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Preface 
 
PannEx is a mosaic word (Pannonian Experiment) referring to the long term cooperation in 
the region of the Carpathian Basin in the fields of meteorology, environmental protection and 
hydrology. The cooperation programme began in 2015 in Osijek, Croatia. PannEx is 
becoming a Regional Hydroclimate Project (RHP) of the Global Energy and Water 
Exchanges Project (GEWEX) of the World Climate Research Programme (WCRP). 
GEWEX aims to observe, understand and model the hydrological cycle and energy fluxes in 
the Earth's atmosphere and at the surface. It proceeds by means of an integrated program of 
research, observations and science activities that focus on the atmospheric, terrestrial, 
radiative, hydrological, coupled processes and interactions that determine the global and 
regional hydrological cycle, radiation and energy transitions, and their involvement in climate 
change. The almost closed structure of the Pannonian Basin makes it a very good natural 
laboratory for the study of the water and energy cycles, focusing on the physical processes of 
relevance. The PannEx area (Figure 1) involves the Carpathian Basin and surrounding areas 
that give possibilities for investigation of the regional effects of the Pannonian Basin on the 
weather and climate system. (projectpannex/home). 
 

 

Figure 1: Research area of the PannEx (projectpannex/home). 
 

The structure of PannEx was formed during the Osijek Workshop. The next step was the 
official invitation from GEWEX for the formation of the so called cooperation White Book. 
The program consists of 5 Flagship Questions (FQ1 – FQ5): 

 adaptation of agronomic activities to weather and climate extremes; 
 understanding of air quality under different weather and climate conditions; 
 continued sustainable development; 
 water management, droughts and floods; 
 education, knowledge transfer and outreach; 

and three Cross Cutting questions (CC1 – CC3), which give the technical and scientific 
background of the flagship questions: 

 data and knowledge rescue and consolidation; 
 process modelling; 
 development and validation of modelling tools. 
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The main goal of the present publication (first issue of PannEx material) is to overview the 

background material for the second chapter of the White Book (FQ2) on the environmental 
problems of the Pannonian Basin connected with the soil, water and atmosphere in the present 
and future climates. 

 
We hope this booklet provides a good starting point for future planning of regional 

scientific activity and for better understanding of the climate system, environmental 
(air quality) problems and surface-atmosphere interactions in the Carpathian Basin. 
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1. Introduction and motivation 
 
Air quality is highly dependent on weather and therefore is sensitive to climate change. 
Globally the climate of the future is expected to be more stagnant, due to weaker global 
circulation and a decreasing frequency of mid-latitude cyclones (Jacob and Winner, 2009). In 
the western part of Europe, cyclone activity will decrease in the future while the 
Mediterranean displays different patterns concerning the main cyclogenesis domains. A 
decrease in cyclone frequency is projected for the northern and middle parts of the 
Mediterranean (from the Gulf of Genoa to the Black Sea region) bordering the Pannonian 
Basin, but an increase in cyclonic precipitation is also likely, except in summer, due to the 
more available atmospheric moisture in the warmer climate (Zappa et al., 2015; Kelemen, 
2016). The climate in the Pannonian Basin will be warmer and more extreme in the 21st 
century. The significant temperature increase may exceed the global warming rate 
considerably. Wetter winters and more frequent droughts during the other seasons are 
expected (Bartholy et al., 2009). 

Air pollution processes, such as emissions, transport, dilution, chemical transformation, 
and eventual deposition of air pollutants, can be influenced by the meteorological variables of 
radiation, temperature, humidity, wind speed and direction, mixing height, etc. (Kinney, 
2008). This climate penalty means that stronger emission controls will be needed to meet a 
given air quality standard. Development of optimal control strategies for key pollutants like 
ozone, nitrogen oxides and fine particles now requires assessment of potential future climate 
conditions and their influence on the attainment of air quality objectives. In addition, other air 
contaminants of relevance to human health, including smoke from wildfires and airborne 
pollens may be influenced by climate change (Kinney, 2008). 

The Pannonian Basin, in the heart of Europe, is one of the world’s largest enclosed basins 
with special meteorological, hydrological and air pollution situations. One merely has to 
consider the winter cold air pool (Szabóné Andre et al., 2016), which affects the pollutant 
enrichment in a similar way to other basin areas, for example the Uintah Basin in Utah 
(Neemann et al., 2015). The increasing frequency of heat waves also has significant 
environmental impacts (Szepszo, 2008), which particularly affect the people living in large 
cities (Páldy et al., 2005; Baccini et al., 2011), but affect agricultural production, too (Gaál et 
al., 2014). The weather and climate of the basin develops under three effects (oceanic, con-
tinental and Mediterranean), depending on the air masses drifting over the region (Micu et al., 
2015). The weather is formed mainly by the alternating cyclones and anticyclones in the basin 
through the propagation of the westerly Rossby waves. The Mediterranean cyclones also have 
an important role in forming local weather conditions, especially in the autumn and spring. 

In addition to the growing rate of greenhouse gas (GHG) emissions, more serious air 
quality problems for the future include i) reactive nitrogen compounds ii) near-surface ozone 
(O3) and particulate matter from the nanoscale to PM10. The simulated climate changes 
relating to O3 and PM10 – based on the coupled climate and air quality model systems 
(RegCM/CAMx and ALADIN-Climate/CMAQ) – have quite weak impacts on the air quality 
of the middle of the 21st century as compared to the end of the century. The results show an 
increase in mean O3 in summer and a decrease in annual mean of PM10. The main climate 
factors responsible for the projected changes in our region are, for O3, the increasing summer 
temperature and the decrease in summer precipitation and, for PM10, the increase of the winter 
precipitation (Juda-Rezler et al., 2012). 

In order to understand and predict the variety of the different atmospheric processes and to 
determine the particularities of the climate system, an appropriate i) measurement, 
ii) database and iii) modelling background is required. 
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 We need measurements based on international standards (see Table 1), high quality 
experimental set ups and measuring platforms (for micrometeorology, trace gases and 
aerosol concentrations and fluxes, nucleation, cloud physics, etc.), which certainly require 
strong cooperation between the countries in the Pannonian region. In addition to 
cooperation in the profession and the field of education (from elementary to university 
level) also has an important role. For example, the Global Learning and Observations to 
Benefit the Environment (GLOBE) Program (globe.gov) has a long tradition and many 
participating countries from all over the region. 

 
Table 1: Coordination of different types of baseline observations. 

Type of observation International coordination 
Meteorology  
(surface and space based) 

WMO GOS – Global Observing System, 
wmo.int/pages/prog/www/OSY/GOS.html 

Hydrology WMO WHOS – World Hydrological Observing System, 
wmo.int/pages/prog/hwrp/chy/whos/index.php  

Air quality WMO GAW – Global Atmosphere Watch, 
wmo.int/pages/prog/arep/gaw/gaw_home_en.html 

Ecology LTER – Long Term Ecological Research, lternet.edu/ 
FLUXNET – Integrating Worldwide CO2 Water and Energy 
Flux Measurements, fluxnet.ornl.gov/fluxnetdb 

 
 We need well organised surface databases that include and harmonise the various types of 

measurement and data structure at the national scale (Table 2). 
 

Table 2: Some European surface data banks. 

Type of data set International coordination 
Soil (type, structure, etc.) ESDAC – European Soil Data Centre, 

esdac.jrc.ec.europa.eu/resource-type/datasets 
Terrain information (elevation, 
etc.)  

EEA – European Environmental Agency, eea.europa.eu/data-
and-maps/data/digital-elevation-model-of-europe 

Land cover  CORINE – Coordination of Information on the Environment 
land.copernicus.eu/pan-european/corine-land-cover 

 
The transport models require emission databases using the EMEP (emep.int) and the 
IPCC methodologies (ipcc-nggip.iges.or.jp/public/2006gl/) among others. 

Agricultural emission estimates are also becoming increasingly important for the 
development of region-specific models (energy, water and pollutant budget). On this 
basis, more detailed national and regional databases and common field campaigns are 
required, which are prerequisites for statistic and dynamic processing in order to describe 
the surface-atmosphere interactions, transboundary pollutant transport, etc. 

 Air quality models exist for and are used in each country (from the local to the basin-
level scale); in addition there is an enhanced international cooperation between the 
institutes hosting the core models (Table 3) and datasets. Well organised information 
regarding air quality forecast products can be accessed on the European scale from: 

 European Air Quality Monitoring and Forecasting program coordinated by ECMWF 
(atmosphere.copernicus.eu/services/air-quality-atmospheric-composition) 

 EUrad program (db.eurad.uni-koeln.de/index_e.html) – University of Cologne. 

These are good examples for the purposed future cooperation in the Pannonian region. 
The implementation of coupled climate and air quality model systems is also in progress 
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(Juda-Rezler et al., 2012) (Table 3). 
 

Table 3: Numerical weather prediction and air quality models used in Pannonian region. 

Regional NWP model Air quality and/or trajectory model 
Data sources (initial and boundary conditions) 

ECMWF (ecmwf.int),  
GFS (nomads.ncdc.noaa.gov/data.php) 

ECMWF MACC – Monitoring Atmospheric 
Composition and Climate, gmes-atmosphere.eu, 
Geos-Chem model (acmg.seas.harvard.edu/geos/) 

Model sources 
ALADIN (cnrm-game-meteo.fr/aladin/) EMEP (emep.int/mscw/index_mscw.html) 
WRF (wrf-model.org/index.php) IIASA-GAIN (Amann, 2012) 
AROME  
(umr-cnrm.fr/spip.php?article120&lang=en) 

ECMWF MACCIII 
(ecmwf.int/en/research/projects/macc-iii) 

 CMAQ (cmascenter.org/cmaq/) 
 WRF-CHEM (www2.acom.ucar.edu/wrf-chem) 
 FlexPart (flexpart.eu) 
 Hysplit (ready.arl.noaa.gov/HYSPLIT.php) 
 CAMx (camx.com/) 

   NWP – numerical weather prediction 

The main task for the near future is to develop coupled meteorological-climatological and 
air pollution models (Kukkonen et al., 2012; Žabkar et al., 2015). This is so-called chemical 
weather/climate modelling. Besides one-way coupling, these two-way models will appear in 
the near future (Kong et al., 2015). The new variables (trace gases, aerosol particles, airborne 
pollen) and interactions (radiation, cloud formation, etc.), of course cause further uncertainties 
in the chemical weather models. In addition, the parameterisation-specific optimisation 
procedures for the region have high priority, which require an excellent measuring 
background. This contributes to the harmonisation of models used in the Pannonian region 
(Ivančan-Picek et al., 2011; Syrakov et al., 2015; Žabkar et al., 2015). With respect to the 
integrated modelling of present and future air quality under a changing climate, there is a need 
for greater use of model ensembles and also to capture the full range of uncertainties in future 
impacts (see also Kinney, 2008). 

Preliminary coupled model results are presented in Figure 2 for the European domain 
using the WRF-CMAQ coupled model from Bulgaria based on Syrakov et al. (2015). 

Cooperation with international organisations is essential, such as with the WMO (wmo.int), 
the EMEP (emep.int), the ALADIN consortium (cnrm-game-meteo.fr/aladin), the Visegrad 
countries (or the Visegrad Group, visegradgroup.eu), the Danube Region Strategy (danube-
region.eu), and the comprehensive educational GLOBE program (globe.gov). On the other 
hand, the framework of the regional cooperation program must be closely related to national 
research-development plans, e.g. the Hungarian Academy of Sciences is starting a long-term 
research program for the development of Hungarian water science. 
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Figure 2: European domain (Reg2) and EMEP stations providing ozone data for testing of WRF-CMAQ coupled 
model system (middle), mean variation of daily average of PM10 in 2010 (left – here red also depicts 

measurements and blue modeled data) and time variation of average ozone concentration in summer of 2010 
based on Syrakov et al. (2015). 

