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1.
Introduction

Monitoring of nitrogen dioxide (NO2) concentrations is undertaken on a wide scale basis in the UK by means of diffusion tube samplers.  This includes the UK Nitrogen Dioxide Tube Survey1, which is co-ordinated by AEA Technology plc’s National Environmental Technology Centre (NETCEN) on behalf of DETR, and involves some 300 local authorities, and more than 1200 monitoring sites.  Additional diffusion tube monitoring is also undertaken on an independent basis by many local authorities, and on an ad hoc basis in support of many development and infrastructure projects.

Diffusion tubes have the advantage of being a low cost, convenient way of mapping spatial distributions and investigating long term trends of NO2.  One shortcoming of the method is that it can only provide a concentration which is averaged over the period of exposure (typically 1 to 4 weeks), and it is not possible to measure short-term (eg hourly) concentrations.  The method is, however, extremely useful for the assessment of long term concentrations, such as the annual average.  The introduction of an annual mean standard within the UK National Air Quality Strategy2 ensures that diffusion tubes will continue to play a significant role in air quality monitoring across the UK.

This study, which has been undertaken jointly between Stanger Science & Environment (SSE) and the National Environmental Technology Centre (NETCEN) is intended to provide a comprehensive validation of diffusion tube monitoring in urban environments.

2.
Background to Study

If diffusion tube samplers are to be used with confidence in air quality surveys, then it is important that their performance with regard to the EC reference method (the chemiluminescence analyser) is understood.  An intercomparison between the two methods was carried out by Warren Spring Laboratory some years ago3, and indicated that the diffusion tubes tended to over-read relative to the chemiluminescence instruments by around 30%.  However, the survey was limited in terms of the number of sites investigated, and the factor was extremely variable between the different site locations. It was observed that the greatest differences occurred at the more exposed sites, suggesting that this could be an effect of wind turbulence leading to an effective shortening of the length of the tube. 


More recently, NETCEN have reported that diffusion tubes appear to under-read with respect to chemiluminescent analysers4, although this conclusion is based upon an analysis of annual average data from equivalent site locations in the UK NO2 Survey and the AUN, as opposed to co-located sites.

In addition, several workers have reported a systematic effect between the measured NO2 concentration and the period of tube exposure.  Results obtained from the London Wide NO2 survey5, co-ordinated by SSE, indicated a significant decline in mean concentrations in London, between 1992 and 1993.  Further more, the decline in concentrations was much greater than that shown at London sites equipped with chemiluminescence analysers. At this time, there  was a change from a 2-week exposure period, to a 4/5 week exposure period in order to synchronise the data with the National Survey. Although changes in meteorological conditions and vehicle emission reductions may have accounted for some of the variation, it was hypothesised that the length of exposure period may have played a significant role.

Further unpublished studies have tended to support this conclusion.  A six month study carried out by SSE compared 2-week and 4-week exposure periods at 14 sites in East London. A clear seasonal effect was identified, with 4-week exposure concentrations being much lower, particularly during the summer months.  It was suggested that this effect may be caused by the photodegredation of the triethanolamine (TEA), which might be expected to occur to a greater extent in the warm sunny months. Averaged over the six month period, the 4-week tubes produced measured concentrations which were 18% lower than the 2-week tubes.

These results are consistent with a study carried out by Bristol City Council, which demonstrated a 5 to 10% difference between 1 and 4-week exposures.  These data also showed a clear seasonal effect.

3.
Objectives of the Study

This study was devised in order to investigate these potential problems, and to provide a detailed inter-comparison between diffusion tubes and chemiluminescence analysers.

The principal objectives were as follows;

· To undertake a 12 month inter-comparison of measured concentrations between diffusion tubes and chemiluminescence analysers at UK Automatic Urban Network monitoring stations;

· To establish any differences between 2-week and 4 week exposure periods;

· To establish the optimum exposure period for comparison with chemiluminescent analysers;

· To investigate the potential effects of light and wind turbulence on diffusion tube measurements.

