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Abstract⎯ An operational air quality forecasting model system has been developed and 
provides daily forecasts of ozone, nitrogen oxides, and particulate matter for the area of 
Hungary and three big cites of the country (Budapest, Miskolc, and Pécs). The core of the 
model system is the CHIMERE off-line chemical transport model. The AROME numerical 
weather prediction model provides the gridded meteorological inputs for the chemical 
model calculations. The horizontal resolution of the AROME meteorological fields is 
consistent with the CHIMERE horizontal resolution. The individual forecasted 
concentrations for the following 2 days are displayed on a public website of the Hungarian 
Meteorological Service. It is essential to have a quantitative understanding of the 
uncertainty in model output arising from uncertainties in the input meteorological fields. 
The main aim of this research is to probe the response of an air quality model to its uncertain 
meteorological inputs. Ensembles are one method to explore how uncertainty in 
meteorology affects air pollution concentrations. During the past decades, meteorological 
ensemble modeling has received extensive research and operational interest because of its 
ability to better characterize forecast uncertainty. One such ensemble forecast system is the 
one of the AROME model, which has an 11-member ensemble where each member is 
perturbed by initial and lateral boundary conditions. In this work we focus on wintertime 
particulate matter concentrations, since this pollutant is extremely sensitive to near-surface 
mixing processes. Selecting a number of extreme air pollution situations we will show what 
the impact of the meteorological uncertainty is on the simulated concentration fields using 
AROME ensemble members. 
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1. Introduction 

Air pollution is a major environmental risk of our times, the reduction of which 
poses a great challenge on professionals and decision-makers equally (Lelieveld, 
2017). High concentrations of air pollutants may directly impair human health 
(Landrigan, 2017), ecosystems (De Marco et al., 2019), and the built environment 
(Kucera and Fitz, 1995). Deposition processes may lead to harmful material 
getting into the surrounding environmental media – into the vegetation, waters, or 
soil –, where it can cause further damage (Moiseenko et al., 2018). Today a 
widening range of attention is given to air quality, and we have more and more 
advanced methodologies to assess the current status (EEA, 2019) and tendencies 
of, and the expected changes in air pollution (Apte et al., 2017). 

Although the most accurate information regarding the actual conditions in 
the air is gained by direct measurements, a comprehensive assessment of air 
quality today requires the use of specific air quality models (Rybarczyk and 
Zalakiviciute, 2018). Based on a mathematical interpretation of physical and 
chemical processes taking place in the air, air quality models define a relationship 
between the emitted pollutants and concentrations measured in the environment 
(Baklanov et al., 2014).  

Therefore, they provide a suitable way for the tracking of the dispersion, 
chemical reactions, and deposition of air pollutants. Modern air quality models 
take many kinds of environmental processes into account, and their evolving 
complexity makes it possible for them to describe the real behavior of the natural 
systems more and more profoundly. However, no matter how sophisticated a 
model is, due to the high complexity of the natural systems and the feedbacks and 
non-linearities they involve, it is not able to describe all processes fully accurately, 
it is bound to use approximation and parameterization in its methods. Simulations 
of the models are therefore generally accompanied by a certain amount of 
uncertainty, that is dependent on the calculation methods, the accuracy of the 
input data, the geographical environment, the weather situation, and the resolution 
as well (Borrego et al., 2008). In the issue of the response of the air quality model 
to varying input data, it is essential to evaluate the reaction of the model to the 
changes in the emission or the meteorological data. The better understanding we 
have regarding the behavior, characteristics, and limits of our models, the more 
precisely we can define this uncertainty, which then provides us with the 
opportunity to estimate the expectable accuracy of our calculations beforehand. 

One of the most important input data of the chemical transport models comes 
from the emission inventories, which latter are static databases for a specific year. 
Furthermore, emissions are not possible to be measured in most cases. The 
emission estimate is inevitably an inaccurate representation of the emission that 
actually occurred. In addition to the simulations, emission data with fine temporal 
(Menut et al., 2012) and spatial variations are expected. The uncertainty of the 
emission data depends not only on the category of the emission source but also on 
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the contributing emission sources and their quantity. The assessment of 
uncertainty in the modeled forecasts in relation to the input uncertainty of the 
emission dataset has been analyzed in many papers (Napelenok et al., 2011; 
Holnicki and Nahorski, 2015). 

