to be detected.

 
- QA/QC procedures should be of a quality at least complying with a
 
   minimum set of requirements concerning quality assurance, quality control
 
   and quality assessment.

EMEP network and monitoring strategy

The EMEP monitoring network was initially set up to monitor European scale air pollution as part of the Convention on Long-range Transboundary Air Pollution (LRTAP), signed in 1979. The initial monitoring network was designed to measure acidification and eutrophication, sulphates and nitrates, in response to the problem of acidification. Since this beginning the compounds measured have expanded to include ozone, POPs, heavy metals, VOCs and particulate matter. The monitoring network now comprises more than 100 monitoring stations distributed across Europe. All monitoring stations that make up the EMEP network are considered to be rural and representative of a large area.

The monitoring approach from EMEP is designed to fulfil the major aims of the network. Briefly these are:

· To establish pollutant concentrations, depositions, emissions, regional and intercontinental transport

· Provide boundary conditions for urban air quality assessment.

· Identify trends in concentrations

· Assess international abatement strategies

· Provide validation for models

· Help establish, with the aid of models, ecosystem and health effects

To fulfil these aims basic criteria concerning geographical coverage, quality control and compounds measured a new monitoring strategy has been developed (http://www.nilu.no/projects/ccc/monitoring_strategy). Sites are currently split into 3 types:

· Level 1. These are mandatory sites, according to the Convention, and there should be, in each country, one site per 50 000 km2, minimum of 1 per country. Measurement requirements are

· hourly measurements of ozone and meteorology

· daily measurements of various inorganic compounds in both air and precipitation as well as PM10 mass concentration

· weekly measurements of heavy metals in precipitation.

· Level 2. These are known as ‘super sites’ and are also considered mandatory. These sites measure a much broader range of pollutants, in addition to the level 1 pollutants, including POPs, PM2.5, particle speciation, Mercury, photochemical oxidants, etc. There should be, in each country, one site per 100 000 km2, minimum of 1 per country.

· Level 3. These are research level sites, designed for specific process studies, and are not mandatory.

Data from the various EMEP stations are provided by the participating countries and collected under a given protocol. EMEP monitoring data is freely available on the web (http://www.nilu.no/projects/ccc/emepdata.html).
Annex B  Monitoring methods

Continuously operating automatic analysers may be used to assess compliance with short- or long-term guidelines. Well-recognized semi-automatic methods such as acidimetric SO2 samplers, are adequate for measurement against daily standards or criteria. For automatic analysers or samplers to reliably measure ambient pollutant concentrations, it is essential that these pollutants are transferred unchanged to the instrument reaction cell. The sampling manifold is a crucial and often overlooked component of any monitoring system, which strongly influences the overall accuracy and credibility of all the measurements made.

Integrating measurement methods such as passive samplers, although fundamentally limited in their time resolution, are useful for the assessment of long-term exposure, as well as being invaluable for a variety of area-screening, mapping and network design functions. Problems can arise, however, when using manual sampling methods in an intermittent, mobile or random deployment strategy. Such an approach is usually adopted for operational or instrumentation reasons, or simply because it would not be possible to analyse the sample numbers or data produced by continuous operation. Intermittent sampling is still widely used world-wide. However, this sampling strategy may be of limited utility in assessing diurnal, seasonal or annual pollutant patterns or, indeed, for a reliable assessment of population exposure patterns.

Annex C Data quality (QA/QC) procedures

Quality assurance and control (QA/QC) is an essential part of any air monitoring system. It is a series of activities designed to ensure that air quality measurements meet defined and appropriate standards of quality, with a stated level of confidence.

It should be emphasized that the function of QA/QC is not to achieve the highest possible data quality. Rather, it is a set of activities enabling the network measurements to comply with the specific Data Quality Objectives (DQOs) for the monitoring programme. In other words, QA/QC should ensure that the data are ‘fit for the purpose’.

Good data quality and high data capture rates are essential if the monitoring network is to achieve its objectives. Consistent data quality assurance/control (QA/QC) procedures should be applied throughout the network, i.e. for all stations.
Good QA/QC practice covers all aspects of network operation, including systems design and site selection, equipment evaluation, site operation, maintenance and calibration, data review and ratification. 

