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Abstract

The directive 1999/30/EC of the EU demands to determine the 19th highest hourly concentration value of NO2 occurring within one year. It is shown by analysis of data from field measurements and wind tunnel experiments, that due to the natural variability of 1-hour mean values of concentrations, one cannot expect that the agreement between model results and measurements, is sufficient for determination of the very high percentiles. It is also pointed out that very good input data is the absolute requirement for using a mathematical model for determination of high percentiles. Unfortunately, these data are usually not available for operational purposes. Taking this into account it is suggested to use in such cases a simple empirical relationship between annual mean concentrations, 98-percentiles and the 19th highest concentration value of NO2. This relationship can be deduced from measurements and it might replace complex model computations. More research is necessary to substantiate this idea and to quantify its accuracy.
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1 Introduction

The daughter directive 1999/30/EC of the EU air quality directive 96/62/EU demands to determine the 19th highest hourly concentration value of NO2 occurring per year (= 99.8-percentile).

The first part of the paper deals with the question what is the expected accuracy of determination of the 99.8 percentiles when using available mathematical pollution dispersion models for calculation of air quality near urban streets. In the second part we propose a first preliminary idea based on a statistical method to determine the high percentiles.

2 Is a reliable mathematical modelling of high percentiles possible?
The first problem is that measurements of single concentration values, corresponding to averaging times of ½ hour or 1 hour, seem to contain a significant amount of variability. It is obviously difficult to predict the concentrations for a certain hour of the year in sufficient quality. The problem is shown by 
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Figs. 1 and 2, displaying the results of field and of wind tunnel measurements of concentrations in street canyons.

Fig 1 shows the additional NOx street concentration determined from measurements in the street canyon at the monitoring station Goettinger Strasse, Hannover, Germany, divided by the emission source strength (circles). For a description of that site see NLOE (1993). Only observations corresponding to wind directions within the sector (270°±5°) and with traffic flow of more than 1000 vehicles per hour are selected. As already shown earlier for example by Leisen (1982), the concentration in a street canyon is not significantly influenced by the atmospheric stability (temperature gradient) of the flow above the roof. The selected data should thus be essentially dependent on wind speed only. This is actually what is shown by the model results using the Danish street pollution model OSPM (Berkowicz et al., 1997). As can be seen, the measured data exhibit a large scatter; there is a factor of up to five between the lowest and the highest value for the same value of the wind speed. Especially for low wind speeds some variability should nevertheless be expected due to variations in atmospheric stability and e.g. one-sided heating of the street canyon by the sun. Significant parts of the variability can be attributed to inaccuracies in emission modelling but also, errors in measurements of concentration and meteorology can be important. But still: the variability we see in Fig.1 is serious and seems to indicate that single measurements, averaged over ½ hour or 1 hour in the field, are not reproducible as was already mentioned by Schatzmann et al. (1997). Only the mean of a certain number of measurements for each situation seems to yield reliable results. This kind of variability, resulting in problems when determining single high concentrations, can also be seen in other field measurements, e.g. Ketzel et al. (1999, this conference).

The evidence of a large variability also comes from measurements in the wind tunnel. Here experiments are performed under strictly controlled conditions, i.e. both the emission conditions and the meteorological parameters are supposed to be well known, and the same from run to run, and the problem of traffic induced turbulence, on sided heating of the canyon etc., is eliminated. Fig. 2 displays results of Liedtke et al. (1998) from measurements in a wind tunnel with a model of the above mentioned Goettinger Strasse. The displayed dimensionless concentration c* is defined as 
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where c is the time mean value of the measured concentration, uref is a reference velocity taken above the roof, H is a characteristic length (the average height of the buildings) and (Q/L) is the source strength. 
The wind tunnel modelers get a large variability in their results if they work with averaging times corresponding to ½ hour in the field. See the “error bars“ in Fig. 2 which indicate nearly a factor of 2 between the minimum and the maximum measured concentration for a given wind direction. Although one would expect that in the windtunnel there is even less variability for example in the hourly winddirection than in the field, leading to a lowered necessity of long averaging times in the windtunnel to get reproducible results, reproducible results in the windtunnel are known to require averaging times corresponding to several hours in the field.

This is a documentation of the natural variability for 1-hour means that is due to the stochastic nature of the wind flow and turbulence. There is practically no way how a model can reproduce this stochastic variability. This means that even a "perfect" model (if such exists?) cannot predict the exact values for each hour. The only what a ("perfect") model really can describe is an ensemble average of the different realizations of the stochastic process. So, if we had such a perfect model and made a comparison between model results and wind tunnel modelling, the high percentile values from the wind tunnel measurement would always be higher than predicted by the model. A perfect model would follow the black line of Fig. 2, while the high percentiles would be determined by the highest values from the red error bars. In the field, the variability of the concentrations is expected to be even higher. 