The aim of this research was to analyze the Hungarian air quality from 
different aspects using up-to-date tools based on model simulations, where we 
focused primarily on weather elements that mostly influence dispersion processes 
in the air (Angevine, et al., 2014), their effects on concentrations evolving in the 
environment, and the modeling of critical air quality situations rising in special 
meteorological conditions. In our previous work (Homolya, 2021), a sensitivity 
analysis was carried out using the CHIMERE chemical transport model in order 
to examine, to what extent and how the key meteorological elements affect the 
evolving concentrations in the course of the modeling process. For this study, the 
values of the meteorological parameters were artificially modified. This 
modification was not physically consistent, but at that time ensemble members 
from AROME model were not available. 

As a result of developments at the Hungarian Meteorological Service in 
recent years, AROME EPS has become available for sensitivity analyses. Using 
this new meteorological driver, physically consistent meteorological fields were 
available for our examination. In this work, we focus on wintertime particulate 
matter concentrations, since this pollutant is extremely sensitive to near-surface 
mixing processes. Three extreme air pollution situations were selected to examine 
the impact of the meteorological uncertainty on the simulated concentration fields.  

2. Materials and methods 

2.1. Models 

For the examinations with the CHIMERE chemical transport model (Mailler et 
al., 2017), a domain covering Hungary and extending to almost the whole territory 
of the Carpathian Basin, with the borders of latitudes 45° and 50° and longitudes 
14° and 25° (Fig. 1) was chosen to be the target area. The area bounded by the red 
line in Fig. 1 shows the calculation domain. The grid was defined the way that the 
spatial resolution fits that of the emission inventory data of EMEP – 0.1° – which 
corresponds to roughly 10 km in the region of the Carpathian Basin. We have to 
emphasize that the analyses presented in this work refer to the area bounded by 
the blue line, which is smaller than the area bounded by the red line. The reason 
for this choice was that some unbalances might occur close to the border of the 
domain, arising from the boundary conditions. 
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Fig. 1. The target domain for the analyses using the CHIMERE model and the location of 
the monitoring sites. 

 

 

The gridded emission inventory of EMEP for the year 2015 was used in the 
simulations. The inventory data for nitrogen-oxides, volatile organic compounds, 
sulphur dioxide, ammonia, fine aerosol particles (PM2.5), coarse aerosol particles 
(PM10 − PM2.5), and carbon-monoxide were taken into account in a 0.1° spatial 
resolution. The EMEP emissions inventory, which includes annual total data, has 
to be converted to hourly data (Menut et al., 2012). During the time distribution 
of the emission data, seasonal, weekly, and hourly factors are used. 

Data of biogenic emission was calculated by the MEGAN model (Guenther 
et al., 2006), which is a global model with a base resolution of ~ 1 km.  

Meteorological data were provided by the AROME non-hydrostatic numerical 
weather prediction model of the Hungarian Meteorological Service in a 1-hour 
temporal and the 0.1⁰ spatial resolution of the EMEP grid. For CHIMERE, data is 
prepared by the built-in meteorological pre-processor, using the model’s own 
diagnostic tool. One file in the database contains data for one single day. 
AROME/HU (Szintai et al., 2015) runs 8 times per day up to 36–48 hours at 2.5 km 
horizontal resolution using 60 vertical levels over a domain including the Carpathian 
Basin. The initial conditions are prepared by optimal interpolation on the surface and 
local 3D-Var assimilating SYNOP, TEMP, AMDAR, GNSS ZTD measurements, 
and Mode-S MRAR data from the Slovenian network. The hydrometeors and snow 
evolve through the data assimilation (DA) cycle. Hourly lateral boundary conditions 
are taken from the ECMWF HRES forecast in time lagged mode. AROME-EPS is 
an 11-member forecast coupled to 18 UTC ECMWF ENS with a frequency of 3 
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hours. The model runs at horizontal resolution of 2.5 km over a domain covering the 
Carpathian Basin. The forecasts are initialized at 00 UTC and range up to 48 hours. 

For our chemical transport model calculations, the AROME and AROME-EPS 
run at 00 UTC and the model results of 00–24 UTC have been used. In our model 
simulations, the deterministic model is considered as benchmark results because this 
data is used in the operational air quality prediction. The originally fine resolution 
meteorological fields of the AROME and AROME-EPS model were interpolated to 
the CHIMERE grid, which was defined by the EMEP gridded emission data.  

