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Abstract—The paper describes the four-decade development of theoretical and practical steps (correct mathematical and atmospheric-physical simulation, temporal and spatial representativity of input data, scrutinised QA/QC, testing and validation, model comparison exercise) carried out to achieve a new regulatory model called HNS-TRANSMISSION for Hungary. Results of climatological assessments of meteorological input parameters (surface wind and atmospheric stability) and maps of base level urban and regional air pollution are also presented.
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1. Introduction

Air quality modeling in Hungary have been developed in close co-operation among meteorologists, engineers, and project managers of national authorities. This work was helped by numerous able colleagues and technicians of the Department of Atmospheric Environment at the Hungarian Meteorological Service, later at CARM, Budapest, Hungary for many decades. Before 1960, similarly as in other parts of the world, mostly public health people carried out air pollution surveys in Hungary, and some of them was even engaged in stack height calculations. 

The ambient air in Hungarian cities before the 1980’s was rather polluted, mostly due to solid fuel burning in individual stoves and to the exhaust gases of outdated car engines. Fig. 1 shows the 50-year trend of air pollutant concentrations in ambient air of Budapest. Breaks in SO2 curve are due to changes of sampling and evaluation methods (Fehér and Szepesi, 1970).
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Fig. 1. 50-year trend of air pollutant concentrations in ambient air of Budapest.


At the beginning of the environmental conscious era (around 1970), project managers of national authorities worked out an effective air pollution abatement strategy for cities, including transition from solid fuel to natural gas, and from individual stoves to central and district heating. Heavy industry was placed out of the inner part of cities. This resulted in a considerable drop of SO2 and soot concentrations soon. Parallel to this effort, intensity and duration of the London-type smog situations considerable dropped (see Table 1).

Meteorologists were also active in these decades helping authorities in finding the necessary dimension of abatement strategy. Director of the Hungarian Meteorological Service established a research group for air pollution studies, and a scientist was sent to the US Weather Bureau as a UN fellow for one year to be familiarized with the whole spectrum of air pollution meteorology in 1964. The fellow visited 27 research establishments in the US, but the most profitable 3 months were spent at the US Weather Bureau Research Station (R.A. Taft Center) in Cincinnati, Ohio. Here he took part in field measurements, theoretical and applied researches. In cooperation with American experts, the basis of the first generation transmission system was established (see Table 2).
Table 1. Most severe smog situations in Budapest, (g m–3
	Period with smog
	SO2
	Soot
	NO2

	1936–38, winter mean (Waldbauer, 1938)
	–
	1070
	–

	March 16, 1959
	3500–4500
	5400
	–

	January 21–23, 1970
	1500–1800
	1000
	–

	January–February, 1989; 55 days
	200–670
	8–350
	20–200


During his stay in the USA, diffusion climatological investigations were carried out in Hungary for the period of 1959–63 by punch card technique for wind and atmospheric stability conditions. Mixing height conditions were evaluated, and the first generation model was programmed some years later. 


In 1974, the second generation transmission model system named ISAQA was validated for a large power plant at Pécs, south Hungary. The project was ordered by the Ministry of Environment in cooperation with the public health authorities). SO2 concentrations were measured for a year at 32 stations, surface wind was observed at 6 points, upper air was investigated by pilot balloons, lapse rate conditions were calculated using orographic temperature gradient measure​ments. Measured and calculated concentration values were in satisfactory correlation. Based on these results, the Ministry on Environment started to fine heavy polluting industrial sources, the first time in Hungarian history. 


Description of this model (its acronym is ISAQA) is listed in the Compendium of Regulatory Air Quality Models, together with 182 other models collected worldwide in a program sponsored by the Climatological Commission of WMO, when the author served it as rapporteur of air pollution for 15 years (Szepesi, 1989). The model was applied for some hundreds of cases in three decades without any complains.

The third generation of this model, which was developed and programmed in an EOV space-informatical system was named as HNS-TRANSMISSION. It is one of the standardized models in Hungary endorsed by the European Environmental Agency.

Table 2. Specifications and phases of the 3-generation model development

	Generation
	                         Model characteristics

	
	Main goal
	Considerations

	First 

generation

1960’s 
	Establishment of regulatory

transmission modeling for Hungary

(Szepesi, 1964, 1967)
	Local scale model for point/area-sources, climatologically correct transmission input data system 

	Second

generation

1970’s

and 1980’s
	Standardization of the transmission

system

for Hungary

(Fekete et al., 1983).