Apart from the natural variability caused by the turbulence we have also the effect of an unpredictable variability in emissions and also additional uncertainty in the background contribution and different measuring errors. This will make the agreement between model results (we are still talking about a "perfect" model) and the measurements much worse than in the case of wind tunnel data. 

An additional indication of problems comes from comparisons between measurements and calculations as in Fig. 1 for Goettinger Strasse and e.g. Berkowicz et al. (1997) for such comparisons for 
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Jagtvej. The hours during which the highest concentrations are measured are not the same hours, during which the highest concentrations are calculated. That can also be seen for comparisons with other models as for example MISKAM. That means it is not possible to compare the results of measurements and calculations for single hours. One might consider that to be a weak argument and for operational purposes it might be enough to get the correct 99.8 percentile, but it shows, that there are important physical processes, which are obviously not represented in the models and which become more and more important, as the percentile to be considered increases.

For operational purposes it is an additional problem that for good model results good input data are needed: detailed time correlated emission-, background concentration-, ozone- and wind- time series, which are usually not readily available. For the determination of a 98-percentile, a regular 1 hour per week traffic jam might not be significant, but for a 99.8 percentile it might be. The NOx background or regional concentration might be known as annual mean or as 98 percentile, but not time correlated during certain hours of the year. Without these data one can only hope to get some rough estimates of average air pollution levels while a more detailed information on high percentiles is not possible. If we don't have good input data, then we don't need good models.

Until now only problems concerning the NOx-concentrations were addressed, whereas the EU directive 1999/30/EC limits the NO2 concentration. Thus one more important point is the NO-NO2-conversion. Tab. 1 displays as an example the 20 highest concentrations measured in Goettinger Strasse in 1994. As can be seen, the highest NO2 concentrations do not appear at the same time as the highest NOx concentrations. That means for the NO-NO2-conversion the essential input data, for example the time correlated ozone concentrations, are necessary, which usually are not available.

Number 

Day
Month
Hour
NOx
concentr.
NO2 
concentr.

Day
Month
Hour
NO2 
concentr.
NOx 
concentr.

1

28
4
6
2344
94

29
6
14
219
431

2

3
2
7
2050
105

29
6
15
200
363

3

12
10
8
1697
102

5
8
12
199
471

4

3
2
6
1605
87

5
8
12
197
544

5

6
10
7
1590
80

5
8
14
196
416

6

6
10
6
1523
69

5
8
13
192
454

7

12
10
9
1454
92

22
7
19
191
504

8

3
2
7
1428
52

5
8
15
190
322

9

9
2
7
1423
114

23
2
8
189
1092

10

3
2
6
1395
74

29
6
13
187
416

11

12
10
8
1391
76

23
7
20
184
1087

12

3
2
8
1380
102

23
2
7
184
558

13

3
2
9
1375
78

23
7
21
183
1159

14

25
8
6
1332
91

23
2
8
183
566

15

2
3
6
1328
95

5
8
14
181
584

16

30
3
6
1311
125

22
7
19
181
371

17

30
3
6
1309
107

29
6
14
180
371

18

12
10
7
1305
88

22
7
20
178
443

19

22
4
6
1303
91

23
2
9
175
1063

20

12
10
7
1300
79

23
7
21
173
509

Tab. 1: Highest ½ hour concentrations of NOx and NO2 ((g/m³) and time of occurrence at street canyon monitoring station Hannover, Goettinger Strasse in 1994.
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Thus we tempt to conclude, that the models may reproduce annual mean lying into an acceptable range, and they also may reproduce the 98-percentiles, but there are hints that there are problems to determine 99.8-percentiles with mathematical modelling, especially in the case of insufficient quality of input data . For that reason a procedure for the determination of the 99.8-percentile by using statistical methods is proposed to be investigated. The following second part of the paper deals with such a statistical method.

3 A statistical method

It is known that the 99.8-percentile of the concentration can not be determined by multiplication of the (say) 98-percentile by a certain fixed factor >1. But it might be done by multiplication with a factor, which depends on commonly used landmarks of the cumulative frequency distribution, say the 98-percentile, and the annual mean of the concentration and may-be the ozone concentration. Figs. 3 to 5 demonstrate this idea.

Fig. 3 (a) shows the cumulative frequency distribution of continuous NOx measurements in Germany for different distances ( from roads. The measurements were performed by Bundesanstalt für Straßen​wesen, Landeshauptstadt Dresden and Thüringer Landes​anstalt für Umweltschutz. Fig. 3 (b) shows the con​centrations normalized by the individual 98-percentile. For further details to Fig. 3 see Lohmeyer et al. (1999). As already known it turns out, that the ratio between 99.8-percentile and 98-percentile is not a constant factor. The factor depends in these cases on the overall concentration level at the sampling point. For lower concentration levels the factor is higher than for higher levels. 