Boundary and initial conditions are needed to get appropriate model results. 
In our test cases, in the case of the first day, climatological data were used as 
initial conditions, and then the previous simulation produced the initial conditions 
for the next simulation. The climatological set of boundary conditions has been 
provided by the LMDz-INCA global model (Laboratoire de Météorologie 
Dynamique General Circulation Model coupled with INCA: Interaction with 
Chemistry and Aerosols) (Hourdin et al., 2006; Hauglustaine et al., 2004). 
Information concerning land cover has been provided by the USGS database 
(Loveland et al., 2000). 

2.2. Measurements 

Four monitoring stations with significantly different characteristics (population, 
type of station) were selected for the detailed analysis of three cities, Budapest, 
Miskolc, Pécs, and Farkasfa background monitoring station. The locations of the 
monitoring stations can be seen in Fig. 1. 

At several locations in Budapest (525.1 km2, 1 756 000 inhabitants), the 
monitoring of PM10 with fine temporal resolution started in 2007. Among the 
monitoring sites, the Gilice tér urban background station (located in the 
southeastern part of Budapest) was selected for our analysis, which is a standard 
meteorological and air quality monitoring station providing PM10 concentrations 
and detailed meteorological observations with good data coverage. This location 
is in the area of the Marczell György Main Observatory of the Hungarian 
Meteorological Service. The classification of this air quality monitoring site is 
suburban with a significant influence from major sources from the greater 
Budapest area. 

Miskolc (236.7 km2, 159 000 inhabitants) is represented by the Búza tér 
station. The classification of the site is urban traffic with a significant contribution 
from traffic-related sources. Moreover, the whole city is located in an 
unfavourable geographical location in the valley of Sajó River surrounded by the 
Bükk Mountains. Its special orography contributes to the development of long-
lasting (several days up to weeks) and severe air pollution episodes. 

In Pécs (162.8 km2, 148 000 inhabitants), the selected station (Boszorkány 
utca) is located in a suburban environment. The hourly PM10 data for our complex 
analysis have been available since 2009. One of the major industrial emission 
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sources in this area is a coal-fueled power plant equipped with two modern 
electrostatic precipitators. This development further decreases the PM10 emissions 
in the city. However, compared to Miskolc, the city of Pécs has more favorable 
orography: the northern part of the city is bordered by the Mecsek Mountains, but 
the southern side is open and flat. 

Farkasfa background air pollution monitoring station is located in the western 
part of Hungary, at the area of the Őrség National Park. The station is surrounded by 
forest and no essential local source of air pollutants can be found nearby. 

2.3.  Episode situations 

Three episode situations (January 6–13, 2020, January 17–22, 2020, and 
November 9–14, 2020) were analyzed in depth, when PM10 concentrations were 
over the threshold limit in Hungary. The synoptic events were anticyclonal in 
Central Europe during these periods (Fig. 2). A cold pool is a special 
meteorological situation that is related to inversion in the upper atmosphere and 
is coupled with low surface air temperatures. It most frequently evolves in areas 
that are surrounded by chains of mountains. Events in anticyclones trigger the 
development of cold pool as they foster downward motions in the air. By serving 
as a barrier for mixing motions, inversion causes the air to stabilize, and it hinders 
the movement of the air mass out of the basin. 

 

 

 

 

Fig. 2. Typical weather situations during the analyzed episode situations. 
(source: www.met.hu) 
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During the time period January 6–13, 2020, an anticyclone was observed in 
Central Europe. The weather was quiet and uneventful in the first days of this time 
period, the sky was variably cloudy and the sun was quite often shining 
everywhere in the country. The sky was weakly cloudy, at night but temporary 
fog spots formed at dawn. In the middle of the period, the influence of a warm 
front was observed, and warm, moist air came into Hungary. Subsequently, a layer 
of clouds and fog formed during the nights in many places, which did not break 
up or only broke up later during the day in the eastern and northeastern parts of 
the country. In the rest of the country, the sky was clear due to the strengthening 
NW wind, but the extension of the clear region decreased day by day. 