4.
Monitoring Methodology
4.1
Selection of Sampling Locations

A total of 17 monitoring stations within the UK Automatic Urban Network (AUN) were selected for the study as follows:

· Belfast Centre

· Birmingham Centre

· Bristol Centre

· Cardiff Centre

· Edinburgh Centre

· Leeds Centre

· Leicester Centre

· London Bexley

· Glasgow Centre*

· Hull Centre

· Manchester Centre

· Middlesbrough Centre

· Newcastle Centre

· Southampton Centre

· Sheffield Centre

· Swansea Centre

· Wolverhampton Centre


Note: Glasgow Centre replaced Southampton Centre due to vandalism problems

The sites were all at urban background locations, selected on the basis of uniform criteria within each city.

Routine exchange of the diffusion tubes was carried out by the Local Site Operators for each AUN station.  Each LSO was provided with an operation manual which provided background information to the survey and detailed instructions on the tube exposure programme.

4.2
Sampling Techniques
The diffusion tubes were mounted at the manifold inlet of each AUN station by means of two specially manufactured holders. These were held in place at the manifold by means of cable ties.

The first mounting device consisted of a long arm, capable of holding 5 diffusion tubes in the vertical plane. The second mounting consisted of an inverted ‘bucket’, which was capable of holding 2 tubes in a sheltered position (see Figure A).

Diffusion tubes manufactured to standard specifications were used throughout the survey, and were prepared by the AEA Technology laboratory.  Tubes manufactured from black opaque perspex, supplied by Gradko Ltd, were used to represent the ‘blackened’ exposures.

Within any given 4 week period, the following tube exposures were used;

· Two 2-week exposures (Weeks 1 and 2, and Weeks 3 and 4)

· One 4 week exposure (Weeks 1 to 4)

· Two 2-week exposures with blackened tubes

· One 4 week exposure with blackened tubes

· Two 2-week exposures with tubes in sheltered locations

· One 4 week exposure with tubes in sheltered locations

A detailed system of tube numbering was used, with each tube assigned a unique code which also acted as guide for LSOs to aid in positioning the tube in the correct clip on the mountings.  The coding system took into account the site location, the type of tube exposure, the number of weeks the tube was to be exposed for, and the month of monitoring. For example the code [MA B 1 1] relates to the Manchester AUN station (MA). The exposure type is Normal for a 4-week period (B). The month code is January (1), and the week code is 1, ie exposure started on Week 1.

A tube code chart and a site code chart (see Figures B & C respectively) were contained within each LSOs manual to enable operatives to interpret the codes.

A total of 9 tubes would have been exposed at each site in January, and as an example would therefore have been labelled as follows for the Manchester station;

MA/A/1/1
Normal 2-week exposure (weeks 1 & 2)

MA/A/1/3
Normal 2-week exposure (weeks 3 & 4)

MA/B/1/1
Normal 4-week exposure

MA/C/1/1
Blacked-out 2-week exposure (weeks 1 & 2)

MA/C/1/3
Blacked-out 2-week exposure (weeks 3 & 4)

MA/D/1/1
Blacked-out 4-week exposure

MA/E/1/1
Sheltered 2-week exposure (weeks 1 & 2)

MA/E/1/3
Sheltered 2-week exposure (weeks 3 & 4)

MA/F/1/1
Sheltered 4-week exposure 

4.3
Exposure Sheets

With each monthly batch of tubes the site operators were provided with an exposure sheet (Figure D) which was designed in such a way as to act as a prompt for the positioning of tubes. This was used to record the date and time the tube first exposed and then recovered. The LSOs also used the sheet to record any additional notes that they thought relevant. 

4.4
Duplicate Tubes & Travel Blanks

Four duplicate tubes were sent out each month to 4 sites, selected on a random basis, for exposure alongside the 4-week exposure tubes. In addition to the monthly duplicate tubes, travel blanks were sent out on a quarterly basis to all sites. These tubes were not exposed and were designed to detect any contamination which may occur to the tubes during transit.

4.5
Analysis of Nitrogen Dioxide Concentrations 

Following exposure the tubes were returned to Stanger Science & Environment where they were processed and then passed for analysis to the AEA Technology laboratory. Any tubes which had been exposed for longer than the specified period were discounted at this stage. The nitrite concentrations were reported to SSE who then calculated the corresponding NO2 concentrations.