 
Structure of the booklet 

 
After the introduction section we review the theoretical background of physical, air chemistry 
and vegetation aspects (Section 2), air quality measurements and modelling capacity in the 
Pannonian region (Section 3), and the presentation of the key issues related to this topic 
(Section 4) are discussed. The main part of our work consists of 7 key questions starting from 
understanding “How does a warmer climate affect air quality and human health” to the 
harmonisation of regional inventories. 

We deal with the interactions between 21st century warming and the development of a 
more extreme climate in the Pannonian Basin and with the issues of the future state of the air 
environment and health risks. An important question is the usage of regionally optimal 
weather and climate models and the development of parameterization methods (land-
biosphere-atmosphere interactions, radiation, clouds and precipitation, boundary layer, etc.). 
Changing climate and air quality result in common problems in the fields of urban 
environment, agriculture, and the hydrological cycle, which also require regional answers. 
Basic conclusions, remarks (Section 5) and a detailed list of references close the booklet 
(Section 6). 
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2. Theoretical background 
 
In this part of the booklet, we review the theoretical basics of understanding environmental, 
weather and climate processes in the Pannonian Basin. After the physical and chemical 
particularities of air, the role of vegetation in atmospheric processes is investigated. 

The first step is an energy budget analysis of a single air column above the Pannonian 
Basin (Table 4). The radiation budget is –89 W m–2, while the calculated heat transport from 
the advection, latent and sensible heat fluxes is approximately 92 W m–2. The closure error is 
~3 W m–2. 

 
Table 4: Annual energy budget of an air column over the Pannonian Basin  

(Major et al., 2002). 

Energy budget components W m–2 
Short wave radiation  

   Incoming solar radiation 300 
   Outgoing solar radiation to space –107 
   Surface absorption –114 
Absorption of solar radiation in the atmosphere 79 

Long wave radiation  
   Outgoing radiation into space –225 
   Reflected radiation to the surface –305 
   Outgoing radiation from the surface to the atmosphere 362 
Outgoing radiation from the atmosphere –168 
RADIATION BUDGET –89 

Heat transport  
   Anthropogenic heat sources 0.4 
   Latent heat flux (LE) 40 
   Sensible heat flux + convection (H) 17 
   Moisture advection 8 
   Sensible heat advection into the column 27 
HEAT BUDGET ~92 
WHOLE ENERGY BUDGET (closure error) ~3 

 
The second step for understanding the general picture of the climate of the Pannonian 

Basin is the determination of the main source regions of precipitation (Bottyan, 2015; Bottyan 
et al., 2017): i) the drifting westerly cyclones, ii) the Mediterranean cyclones, and iii) the local 
effects dominate in the Pannonian Basin (Figure 3). 
 
 
2.1. Dynamic aspects 
 
A significant seasonal dependency of the relevant atmospheric circulations appears due to the 
typical continental mid-latitude position of the Pannonian Basin. The general atmospheric 
circulation typically imposes a more or less gradually change on the overall conditions in the 
basin and usually ends up in one of the four basic groups of baric configuration. These 
tropospheric formations are: low-pressure systems (cyclone and trough), high-pressure 
systems (anticyclone, high pressure ridge and bridge), the almost zero-pressure gradient field 
(i.e. small regional pressure gradient with very weak regional flow that allows a multitude of 
various local flows over the basin) and transitional synoptic states with advection from almost 
any direction. Arguably, all these synoptic situations can be organised in a few tens of weather 
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types; such in the case of the classification previously carried out in Croatia using 29 weather 
types (e.g., Zaninović et al., 2008). This classification can be applied and extended, e.g. 
specialised and clustered for the entire Pannonian Basin. A comparison of different types of 
classification (see also the Péczely and the well-known Hess Brezowsky classifications) is 
common but also raises important questions (Philipp et al., 2010; Mika, 2013; Mika et al., 
2013). 

 

 

Figure 3: Source regions of precipitation for Hungary in 2013 after Bottyán (2015). 
Bp. – Budapest, Ffa. – Farkasfa, Kp. – K-puszta 

 
Many vigorous weather situations and extreme conditions in the Pannonian Basin are 

caused by synoptic cyclones and airflow blocking. Anticyclone weather types, with stable 
tropospheric stratification, relatively light winds and weak turbulent exchange processes, 
dominate in either the cold part of the year or in night-time conditions. The corresponding 
weather includes fog or/and low cloudiness, although it can be sunny in the sporadic 
highlands and the basin’s surrounding mountains. Nevertheless, winters in the area may also 
be characterised by rapid cold air outbreaks from the N and NE, and thus inducing strong 
winds. Essentially, most of the impinging flows are somewhat modified by the mountains that 
surround the basin from all directions. 

Maritime cold air typically flows into the basin from the NW while continental cold air 
flows in from the NE. The flow of warm and moist air usually arrives from the S and SW into 
the basin (e.g. Horvath et al., 2008). Flooding events may occur in the basin during persistent 
deep cyclones and intensive meridional moist flow. However, temporary alterations in large 
scale flows may allow various secondary circulations to take place, i.e. mesoscale and local 
flows, such as drainage flows, thermal lows, mesoscale convective systems, and low level jets 
in night time hours, etc. These flow types regularly depend on the underlying surface 
properties (orography, moisture, etc.) and air masses in play. Deep moisture-organised 
convective activities, often related to vigorous showers, lightning and hailstorms in the warm 
part of the year are likely to occur most often in the SW, less often in the NW or NE upper-
level flow (e.g. Mikuš et al., 2011, 2012; Jurković et al., 2015). Under such conditions, the 
corresponding lower-level flow usually, but not necessarily, belongs to either weak or non-
gradient pressure systems. 

Other flow structures also occur over the basin. For example, summertime blocking 
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situations often yield to heat waves and droughts (Figure 4), while certain weak pressure 
gradient conditions may promote significant trans-boundary transport and dispersion of air-
pollution including airborne pollen, especially ragweed (e.g. Prtenjak et al., 2012). Hence, it is 
straightforward to conclude that various mesoscale and microscale meteorological processes 
take place in various chains of events over the Pannonian Basin. However, many of them are 
not well scientifically documented, not to mention the processes’ interactions and effects 
toward and within other disciplines (hydrology, agriculture, etc.). Quantitative estimates of 
blocking intensity of the zonal flow can be associated with the large-scale meteorological 
conditions of air pollution using finding of stable (statistical/numerical) patterns or by the 
classification of synoptic processes (Semenova, 2013; Cherenkova et al., 2015). 

 

  

Figure 4: Normal and drought synoptic situation for Central Europe in summer (Horváth et al., 2012). 
 

In terms of numerical weather prediction (NWP) systems, each country in the Pannonian 
Basin has its own modelling group and NWP resources within the national weather 
institutions, but also outside (e.g. universities and private enterprises). Several of the countries 
are involved in the ALADIN/AROME consortium, which is planning to merge with the 
HIRLAM consortium (hirlam.org). 

Most of the operational NWP models run regularly for 2–3 days at a typical horizontal 
resolution of 7–10 km, with the lowest model level being around 15 m (insufficient for 
detailed boundary-layer studies). However, some of the national services are experimenting 
with or already using an operationally finer horizontal resolution of just a few kilometres, 
which means that non-hydrostatic dynamic cores should be deployed in the NWP models. 
There are also several teams using the WRF forecasting system, which belongs to the public 
domain. Regardless of the modelling system at play, they all may have difficulties with the 
treatment of moist processes, surface and turbulence parameterisation schemes, especially in 
night-time periods. Thus, improvements in weather modelling are required in these areas. 
 
 
2.2. Atmospheric chemistry and physical aspects 
 
Main chemical properties and the sources of air pollution 
 
The chemical properties of air pollutants together with the physical properties of the 
atmospheric boundary layer need to be known in order to adequately parameterise and 
determine their behaviour (air pollutants) in the atmosphere, and to consequently and 
successfully manage the negative effects of air pollution on human health and the 
environment. Generally, air pollutants may be categorised as primary air pollutants (i.e. 
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pollutants directly emitted to the atmosphere) or secondary air pollutants, that is, pollutants 
formed in the atmosphere from the so-called precursor gases (e.g. secondary PM, O3 and 
secondary nitrogen dioxide (NO2)). Air pollutants can also be classified as natural and 
anthropogenic as a function of the origin of their emissions or precursors. Particulate matter 
(PM) is both directly emitted to the atmosphere (primary PM) and formed in the atmosphere 
(secondary PM). The main precursor gases for secondary PM are sulphur dioxide (SO2), NOx 
(a family of gases that includes nitrogen monoxide (NO) and NO2), ammonia (NH3) and 
volatile organic compounds (VOCs; a class of organic chemical compounds). The precursor 
gases NH3, SO2 and NOx react in the atmosphere to form ammonium, sulphate and nitrate 
compounds. These compounds form new particles in the air or condense onto pre-existing 
ones and form so-called secondary inorganic aerosols. Certain VOCs are oxidised to form less 
volatile compounds, which form secondary organic aerosols. 

 
 

Particulate matter 
 

PM comes from a variety of natural and anthropogenic sources; they can be directly emitted 
to the atmosphere or formed as secondary pollutants in atmospheric chemical reactions. As a 
consequence, PM comprises a complex mixture of solid and liquid parcels of organic matter, 
Earth’s crust elements iron (Fe), calcium (Ca), aluminium (Al), silicon (Si), potassium (K), 
and chlorine (Cl), secondary inorganic aerosols and trace metals. In addition, wind-blown soil 
and re-suspended dust contribute largely to the coarse particle fraction (e.g. Harrison et al., 
1999; Putaud et al., 2004; Jeričević et al., 2012). It has been shown that the contribution of 
PM emissions and their origins can be relevant at the spatial scales ranging from the local to 
the regional and the long-range, and at transboundary transport scales and can be analysed 
accordingly (e.g. Querol et al., 2004; Juda-Rezler et al., 2011). 

Black carbon (BC) is one of the constituents of fine PM and has a warming effect 
(Gelencsér, 2005). BC is a product of incomplete combustion of organic carbon as emitted 
from traffic, fossil fuels, biomass burning, and industry. Ground-level (tropospheric) ozone 
(O3) is not directly emitted into the atmosphere. Instead, it is formed from complex chemical 
reactions following the emission of precursor gases such as NOx and non-methane VOCs 
(NMVOCs) of both natural (biogenic) and anthropogenic origin. The major sources of 
nitrogen oxides (NOx) are combustion processes (e.g. in fossil-fuelled vehicles and power 
plants). Most NO2 is formed by the oxidation of emissions of NO. Benzo[a]pyrene (BaP) is 
emitted from the incomplete combustion of various fuels. The main sources of BaP in Europe 
are domestic home-heating, in particular wood and coal burning, waste burning, coke and 
steel production, and road traffic. Other sources include outdoor fires and rubber-tyre wear. 
Sulphur oxides (SOx), a family of gases that includes SO2 and sulphur trioxide (SO3), are 
mainly emitted from the combustion of fuels containing sulphur. The main anthropogenic 
emissions of SO2 derive from domestic heating, stationary power generation and transport. 
Benzene (C6H6) is an additive to petrol, and most of its emissions come from traffic. 