The following period (January 17–22, 2020) was heavily cloudy with misty, 
foggy weather, both at nights and during the days. It is important to mention that 
on January 19, a weak cold front arrived over the western counties and disbanded 
there, but it did not cause a significant change in the weather. The change was 
brought by another cold front, which arrived on January 22 from the north. It had 
already passed over the country, leaving a weakly cloudy, sunny weather behind. 

During the next period (November 9–14, 2020), an extensive anticyclone 
was located again over Central Europe. It stretched from the Scandinavian 
Peninsula to the Balkans. A classic cold pool developed over the target area. The 
permanently cloudy, misty, foggy weather across the country was only interrupted 
during the day in some places in the western parts of the country. The turning 
point was a passing cold front that brought drier air. 

3. Results and discussion 

In this section, the effect of the meteorological parameters on the PM10 
concentration values calculated by an air quality model will be presented. In our 
previous work (Ferenczi et al., 2020) we found, that the wind speed, the boundary 
layer (PBL) height, and the precipitation affected the prediction of the PM10 
concentrations the most. In this work, the impact of the meteorological uncertainty 
on the simulated concentration fields was determined using AROME numerical 
weather prediction model’s ensemble members. The analysis focused on the 
effects of the wind speed and the boundary layer height. In this work, the effect 
of precipitation was not examined, because in these episode situations no 
precipitation was reported. Three episode situations were selected for the analysis. 
The characteristics of these episode situations were described in the previous 
section. 

3.1. Effect of the uncertainty in meteorology on air quality model predictions 

We calculated the areal average differences between the various EPS and the 
deterministic values of the meteorological parameters and the PM10 concentration 
over the domain covering Hungary. All the three episode situations have been 
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analyzed with this method. The time series of these areal average differences and 
also of the deterministic values are visualized in graphs. 

First we conclude the results of the six-day period in November 2020. 
(Fig. 3) On the last two days, the deterministic PBL heights are much higher than 
the EPS values in the middle of the day, that is why we see large negative 
differences in the figure around noon. That means that the maximum PBL height 
was underestimated by the EPS members. At the end of the day on November 13, 
all the EPS areal averages are above the deterministic value. The maximum of the 
positive areal average differences was +49 m and the largest negative deflection 
was –93 m. Referring to the wind speed areal averages we can say, that the 
differences stayed mostly between +/– 0.1 m/s in the first and between+/– 0.2 m/s 
in the second half of the period. On  November 13, during the first 8 hours, the 
deterministic areal averages were lower than all the other EPS values. The 
maximum value of the positive differences is +0.3 m/s and the maximum of the 
negative differences is –0.2 m/s. When the PBL height or wind speed differences 
were large, all the EPS members were deflected in the same direction from the 
deterministic value. The areal average PM10 concentrations of the EPS members 
differ mostly between +/– 1 μg/m3 from the deterministic values in the first part 
of the period. With time, larger values appear, and the EPS members also differ 
more from each other. The maximum deflection is +2.4 μg/m3in the positive 
direction and in –3.3 μg/m3 the negative direction. In the morning (from 6 to 12) 
of November 13, all the EPS values were lower than the deterministic 
concentration. This can be explained by the behavior of the areal average wind 
speeds: on this day, during the first 8 hours, the deterministic wind speeds were 
lower than any other EPS wind speeds. We were interested in how the daily 
averages of the PBL height, wind speed, and PM10 concentration changed on this 
day over the country. We visualized the deterministic daily averages and the 
differences between the EPS daily averages and deterministic values on maps. 
The maps relating to the PM10 concentration can be seen in Fig. 4. In the first map 
we see, that the daily, deterministic PM10 concentrations were above 40–50 μg/m3 
in the eastern half of the country. In the other, difference-maps we see, that the 
EPS values differed with more than +/−8 μg/m3 in this eastern part of the modeled 
region. Where the deterministic PM10 concentrations are relatively high, there the 
EPS members show larger differences. Although there are extended areas 
showing positive differences, we can still have an impression, that over the 
country the negative differences (green colours) dominate. 
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A) 

 
B) 

 

 

Fig. 3. A) Boundary layer height, wind speed, and PM10 differences between EPS members 
and deterministic values. B) Deterministic boundary layer height, wind speed, and PM10 
values (areal averages, November 9–14, 2020). 
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Fig. 4. Maps of deterministic daily average PM10 concentrations (first) and the difference 
between the EPS and the deterministic daily averages (others). Positive differences are red, 
negative differences are green. November13, 2020. 