4.7
Operational Difficulties

The main operational difficulty encountered throughout the survey was theft of the tubes.  The problem was most acute in Southampton and Middlesborough, and these sites were eventually withdrawn from the survey due to continuing vandalism at the sites. The Southampton site was replaced by the Glasgow AUN station.  Unfortunately, it was not possible to find a replacement for the Middlesbrough site.

5.
Results
5.1
Introduction
NO2 diffusion tube measurements have been  compared with simultaneous measurements taken with the automatic chemiluminescent analysers, co-located at each AUN site. These instruments record 15 minute average concentration data which have been averaged for comparison with 2 and 4-week diffusion tube measurement data. For the purposes of the analyses in this report, it has been assumed that no error exists within the automatic chemiluminescent NO2 concentration data, and that all variation is due to uncertainty within the diffusion tube measurements. It should be noted, however, that in practise the accuracy associated with NO2 measurements taken using the automatic chemiluminescent equipment installed at AUN sites is approximately (10-11%6, and the precision of measurements is estimated to be 3.5 ppb. This gives an overall uncertainty of about 24% (equivalent to (6 ppb) at a concentration of 25 ppb.

5.2
Data Pre-Processing
Prior to comparison of diffusion tube measurements with automatic data, outlying and anomalous data were identified and removed from the diffusion tube datasets. This process was performed systematically, by analysing the distribution of differences between diffusion tube and corresponding automatic measurement data.

The deviation between diffusion tube measurements and the automatic measurements were calculated for both individual tubes, and for the average results at each site (by exposure type).  Where an individual diffusion tube difference from the corresponding automatic measurement exceeded the average difference by more than 2 standard deviations, these results were considered as outliers and removed.  On average, this procedure resulted in approximately 5 diffusion tube measurements being subsequently removed from the each of the diffusion tube exposure type datasets. 

Scatter plots showing the relationship between the bulked data from all 16 sites, grouped by diffusion tube exposure type, are presented in Figures 1 to 6.  Similar plots showing the relationships between measured data at individual sites are shown in Appendix 1, although no formal analyses of these data has been attempted, due to the relatively small number of data.

5.3
Comparison of Diffusion Tube vs Chemiluminescent 
Measurements
Figures 1-6 show scatter plots of diffusion tube measurement data against automatic chemiluminescent analyser measurement data, grouped by exposure type. Outlying data have been removed (as discussed above), and linear least squares regression lines demonstrating the best fit relationship applied. In all cases a forced (through zero) regression model was used.  The justification for this approach is discussed below. 

Owing to the location of sampling sites in major urban areas in this study, measurement data below 10 ppb are not well represented. The application of unforced regression models to these data produced significant intercepts. However, previous studies7,8 have shown that the relationship between diffusion tube and automatic measurements at low concentrations (<10 ppb) does not produce a significant intercept. This observation is confirmed by an analysis of the 4-week diffusion tube data co-exposed with a chemiluminescent analyser, at the DETR’s remote rural monitoring station at Strath Vaich dam, Scotland, between 1991-1997. The relationship between these data is shown in Figure 7, and no significant intercept is observed when an unforced regression model is applied. Therefore, in this study, forced regression models have been used to represent the correlation between diffusion tubes and chemiluminescent monitors over the dynamic range of concentrations measured, and also at concentrations < 10 ppb.

Regression statistics for the regression lines shown in Figures 1-6 are presented in Table 1. Overall correlations, indicated by the correlation coefficient (r) were excellent, ranging from 0.97-0.99. Highly significant correlations were found between diffusion tube measurements and automatic chemiluminescent measurements for all diffusion tube exposure types at the 99.9% confidence level.