Elevated atmospheric particulate matter (PM) concentrations are associated with 
significant adverse health effects (Samet et al., 2000; Peters et al., 2001; Pope et al., 2002; 
Samoli et al., 2005; Anderson, 2009). They affect ecosystems, influence visibility and cloud 
formation in the atmosphere and play an important role in climate change (e.g. Andreae et al., 
2005; Molnár et al., 2008; Jiang et al., 2013). In most European countries air quality standards 
for PM have been introduced in order to protect human health and the environment. Current 
standards are set for PM10 (total mass concentration of particles smaller than 10 μm) and 
PM2.5 (total mass concentration of particles smaller than 2.5 μm) (European Air Quality 
Directive 2008/50/EC). 
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Comprehensive analyses of PM data were carried out over the past decade at more than 
60 regional backgrounds. Measurements at rural, suburban, urban and kerbside stations across 
Europe were conducted. Putaud et al. (2010) found that there is no uniform ratio between 
PM2.5 and PM10 mass concentrations for all sites although fairly constant ratios ranging from 
0.5 to 0.9 were observed at most individual sites. The main constituents of both PM10 and 
PM2.5 were generally organic matter, sulphate and nitrate, while mineral dust was a major 
constituent of PM10 at kerbside sites in Southern Europe. Particulate matter source 
apportionment methods and results in Western Europe were reviewed by Viana et al. (2008). 
Previous European studies mainly did not include data from Eastern and South-eastern 
European countries (e.g. Croatia, Serbia, Romania, Bulgaria) and generally there is a gap in 
knowledge on the PM levels and compositions in those areas. In Jeričević et al. (2016) the 
pronounced spatial gradient in PM10 and PM2.5 concentrations decrease from the north to the 
south, more precisely from the Pannonian Basin towards the coast for urban and rural sites in 
Croatia (Figure 5). The decrease was revealed both in average concentrations and the number 
of exceedances. Characteristic geographic and climatological conditions as well as intrinsic 
atmospheric processes influence PM concentrations in the air, such as local wind circulation; 
vertical diffusion and deposition were considerably different at the coast than inland. As in 
other parts in Europe, a significant correlation between the PM2.5 and PM10 average mass 
concentrations was found indicating that both concentrations are governed by the same 
meteorological processes. 
 

 

Figure 5: The 90.4 percentile of the data records in one year represents the 36th highest value in the complete 
series. It is related to the PM10 daily limit value, allowing 35 exceedances of the 50 mg m–3 threshold over 1 year. 
The red and dark-red dots indicate stations with exceedances of this daily limit value. Only stations with > 75% 

of valid data have been included in the map. (Based on Air Quality e-reporting database, EEA, 2015.) 
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Specific atmospheric conditions contributing to air pollution episodes 
 
Air pollution research focusing on the Pannonian Basin is important for many reasons: the 
large emission sources located in the area, high observed PM levels, limited regional research 
studies and a strong indication that specific atmospheric conditions e.g., prolonged high 
atmospheric synoptic pressure systems are contributing to the regional air pollution episodes 
during the colder part of the year. 

It was found that during 2011 the unfavourable meteorological conditions may have had a 
large influence on a regional increase in PM concentrations affecting countries in the 
Pannonian Basin. This was particularly due to the very below-average precipitation in the 
western areas of Eastern Europe during the autumn (e.g. Cindrić et al., 2010; Peterson, 2012), 
which was also sensible in the mainland of Croatia, the longest dry spells occurred due to the 
prevailing stationary anticyclonic weather during the cold part of the year. 

Large-scale high pressure fields sustained stable atmospheric conditions and strong 
subsidence governed the total concentration levels, specifically the influence of the long-
distance transportation, which is a considerable part of the PM10 concentrations in urban 
background air. Unfavourable meteorological conditions result in a decrease in local 
dispersion and lead to high PM concentrations mainly as a consequence of local 
anthropogenic sources. Reduced turbulent processes, such as vertical turbulent diffusion in the 
shallow stable atmospheric boundary layer, may lead to various air pollution episodes (e.g. 
Jeričević et al., 2010). Similar atmospheric conditions also favour the occurrence of 
maximum concentrations of ragweed pollen with an extremely high risk of producing allergy 
during summer time (Prtenjak et al., 2012). In these conditions, Croatia is significantly 
affected by a regional transport of bio-aerosols from Hungary and Serbia within the lower 
sector of a high pressure system that moves slowly eastward over Eastern Europe. Therefore, 
the long-lasting large anticyclonic system centred over Eastern Europe can be identified as the 
main weather type that enables different types of air pollution over the investigated area  
(see also in Matyasovszky et al., 2011). 

Nucleation events (new particle formation) often develop within the basin. Understanding 
the nucleation process is one of the key questions of air quality and the climate system (cloud 
formation, etc.). Connection between the cloud physics processes and aerosol types and 
concentrations is also a fundamental question (Muhlbauer et al., 2012). 

Annual mean nucleation frequencies and uncertainties for the city centre and near-city 
background of Budapest were (27 +9/−4) % and (28 +6/−4) %, respectively (Németh and 
Salma, 2014, Figure 6). A rigorous analysis of long-term datasets and further measurements 
are needed in order to better understand the nucleation mechanism on the basin scale (see also 
Salma et al., 2016a). 
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Figure 6: Arrival fields of nucleating air masses in the Carpathian Basin for the city centre of Budapest (top) 
from 3 November 2008 to 2 November 2009. The overlapping sections  

were indicated with darker colours (from yellow to orange). 

Monthly mean frequencies for days with new particle formation, undefined days, and non-event days in the city 
centre (a, left) in the same time interval and near-city background (b, right) from January 2012 to January 2013. 

The horizontal lines indicate annual mean frequencies.  
(Based on Figures 2 and 4 from Németh and Salma, 2014) 

 
 
2.3. The role of vegetation 

 
About 20% of the Earth’s surface is covered by vegetation. In the case of forests and orchards, 
plant canopy is tall enough to question the assumption, introduced in some early modelling 
studies (Sellers et al., 1986; Bonan, 1996; Dickinson et al., 1998), that vegetation in models 
can be represented by a thin film layer at the surface ("Big leaf model"). Decades of 
experimental work in the framework of projects like ABRACOS (Gash and Nobre, 1997), 
Harvard forest experiment (Moore et al., 1996), BOREAS (Sellers et al., 1995, 
daac.ornl.gov/BOREAS/boreas.shtml), FLUXNET (Luyssaert et al., 2009; Haszpra, 2011), 
CarboEurope IP (Dolman et al., 2006), NitroEurope IP (Beier et al., 2010; Sutton et al., 2011) 
shed light on the physical, chemical and biological processes governing and determining the 
plant canopy as a complex and active biophysical system. This system is not just an interface 
between the atmosphere and the soil surface. It plays a dynamic role in changing atmospheric 
flows, the energy and water balance, gas exchange and particle deposition in the surface 
atmospheric layer. 

1) Atmospheric flow. The presence of vegetation on the Earth's surface affects atmospheric 
flows in two ways; by changing the roughness of the underlying surface and by producing an 
additional flow which is a result of the canopy-internal air transfer. Drag and friction, 
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expressed through drag coefficient, Cd and friction velocity, u* depend on the type of 
vegetation and its characteristics, as well as their changes over the seasons (Moore et al., 
1996). The uptake of momentum, particularly within the plant canopy, is exerted to a much 
greater extent in the vertical direction than in the horizontal (Kaimal and Finigan, 1994). In 
the presence of vegetation, maximum drag force is disconnected from the ground surface and 
switched to leaf surfaces distributed within the canopy. In already established equations of 
turbulent atmospheric flows, it introduces a new important parameter – displacement height, d 
defined as the height within canopy layer with the most intensive turbulent exchange. Finally, 
the presence of vegetation and its structure completely changes the concept of viscous 
sublayer and so defined roughness length, z0 since roughness elements, and associated viscous 
layers are distributed all over the canopy. 

2) Energy balance. The presence of vegetation can make significant difference in the 
radiation spectra and energy balance of the Earth's surface. The absorption, reflection and 
transmission spectra of vegetation are affected by morphological and physiological 
characteristics that change over the year. It leads to a different treatment of photosynthetically 
active radiation, hereafter PAR and global solar radiation by plants. Therefore, the profound 
impact of vegetation on the energy balance comes from changed albedo, which consists of the 
effects of PAR albedo and global solar albedo with completely different courses during the 
vegetation season (see, for example, Moore et al., 1996). It is important to bear in mind that 
vegetation albedo differs in magnitude from other natural surfaces (Table 5). 

 
Table 5: Mean annual albedo and emissivity of different land covers (Thompson, 1998). 

Land cover Albedo Emissivity 
Tropical forest 0.13 0.99 
Woodland 0.14 0.98 
Farmland/natural grassland 0.20 0.95 
Semi-desert/stony desert 0.24 0.92 
Dry sandy desert/salt pans 0.37 0.89 
Water  <0.08 0.96 
Sea Ice 0.25 – 0.60 0.90 
Snow-covered vegetation 0.20 – 0.80 0.88 
Snow-covered ice 0.80 0.92 

 
The energy balance equation of a vegetated surface differs from the same equation in the 

case of bare soil or urban areas, by two fluxes: a) energy introduced by transpiration and 
b) biomass energy storage (Figure 7). While the second is often neglected, since it accounts 
for just a few percent of incoming radiation, energy flux related to transpiration plays a 
significant role in partitioning radiant energy into sensible and latent heat flux. Vegetation 
affects daily and annual variation of sensible and latent heat fluxes between the canopy and 
the atmosphere as well as ground storage. Plant-atmosphere sensible heat flux is a result of 
the temperature difference between plants and the atmosphere and depends on convection 
coefficient, which is mostly affected by the morphological characteristics of the plants and 
wind speed at the plant surface (depending on plant aerodynamic characteristics). 
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Figure 7: Main processes describing biosphere-atmosphere interaction. 
 

Physiological, morphological and aerodynamic characteristics of plants vary during the 
day and season producing a significant variation of sensible heat flux from a vegetated surface 
in comparison to bare soil. Latent heat flux exchanged between plants and the atmosphere is 
split between the latent heat flux of evaporation from the plant surface (as a physical process) 
and the latent heat flux of plant transpiration (as a physiological process). 

3) Water balance. Vegetation is a powerful source and sink of water and therefore it has a 
tremendous effect on: i) partitioning of precipitation on interception, runoff and soil moisture 
storage flows and ii) air humidity variation through water vapour inflow from plant 
evapotranspiration and ground evaporation. The presence of vegetation reduces runoff, 
increases soil moisture and delays the use of precipitation by interception. According to 
meteorological conditions, plant type and maturity, evapotranspiration intensity significantly 
varies on a daily and annual basis. 

4) Gas exchange/particle deposition. The chemical composition of the lower atmosphere is 
strongly influenced by the surface processes. The concentrations and turbulent fluxes of the 
atmospheric trace substances (gases, aerosol particles) are a result of i) emission, ii) turbulent 
transfer, iii) dry and wet deposition and iv) chemical transformations. All of these processes 
are dependent on canopy homogeneity and horizontal isotropy, as well as morphological, 
aerodynamic and thermal characteristics. On the other hand, the chemical composition of the 
surrounding air can affect the physiological processes of the plant, such as photosynthesis, by 
intensifying or reducing its rate. 



21 
 

3. Capacity building: measurement and modelling 
 
In this chapter we review the measurement, database and modelling infrastructure in the 
countries of the region that could help us towards a better understanding of the meteorological 
and atmospheric environmental processes of the Pannonian Basin that are crucial to be able to 
discover further changes that have an environmental, water quality and agronomical impact. 
 
 
3.1. Air pollutants, long range transport, air quality measurement network 
 
In the past few decades energy generation, industrial production and transportation have 
caused serious environmental contamination in central-east Europe. The rate of contamination 
can vary from place to place as a function of source densities and intensities of pollutant 
fluxes as well as meteorological conditions. The pattern of pollution may be characterised not 
only by local, highly concentrated sites such as densely populated urban areas, but also by 
lower concentrations of pollution widely dispersed over the landscape, including agricultural 
regions, forests and surface waters. Trace gases and aerosol particles can be transported far 
away from their sources before being deposited on the surface (Bozó, 2005b). Due to the deep 
economic changes in this region during the past 25 years, its energy and industry structures 
were reorganised, which resulted in a significant decrease of pollutant emission. Out-of-date 
industrial technologies are being replaced by those that are less energy consuming and more 
environmentally friendly. Thermal power plants have been equipped with efficient sulphur 
and dust filters. Leaded gasoline has been phased out. The rates of changes in pollutant 
emission, however, were different in the countries of the region. As a result of these changes, 
the region is now coping with atmospheric environmental problems that are less serious than 
20–25 years ago. 