 

 

 

 

 

The next period is the January 6–13, 2020. (Fig. 5) The PBL height 
differences stayed mostly between +/–20 m, only on January 11 were larger 
differences. On this day, the extent of the deterministic planetary boundary layer 
was the largest. The maximum value of the positive differences is +43 m, in the 
negative direction the largest deflection was – 38 m. The wind speed areal average 
differences are mostly between +/–0.2 m/s. On January 11, the differences are 
higher, there are some EPS members which differ nearly +/–0.3 m/s from the 
deterministic value. The maximum of the positive wind speed differences was 
+0.3 m/s, in the negative direction the maximum deflection was –0.3 m/s. The 
differences in the PM10 concentrations stayed mostly between +/–1 μg/m3, but in 
some hours, the differences are near to the +/–2 μg/m3 values. The maximum of 
the positive differences was +1.9 μg/m3 and of the negative differences was  
–3.5 μg/m3. To conclude, we can say that the largest differences were on January 
11. This can be due to a cold front reaching the country on this day. We can see, 
that the deterministic wind speed and also the PBL height reached maximum 
values on this day, and the EPS members showed high variability around these 
maximum values. However, we could not detect especially large spread in the 
EPS PM10 concentrations on this day.  
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A) 

 

B) 

 

Fig. 5. A) Boundary layer height, wind speed, and PM10 differences between EPS members 
and deterministic values. B) Deterministic boundary layer height, wind speed, and PM10 
values (areal averages, January 6–13, 2020.). 

 
 
 
 
 
 

Lastly we conclude the information about the period January 17–22, 2020. 
(Fig. 6) Usually the PBL height deflections stayed between +/–20 m, but there are 
EPS members which differ in a larger magnitude mostly near the end of the day. 
The largest difference was +121 m, in the other direction –46 m was the highest 
difference. Most of the wind speed differences are in the range of  
+/–0.2 m/s. The largest, positive deflection was +0.6 m/s, the largest negative 
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difference was –0.5 m/s. In case of the PM10 concentrations, the variation between 
the EPS members stayed large during the whole period apart from the first few 
hours. The differences did not cross the 2 μg/m3 value in the positive direction. 
The largest positive difference was +1.5 μg/m3 and the largest negative was  
–2.5 μg/m3 during the period. To conclude we can say, that most of the EPS 
members which on average showed positive areal average differences in PBL 
height and wind speed compared to the deterministic value, are the members, 
which showed negative PM10 differences. In the end of the period, the PBL height 
and wind speed differences are large and show high variability, but we see that 
the PM10 concentration differences are smaller than on the days before. 

 

A) 

 

B) 

 

Fig. 6. A) Boundary layer height, wind speed, and PM10 differences between EPS members 
and deterministic values. B) Deterministic boundary layer height, wind speed, and PM10 
values (areal averages, January 17–22, 2020). 
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In terms of the areal averages, the variability in the meteorological data is 
showing itself in the PM10 concentration predictions. While the differences between 
the meteorological inputs (deterministic and EPS) in case of the PBL height and 
wind speed decrease in some hours during the examined periods, the implied PM10 
concentration differences are large circa from the second day of each period, and 
the spread of the differences stays large until the end of the period. It is important 
to mention that the differences in wind fields could impact the advection or 
transport of pollutants from the sources. The differences which occur in the 
trajectories of the air parcels lead to changes in the concentration fields. 

Finally, we examined the behavior of the EPS and deterministic PBL height, 
wind speed, and PM10 concentration values in four monitoring stations: Budapest, 
Miskolc, Pécs, and Farkasfa. To sum up we can say that the PBL height 
differences varied between +/–200 m on the 4 monitoring stations, the wind speed 
differences stayed mostly between +/–1 m/s, and the differences of the PM10 
concentrations fell usually in the +/–10 μg/m3 range. It is difficult to say that the 
differences in the gridcells of the stations got generally larger with time, because 
there were some cases relating to all of the examined parameters, when larger 
deflections from the deterministic values and larger variety within the values of 
the different EPS members arose in the first part of the period. In case of the PBL 
height, the differences were in general always large in the hours around noon. The 
various EPS members differed more in the maximum extension of the PBL from 
the deterministic value. Generally, there is a smaller variation in case of Farkasfa, 
however, large differences from the deterministic values can occur here too. The 
variation of the differences was smaller in Pécs than in the other urban stations. 
From the examined parameters the wind speed differences showed the largest 
variation during the three episode situations. Variations in the wind speed values 
had a more significant effect on the variation in the PM10 concentrations. Small 
differences in wind fields over areas with high emission can have notable impact 
on dilution and air parcel composition.  