Table 1:
Least Squares Regression Statistics
_____________________________________________________________________



       Regression Equation
    Exposure Type
uncertainty @ P=0.05 in parentheses
Correlation Coefficient (r)

__________________________________________________________________________________
2 week normal
       y = 1.09 (+0.020)x


0.99

4 week normal
       y = 1.08 (+0.062)x


0.97

2 week blacked out
        y = 1.06 (+0.021)x


0.99

4 week blacked out
        y = 1.02 (+0.034)x


0.98

2 week sheltered
        y = 0.91 (+0.016)x


0.99

4 week sheltered
        y = 0.90 (+0.020)x


0.97
_____________________________________________________________________

where y = diffusion tube result and x = chemiluminescent monitor result
Best fit relationships between measured data are described by the equation for the least squares regression line given in Table 1. Uncertainties associated with the gradient, at the 95% confidence level, are given in parentheses. An estimate of the magnitude of systematic difference between diffusion tube and chemiluminescent measurements is provided by the gradient of the least squares regression line. All diffusion tube measurements are shown to be within 10% of the chemiluminescent value, with unsheltered tubes being slightly higher than the chemiluminescent monitor and sheltered tubes lower. Further investigation of the uncertainties associated with gradients at the 95%  confidence level, however, showed that the gradients of all regression equations, bar that of the 4-week blacked out exposure, were significantly different from 1.0.

5.4
Comparison of Sheltered and Unsheltered Diffusion 
Tube Exposures
Sheltered and unsheltered diffusion tubes were routinely exposed throughout the study to assess the interfering effect of wind on diffusion tubes. Comparison of the regression equations for each diffusion tube exposure type shows differences in the performance of the exposure types. From this data it can be seen that unsheltered tubes, (normal and blacked out tubes), are shown to overestimate by 8-9% and 2-6% respectively compared to automatic measurements, whilst sheltered tubes underestimate by 9-10%. Observed differences in the performance of sheltered and unsheltered tubes may, tentatively, be linked to the interference of wind on unsheltered tubes resulting in increased uptake rates for these diffusion tube exposures3.

5.5
Comparison of 2-week vs 4-week sample exposures
Practical experience of 2 and 4-week diffusion tube exposure data has shown some indication that the aggregate of measurements from two 2 week exposures is not equivalent to the measurement from a single 4-week exposure. Observed discrepancies have generally been attributed to UV interference with the TEA absorbent. In order to assess the extent of this problem, data produced by 2 and 4-week diffusion tube exposure periods have been compared. Blacked out diffusion tubes were also deployed and the measurement data compared with normal tube exposures to further assess the potential effect of photodegradation of the TEA absorbent by UV and visible light during exposure.

Evidence of a small systematic difference in the performance of 2 and 4-week diffusion tube exposure periods is observed by comparison of the regression equations presented in Table 1. These data indicate that 2-week exposures overestimate chemiluminescent measurements by 1-4% more than the 4 week exposures, depending upon exposure type.

A comparison of the regression equations for normal and blacked out tube exposures is provided in Table 1. Additionally, the regression equations for tube exposures, split into summer (April-September) and winter (October-March) exposure periods, are shown in Table 2 below. These analyses do not show conclusive evidence of systematic differences in the behaviour of these exposure types. UV absorption by the TEA complex of both blacked out tubes and winter exposures will be expected to be much reduced in comparison to normal and summer tube exposures, and therefore the absence of any significant differences in tube performance indicates that photodegradation of the TEA complex is not a major factor influencing the performance of 2 and 4-week tube exposures. Scatter plots showing relationship between diffusion tube and chemiluminescent data for winter and summer periods are shown in Figures 8-19.

Table 2:
Comparison of regression equations from winter and 


summer tube exposures

_____________________________________________________________________



Regression Equation

     Ratio of Gradients

                 Winter                    Summer                           winter:summer
_____________________________________________________________________

2 week normal
y = 1.08x
         y = 1.09x
               0.99

4 week normal
y = 1.10x
         y = 1.06x
               1.04

2 week blacked out
y = 1.05x
         y = 1.07x
               0.98

4 week blacked out 
y = 1.03x
         y = 1.02x
               1.01

2 week sheltered
y = 0.91x
         y = 0.91x
               1.00

4 week sheltered
y = 0.90x
         y = 0.89x
               1.01

___________________________________________________________________________

The small systematic differences noted in this study may, in part, explain previously observed discrepancies in 2 and 4-week measurement data. However, inadequate correction for blank nitrite levels on exposed tubes will have an equally significant effect on the average NO2 concentration produced by aggregated 2 week exposures compared with a single 4 week exposure. The effect of blank levels is inversely proportional to time, and it is estimated that for a batch of 2 and 4 week exposed tubes with a calculated travel blank of 0.04 (g NO2, the aggregate of two consecutive 2-week samples will overestimate by approximately 1.26 ppb compared to a single 4-week exposure, if appropriate blank correction is not applied. 