Atmospheric emissions of SO2 originate mainly from the combustion of sulphur containing 
coal and other fossil fuels (for a historical time series of sulphur emissions see Figure 8). Air 
pollution by long-range transported SO2 is not a recent problem globally, but locally it can 
cause serious trouble. 

The dominant sources of nitrogen oxides are anthropogenic emissions from combustion 
processes in transportation, power plants, industry and agricultural biomass burning, as well 
as natural sources such as lightning emissions, natural biomass burning and microbial soil 
emissions. The lifetime of NO2 in the planetary boundary layer amounts to a few hours, 
depending on the strength of solar irradiation and on the available radical species. This, 
combined with low wind speeds near the surface, makes long-range transport of 
anthropogenic NO2 in the planetary boundary layer very unlikely. However, its lifetime is up 
to a week in the middle and upper troposphere. More and larger plumes are emitted in winter, 
when the lifetime of NO2 is long, anthropogenic emission rates are especially high and 
meteorological conditions are favourable with frequent cold fronts and cyclones. 

PM10 particles mainly originate from sea salt, soil dust resuspension, 
construction/demolition, non-exhaust vehicle emissions, and industrial fugitives, whereas 
PM2.5 and PM0.1 particles are mainly produced by combustion processes, forest fires and 
transformation of gaseous species. The lifetime of smaller size particles can range from days 
to weeks, while bigger particles have a lifetime of hours to days. This is the reason why there 
is certain evidence of the long-range transport of fine aerosol particles over distances crossing 
national borders and this could have a significant effect on air quality in urban areas in 
Europe. Many scientific articles have described the long-range transport of particulate matter, 
which has a significant impact on PM10 levels in large European cities, while strong local 
sources could tend to mask long-range transport influences (Figure 9). 
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Figure 8: Sulphur emission in Hungary between 1880 and 2011  

(Móring and Horváth, 2014, Fig. 4). 

Historical emission database of A.S.L. & Associates (Lefohn et al., 1999) for the period  
1880–1990 and from emissions reported to the EMEP (CEIP, 2013) 

 
In central-east Europe the effect of long range transport determines the air quality. Polluted 

air may arrive with the wind from any direction. There are some notable industrial areas like 
the Po Valley and the southern part of Poland, which play a critical role in influencing the air 
quality of central-east Europe. These facts indicate that a qualitative analysis of long range 
transport is essential in order to distinguish the effects of local and distant sources, and to 
create an effective air quality plan to make the air healthier. 

The monitoring of meteorological variables, such as wind speed and direction, air 
temperature, relative humidity and precipitation, is conducted at air quality stations. 
Measurements are needed for source identification analyses using different techniques e.g. 
bivariate polar plots (Jeričević et al., 2016). 
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Regional PM emission sources in the region 
 

The largest PM10 source is located in the south of Macedonia with emissions of  
~17 x 105 kg year–1, following by sources in Serbia, near Belgrade where emissions of  
~14 x 105 kg year–1 are recorded, then in Bosnia and Herzegovina with emissions of  
~9 x 105 kg year–1 and in Budapest, Hungary with emissions of ~4 x 105 kg year–1. The largest 
PM10 source with emissions of ~300 tons year–1 in Croatia is located in the central continental 
part of Croatia and consists of the cement industry in the city of Našice. Selected data from 
the European Air quality database (AirBase) are shown for selected cities in Croatia, Hungary 
and Serbia. Classification and locations of the stations are shown in Fig. 9. 
 

 

 

Figure 9: Stations in Croatia with the measurements of PM concentrations: a) name, location and type and b) 
gridded PM10 emissions EMEP4HR emissions on 10 km x 10 km horizontal resolution. 

The urban traffic stations are marked with blue circles and urban industrial stations with empty blue 
circles, urban background stations are red squares, urban background stations under the influence of 
industry are red empty squares and rural background stations are green triangles (Jeričević et al., 
2007, 2016). 

b) 

a) 
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A complete and homogenous database is required in order to validate regional climate/air 
chemistry models and surface energy budget calculations, which can be obtained by detailed 
data quality assessments (Table 1). 

In addition to the air quality datasets, the most comprehensive solar surface radiation 
(SSR) databases available for the Pannonian Basin may also be combined. These include 
i) the Global Energy Balance Archive (GEBA, geba.ethz.ch/) developed and maintained by 
the Institute for Atmospheric and Climate Science of ETH Zurich containing monthly data, 
ii) the daily datasets from the World Radiation Data Centre (WRDC) and (iii) the highly 
accurate but shorter term records of the Baseline Surface Radiation Network (BSRN) also 
located at ETH Zurich. However, strong collaboration between national meteorological 
services is very much required in order to complete these databases. The significant 
deliverables of this future PannEx collaboration will be an integrated SSR dataset with 
enhanced spatial and temporal resolution. 
 
National level of measurements – two examples 

 
The national air quality monitoring network provides current and historical air quality 
monitoring data nationwide. 

Croatia: the validated air quality measurements of different pollutants i.e.: SO2, CO, NOx, 
PM10 and PM2.5 at the national scale are available from the Croatian Air Quality State 
Network operated and maintained by the Meteorological and Hydrological Service of Croatia 
(MHSC). The locations of all stations are shown in Figure 9(a). 

The air quality measurements from 13 (urban and rural) stations from the state network are 
used. Stations: Rijeka-2 and Osijek are urban background stations, Sisak is urban industrial, 
and Kutina is urban background industrial while Zagreb-1 and Rijeka-1 are urban traffic 
stations. Kutina is under the influence of the petrochemical industry while Sisak is mainly 
impacted by the emissions of oil refineries. The city of Rijeka is situated on the Adriatic coast 
while all other urban stations are continental. 

In Croatia 12 rural stations, forming a part of the EU-funded PHARE 2006 project 
“Establishment of Air Quality Monitoring and Management System” started measurements in 
2011. Observed hourly PM10 and PM2.5 concentrations were available for this study (Jeričević 
et al., 2007, 2016) from 7 rural background stations distributed throughout Croatia to capture 
the spatial and temporal concentration variations of different pollutants. 

Hungary: the network (levegominoseg.hu) consists of two major parts: automatic monitoring 
stations (59 automatic stations, 12 in Budapest) with continuous measurements being 
performed of a wide range of air pollutants in ambient air (CO, O3, NOx, SO2, PM10, PM2.5 
with almost half of them measuring BTEX components), seven mobile measurement stations 
and a manual system (with almost 150 sampling points) and consecutive laboratory analysis. 
All instruments comply with the EU reference measurement methods in the Hungarian Air 
Quality Monitoring Network (Figure 10). Four stations (two in Budapest) collect data on 
PM2.5 and their number will be increased significantly in the near future. There are also 
annual assessment reports drawn up for the Ministry of Agriculture and the EEA on both 
automatic and manual systems as well as on particulate matter (PM10) components. 
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Figure 10: Hungarian Air Quality Network (levegominoseg.hu) 
 

The National Institute of Environmental Health provides daily health-related information 
on the ambient air pollution levels in Budapest and five other cities (Debrecen, Miskolc, 
Szeged, Győr and Pécs) in order to protect the health of the population particularly at risk, e.g. 
people suffering from cardio-vascular or respiratory diseases, elderly people, and children. 
The Institute operates the Aerobiological Network (18 monitoring stations), which monitors 
the concentrations of pollen grains of 32 allergenic plant species and the spores of two fungus 
species, provides forecasts on expected short term concentrations during the nine-month 
flowering season. Weekly pollen reports are issued for medical personnel, patients and the 
general population through the internet. 

 
 

3.2. Scale dependent modelling 
 
European scale (international cooperation) 
 
Many types of air pollutant have been observed to travel far from their sources to cause air 
quality problems. The potential of pollution for long-range transport, sometimes referred to as 
its characteristic travel distance or spatial range, depends not only on its real physicochemical 
properties, but also on its mode and point of release to the environment. This process becomes 
relevant only when the transported chemical material (or pollen) has a harmful effect on 
human health or on the ecosystems far from its source. 

It was very important to begin the development of chemical transport models by 
investigating the long-range transport of air pollutants. A representative of these types of 
model is the EMEP Eulerian long-range transport model (Simpson, et al., 2012; see also 
Sofiev et al., 2015 for ensemble pollen forecast). 
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The amount of pollutants emitted in one location and the fraction that finally reaches a 
certain downwind location depends on three factors: i) the quantity of the pollutant emitted or 
produced at the source, ii) the meteorological conditions that transport the pollution from one 
location to another (in different scale), and iii) the physical and chemical transformation 
processes that modify the quantity and composition of the pollution during transport that lasts 
from days to weeks. 

At the Earth’s surface, aerosols, ozone and other reactive gases, such as nitrogen dioxide, 
determine the quality of the air around us, affecting human health and life expectancy, the 
health of ecosystems and the fabric of the built environment. Ozone distributions in the 
stratosphere influence the amount of ultraviolet radiation reaching the surface. Dust, sand, 
smoke and volcanic aerosols affect the safe operation of transport systems and the availability 
of power from solar generation, the formation of clouds and rainfall, and the remote sensing 
by satellite of land, ocean and atmosphere. 

To address these environmental concerns there is a need for data and processed 
information. In the context of the Copernicus programme (copernicus.eu), the MACC-III 
project had the overall functional objective of delivering reliable operational products and 
information services that support research, European environmental policy and the on-going 
development of user specific downstream services. The transition to long-term sustainable 
operation as the fully-fledged Copernicus Atmosphere Monitoring Service (CAMS 
atmosphere.copernicus.eu/) took place in the second half of 2015. 

 

 

Figure 11: Scale dependent determination of local and non-local (background) air pollution  
(Szepesi and Feketéné, 1987). 

 
The effect of long range transport on the air quality of cities is very important when an air 

quality forecast system is being developed. Without this information the forecasted values of 
pollutants could be underestimated. 

The mathematical modelling of air pollution processes is usually based on a system of 
nonlinear partial differential equations called a transport-chemistry system. The numerical 
integration of this system is a rather difficult computational task, especially in large-scale and 
global models, where the number of grid-points can range from a few thousand to a few 
hundred thousand, and the number of chemical species is typically between 20 and 200. 

Total air pollution is the sum of locally (from the given scale) and non-locally produced 
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pollution, transported from the outside. This non-local component is the so called background 
air pollution originating from natural and anthropogenic sources. Each of the scales (from 
continental to local) originates from a larger scale. By using this scheme (Figure 11) 
contributions from global, continental, regional and urban background pollution could be 
easily analysed for any geographic location (Szepesi and Fekete, 1987; Szepesi et al., 1995). 
Of course only locally produced pollution can be locally regulated. One of the most effective 
methodologies for regulation is the bubble theory, where the sum of the source intensities on 
the given scale (so called bubble) is limited (for more details see, for example, Hussen, 2005) 
 
Coupled meteorological and air quality modelling on the national scale 
 
The prediction and simulation of the coupled evolution of atmospheric transport and 
chemistry will remain one of the more challenging tasks in environmental modelling over the 
next decades. Many of the current environmental challenges regarding weather, climate, and 
air quality involve strongly coupled systems. It is well accepted that weather is of decisive 
importance for air quality, and for the aerial transport of hazardous materials. 
 

Table 6: Coupled meteorological and air quality models for the Pannonian region 

Country Meteorological 
driver 

Air chemistry model  references 

Austria ALADIN-Austria CAMx Baumann-Stanzer  
et al., 2015 

Bulgaria WRF CMAQ Syrakov et al., 2015 
Croatia ALADIN/HR EMEP4HR  

(EMEP for Croatia, ) 
Jeričević et al., 2012;  
Kraljević et al., 2008 
emep.int/mscw/Projects/emep4hr/ 

Hungary WRF/AROME 
WRF 

CHIMERE in HMS 
WRF-Chem in ELTE,  
CMAQ in ELTE 

Ferenczi, 2013 
Kovács et al., 2016 
Lázár and Weidinger, 2016 

Romania WRF CHIMERE romair.eu/model-
description.php?lang=en 

CAMx – Comprehensive Air Quality Model with extensions, an open-source modelling system for multi-scale 
integrated assessment of gaseous and particulate air pollution. 
CHIMERE – a multi-scale chemistry-transport model for air quality forecasting and simulation. 