3.2. Effect of the EPS meteorology on the air quality forecast 

The impact of EPS meteorology was investigated at three urban and one 
background stations. The three city stations are Gilice tér in Budapest, Búza tér in 
Miskolc, and Boszorkány utca in Pécs, and the background station is Farkasfa. 
We chose points far apart. The type, geographical location, and emission impact 
of the designated stations are also different, as shown in the previous chapter. 

First, we examined the timelines to see if we could improve PM10 forecasting 
using EPS meteorology. AROME-EPS prediction is made with perturbed initial 
and lateral boundary conditions. The set of forecasts, produced in this way, 
presents several scenarios. From these we can also deduce the probability and 
uncertainty of weather events. Ensemble predictions also have the advantage of 
predicting extreme events, such as predicting air pollution peaks. 
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In our case, we examined only three periods and four locations, but the standard 
deviation of EPS members did not prove to be widespread enough to adequately 
predict certain concentrations of pollutants. The application of EPS meteorology did 
not significantly improve the prediction of PM10 (Fig.  7). The results of this 
examination demonstrate that the success of air pollution forecast is affected by not 
only the accurate meteorological parameters but the perfect emission pattern of 
sources as well. The presented examples show that we have to improve or rethink 
how to prepare hourly emission data from the yearly amount. Of course, the accurate 
meteorological forecast is also a basis of a good air quality forecast, but in our case, 
the emission data is the weakness of our forecasting system. 
 

PM10 concentrations (μg/m3) 
Budapest Budapest Budapest 

   

   

Miskolc Miskolc Miskolc 

   

Pécs Pécs Pécs 

   

Farkasfa Farkasfa Farkasfa 

   

Fig.  7. Modeled and measured PM10 concentrations at Budapest, Gilice tér, Miskolc, Búza 
tér Pécs, Boszorkány utca, and Farkasfa stations (Source of measured data: Hungarian Air 
Quality Network). 
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Generally, winter weather patterns provide more favorable conditions for 
critical air quality situations coupled with high concentrations of PM10 to occur than 
summer weather patterns, which can basically be put down to the different emission 
and meteorological characteristics. Next, we carried out a sensitivity analysis with 
the aim to prove that the role of meteorology is significant in the formation of air 
pollution in winter. It should be emphasized, that the performance of a model may 
depend on the geographical domain, which makes the target area relevant in the 
process of investigating the model characteristics. The sensitivity analysis proved to 
be an efficient method to demonstrate the strong effects of local meteorological 
parameters including the parameters principally responsible for the dispersion and 
dilution processes of air pollutants, namely wind speed and planetary boundary layer 
height on the evolving concentrations in the environment.  

Time series were selected from the 3 episode situations for every 4 
geographical points, when there was light and strong wind speed and low and high 
PBL height values (Tables 1 and 2). For these time periods, the differences 
between the two wind speed EPSs and PBL height EPSs extremes were 
determined and than compared to the appropriate PM10 concentrations. By 
extremes we mean which EPS gave the lowest values most often and which EPS 
gave the highest values most often compared to the other EPS members. With this 
analysis, the effects of wind speed and PBL height on PM10 concentrations were 
demonstrated. The used definition of light wind: < 2 m/s, strong wind: > 2 m/s, 
low PBL height: < 400 m, and high PBL height: > 400 m. 