It is also interesting to note that 2-week diffusion tube exposures consistently showed marginally greater linear correlation with chemiluminescent analyser measurements, compared with 4 week diffusion tube exposures. This observation is indicated by the coefficients of regression (r) for these datasets shown in Table 1.

5.6
Estimates of Accuracy and Precision
Accuracy of Diffusion Tube Measurements

The accuracy of diffusion tube exposure types was assessed the slope of the least squares regression equation.. Significant systematic differences from the 1:1 line (at P=0.05) were identified in 5 out of 6 of the diffusion tube exposure types compared to the chemiluminescent monitor. The notable exception was the 4 week blacked out exposure. In all cases, however, overall systematic differences were (10% as shown in Table 3 below. 

Table 3: 
Estimates of diffusion tube measurement accuracy

Exposure Type
Systematic Difference vs.

Chemiluminescent Monitor
Estimate of Average Uncertainity

Individual Measurement         Annual Average

2 week normal
9% over read
(37%
(16%

4 week normal
8% over read
(35%
(17%

2 week blackened out
6% over read
(38%
(16%

4 week blackened out
2% over read
(37%
(18%

2 week sheltered
9% over read
(36%
(10%

4 week sheltered
10% over read
(24%
(10%

Also provided in Table 3, is an estimate of the uncertainty associated with the over/under-read for both individual and annual average tube measurements. These uncertainties have been c calculated from the standard deviation in the relative percentage differences from of diffusion tube measurements from chemiluminescent measurements.

This analysis shows that, for a 4 week normal exposure period, diffusion tubes will, on average, over-read by 8%, relative to the chemiluminescent analyser. Furthermore, this relationship has an uncertainty of (35% (at P=0.05) for individual diffusion tube measurements and (17% (at P=0.05) for the annual average. Comparison of these estimates of overall uncertainty for diffusion tube measurements, with similar estimates for chemiluminescent analysers6 shows good agreement between the diffusion tube annual average and chemiluminescent analyser. 

The relationship between annual average diffusion tube vs. chemiluminescent measurement data are presented in graphic form in Figures 1a-6a.

Precision of Diffusion Tube Measurements

Duplicate 4 week normal diffusion tubes were co-exposed at a limited number of sites throughout the validation study. The precision of measurements for this exposure type was investigated by calculation of the coefficient of variation (CoV) of each duplicate (13 duplicates in total). The average CoV for duplicate tube exposures was calculated as 10.3%, with an overall range of 0.7%-37.4%. Calculated estimates of precision are consistent with those previously made in previous studies7,8.

5.7
Implications of the Study for the Analysis of Diffusion 
Tube Measurements of NO2
This extensive validation study has demonstrated that the difference between long-term average NO2 concentrations determined by diffusion tube and chemiluminescent analyser measurements is within the estimated overall uncertainty of the chemiluminescent results. Hence, it is considered inappropriate to apply correction factors to diffusion tube measurement data. Where diffusion tube data needs to be processed to produce equivalent chemiluminescent measurement data, the results of this study can be used to derive possible conversion factors. However, it should be noted that all of the monitoring sites used for the comparison in this study were AUN urban background locations. In other area types (eg. industrial or kerbside) the comparison may need to be re-assessed.
6.
Conclusions
Measurements of nitrogen dioxide concentrations using six different diffusion tube exposure techniques have been made and compared with measurement data from co-located automatic chemiluminescent analysers at 17 locations in the UK. 

The main conclusions from this study are summarised below:

· Overall correlations between diffusion tube and automatic chemiluminescent measurement data were excellent, and ranged from 0.97 - 0.99 depending upon exposure type. 


· Highly significant correlations (at P=0.01) were found between all diffusion tube exposure types and corresponding chemiluminescent measurement data.


· The overall differences between diffusion tube measurements and chemiluminescent measurements of NO2 were well within the estimated uncertainty associated with chemiluminescent monitors.