 
It is also recognised that chemical species influence the weather by changing the 

atmospheric radiation budget, as well as through cloud formation. Until recently however, 
because of the complexity and the lack of appropriate computer power, air chemistry and 
weather forecasts have developed as separate disciplines, leading to the development of 
separate modelling systems that are only loosely coupled (offline). 

In large-scale simulations the effect of turbulent diffusion is much weaker than that of 
advection, as a first approximation, turbulent diffusion is neglected in the simulations. 
Uncertainties in large-scale atmospheric transport also seem to be an important question for 
regional scale air pollution modelling. How we can use an ensemble weather prediction to 
represent this uncertainty? NWP ensemble systems are designed specifically to sample a 
range of possible future weather states by representing both the analysis errors in the initial 
model state and the forecast errors that arise due to model limitations and deficiencies. 

The more common offline approach only allows one-way coupling of the meteorology – 
sampled at fixed time intervals. The meteorological fields from the weather prediction model 
are often only snapshot values and have to be interpolated in time and space by the chemical 
transport model (Grell and Baklanov, 2011). 
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Table 6 shows a number of applied model systems in the Pannonian region. These models 
give possibilities for further cooperation (optimisation of parameterisations, comparison 
studies ensemble forecasts, etc.). 
 
Urban and local scale air quality modelling, CFD 
 
Urbanisation is a process of relative growth in a country’s urban population, which is 
accompanied by an even faster increase in the economic, political, and cultural importance of 
cities relative to rural areas. Urbanisation is the integral part of economic development. It 
brings in its wake a number of challenges, like an increase in the population of urban 
settlements, high population density, an increase in industrial activities (medium and small 
scale within the urban limits and large scale in the vicinity), high-rise buildings and increased 
vehicle movement. All these activities contribute to air pollution. The shape of a city and the 
land use distribution determine the location of emission sources and the pattern of urban 
traffic, affecting urban air quality. The dispersion and distribution of air pollutants and thus 
the major factors affecting urban air quality are geographical setting, climatological and 
meteorological factors, city planning and design and human activities. Urban air models 
generally place their focus on scales starting from the local, then the micro (tens of meters to 
tens of kilometres) to the regional (meso) scale (Srivastava and Rao, 2011). 

Urban wind flow is very complex, and appropriate tools are required for the 
characterisation of the flow and the related processes. Three main approaches can be 
distinguished: 

 on-site full-scale experiments;  
 reduced-scale wind tunnel measurements; 
 numerical modelling with Computational Fluid Dynamics (CFD).  

As opposed to experiments, the main advantages of CFD are that it provides information 
on the relevant flow variables in the whole calculation domain (whole-flow field data), under 
well-controlled conditions and without similarity constraints. However, the accuracy of CFD 
is an important matter of concern. Care is required in the geometrical implementation of the 
model and in grid generation, and solution verification and validation studies are imperative. 
CFD validation for urban wind flow in turn requires high-quality full-scale or reduced-scale 
measurements to be compared with the simulation results (Balczo, et al., 2011; Horváth, et al., 
2016). Different urban air pollution problems deal with the complex structure of air flows and 
turbulence: 

 local-scale circulations: mountain areas, canyons and valleys, street canyons, 
    mining open casts, industrial buildings and mining workings; 
 thermal effects: internal and stable-stratified (SBL) boundary layers, air circulations, 
     katabatic and anabatic winds, nuclear and industrial accidents; 
 transport and diffusion of heavy gas or particles in the atmosphere; 
 artificial and ventilation sources of air dynamics and circulation. 

CFD methods and tools have become widely used for such problems (Baklanov, 2000). 
Resolving the Navier-Stokes equation using finite difference and finite volume methods in 
three dimensions provides a solution to conservation of mass and momentum. Computational 
fluid dynamic models use this approach to analyse flows in urban areas. Obstacle-resolved 
modelling approaches are required in numerous planning and assessment situations and for 
the near-sources region. Large Eddy Simulation (LES) models explicitly resolve the largest 
eddies, and parameterise the effect of the sub grid features. 
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Harmonisation, comparison 
 
In 1991, a European initiative was launched for increased cooperation and standardisation of 
atmospheric dispersion models for regulatory purposes. A “new generation” of models is 
emerging with physically more justifiable parametrisations of dispersion processes. A need 
was felt for these new models to be developed in a well-organised manner and turned into 
practical, generally accepted tools fit for the various needs of decision-makers. One of the 
ideas behind the initiative is to make the most of the knowledge available in the modelling 
community. A lot of experience with the use of models is acquired over time, but there is a 
lack of proper mechanisms to transfer this experience so it is used in modelling and in the 
decision making process. One of the roles of the initiative is to help establish such 
mechanisms (harmo.org). 

The Forum for Air Quality Modelling (fairmode.jrc.ec.europa.eu/index.html – 
FAIRMODE) was launched in 2007 as a joint response initiative of the European 
Environment Agency (EEA) and the European Commission Joint Research Centre (JRC). The 
forum is currently chaired by the Joint Research Centre. Its aim is to bring together air quality 
modellers and users in order to promote and support the harmonised use of models by EU 
Member States, with emphasis on model application under the European Air Quality 
Directives. The FAIRMODE Working Group 1 proposes to initiate an activity aiming at 
collecting and assembling modelled air quality maps, following the work initiated in the 
European Topic Centre for Air Pollution and Climate Change Mitigation (ETC/ACM) pilot 
study. The objective is to create a bottom-up composition map of air quality over Europe. 
National/regional agencies or modelling teams are encouraged to provide their best available 
air quality map for their particular region and those maps will be compiled (hopefully) into an 
EU-wide bottom-up composite map. This mapping exercise will be used as common platform 
within FAIRMODE and as a catalyst to trigger discussions, such as: 

 border effects which will become visible between neighbouring regions/countries; 
 use of data assimilation or data fusion techniques to produce air quality maps; 
 quality and consistency of underlying emission inventories; 
 choice of an adequate spatial resolution for a particular application. 

Furthermore, the exercise can also be used to convince countries or regions that are not yet 
using models on a regular basis (see in fairmode.jrc.ec.europa.eu/tools.composite.map.html) 
to participate in the process. 

The Intercomparison Exercise (IE) for Receptor and Source Oriented Models is organised 
within the framework of the FAIRMODE Working Group 3 on Source Apportionment. The 
aim of the IE was to assess the performance and the uncertainty of the SA (Source 
Apportionment) methodologies and to compare different approaches. The intercomparison has 
been designed to test both receptor oriented models (or receptor models, RMs) and source 
oriented models (or chemical transport models, CTMs). The target pollutant of this IE  
was PM10. 

The Air Quality Model Evaluation International Initiative (AQMEII) is an unprecedented 
effort focused on the evaluation of regional air quality (AQ) models that are used to predict 
concentrations and deposition of a number of pollutants over the North American and 
European continents. More than 20 modelling groups participated in the AQMEII two-
continent model evaluation activity, in which over 10 regional-scale air quality (AQ) models 
were used retrospectively to calculate concentration and deposition fields for the year 2006. 
The performance of the AQ models was evaluated using air quality and meteorological 
surface monitoring network measurements as well as sets of upper-air measurements obtained 
by ozonesondes and instrumented commercial aircraft. (aqmeii-eu.wikidot.com/). 
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3.3. Chemical weather forecast as the near future 
 
The coupled meteorological and chemical transport models have two basic types: i) the 
offline (separately, without feedback), which appears in the daily forecast routine in all the 
countries of the Carpathian Basin (see section 2.2) and ii) the online (at the same time, with 
feedback) integrated models. Offline models are the present, while online models may be one 
of the dominant developments in the near future. 

The online coupled chemical transport model system can forecast the dispersion and air 
pollution fields at the same time. The meteorological data is available for every time step. In 
this case they consider the interactions between the meteorological and chemical substances. 
The results may be used for a variety of purposes: we can obtain physical, chemical and 
biological related weather forecasts. The definition of the online models means that we used 
the interactions between the systems (Figure 12). 
 

 

Figure 12: Schematic picture of the online coupled chemical weather forecast model. 
The online coupled chemical weather model for regional climate modelling (RCMs)  

is constructed in a similar way. 
 
The main advantages of the online coupled model system: 

 use of only one grid; 
 no necessity to interpolate in time and space; 
 takes into consideration the feedback mechanism of the interaction of aerosol 

pollutions and the atmosphere (radiative transfer processes, cloud and precipitation 
formation); 

 easy reaching of all the 2D and 3D meteorological variables in all time steps; 
 the physical parametrisation and numeric schemas (e.g. advection) are the same, there 

is no inconsistency between them; 
 the opportunity to observe the feedback between meteorological emission and 

meteorological-chemical compounds; 
 no need for meteorological pre- and postprocessors. 
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The difficulty comes from the greater complexity, the more input parameters and the lesser 
known interaction-systems. On the other hand, this is an important research goal of the near 
future, which will be appearing in the regional, nested climate models for the Pannonian 
Basin too. The countries of the region have a modelling routine for this type of international 
cooperation, so the computing background is well developed, and the earlier experiences of 
the COST ES0602 programme collaboration are also available (chemicalweather.eu,  
Baklanov et al., 2014). 
 
 
3.4. Agricultural, ecological and water quality modelling 
 
The numerical model results (weather and/or climate) and measurements (meteorological, 
environmental, air, soil and water quality) could be used as input data for coupled 
agricultural, ecological or/and water quality models. A schematic diagram of the climate-soil-
vegetation system is illustrated on Figure 13. 
 

 

Figure 13: Schematic diagram of the DNDC model structure  
(adapted from Li, 2000 and Giltrap et al., 2010). 

 
As a process-based model, DNDC is capable of predicting the soil fluxes of all three 

terrestrial greenhouse gases: N2O, carbon dioxide (CO2), and methane (CH4), as well as other 
important environmental and economic indicators such as crop production, ammonia (NH3) 
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volatilisation and nitrate (NO3) leaching. DNDC consists of five interacting submodels: 
i) thermal–hydraulic, ii) aerobic decomposition, iii) denitrification, iv) fermentation, and 
v) plant growth with different management practices such as crop rotation, tilling, irrigation, 
and fertiliser and manure addition. (See more detail in Giltrap et al., 2010). 

To run DNDC in Regional Mode, the region is broken down into spatial units or zones with 
homogeneous soil and climate properties within each zone. “Farm Types” are defined as sets 
of common management practices and within each zone the number of hectares in each 
defined „Farm Type” is specified. Plant growth is modelled based on a daily crop growth 
curve (specific to the plant type) to calculate the daily N-uptake required (Giltrap et al., 2011, 
Machon et al., 2015).  

Significant tasks in the field of the application of ecological models are i) the comparison 
of model calculations with regional meteorological, air quality and environmental databases, 
ii) the review of operative models and the investigation of applicability in the Pannonian 
Basin. Important modelling questions are the effects of precipitation and humidity; hence the 
specificity of our region is drought susceptibility. The results of the coupled environmental 
models depend on the quality of the NWP databases and the optimal settings of 
parameterisations (Grosz et al., 2015).  
There are coupled models used in the Pannonian region.  

 The plant growth and crop forecasting models are widely used i) in precision agriculture, 
ii) crop forecasting and iii) quantifying climate change (Kovács et al., 2014;  
Lalić et al., 2014). The methods of the comparison of the participating models are known. 
This is the Agricultural Model Intercomparison and Improvement Project (AgMIP).  
This model comparison programme and methodology may be of interest (Rosenzweig et 
al., 2013). 