This is displayed in Fig. 4 for the measurements of Fig. 3 plus additional measurements from Denmark, Germany and Greece. No special choice was done for these datasets, we included each dataset which we had readily available. The shown data represent both kerbside measurements and measurements from urban background locations. For the cases with lower annual mean concentration levels (further distant from the roads) the factor for NOx is 1.4 to 2.6, closer to the roads it approaches a value of approximately 1.2. The large variability in the range of 50 (g/m³ might be disappointing, but that range is not of too high practical interest, as that are the cases with low concentrations, not interesting concerning exceedings of EU limit values.

Fig. 5 displays in the same way the results for the more interesting NO2 for the 3 countries under consideration. Again it can be seen, that the factor goes down with increasing annual mean of NO2 but there is a distinctive difference in the factor. The Greek data yield higher factors than the German data, the Danish data yield the lowest factors. For the NOx data (Fig. 4) this is not shown, and the difference between the Greek data and the data from the North European cities is much larger than the difference in Greece between the values corresponding to different annual mean concentrations. From this ozone might be argued to be an important parameter. Adding the ozone concentration as an additional parameter in Fig. 5 might improve the scatter in the data. That has still to be done.

For the cases under consideration it is interesting to see in Fig. 5 that the EU limit value for the annual mean of 40 (g/m³ is reached in all 3 countries, whereas (not displayed) the EU limit value of 200 (g/m³ for the 99.8 percentile is reached in part of the Greek data and at one location in Germany. Thus the limit for the annual mean seems to be the more stringent value, another reason which might support the acceptance of a relatively simple statistical method to determine the 99.8 percentile of NO2

4 Conclusion

Of course, the above statements have to be checked for more cases than displayed in Fig. 5, but in any case it seems, that there is a dependency which can for example be described by a regression function in the form CNO2 (99.8%) = f (CNO2(98.%), CNO2 (annual mean), Cozone) which might be more promising and more cost-effective than calculating the 99.8-percentiles by mathematical modelling, at least for cases, where very good input data are not available. More research is necessary to substantiate those ideas and to quantify their accuracy.
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Fig 1. Measured and calculated additional street NOx-concentrations (cstreet-cback)/(Q/L)*1000 in s/m² and wind speed. Measurements: Wind direction is 270(+-5(, plotted are only cases with more than 1000 vehicles per hour and nearly equal distribution of traffic over the 4 lanes.
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Fig 2. Variability of short-term averages of measured concentrations. From Liedtke et al. (1998). Measurements in the wind tunnel with averaging times, corresponding to 0.5 hour means in the field.

[image: image3.wmf]98

98.2

98.4

98.6

98.8

99

99.2

99.4

99.6

99.8

100

0

1500

2000

2500

Measured concentration [µg/m³]

c

u

m

u

l

a

t

i

v

e

 

f

r

e

q

u

e

n

c

y

 

[

%

]

BASt (1991), =1m

D

BASt, centre

BASt (1991), =50m

D

DD (1995)

TLU (1995)

BASt (1991), =180m

D

BASt (1991), =1m

D

BASt (1991), =1m

D

BASt, centre

BASt (1991), =50m

D

DD (1995)

TLU (1995)

BASt (1991), =180m

D

BASt (1991), =1m

D

500

1000

c

u

m

u

l

a

t

i

v

e

 

f

r

e

q

u

e

n

c

y

 

[

%

]

98

98.2

98.4

98.6

98.8

99

99.2

99.4

99.6

99.8

100

0.90

1.10

1.30

1.50

1.70

1.90

2.10

2.30

concentration/98-percentile of concentration [-]

50m

5

0

m

180m

1

8

0

m

TLU

T

L

U

DD

D

D

1m

1

m

1m

1

m

centre

c

e

n

t

r

e


[image: image4.wmf]1

1.2

1.4

1.6

1.8

2

2.2

2.4

2.6

2.8

3

0

50

100

150

200

250

300

350

400

450

500

550

600

650

700

750

800

850

NO

x

 annual mean [

m

g/m

3

]

NO

x 

- 99.8/98-percentile [-]

BAST (1991)

Goettinger (1994, 95)

Schildhorn (1995)

Greece (1990, 92, 94)

Jagtvej (1994, 96, 97)

Albanigade (1993, 94, 95, 96)


[image: image5.wmf]98

98.2

98.4

98.6

98.8

99

99.2

99.4

99.6

99.8

100

0

1500

2000

2500

Measured concentration [µg/m³]

c

u

m

u

l

a

t

i

v

e

 

f

r

e

q

u

e

n

c

y

 

[

%

]

BASt (1991), =1m

D

BASt, centre

BASt (1991), =50m

D

DD (1995)

TLU (1995)