Long-range and acid rain model

(Fekete and Szepesi; 1987) 
	Orography, chemistry, initial dispersion, deposition,

continental, regional, and 

urban scale polluting effects

	Third

generation

1990–2005
	Regulatory model according to

new domestic

and EU regulations 

(HNS-TRANSMISSION)

(present paper)

	New definitions according

to the demand of recent

regulations (OGG, 2001). Simulation of the effects of

50 separate sources. Line sources, plaza parking lots, model estimation of base 

level air pollution, automatic estimation of area of significant impact, surface and most frequent wind maps, transmission input data 

system for the whole country (152 small areas). Regional

and urban base level air pollution maps from recent measurements


In 1994, Hungary took part in a model intercalibration exercise of the European nations in Belgium (Cosemans et al., 1994). The most important 1 hour maximum concentrations, calculated by the Hungarian standardized model HNS-TRANSMISSION, were in good agreement with values estimated by other national models. This model in its final form contains five years of meteorological data matrices, ready to apply to 150 localities covering all of Hungary. Results of a domestic model comparison of the two standardized models (AERMOD-HNS/HNS-TRANSMISSION) can be found at the web site: www.levegokornyezet.hu. Further model intercalibration was taken in the framework of COST Action 710 WG4. (Harmonization of the pre-processing of meteorological data for atmospheric dispersion models, E.C. Cost Action 710-Final Report, EUR 18195 EN.)

2. Mathematical considerations

Recently, new EU-conform regulations on air quality (OGG, 2001–2004) were promulgated and endorsed for Hungary. To meet the requirements of these regulations, development of a new, a third generation regulatory model system, named HNS-TRANSMISSION (domestic name TRANSZMISSZIÓ 1.1), was necessary. This article is to present major developments achieved.

We have introduced, among others, a new definition, called average concentration for the actual sector, which is similar to the most probable concentration, but refers to a narrower sector (Fig. 2). The difference is in the definition of the borders of the sector. In the new definition we use the concept of Meade and Pasquill (1958), that means that the borders of the sector are at the lines of the 10-percents value of the ground-level centerline concentration.

It will be shown, that this newly introduced definition can be simply estimated by multiplication of the ground-level centerline concentration by a constant. Finally, we introduce a factor which is vital of estimating the exceedences of 1-hour maximum concentration limit value.

Let us see the basic definition we should use, introducing the concept of the average concentration for the actual sector. The concentration is assumed to have Gaussian distribution. The well known and the new definitions of different types of concentrations and other related parameters are shown in Fig. 2.
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Fig. 2. The Gaussian distribution and the scheme of different types of estimated concentrations.

2.1 Ground-level concentration from an elevated point source

This well-known Gaussian formula specifies the concentration at the ground level along the downwind distance x from the source point:
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where

((x,y,0): concentration, (g m–3,

(x, y, z): receptor locations, m,

x: downwind distance from source to receptor, m,

y: crosswind distance, from source to receptor, m,

z: height above the ground, m,

E: pollutant emission rate, (g s–1,

(y: dispersion coefficient in the crosswind direction, m,

(z: dispersion coefficient in the vertical direction, m,

uh: wind speed at the source-height, m s–1,
H: effective height of the stack, m,

A: base level air pollution.

2.2 Ground-level centerline concentration from an elevated point source

This is a special case of Eq. (1) when y=0.
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This type of maximum concentration occurs rarely, but according to the new air quality regulation (OGG, 2001–2004), this has to be taken into account for determining the area of significant impact (ASI) in environmental impact assessments (EIA) (see section 4).

2.3 The most probable concentration

This definition is also introduced by Fekete et al. (1983):
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where 
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c

: most probable concentration, (g m–3,

y0: crosswind length belonging to the meteorological wind sector (22.5(), m,

(centerl: the ground-level centerline concentration, as defined in Section 2.2, (g m–3.

The other expressions used are the same as before.

This type of formula is used in the model for estimation of yearly mean ground level concentration.

2.4 Average concentration for the actual sector

Based on the suggestion of Meade and Pasquill (1958), we define this type of concentration distribution. The average concentration is the integral between the 10-percents limits of the ground-level centerline concentration. (( is the angle between the two 10-percent isolines of the ground-level centerline concentrations.