 The main goals of the constantly evolving bio-geochemical models are the simulation of 
the exchange of ecosystem carbon (C) and nitrogen (N) cycles; related C- and N- 
containing trace gases. We are able to monitor the exchange processes between soil, 
atmosphere and biosphere with these models, and indirectly develop the precision of field 
measurements and observations. Many models (PROGRASS, PaSim, CENTURY, 
COUP, FASSET, Biome-BGC, DNDC) exist in this field. In our region there are 
successfully used models, such as the DNDC (DeNitrification-DeComposition, 
Figure 13) and the Biom-BGC models. The computer backgrounds have been developed 
by earlier national and EU funded programs (FP4 – Graminae, FP5 – CarboEurope, 
FP5 – GreenGrass, FP6 – NitroEurope, FP7 – ECLAIRE, etc.) (Machon et al., 2011; 
Grosz et al., 2015; Hidy et al., 2015; Sándor et al., 2016). 

Coupled meteorological-hydrological models are also used. For example: the FLake model 
is widely used for energy budget calculation of lakes in NWP models. The optimisation of 
model parameterisation for Lake Balaton was performed by Vörös et al. (2010). 

The nitrogen budget of Lake Balaton was also investigated using a two-way exchange 
model of trace materials (Kugler et al., 2014) on the basis of the concentration (reactive 
nitrogen compounds) measurements and the calculation of the turbulent fluxes (momentum, 
sensible and latent heat) and eddy diffusivity coefficients for momentum and heat. 

The 2D and 3D hydrological models (e.g. FVCOM) are used not only for reviewing the 
flow, but the energy balance and sediment processes of Lake Balaton, and Lake Fertő, and for 
producing wave-forecasts too (Krámer et al., 2012; Kiss and Józsa, 2015; Torma and Krámer, 
2016). The emphasis is on the estimation of atmosphere-lake impulse transfer. In this area 
i) the information exchanging between the countries of the region, ii) the development and 
iii) comparisons of the applied lake and flood models is in our common interest. 
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4. Key questions 
 
The 7 most important questions are reviewed in the topic of air quality of a changing climate 
in the Pannonian region. We are presenting interests, aspects, knowledge gaps and other 
relevant information of the topic. After that, we deal with the identification of problems, 
which will be the foundation for later collaborations. 
 
 
4.1. How does a warmer climate affect air quality and human health? 
 
Air pollution and climate change influence each other through complex interactions in the 
atmosphere. Increasing levels of GHGs alter the energy balance between the atmosphere and 
the Earth’s surface which, in turn, can lead to temperature changes that change the chemical 
composition of the atmosphere. Direct emissions of air pollutants, or those formed from 
emissions such as sulphate and ozone, can also influence this energy balance, and through the 
surface energy balance, evaporation and the water budget. Thus, climate change and air 
pollution management have consequences for each other (Law, 2010). Growing 
anthropogenic and agricultural activity results in higher emission of reactive nitrogen 
compounds, and aerosol particles too. Greenhouse gas emission induces the climate change, 
but ozone, particulate matter and the reactive nitrogen compounds are more dangerous for the 
environment and for human health too. The health effects and transport processes (from the 
local to the long range scale) of different kinds of pollen is an important topic, which requires 
close international collaboration. 

According to the study of Tagaris et al. (2009), the potential health effects induced by 
PM2.5 dominate compared to those caused by ozone. PM2.5-induced premature mortality is 
about 15 times higher than that due to ozone. However, the impacts vary spatially. Increased 
premature mortality due to elevated ozone concentrations will be offset by lower mortality 
from reductions in PM2.5. Agricultural effects of high level ozone and reactive nitrogen 
compounds are also important. 

The uncertainties related to different emissions projections used to simulate future climate, 
and chemical weather forecasts, are many although there are potentially important 
unaddressed uncertainties (e.g. dynamical or statistical downscaling, speciation, interaction, 
exposure, and concentration-response function of the human health studies). 

 
Discussion 

 
Climate change in association with extended urbanisation, with high levels of emissions and 
living in an artificial environment may contribute to increasing frequency of respiratory 
allergies and asthma. Pollens are also important triggers of respiratory diseases especially in 
central-east Europe. Higher temperatures may increase pollen quantity and induce longer 
pollen seasons and can also increase pollen allergy frequencies (Makra et al., 2015). The 
investigation of local effects and the transboundary transport of pollen are basic questions 
which require both the standardisation of measurements, dataset exchange and harmonisation 
of modelling work. Based on European-scale measurements of pollen types and 
concentrations and on application of coupled meteorological and air quality models many new 
possibilities are given for the development of pollen information databases and forecast 
systems (Figure 14). The effect of climate change processes on the pollen season and future 
concentration are also important issues (Liu et al., 2016). 

From the results of the ECLAIRE FP7 program (Sutton et al., 2015) we also know that 
climate warming is likely to increase the vulnerability of ecosystems to air pollutant exposure 
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or atmospheric deposition on the European scale, including Pannonian region. Such effects 
may occur as a consequence of combined perturbation, as well as through specific 
interactions, such as between droughts, and O3, N and aerosol exposure. The impacts of air 
pollution on European ecosystems occur over a range of spatial scales from the global (ozone 
background), though the regional (O3 and N deposition) to the local scale (N deposition and 
PM2.5, NH3 exposure). In a changing climate, the spatial patterns of impacts are likely to 
change as a result of changing emissions, land use and atmospheric processes. 

 

  

Figure 14: Country scale daily pollen information and forecast from the Austrian weather service 
(pollenwarndienst.at/de/aktuelle-werte.html). 

 
Recent studies have shown that the observed correlation between surface ozone and 

temperature in polluted regions points to a detrimental effect of warming. Coupled GCM-
CTM studies for the 21st-century climate assuming constant anthropogenic emissions do find 
widespread summertime increases of surface ozone in polluted regions (Jacob and Winner, 
2009). Rising temperature is found to be the principal factor driving these increases. Ozone 
increases are of the order of 1–10 ppb depending on the time horizon, region, climate 
scenario, and model used. All models find that the sensitivity of ozone to climate change is 
particularly high in urban areas, reflecting the high potential for ozone formation. Most 
models find that the sensitivity is strongest at the high end of the frequency distribution, i.e. 
during pollution episodes, reflecting the increased frequency and duration of stagnation 
events. All models find significant ozone increases in south-central Europe, for example. 

The response of PM to climate change is more complicated than that of ozone because of 
the diversity of PM components, compensating effects, and general uncertainty in GCM 
projections of the future hydrological cycle. Observations show little useful correlation of PM 
with climate variables to guide inferences of the effect of climate change. Rising temperature 
is expected to have a mild negative effect on PM due to volatilisation of semi-volatile 
components (nitrate, organic), partly compensated by increasing sulphate production. 
Increasing stagnation should cause PM to increase. PM is highly sensitive to mixing depths 
and precipitation frequency, but there is no consensus on how these will respond to climate 
change (Jacob and Winner, 2009). 

Based on the results of the FP7–ECLAIRE program (Sutton et al., 2015), many 
atmospheric pollutants that affect ecosystems and human health, like ozone, nitrogen and 
secondary aerosols, are not only important climate forcing agents, but their atmospheric 
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burden in turn strongly responds to climate change. The interactions of i) climate change, 
ii) change in nitrogen deposition, iii) increasing atmospheric CO2 concentration, iv) changing 
aerosol burdens and v) changing ozone background and peak levels make projections of 
pollution impacts on terrestrial ecosystems challenging. This is especially so, since these 
affect ecosystem physical and biogeochemical responses on different spatial and temporal 
scales, and individually in either positive or negative ways (e.g. on ecosystem productivity, 
water use efficiency, carbon storage or biodiversity). Furthermore, changing biogenic 
emissions in response to air pollution and/or climate change can affect air pollution and 
climate change in turn, in a complex system that contains multiple, interacting forms of 
feedback. 

Releases of hazardous agents in complex built environments are studied in COST ES 1006. 
Accidental releases pose a tremendous challenge to emergency first responders and authorities 
in charge due to the large number of casualties potentially involved. Air motions in built-up 
areas are very complex and adequate modelling tools have to be applied properly in order to 
predict the dispersion of hazardous materials with sufficient accuracy within a very short 
time. Different types of tools are applied and a detailed inventory of the different models and 
methodologies currently in use is compiled to characterise their performance and to establish 
strategies for their improvement. The COST program successfully demonstrated that the 
majority of local-scale hazmat (hazardous materials) dispersion models currently in use in 
urban environments are scientifically outdated and must be replaced by already existing, more 
reliable modelling concepts. The potential for improvement of local-scale hazmat dispersion 
modelling has been documented resulting from new simulation technologies, such as 
microscale meteorological and atmospheric dispersion modelling and computational fluid 
dynamics (CFD). 

 
Summary 

 
To optimise the efficacy of European emission control strategies in the global pollution-
climate change context, it is important to develop a consistent and process-based 
observational and modelling framework on the EU and Pannonian Basin level to be able to 
understand how interactive atmospheric pollutants will impact ecosystems in response to 
climate and air pollution change. 

An integrated approach to address the scientific questions is necessary in order to develop 
an integrated policy perspective. This integration then allows the selection of win-win 
scenarios or informs prioritisation needs, which leads to more effective policies (see also 
Sutton et al., 2015). 

Concrete collaboration is needed for analysing the air pollution distribution in the 
Pannonian Basin in critical weather situations. Also the harmonisation of trace gases and 
aerosol flux calculations above different types of surface is an important question. A common 
measurement and modelling strategy is required. 

In order to introduce future climate projections into climate impact studies, we need to 
evaluate the ability and accuracy of the models in simulating not only the basic climatic 
parameters (temperature and precipitation) but also the other components of the energy 
balance and hydrological cycle. For example, despite the large climate modelling 
communities, studies addressing the validation of solar surface radiation (SSR) in global and 
regional models using different parametrizations and different spatial scales are still low in 
number. However significant differences in the representation of solar radiation in global and 
regional climate models have been detected (Bartok et al., 2010; Jerez et al., 2015). Besides 
cloudiness, the different way of handling aerosols can explain the spread of SSR projections. 

Also atmospheric absorption and cloud physics processes could have a key role in further 
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surface solar radiation changes. In general, identifying the main factors causing discrepancies 
in different climate models regarding energy budget components would contribute 
significantly to detecting systematic errors that may occur in the physical climate modelling. 
On the other hand, quantifying the differences in SSR fields produced by different climate 
models indicates the degree of robustness of the projected SSR changes at different scales and 
gives a reference for the uncertainty transferred to impact studies. 
 
 
4.2. Interaction of air quality and water cycle 
 
The atmospheric load of trace materials is one of the most important nutrient sources for 
freshwater ecosystems. Nutrient enrichment causes a change in ecosystem structure and 
function; this process is termed eutrophication (Durand et al., 2011; Kugler et al., 2014). 
Long-lived toxic elements (Pb, Cd, etc.) can also accumulate in the environment, causing long 
term harmful effects for the ecosystems. 

The deposition of air pollutants is an important loss of gases and aerosol particles from the 
atmosphere. At the same time, deposition processes of different air pollutants can cause 
various harmful effects both to ecosystems and the built environment. Deposition of an air 
pollutant affects its atmospheric concentration as well as the state of the environment or 
human health. Therefore, it is an important factor in different types of atmospheric chemical-
transport models, and surface exchange models. 

One of the main objectives of the EMEP (European Monitoring and Evaluation 
Programme) is to provide information about the deposition of different air pollutants, like 
acidifying pollutants, heavy metals (HM) or persistent organic pollutants (POPs) (emep.int). 
The results of the European scale harmonised monitoring network and model simulations 
show large reductions in the deposition of sulphur species during the last decades. However, 
orographic effects can lead to the formation of local maxima in wet deposition. Due to high 
annual precipitation amounts, wet deposition is typically high in southern Norway and the 
region around the Alps. Wet deposition of nitrogen ranges from less than 1 kg N ha−1 yr−1 to 
more than 20 kg N ha−1 yr−1. The deposition of oxidized nitrogen is generally somewhat 
higher than reduced nitrogen in Scandinavia and the Mediterranean, except for a few sites 
influenced by nearby agriculture. However, in the Benelux area and in Ireland, the 
contribution of ammonium deposition exceeds that of nitrate, reflecting regional agricultural 
sources of ammonia. 