BASt (1991), =180m

D

BASt (1991), =1m

D

BASt (1991), =1m

D

BASt, centre

BASt (1991), =50m

D

DD (1995)

TLU (1995)

BASt (1991), =180m

D

BASt (1991), =1m

D

500

1000

c

u

m

u

l

a

t

i

v

e

 

f

r

e

q

u

e

n

c

y

 

[

%

]

98

98.2

98.4

98.6

98.8

99

99.2

99.4

99.6

99.8

100

0.90

1.10

1.30

1.50

1.70

1.90

2.10

2.30

concentration/98-percentile of concentration [-]

50m

5

0

m

180m

1

8

0

m

TLU

T

L

U

DD

D

D

1m

1

m

1m

1

m

centre

c

e

n

t

r

e


Fig 3. Cumulative frequency distribution of NOx-concentrations, obtained from field measurements. Absolute (a) and relative (b) values.
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 Fig 5. Ratio of 99.8-percentile to 98-percentile of NO2 as a function of the annual mean of NO2. Field data for several monitoring stations in Greece (top), Germany (middle) and Denmark (bottom) very close to streets and further away.
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Fig 4. Ratio of 99.8-percentile to 98-percentile of NOx as a function of the annual mean of NOx. Field data for several monitoring stations in Denmark, Germany and Greece very close to streets and 


further away.
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		nox4						1448.16582		1178.19114				1.2291433629		464.2601205837						1.5409836066		190.2						1.9630541872		45.83		1.1764486878		820.7063446942		1.9841038118		35.11812		1.6445720667		113.63516

		nox5						2085.220535		1772.47045				1.1764486878		820.7063446942						1.7177700348		97.3										1.3106861745		387.9711995863		1.8175142026		39.31498		2.004857513		24.3719

		nox6						1283.966749		979.61417				1.3106861745		387.9711995863						1.4703030303		297.3										1.3135935952		287.4891184366		1.8941242462		37.41416		2.2371517028		39.29616

		nox7						1126.612545		857.65685				1.3135935952		287.4891184366						1.3934065934		159.6										1.7712031353		135.6112619643						2.4077548468		42.74022

		nox9						1104.904058		623.81555				1.7712031353		135.6112619643						1.6868131868		76.6										1.6653716153		93.8868956506						2.3750944537		35.23104

		nox10						852.616742		511.96786				1.6653716153		93.8868956506						1.5851979346		150.3

		myjaeval94						877.92300092		583.6296548				1.504246732		160.7927417401						1.6827852998		140

		myjaeval96						755.13368		508.3684748		298.4402086294		1.4854061914		158.5760938519						1.4575163399		44.7

		myjaeval97						733.53389072		446.0554548		249.8687179954		1.6444903494		132.7676503695						1.458488228		326

		goett 94my						1.2015736667		0.8694				1.3820723104		301.8739710428						1.4761904762		144

		goett 95my						1091.2853333333		784.7513333333				1.3906129075		269.3076117374						1.9362416107		55.6

		alb93						697.24336		425.82132				1.6374082913		126.35748

		alb94						749.5065		355.62272				2.1075889077		115.23486

		alb95						798.64552		460.88298				1.7328596513		122.91342						Greece (1990, 92, 94)				Schildhorn (1995)				Goettinger (1994, 95)				BAST (1991)				Jagtvej (1994, 96, 97)				Albanigade (1993, 94, 95, 96)

		alb96						776.06152		471.89268				1.6445720667		113.63516

		shildhorn95						1002.5		779				1.2869062901		252.88

		albback93						116.51462		58.11616				2.004857513		24.3719

		albback94						203.98998		91.1829				2.2371517028		39.29616

		albback95						289.828		120.37272				2.4077548468		42.74022

		albback96						295.77512		124.53194				2.3750944537		35.23104

		jagbac94						230.20624		116.0253				1.9841038118		35.11812

		jagbac96						246.86194		135.82394				1.8175142026		39.31498

		jagbac97						254.20174		134.20542				1.8941242462		37.41416

		goetbac94						357.06		186.36				1.9159690921		50.09

		goetbac95						318.8		162.4				1.9630541872		45.83

		shibac95						406		159				2.5534591195		39.09

		greece						818		453				1.8057395143		96.2

		greece						272		201				1.3532338308		61.5

		greece						865		662				1.3066465257		263.7

		greece						1034		671				1.5409836066		190.2

		greece						493		287				1.7177700348		97.3

		greece						1213		825				1.4703030303		297.3

		greece						634		455				1.3934065934		159.6

		greece						614		364				1.6868131868		76.6

		greece						921		581				1.5851979346		150.3

		greece						870		517				1.6827852998		140

		greece						223		153				1.4575163399		44.7

		greece						1177		807				1.458488228		326

		greece						682		462				1.4761904762		144

		greece						577		298				1.9362416107		55.6
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