In the first step we calculate the limits of the integral, which, in the previous case, was ±(. Because of symmetry case, y1=y2, the basic equations are
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where y1, y2 is crosswind distances belonging to borders of sector ((, m.

Resulting from this transformation, we have got the average concentration for the actual sector (((). With help of the Taylor-series and the definition of the exponential function the following equation can be derived from Eqs. (3) and (4):
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This derivation is correct, because (y (and (z, respectively) is the function of x and not of y, so it can be considered as constant (Fekete et al., 1983).
Comparing Eq. (3) to Eq. (5), we can see that the difference between the concentrations calculated between ± ( and between the borders suggested by Meade and Pasquill (1958) is negligible, it is only about 2.7%.

Substituting y0 from Eqs. (4) and (5) we got:
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The multiplication factor is constant, 0.57, because the crosswind dispersion parameter ((y) effects (centerl and y0 similarly, so at the simplifica​tion of the equation it falls out. The reason for determining Eq. (6) and the average concentration for the actual sector is that the frequency of wind direction in the meteorological wind sectors (which are 22.5( wide) are available as climatologic data in Hungary, and not as the frequency of a certain direction by degrees. When the wind is not exactly in one of the usual wind sectors, and usually it is not, then we can estimate the climatologic frequency of the certain wind direction through weighting using the available information. This method can be adapted for planning purposes easily. 

This is the critical formula used by Hungarian environmental inspectors to qualify whether a source complies with limit values and allowable limit value exceedences, or not.

Area sources were treated by an algorithm (Szepesi, 1972), its graphical scheme is shown in Fig. 3.
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Fig. 3. Scheme of the initial dispersion (area or diffuse sources).

The correct estimation of exceedences of the limit values is vital for air resources management, air quality control, and air quality planning. If we calculate the 1-hour concentration and the base level air pollution, we should divide this sum by a factor denoted by e. So the yearly number of cases, (Nt(w,x)), when concentration is above the limit value, is the function of wind direction, w, downwind distance, x, wind speed, u, and atmospheric stability, S, beside of the source parameters:
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where 
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Practically the factor e is the ratio of the crosswind width of the 22.5( sector and that of the sector, where the concentration is greater than the limit value. Starting from this principle, the factor e cannot be less than 1. The value of e varies between 1 and 21 depending on the meteorological and physical conditions, such as emission rate, source parameters, temperature of the ambient air, etc.

An algorithm can be deducted for the factor e. Considering the geometry of Fig. 2 and the definition of the factor e:
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The inequality, which has to be solved, is:
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where  (norm: 1-hour mean limit value of concentration, (g m–3,

A: base level air pollution, (g m–3.
After transformations and defining the (A as the difference below:
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Eq. (9) has the form:
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Let us define a source type factor Q, as:
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We obtaine:
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Because only the positive resolution of Eq. (8) has physical meaning, we obtain the following algorithm for the e factor:
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3. Representative meteorological input data

3.1 Temporal representativity

For long-term planning purposes, it is important to apply meteorological parameters evaluated from data of 30 or 100 years long measurements, or by using shorter, but climatologically representative (normal) 3–5 years long data series. 


To investigate this problem on a more objective way, a study of the Péczely-type macrosynoptic situations was carried out (see the web site www.levegokornyezet.hu/climatic aspects) for the period 1881–2001 for Hungary by using the following algorithm:
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where


T: rate of closeness,


i: index of 13 macrosynoptic situation types,


y: frequency in a specific year, 


Y: mean frequency for a reference period, 


D2: standard deviations for the whole reference period,


Upper bar denotes averaging for all i indices.

Table 3 presents the deviations of each year from the 1881–2001 mean, based on the frequency of occurrence of Péczely-type macrosynoptic situations.

By applying this algorithm, 1995, 1997, and 1998 can be considered as the most normal years in the latest decades, and the least normal years were 1981, 1983, and 1996.The mean climatological representativity index of the meteorological data of the 1959–1963 period (the transmission base of the HNS-TRANSMISSION model) was 1.07, which is in the range of 0.372–3.251, and can be considered representative.