 
 
Table 1. Analyzed time periods for the effect of wind speed 

 Budapest Miskolc Pécs Farkasfa 

Light wind 
January 19–21, 

2020 

November 13–15, 

2020 

January 21–22, 

2020 

November 12–15, 

2020 

Strong wind 
November 12–13, 

2020 
January 09–12, 

2020 
November 12–13, 

2020 
January 19–20, 

2020 

 

 

The effect of wind speed is to cause the accumulated air pollutants to diffuse, 
thereby leading to an improvement in air quality and vice versa, decreasing wind 
speeds favor the accumulation of pollutants and induce a decline in air quality. 
First the effect of light wind on the PM10 concentration was analyzed (Fig. 8). The 
first line of Figure 8 shows the two EPSs that gave the lowest wind speed value 
most often and the highest wind speed value most often when low wind speed was 
examined. The same graphs show the PM10 concentrations for these EPSs. The 
second line of the figure shows the difference between the wind speeds and the 
difference between the PM10 concentrations of the aforementioned EPSs. Thus, 
the change in PM10 concentration caused by wind speed is illustrative. In the case 
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of light wind, the PM10 concentration responds to small changes in wind speed 
with a significant adjustment. In the case of the presented examples, a 1 m/s 
increase in wind speed can result in a decrease in the PM10 concentration up to 
10 μg/m3. On the contrary, a 1 m/s decrease in wind speed can result in an increase 
in the PM10 concentration up to 5 μg/m3. Based on Fig. 8, it can be said, that in 
the case of light wind, the prediction of PM10 concentration is very sensitive to 
changes in wind speed.  
 

 

 

Fig. 8. Effect of the wind speed change on the change in PM10 concentration at several 
geographic locations (in case of light wind speed). 

 

 

Then the effect of strong wind on the PM10 concentration was also analyzed 
(Fig. 9). The first line of Fig. 9 shows the EPSs giving most often the highest and 
most often the lowest wind speeds, as well as PM10 values for the same EPSs. The 
second line shows the difference between the wind speeds and the difference 
between the PM10 concentrations. In this case, the response of the PM10 
concentration change to the wind speed change is not as clear as in the case of 
light wind speed change, but it can be noted that the effect is not negligible. 
However, in some cases, a strong wind speed can also increase PM10 
concentrations, as a result of an increased suspension of particles from ground 
surfaces (Kukkonen et al., 2005). 
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Fig. 9. Effect of the wind speed change on the change in PM10 concentration at several 
geographic locations (in case of strong wind speed). 

 

 

 
Results show that differences in the concentration fields due to the modified 

meteorology (using EPS members) are more pronounced in the case of lower wind 
speeds than they are in the case of higher wind speeds. We have to note that the 
changes in PM10 concentrations were the most significant at the Budapest 
location. It is well trackable in model simulations that by low wind speeds 
pollutants start accumulating in the air rapidly, and it could be the explanation of 
this effect. 
 

Table 2. Analyzed time periods for the effect of PBL height 

 Budapest Miskolc Pécs Farkasfa 

Low PBL height 
January 21–23, 

2020 

January 17–19, 

2020 

November 13–15, 

2020 

November 13–15, 

2020 

High PBL 

height 

November 13–15, 

2020 

January 21–23, 

2020 

January 19–21, 

 2020 

November 11–13, 

2020 
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Pollutant, especially PM concentrations in the environment are largely 
affected by the boundary layer height as well (Du et al., 2013). Results show that 
an increasing boundary layer height is coupled with the decrease of pollutant 
concentrations and, on the other hand, a decrease in the planetary boundary layer 
height leads to a definite increase in concentrations. However, this general 
conclusion can be modified by the very extreme meteorological situation during 
cold pools, when the predicted planetary boundary layer height is extremely low 
(< 400 m). First, the effect of low PBL height was analyzed on the PM10 
concentration (Fig. 10). The expected effect that the increasing boundary layer 
height can cause decreasing PM10 concentration and vice versa is not clear in all 
cases in the case of low PBL height. A low boundary layer would constrain 
pollutants to the low surface layer and restrict the diffusion and dispersion of air 
pollutants. Our examination showed that a small change in the boundary layer 
height has a small effect on PM10 concentration. In our case studies, the negative 
connection was the strongest in the case of Pécs and the weakest in the case of 
Farkasfa. The first row of Fig. 10 shows the EPSs with most often the highest and 
most often the lowest PBL heights and the associated PM10 concentrations. The 
second line shows the difference between the PBL heights and the difference 
between the PM10 concentrations. 
 