The main parts of the Quality System (see e.g. the EUROAIRNET Criteria Report (http://reports.eea.eu.int/TEC12/en/tab_content_RLR):

· Quality assurance: the management of the activities within the system, and setting of overall objectives and criteria.

· Quality control: the procedures of the day-by-day operations and data validation.

· Quality assessment: the external validation of the implementation of the quality system.

 Quality assurance consists of . e.g.:

· setting Data Quality Objectives (DQOs), such as the desired accuracy of the data produced. The AQ Directives specifies required DQOs.

· Criteria for design of monitoring network and station location. The Directives have requirements related to this.

· Procedures for assessing the representativeness of stations.

· Criteria for selection of instruments and monitors. The Directives specify the reference methods.

· Requirements to the competence and capacity of the Reference laboratory.

Quality control consists of:

· procedures for field operations, calibrations, maintenance etc.

Quality assessment includes: 

· procedures for regular audits, inter-calibration exercises etc.

Basic description of data quality systems have been worked out by WMO, EEA and EMEP, see the reading list below for references. An example of a description of a full Quality system developed to meet the requirements of the AQ Directives is also included there (for Norway, in Norwegian).
The EU Air Quality Directives (http://www.europa.eu.int/comm/environment/air/ambient.htm) specify Data Quality Objectives (DQO) and certain data quality related requirements which should be used to guide the actual specification of QA/QC systems:

· DQOs: Requirements are set for minimum accuracy and data capture for monitoring data, as well as for modeled data and objective estimation;

· Location of monitoring stations;

· Minimum number of stations e.g. in urban networks;

· Reference monitoring methods.

The Commission organises EU wide or regional inter-laboratory comparison exercises (round robin tests, inter-laboratory exercises, spot checks in the monitoring networks) to ensure comparability of measurements at international level. The main organisation under the EC carrying out such activities is the "European Reference Laboratory of Air Pollution (ERLAP) of the EC's Joint Research Centre (JRC) Institute for Environment and Sustainability (IES), its Emissions and Health Unit: http://ies.jrc.cec.eu.int/Action_2112_-_AQH.66.0.html
Another useful link is to the AQUILA network, the network of National Reference Laboratories in Europe, presently headed by JRC/ERLAP:
http://ies.jrc.cec.eu.int/Units/eh/Projects/Aquila/
 
The QA/QC procedures of measurements contain audits including control of the operation of monitoring equipment at the sites, maintenance and calibration in the laboratories and data control.






� We do not use the terms “average” or “mean” here to avoid the impression of a precisely defined quantity.


� The EIT is in principle an exact average over the urban surface area. However, because the target is defined in relative terms (a reduction percentage), it will probably not be necessary to require that an urban background network represents exactly the average, provided that the network is not changed over time.


� For third daughter directive defines a similar approach for ozone, but uses the long-term air quality objective for ozone as an assessment threshold.


� The fully analoguous distinction in the time domain is very familiar: for NO2, concentrations should be averaged over an hour, and the only relevance of a peak of a few minutes is that it affects the hourly average.


� These are not relevant for ozone.


� In a more precise approach, one may also which air quality parameter should be assessed, e.g. the annual average, the 90-percentile of daily averages.


� See the annex of the Exchange of Information Decision at � HYPERLINK "http://eurlex.europa.eu/LexUriServ/LexUriServ.do?uri=CELEX:32001D0752:EN:HTML" ��http://eurlex.europa.eu/LexUriServ/LexUriServ.do?uri=CELEX:32001D0752:EN:HTML�.


� E.g. for a urban background station: has the site been selected to represent the highest pollution level for urban background locations in the area or to give a typical pollution level for urban background sites in the area?


� Stations at the lower end of the concentration range (“lowest”) can be usually be treated as “average”, because negative peaks hardly exist. If negative peaks exist (e.g. ozone in a street canyon), “lowest” levels can be disregarded or added as a third type of level.