In an earlier study (Szepesi et al., 1993), it was also shown, that this base data period (1959–63) approximates the average macrosynoptic situation frequency satisfactoryly (mean deviation=1.0, standard deviation=0.57), much better than other periods considered. As a conclusion we can say, that the view of some researchers, that data from the latest years are the most relevant, is not acceptable, it could be extremely misleading in certain cases. The method presented is able to take into account the quantitatively hypothetical changes of climatic regimes, too.

3.2 Regional representativity

The basic idea of meteorological data pre-processing is that for ground-level concentration estimations it is more representative to use regional scale meteorology – in other words, average meteorology for an area of 20–30 km in diameter – instead of measurements made at a single point. This is called spatial representativity or regionalization of meteorological data. The method of data regionalization is described by Fekete et al. (1983), here we only summarize the main lines.

Table 3. Order of climatological representativity

	Year
	Represen-tativity index for the most normal years
	Year
	Represen-tativity 

index
	Year
	Represen-tativity 

index
	Year
	Represen-tativity index

for the least normal years

	1978
	0.296
	1987
	0.699
	1964
	0.933
	1961
	1.154

	1955
	0.311
	1985
	0.706
	2000
	0.933
	1975
	1.155

	1957
	0.335
	1896
	0.708
	1970
	0.934
	1929
	1.164

	1931
	0.372
	1908
	0.723
	1910
	0.935
	1907
	1.165

	1927
	0.378
	1934
	0.729
	1990
	0.960
	1923
	1.175

	1995
	0.403
	1912
	0.745
	1952
	0.997
	1958
	1.177

	1997
	0.405
	1913
	0.746
	1884
	1.004
	1963
	1.203

	1998
	0.406
	1926
	0.747
	1930
	1.007
	1991
	1.216

	1891
	0.427
	1894
	0.749
	1890
	1.009
	1966
	1.219

	1988
	0.431
	1992
	0.752
	1968
	1.013
	1984
	1.225

	1994
	0.453
	1909
	0.759
	1901
	1.017
	1976
	1.238

	1940
	0.470
	1893
	0.760
	1999
	1.019
	1932
	1.240

	1993
	0.473
	1954
	0.761
	1898
	1.032
	1945
	1.245

	1886
	0.497
	1917
	0.766
	1960
	1.039
	1887
	1.252

	1922
	0.503
	1950
	0.780
	1911
	1.039
	1967
	1.259

	1897
	0.503
	1979
	0.781
	1904
	1.041
	1969
	1.286

	1892
	0.534
	1986
	0.809
	1936
	1.050
	1972
	1.327

	1889
	0.544
	1883
	0.822
	1905
	1.054
	1933
	1.336

	1971
	0.549
	1925
	0.831
	1959
	1.054
	1921
	1.443

	1948
	0.555
	1956
	0.832
	1918
	1.067
	1982
	1.496

	1973
	0.563
	1947
	0.834
	1989
	1.073
	1938
	1.539

	1965
	0.570
	2001
	0.835
	1919
	1.081
	1916
	1.585

	1935
	0.583
	1943
	0.856
	1915
	1.095
	1944
	1.597

	1888
	0.593
	1962
	0.860
	1953
	1.102
	1996
	1.615

	1937
	0.647
	1942
	0.865
	1980
	1.106
	1983
	1.625

	1881
	0.649
	1974
	0.880
	1885
	1.114
	1946
	1.968

	1951
	0.653
	1924
	0.883
	1903
	1.120
	1939
	2.012

	1977
	0.674
	1928
	0.893
	1906
	1.122
	1900
	2.050

	1882
	0.683
	1949
	0.916
	1941
	1.124
	1920
	2.252

	1895
	0.688
	1914
	0.922
	1902
	1.136
	1981
	2.466

	
	
	
	
	
	
	1899
	3.251


3.3 Wind conditions

The aim of establishing wind maps is to furnish readily available regionally and temporally representative wind statistics for any location in the country, for environmental impact assessments. For the analysis of these, all available surface wind data series (more than 300 between 1881 and 1980) and upper air ascents (22 long series between 1929 and 1989) in Hungary were considered (Szepesi and Fekete, 1993).
This wind is representative for quasi-level terrain of average roughness without obstacles. The local effects of extreme roughness, sheltering by obstacles and mountainous terrain must be model-corrected.