· Overall, unsheltered tube exposures were shown to overestimate automatic chemiluminescent data by 8-9% (normal tube exposure) and 2-6% (blacked out tube exposure). Sheltered tube exposures were shown to underestimate automatic chemiluminescent data by 9-10%. Observed differences in tube performance have been attributed to the interference of wind on unsheltered tubes, resulting in increased uptake rates.


· Evidence of a small systematic difference between 2 and 4-week tube exposure was identified. 2-week tube exposures are shown to overestimate automatic chemiluminescent measurements by 1-4% more than 4-week tube exposures. No substantial evidence was found linking observed systematic differences between 2 and 4-week exposures with photodegradation of chemical absorbent in NO2 diffusion tubes.


· Estimates of uncertainty (at P=0.05) for individual measurements and annual average diffusion tube measurements have been calculated. Comparisons of uncertainty estimates for annual average diffusion tube measurements and the chemiluminescent technique showed good agreement


· Estimates of the precision of diffusion tube measurements were consistent with those made in previous studies.  The average coefficient of variation for duplicate tube exposures was calculated as 10.3%.

The results of 2 and 4-weekly normal exposure of diffusion tubes were found to be well within the estimated overall uncertainty of the results from automatic chemiluminescent measurements. Therefore, although the correlation of 4-week exposure of blacked out tubes was even closer than for normal exposure, the authors do not considered that any change from the current procedures for diffusion tube exposure used in the DETR’s UK NO2 Diffusion Tube Survey is justified. Indeed, changes at this stage in the survey may result in considerable disruption to the survey’s datasets and the possibility of compromising the identification of trends in local, regional and national datasets. The results of this study also clearly justify the continued use of diffusion tubes for assessment of NO2 concentrations on both local and national scales.Strictly, however, the results presented will only relate to the analysis of the diffusion tubes by the single operating laboratory used in this study.  However, within the current UK National NO2 Diffusion Tube Survey a quality assurance scheme operates to check harmonisation of analyses between participating laboratories.

A note of caution is offered regarding the use of scaling factors to correct for systematic differences between diffusion tube and chemiluminescent measurement data. This practise is not recommended for the UK NO2 Survey which collates data from 38 laboratories. The results presented in this report only relate to the analysis of diffusion tubes by the single operating laboratory used in this study. Increased harmonisation between operating laboratories within the UK NO2 Survey by an enhanced quality assurance scheme is therefore a priority.

7.
References

1.
Stevenson K, Bush T, Mooney D. United Kingdom Nitrogen Dioxide DiffusionTube Survey  1995. January 1997. ISBN 0-7058-1730-X.

2.
The United Kingdom National Air Quality Strategy: ISBN 0-10-135872-5, HMSO, London. 1997

3.
Campbell G W, Stedman J R, and Stevenson K. A Survey of Nitrogen Dioxide 
Concentrations in the UK Using Diffusion Tubes, July-December 1991. 
Atmospheric Environment Vol. 28, No 3 pp 477-486, 1994.

4.
Stevenson K, Bush T. UK Nitrogen Dioxide Survey Results for the First Year 
January 1995. AEA/CS/RAMP16419032/002

5.
Smith S, Uren S. London Wide Nitrogen Dioxide Diffusion Tube Survey Report 
(1995). June 1996. TBV/LWEP/164. P6

6.
Bower J, Vallence-Plews J, McGinlay J, Stacey B, Telling S, Christiansen S, Eaton S, Broughton G, Willis P, Stevenson K and Charlton A. Department of the Environment Automatic Urban Network Site Operator’s Manual, copy dated 21 February 1996. Prepared for the Department of the Environment by NETCEN.

7.
Atkins C H F, Sandalls J, Law D V, Hough A M and Stevenson K. The measurement of nitrogen dioxide in the outdoor environment using passive diffusion tube samplers. February 1996, AERE-R12133, Harwell Laboratory.

8.
Gerboles M, Amantini L. Validation of  Measurement by NO2 Passive Sampler A Comparison with Chemiluminescent Monitor. August 1993. Technical Note TNI/93/107, Environment Institute, Atmospheric Chemistry Unit, Central Laboratory of Air Pollution

Figures
Appendix 1
5