 

 

Fig. 10. Effect of the PBL height change on the change in PM10 concentration at several 
geographic locations (in case of low PBL height). 
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As a next step, the effect of higher PBL height was also analyzed on the PM10 
concentration (Fig. 11). Inverse relationship between boundary layer depth and 
PM10 concentration was found. This relationship is stronger when the PBL height 
is higher than 400 m, because in this situation the decrease or increase of this layer 
could be more significant. The first row of Fig. 11 shows the EPSs with the most 
common highest and the most common lowest PBL heights, in the case of high 
PBL heights, and the corresponding PM10 concentrations. The second line of the 
figure shows the difference between these values. 
 

 

 

Fig. 11. Effect of the PBL height change on the change in PM10 concentration at several 
geographic locations (in case of high PBL height) 

 

 

According to simulation results of the CHIMERE model, it is apparent that 
the response of the model is stronger for the decrease than for the increase of the 
boundary layer height, which means that the accumulation of air pollutants is 
more intense with the diminishing boundary layer than the dilution of pollutants 
is when the boundary layer height increases. We also have to note that the 
numerical weather prediction models determine the PBL height using different 
parameterization schemes, this fact can also affect the results of this type of 
analysis. The AROME numerical weather prediction model calculates the PBL 
height using the TKE scheme (Szintai et al., 2015).  
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In this section, the effect of meteorological parameters on the PM10 
concentration was analyzed separately. The effect of different meteorological 
situations (represented by a given EPS member in this analysis) on the calculated 
PM10 concentration can be analyzed a more complex way, when the effect of 
different parameters are taken into account simultaneously. This type of analysis 
is our next plan. 

4. Conclusion 

Results confirm that the chemical transport model is suitable for the detailed 
examination of the relationship between air pollutant concentrations and 
meteorological elements. Through model simulations, we demonstrated that a 
local accumulation of air pollutants significantly depends on the current 
meteorological conditions. A modification of the values of key meteorological 
variables that dominate in the dispersion processes – such as precipitation, wind 
speed, and planetary boundary layer height – brings about a consistent change in 
air concentrations. 

The strengthening of wind speed causes the accumulated air pollutants to 
diffuse, thereby leading to an improvement in air quality and vice versa, 
decreasing wind speeds favor the accumulation of pollutants and induce a decline 
in air quality. Our studies showed that the differences in the concentration fields 
due to the modified meteorology are more pronounced in the case of lower wind 
speeds than they are in the case of higher wind speeds. Boundary layer 
characteristics play also a crucial role in the dilution of air pollutants near the 
surface. Increasing boundary layer height is coupled with the decrease of pollutant 
concentrations and, on the other hand, a decrease in the planetary boundary layer 
height leads to a definite increase in concentrations. Our studies showed that the 
differences in the concentration fields due to the modified meteorology are more 
pronounced in the case of higher boundary layer than they are in the case of lower 
boundary layer height. 

Concerning the examined weather elements, the general conclusion can be 
deducted that they fundamentally influence the formation of air pollution and affect 
air concentrations significantly. The wind speed, being in connection with the 
intensity of mixing in the air and the height of the planetary boundary layer are both 
inversely proportional to the amount of pollutants in the air. Weather situations 
coupled with low wind speed, low boundary layer height, and without precipitation 
favor the accumulation of air pollutants the most. On the other hand, stronger winds 
and an increase in the boundary layer height cause concentrations to decrease. Based 
on the results, the role of local meteorology is therefore significant in the formation 
of air pollution. The more knowledge we have about the relationship between local 
weather and the evolving air concentrations, the more accurate assessments we are 
able to accomplish regarding both the current air quality and air quality forecasts. 
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Therefore, a detailed exploration of these relations is of fundamental significance. 
Naturally, the geographical environment, that makes the individual local conditions 
diverse, is also an important factor in this issue. The Carpathian Basin is unique in 
this respect with strong characteristics as a basin, but within its boundaries very 
different local conditions may exist in connection with the diverse topography, that 
is necessary to be taken into account. 

The investigation of similar cases is essential in order to explore weather 
situations in which we can only reservedly rely on the results of air quality models. 
Being aware of the limitations of our models and the situations in which their 
calculations might become imprecise, and knowing what to expect concerning the 
differences between the real situation and the model results – whether the model 
over- or underestimates the real concentrations – make it possible for us to assign 
an uncertainty to the results and also to make a more accurate assessment of the 
current situation by taking the expectable inaccuracies into account, based on 
which we can introduce more adequate measures. 
Acknowledgements: This work was supported by the GINOP-2.3.2-15-2016-00055 project, financed 
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