Validation of the wind mapping concept gave satisfactory results. It also revealed many inconsistencies in the locating of instruments and former manual evaluation of wind record-charts. However, it also confirmed and quantified some previous findings, for example, that the frequencies of the westerlies and easterlies over the country are considerably increased by orographic channeling of the North Carpathian Mountains.

This is a non-computerized (graphical) data assimilation technique. After plotting all wind direction and speed data available (sixteen directions, and mean speed data for each direction, respectively), we can analyze these charts graphically, one by one (see Figs. 4 and 5). These maps make possible to pick up or interpolate yearly average wind direction frequencies and mean speed value data at any point of the country.

The last step is to apply the circular polar smoothing process presented by Tar (1991), then to use an interpolation technique built in the HNS-TRANSMISSION model to interpolate transmission data matrices to any point of interest over the country.

Transmission matrices, gained this way and built in the HNS-TRANSMISSION model, will be temporally and spatially representative and serve as readily applicable input database.

3.3.1 Most frequent winds

Evaluation of the most frequent meteorological situation was another important task. This was carried out in the following way. Since atmospheric stability category S=6 (Szepesi stability 1–7, see Fekete et al., 1983) is the most frequent one, surface wind speed prevailing during this stability conditions were evaluated over Hungary. The numerical values ranged from 1.6 m s–1 to 3.1 m s–1  (see Fig. 9h). These parameters are essentials for the estimation of the area of significant impact (ASI) according to OGG (2001–2004). 

Fig.3 Rel. frequencies of surface wind direction in Hungary (1880 - 1990), % [image: image25.jpg]




Fig. 4 Mean surface wind speed in Hungary (1880-1990), m/s
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3.4 Stability conditions
Atmospheric stability is estimated in Hungary for low sources by the Pasquill-Gifford-Turner (PGT) procedure, and for medium and high sources by the Szepesi method (Szepesi, 1967), based on classification of temperature lapse rates of the lowest 300 m layer. The climatology of the lapse rates is shown in Fig. 6. Frequency distributions were analyzed based on six daily radiosonde ascents between 1959 and 1963, resulting in a very characteristic and smooth pattern (Szepesi et al., 1993).
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Fig. 6. (a) Relative frequency (%) of stable (S=1, 2, 3) and (b) superadiabatic (S=7) stratification of the lowest 300 m layer (1959–1963) over Budapest.

By using PGT or Szepesi-type stability classes, dispersion coefficients (y and (z were determined by the Nowicki (1976) formulas.

For deeper air layers, the exponent p and the stability indicators must be transformed using the diagram shown in Fig. 7. This diagram was constructed using a long series of temperature data measured on high meteorological towers and radiosondes.

3.5 Transmission matrices

Multidimensional transmission matrices are the input bases for long-term estimates of pollutant concentrations (Szepesi et al., 1967, 1985). They were established first time for 40 synoptic stations for the period 1959–1963 in Hungary.

The next step is to pre-process the transmission matrices based on 5 years of measurements. This period (1959–1963) was selected because of having similar weather characteristics as those of the 100 years period (1880–1980). In other words, the frequency distribution of macrosynoptic (Péczely) weather types were nearly similar in both periods.

For low sources, they are based on surface wind direction (16 bins) and speed (7 bins) records, and PGT stability categories using 5 years of SYNOP data. For medium and high sources, 500 m level wind maps (pilot balloon and radiosound) were used, together with the stability conditions (7 bins) estimated on the basis of the lapse rate of the lowest 300 m layer. Between the 40 points for any location in Hungary, a transmission matrix can be interpolated by using statistics of wind maps (see Figs. 4 and 5).

For estimation of 24 h mean and maximum concentrations, time series of meteorological data for 7 regions were included.
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Fig. 7. Diagram for the transformation of wind profile equation exponent p and stability indicator S.
3.6    Background and base-level air pollution

3.6.1 Background pollution 

Consistent estimation of background air pollution, originating from larger scale but less intense polluting sources, is of considerable importance for regulatory applications. Because of the very complex mechanisms involved, a practical simplifying approach was worked out (Fig. 8). By using this scheme, contributions from global, continental, regional, and urban background pollution could be easily analyzed for any geographic locations. For local regulatory purposes, preparation of regional and urban background maps for the most important pollutants at 3-year intervals seems reasonable. The maps should be drawn based on all available measured data at urban and regional background stations and analyzed in the light of model estimated concentration patterns calculated using the relevant emission inventory and meteorological input.
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Fig. 8. Hierarchy of air pollution scales. 