The wet deposition of calcium in Europe is significantly influenced by Saharan dust. Wet 
deposition rates exceeding 10 kg Ca ha−1 yr−1 are observed at sites in Spain, Portugal, Italy, 
Serbia and Croatia. Sites with high precipitation amounts located close to the sea also 
experience high rates of wet deposition due to sea salt calcium. 

The change of heavy metal deposition varied over the European countries. However, both 
modelling results and observations showed that wet deposition fluxes of lead, cadmium and 
mercury decreased between 1990 and 2010. It can be concluded from the measurements and 
model calculations that the atmospheric concentration and deposition of Pb and Cd in rural 
areas of Hungary are greatly affected by sources hundreds of kilometres away from the 
receptor area. In the case of Hungary, this is particularly true for Cd. Emission data for the 
model calculations were available only for the mid-eighties (Cd) and late- eighties (Pb). 

a, bDue to the cumulative characteristics of Pb in our environment, it is advisable to 
estimate the cumulative lead deposition in Hungary for the past 60 years and to provide some 
quantitative estimates for the next decade (Bozó, 2005a, b). This type of simulation was also 
performed using TRACE model computations. For comparisons, the target of model 
simulations was not only Hungary but also a few other countries in different regions of 



37 
 

Europe – United Kingdom, the Netherlands, Spain, Austria, Romania and Poland. It is not 
surprising that cumulative lead deposition was much higher during the 30 years of the period 
1955–1985 than during 1985–2015. Regarding Hungary, the rate of total lead deposition was 
320 mg m–2 during 1955–1985, while on the basis of model computations it is expected that it 
does not exceed 95 mg m–2 during the following 30-year period (1985–2015). It can also be 
stated that in some selected countries (e.g. the Netherlands or Austria) the cumulative lead 
deposition rate was higher than in Hungary, while in the case of Romania and Spain lower 
cumulative lead deposition rates were estimated. 

 
 

Summary 
 

Harmonisation of air pollution (gases and aerosol particles) concentration calculations for 
open water surfaces from background or regional monitoring networks and the calculation of 
the deposition of aerosol particles and two directional fluxes of trace gases give basic 
knowledge for the quantification of the impact of air pollution for the aquatic ecosystem in 
the Pannonian Basin. The determination of wet deposition into the water and wetlands is also 
an important question. Modelling of eutrophication (dataset, methodology, and sensitivity 
study) seems to be a fruitful topic for future collaboration. 

(This section in the final version of the White Book is in the cross cutting section.) 
 
 
4.3. Interactions with agricultural practices (soil, water and air) 
 
Agriculture is a significant part of human activity that profoundly influences the global 
environment, such as atmospheric chemistry, water quality / quantity, and nutrient cycles. 
Agricultural areas cover twice as much land as forest and more than 10 times as much as 
urban areas in Europe (EEA, 2005; Walls, 2006). The air quality is largely influenced by the 
(not always well-known) effects of anthropogenic activity that have i) impact on greenhouse 
gases concentrations, ii) distribution and flux of different reduced and oxidised compounds 
through affecting the a) atmospheric chemical processes, as well as b) the metabolic processes 
of animals, c) plants and a d) large variety of microorganisms. 

Balancing food production, environmental protection, and predicting the impacts of 
climate change or alternative farming on both food production and environment safety in 
agro-ecosystems is a major question. Agricultural activities may modify the natural cycles 
(both directly and indirectly) such as increasing carbon dioxide (CO2) emissions to the 
atmosphere by increasing the plant decomposition rate and burning plant biomass. Nitrogen 
fertilizer production and use contributes toward nitrous oxide (N2O) – GHG – emissions with 
environmental aspects. The effects of the formation of secondary air pollutants (ozone, 
nucleation, etc.) and pollen transport are also important problems on different scales. 

 
 

Discussion 
 
The soil–biosphere−atmosphere system strongly depends on meteorological conditions, air 
pollution concentrations as well as on the characteristics of the agro-ecosystem and on soil 
physical, chemical and biological properties. For this reason, the investigation of exchange 
processes above different agricultural lands is important and necessary. The atmospheric 
lifetime of various compounds differs over a large time scale − from hours to hundreds of 
years − and their environmental impact ranges from local direct damage to climate change. 
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Reactive compounds (O3, CH4, SO2, N2O, NOx, HNO3, HNO2, NH3, NH4
+, NO3

−, VOCs, 
PAH, aerosol particles, etc.) in the atmosphere are characterised by different lifetimes and 
effects on various spheres of the Earth, including human health, ecosystems, climate, etc. 
Some of the atmospheric tracers (NH4

+, NO3
−) are deposited by wet and dry deposition 

processes, while other forms (e.g. NH3, CO2) have bidirectional fluxes between the 
atmosphere and the biosphere. Several compounds (e.g. NO, NH3, HNO3, N2) are produced 
and/or consumed in the soil by microbial and chemical processes, depending on many 
parameters linked to soil, vegetation and climate. Quantifying the trace gas cycle is a relevant 
task for understanding the impacts of compounds on ecosystems or on the atmosphere (e.g. 
climate change, linked with the C cycle). The estimation of the amount of these pollutants on 
different land-use types and/or scales is a complex task. More observations and measurements 
are needed to better understand the interactions between the water, air, soil and agricultural 
practices. 

The climate in the Pannonian Basin – as mentioned earlier – will likely be warmer, with 
drier summers; in some parts with shorter or mild and wetter winters, and more variable 
patterns of rainfall and temperature in the 21st century as predicted by the EEA (2004). 
Agricultural areas, grasslands and arable lands are the most widespread cultivation types in 
Europe and especially in the Pannonian Basin, which lands also appear to be drifting to 
desertification. This is an important environmental problem, because ecosystems are 
important in the cycle of nutrients (nitrogen, carbon, sulphur, etc.) between the land surface 
and the atmosphere. Interactions between climate perturbations and changing dynamics of air 
trace gas pollutions have received much less attention than the corresponding CO2 
interactions in forests. The markers such as heat and drought extremes, which will become 
more frequent as a result of the climate perturbations, can also have an impact on yields and 
the agronomy budget through the water and carbon balance as well as bidirectional trace gas 
fluxes (between the soil/crops and the atmosphere) due to soil functioning, and they may lead 
to reduced plant growth or changes in crop species (rotation). We also have to note that 
invasive (weed) species can spread from the south (from the Balkans) causing problems for 
farmers as a result of climate change. 

Due to the forecasted potentially drying climate of the Pannonian Basin, more frequent 
natural fires (Strelcová et al., 2009), as ecosystem dysfunctions, will occur for example in the 
dry sandy Hungarian Great Plain. The estimated C and Nr loss from fires equals or even 
exceeds the amount of carbon or nitrogen from atmospheric deposition. Extended periods of 
soil water deficit and high air and soil temperatures can affect a wide range of plant 
physiological functions. The plant communities will be frequently exposed to naturally 
induced droughts and may become open grassland depending on the quality of the changing 
weather conditions. 

Weather perturbation can also substantially modify both the timing and the magnitude of 
deposition and soil gas emission. Soil GHG emissions are strongly controlled by soil organic 
carbon (SOC) and soil mineral N-content, and by soil temperature and moisture  
(Rees et al., 2013). In summer time, in parallel with the precipitation deficit, less easily 
available N is deposited on the surface and leached to the rooting zone; thus it can limit 
mineral N uptake by plants or may affect the soil emission (through the suppression of 
microbial processes) of N-gases during the main vegetation period. 

We have to note that in spring time a flooded period may also occur as another 
disadvantageous / unfavourable condition in fields. As a consequence of snowmelt and 
uneven distribution of rainfall, lands can get flooded and the denitrification processes (during 
these short anaerobic periods) can produce N2O and N2 emission peaks. 

During the summer season microbial productivity is elevated (mineralization, nitrification, 
immobilization, decomposition, etc.). In the dormant period, despite the higher water filled 
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pore space (WFPS), the activity of the microbial community decreases parallel with the drop 
in soil temperature. Changes in seasonality, distribution and frequency of precipitation and the 
total amount of rainfall may have a great impact on the carbon and nitrogen exchange of the 
Pannonian Basin. Both the seasonal and the long-term nutrient exchange of the agro-
ecosystems are therefore linked to the soil water content (due to the rainfall regime) and soil 
temperature. 

 
Ecological modelling 
 
It is essential to monitor or measure the changes mentioned above and to determine the rate of 
pollutant emissions and the harmful effects in current and future contexts. Scientist can 
investigate this theme from many points of view, but we can agree that the need to predict 
(using models) the changing drivers and parameters (e.g. climate) is unavoidable. Using 
ecological models, we are able to provide C and N budget (gas fluxes) predictions or optimal 
farming practice predictions for those lands where soil and/or meteorological measurements 
are missing and we are able to simulate crop growing, fluxes of parameters and soil processes 
where field or laboratory measurements are difficult to carry out or too expensive. 

This provides some support for future use of this kind of model in the regional mode for 
scaling up the analyses for different agro-ecotypes or gives a climate scenario estimation 
scaled up to the Pannonian Basin (using the GIS database by the CORINE Land Cover map 
from the European Topic Centre on Terrestrial Environment, Bossard et al., 2000). At the 
country scale the rough estimation of greenhouse gas emissions by IPCC methodologies can 
be refined using ecological models. The IPCC method is determined for many European 
areas.  

Cultivated arable lands are also included in the IPCC method, but the three-dimensional 
heterogeneity of the agro-ecosystems should not be forgotten (even on the metre scale, which 
cannot be considered by the IPCC, but the models are able to deal with this scale), this is the 
reason that measurements should be taken at several locations simultaneously, which is not 
always possible. 

Many research communities are developing ecological models (see 2.4 section) which are 
also applicable to support climatic or land use scenarios for future planning. One of the 
popular ecological models is the DNDC. It has been used by many research groups all over 
the world (Beheydt et al., 2007; Leip et al., 2008; Smith et al., 2010; Li, 2000; Li et al., 2000) 
and also in our region (Grosz et al., 2015; Machon et al., 2015); therefore, extensive 
operational experience is available. The entire model is driven by four major ecological 
drivers, namely i) climate, ii) soil physical properties, iii) vegetation, and iv) anthropogenic 
activities (see also Figure 13). The model requires many input parameters, including 
ecological forcing, like a) soil properties (soil texture, density, slope, field capacity, wilting 
point, clay fraction, pH, soil organic carbon (SOC), NO3

−, and NH4
+ content), b) 

meteorological variables (daily minimum and maximum temperature, precipitation, and 
global radiation), c) vegetation characteristics (crop type, plant, and harvest time, details of 
crop phenology), d) and farming functions such as tillage, fertilizers, manure, weeds, 
irrigation, grazing pressure, and farming type (cattle, horses, sheep) with a start and end date 
of grazing, etc. These daily input parameters are required to simulate both crop and soil 
dynamics simultaneously.  

The Biome-BGC model is also well known and widely used in our region (Barcza et al., 
2009; Sándor et al., 2016). 

The challenge of the future is the question of how to couple meteorological and ecological 
models online at the region scale to obtain better predictions (e.g. with higher resolutions 
and/or for smaller areas). 
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Summary 
 
Based on the study Machon et al. (2011), it can be concluded that climate extremes are 
significant factors in soil organism functioning and the dynamics of C and N-exchange and 
emissions. Hence, the nutrient content of the soil is continuously changing in line with the 
climate extremes. The soil organic carbon pool (SOC), NH4

+ and NO3
–, which depend on the 

C and N-consumption and exchange of the soil microbial community, affect the plant N (and 
other nutrient) uptake (demand), plant growing, etc. The living roots and bacteria are 
competitors for the same nutrients, so plants also induce an effect on soil transformation. 