3.6.2 Base level air pollution

In conformity with Hungarian Clean Air Act Regulations (OGG, 2001–2004), it is necessary to introduce the concept of Base Level Air Pollution (BLAP), which is practically the long-term (yearly) average of background concentrations measured or estimated on a wider area around the planned source. It is an important parameter of any environmental impact assessments, and it is useful if it is available in advance.


Practical steps of its evaluation in the light of recent Clean Air Act regulations is described on the web-site www.levegokornyezet.hu. BLAP fields were estimated in a separate project, and maps presented here are possible examples of future official work.

There are two types: regional and urban BLAP maps.

· The regional BLAP maps were estimated for SO2 and NO2 by plotting all measured air pollution data available in Hungary for 1986–90. For the territorial analyses, emission inventories of SO2, NO2, and NH3 were used (Figs. 9 a-b). For the total acid depositions maps, Acid Rain Model (Fekete and Szepesi, 1987) was run (see Fig. 9d). 


The PM10 regional map was estimated by the latest version of EMEP Eulerian Unified Model System for 2003 (MSC-W Data Note 1, 2004). For model calculations updated, received emission data were used. As Fig. 9c shows, regional PM10 BLAP for Hungary is 10 µg m–3, and the number of days with limit value exceedencies in Budapest agglomeration is yearly 10. Preliminary model estimations show that over cities in Europe, where the share of diesel cars is over 70 percents (in Hungary it is 17%), exceedence days are close or above 35.

· Urban SO2, NO2, and CO BLAP maps for Budapest (see Figs. 9 e-g) were analyzed by Vámos et al. (2002). By the aid of the Budapest Public Health Institute, all measured high quality data were offered in processed form for 1998–2001. All urban measuring stations were visited and scrutinized. Parameters surrounding the stations, as building height, distance of nearby roads, street width, traffic intensity, and microclimatic characteristics were logged. These parameters are input data for model estimations. Direct impact polluting effect originating from nearby road traffic was subtracted from measured data. BLAP data gained this way were plotted and analyzed territorially by concentration isolines (see Figs. 9 e-g).
4. Model output

An example for the expected NOx pollution around a new 2-source configuration, estimated by the model system HNS-TRANSMISSION, is shown in Fig. 10. The technical input data are emission rates (80 kg NOx h–1 and 200 kg NOx h–1), stack heights 20 m and 40 m, respectively, base level air pollution of 20 (g NO2 m–3 (from Fig. 9), surface roughness of 0.5 m, most frequent wind speed of 2.5 m s–1 (from Fig. 5h) and NOx limit values of 200 (g m–3 (1 h) and 100 (24 h) (g m–3.

To meet the requirements of present Hungarian air quality regulations (OGG, 2001–2004), the following concentration patterns are output: 1-hour maximum concentration (Fig. 10a), yearly number of estimated concentration exceedences (Fig. 10b), 24-hour maximum concentration (Fig. 10c), yearly mean concentration (Fig. 10d), and the area of significant impact (ASI) (Fig. 10e), which at condition (b) has the largest range of 11.5 km.
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Fig. 9. Regional (a)–(d) and urban (e)–(g) base level air pollution and critical wind speed (h)

over Hungary and Budapest.
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Fig. 10. Concentration distributions (a, b, c, d) and ASI (e) estimated

by the HNS-TRANSMISSION model.

5. Characteristics of model HNS-TRANSMISSION
By using modules detailed in Section 2 and representative meteorological input data, regulatory model HNS-TRANSMISSION was prepared to satisfy the new regulations on air quality (OGG, 2001–2004). Major characteristics are the followings: the model estimates ground level concentration and deposition emitted by point and area sources – up to 50 sources –, located at different sites. It calculates 1 h, 24 h and yearly average, maximum values, and limit value exceedences. Their outputs are in tabled form or presented as territorial distributions on Unified Domestic Map System maps in selected colored forms. Dry deposition and chemical transformation modules are included as well.

Effects of inhomogeneous roughness, base level air pollution, and orographical effects in homogeneous or inhomogeneous distributions can also be easily simulated by the HNS-TRANSMISSION model.
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