Summarizing, many soil processes (e.g. decomposition, nitrification, denitrification, 
mineralization, etc.) are strongly dependent on soil temperature and moisture as ecological 
drivers. The changes in these parameters directly influence the crop growing and soil gas 
emission rates, though the complex system of relationships makes it difficult to explain all the 
changes of the C and N cycles and their formation. Example: reduced N2O emission 
(desertification occurring due to perturbed climate conditions) can be a potential negative 
feedback for the greenhouse effect (Machon et al., 2015.) On the other hand, the vegetation 
can turn into being a net CO2 source in extreme dry years as positive feedback for climate 
change (Barcza et al., 2009). The ratio and strength of these two phenomena cannot be 
neglected due to increasing aridity (and/or the agricultural policy in question). 

In the rapidly changing world one of the main tasks is to optimize the efficiency of agro-
cultivation (where and what kind of changes – crop type, tillage, etc. – are necessary) 
according to the ecological model scenarios. 

 
 

4.4. Surface layer processes (energy budget, fluxes, deposition, profiles) 
 
The biosphere is an important source and sink of radiation, momentum, heat, water and gas 
fluxes for the atmosphere. Therefore, biosphere-atmosphere feedback is important for 
understanding weather and climate causes and consequences and their proper treatment in 
NWP models with different temporal and spatial scales. It is not just scientific curiosity which 
governs research into turbulent transfer above and within plant canopies. The proper 
treatment of canopy micrometeorology is of utmost importance for numerous physiological, 
ecological, hydrological and agricultural applications. As Kaimal and Finnigan (1994) pointed 
out, “The understanding of turbulent transfer within foliage canopies provides the intellectual 
underpinning for the physical aspects of agricultural meteorology.” 

An enhanced level of knowledge in this complex field can be achieved only by full 
implementation of the “Experiment-Theory-Practice” framework based on regional 
(Pannonian region) integrative functions. Current micrometeorological measurements, data 
analysis and application should be combined in this framework in order to i) fill data gaps and 
optimize future experimental activities, ii) introduce new modules and parameterization 
procedures in NWP models in order to optimize their application for ecological and 
agricultural purposes, iii) increase visibility of research and findings by intensive introduction 
to young people and iv) use NWP products in agricultural production. These are the 
requirements we now address. 
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Discussion 
 
Data management. Important issues related to micrometeorological measurements which 
should be addressed at the Pannonian region level are: data mining and analysis of available 
data sets, harmonisation of data recording protocols, inventories of the most important events 
(extreme and adverse weather events), identification of common data gaps, development of 
common procedures and tools to fill data gaps and missing data from available data series and 
calculation of surface mass and energy budget components using measured and gridded data 
sets at the regional scale. 

NWP model optimization. There is a strong demand for a two-way approach to this issue: 
i) improved parameterization of chemical and physical processes describing biosphere-
atmosphere interactions in order to reduce uncertainties and improve NWP on all time and 
spatial scales and ii) develop an agrometeorological module of the NWP model in order to 
provide full and physically consistent coupling between NWP model functionalities and 
applications. 

Visibility increase. Train young scientists in fields of data management, data quality 
criteria, scaling and measurement techniques in micrometeorology with respect to potential 
applications (through Short-Term Scientific Missions (STSMs), for example). On the other 
hand, calculated agrometeorological data can be used to develop crop damage/loss related 
applications and to be able to avoid cropping risks and crop stress at the regional level. This 
fosters the implementation of many potential applications, both in research and practice. 

NWP product application in agricultural production. Use of NWP outputs as input 
meteorological data in agrometeorological (incl. weather extremes), ecological and crop 
models can optimise field operations and crop management options as well as reduce risks in 
crop and livestock production (i.e. by the early warning of droughts and heat waves). NWP 
models have overall high economic potential for farmers to obtain higher yields with the same 
inputs and to minimise losses caused by weather. A precondition for the successful 
implementation of operational applications is performance testing, representativeness and 
uncertainty of the results for guiding farm management options. 
 
 
Summary 
 
Climate simulations and climate change assessment studies were common goals of the 
decades that have passed. The need for climate change adaptation and mitigation raised 
awareness of the importance of numerical weather prediction (NWP) in achieving these goals. 
Therefore, the improvement of short and long range (monthly and seasonal) NWPs are one of 
the most important goals and future challenges for the atmospheric sciences community of the 
21st century. In this context the micrometeorological community dealing with biosphere-
atmosphere interaction has a very responsible role. Agricultural production in terms of 
quantity, quality and efficiency is significantly affected by weather conditions. Therefore, 
knowledge of future weather conditions is very important. Taking various crop management 
measures at the farm level is necessary to optimise agricultural production and to reduce risks 
and related economic losses. According to climate change impact studies, effect such as 
floods, droughts and heat waves will increase in the Central European Region, significantly 
affecting production risks in agriculture. 

This flagship question will partly relocate to the cross cut section (SVAT model development) 
and to the ecological modelling section (4.3) and the boundary layer modelling section for 
improving forecasts (from the meteorological and air chemistry point of view (4.5). 
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4.5. Physics and chemistry of the boundary layer; improving forecasts 
 
The Planetary Boundary Layer (PBL) is the lowest part of the atmosphere where a multitude 
of processes interact, i.e. atmospheric dynamics, atmospheric chemistry, physics of the land 
surfaces and biogeochemistry cycles. The main physical or dynamic characteristic of the PBL 
is its more or less continuous turbulence in space and time. 

Hungary, together with several other European countries, has been participating in the 
ALADIN (Aire Limitée Adaptation Dynamique Développement International, cnrm-game-
meteo.fr/aladin/) consortium since 1991. Besides the ALADIN collaboration numerous 
countries in the region are members of the RC-LACE consortium, which represents a closer 
collaboration between six Central European countries in certain areas (e.g. data pre-
processing). The aim of both ALADIN and RC-LACE is to develop a short-range, limited-
area numerical weather prediction (NWP) model. The ALADIN/AROME model family has 
emerged as a result of this collaboration and is constantly being developed in the participating 
countries. 

At the beginning of the ALADIN collaboration the ALADIN model was a hydrostatic 
NWP model and was designed to be run at relatively coarse horizontal resolutions (i.e. no 
higher than 8 km), where hydrostatic approximation is valid (the vertical acceleration of air is 
neglected). Due to the rapid increase in available computing resources at the national weather 
services at the beginning of the 2000s it became possible to run operational non-hydrostatic 
models at a horizontal resolution of 2–3 km. The AROME (Application of Research to 
Operations at Mesoscale) project was initiated by Météo-France in 2002 with the aim of 
developing a non-hydrostatic NWP model running at a horizontal resolution of 2.5 km 
(Seity et al., 2011). The AROME model has three main components: the non-hydrostatic 
ALADIN dynamical core (Bubnová et al., 1995), the atmospheric physical parameterizations, 
which are taken from the French Meso-NH research model (Lafore et al., 1998) and the 
SURFEX surface model (Le Moigne et al., 2012). 

AROME has a state-of-the-art physical parameterization package to describe subgrid scale 
processes. Radiation is parameterized with the European Centre for Medium-Range Weather 
Forecasts (ECMWF) radiation parameterizations. Processes related to cloud microphysics are 
described with the ICE3 mixed-phased parameterization scheme (Pinty and Jabouille, 1998), 
which computes five prognostic variables of water condensates. Subgrid scale turbulence is 
parameterized by a 1.5 order closure using prognostic turbulent kinetic energy (TKE) and a 
diagnostic mixing length (Cuxart et al., 2000). To implicitly handle phase changes, the 
scheme is formulated in terms of the conservative variables of liquid water potential 
temperature and total water content. Deep convection is assumed to be resolved explicitly at 
the 2.5 km horizontal resolution, consequently only shallow, non-precipitation convection has 
to be parameterized. This is done using the eddy diffusivity mass flux approach (EDMF, 
Soares et al., 2004), and applying Kain–Fritsch buoyancy sorting in the cloud layer (Pergaud 
et al., 2009). Surface processes are parameterized with the SURFEX externalized surface 
model, which distinguishes between four tiles (land, town, sea and inland waters). For each 
tile a specific parameterization is applied to compute surface properties, which are then used 
to compute the surface turbulent fluxes of heat, momentum and water vapour. The AROME 
model is now used in several countries of the ALADIN consortium (Hungary, Austria, Poland, 
etc.). At the Hungarian Meteorological Service work related to the AROME model began in 
2006. After four years of scientific and technical development the AROME model became 
operational in December 2009. The model is run at a horizontal resolution of 2.5 km eight 
times a day (at 00, 03, 06, 09, 12, 15, 18 and 21 UTC) for a total of 48 hours (Szintai et al., 
2015). Lateral boundary conditions are derived from the ECMWF/IFS global model. AROME 
runs a local data assimilation system consisting of a three-dimensional variational (3D-VAR) 
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assimilation for the upper-air fields and an optimal interpolation (OI) for the surface variables 
(Mile et al., 2015). 

The main objective of the present proposal is to improve simulation of the PBL in the 
NWP models mainly in AROME. This is envisaged during the completion of the following 
tasks: 

 extensive validation of the applied NWP models in the PBL using measurement 
campaigns; 

 installation of a single column version of the PBL models (AROME, WRF, etc.); 
 research in connection with the grey zone of turbulence at very high model 

resolutions. 
 
Discussion 
 
Validation of AROME in the PBL. The forecasts of the operational AROME model are 
routinely validated at the Hungarian Meteorological Service using SYNOP measurements and 
radiosoundings. However, it is very difficult to judge the performance of the model in 
simulating the structure and evolution of the PBL with radiosonde data due to the limited 
vertical and temporal resolution of these measurements. Also, soil moisture can significantly 
influence PBL development, and unfortunately, this variable is not measured routinely in 
Hungary. Consequently, measurement campaigns concentrating on PBL evolution and soil 
characteristics are crucial to understanding the behaviour of the model in the lowest part of 
the atmosphere. For example, a group from Eötvös University Budapest has performed 
several measurement campaigns near Szeged, Hungary (Weidinger et al., 2014; Cuxart et al., 
2016). It is planned that this dataset will be used to evaluate the performance of the AROME 
model in the PBL to understand possible deficiencies and to try developing further physical 
parameterizations, especially microphysics and turbulence. 

Development of a high precision PBL dataset in the Pannonian Basin is useful for the NWP 
model comparison and investigations of surface-atmosphere interactions. This is in the 
common interest of other Pannonian region modellers also. 

 
Single column version of AROME, WRF, etc. Single column versions of operational NWP 

models are widely used during the development of physical parameterizations. In the single 
column version of an NWP model the full model (dynamics and physics) is run, but only for 
one selected grid point. With such an approach we can gain full control over the simulation, 
making it is easier to understand the behaviour of the model. Furthermore, it is more 
expedient to run the single column version than the full three dimensional model, so 
development work can be made much faster. 

For example the single column version of AROME has already been developed by Météo-
France. It is planned that it will also be installed at the Hungarian Meteorological Service, and 
used in the PBL model validation work described above. 

Grey zone of turbulence. At very fine horizontal resolutions NWP models are approaching 
the so-called grey zone of boundary layer turbulence and shallow convection. This means that 
a part of the turbulent transport is resolved explicitly by the model and only the remaining 
part has to be parameterized, meaning that the classical parameterization approaches cannot 
be applied successfully, and new methods need to be used. Research connected to the “grey 
zone of turbulence” began in 2013 within the AROME community. During this work the 
hybrid turbulence – shallow convection parameterization of AROME was made scale 
adaptive and first tests were carried out. It is planned that this modification will be further 
tested in AROME using both idealized and real case studies and continuous periods. 
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Investigation of PBL structure, parameterization of development of nocturnal PBL and low 
level jet are hot topics from both theoretical and practical (air pollution transport) aspects. 
Classification of the daily course of PBL height is also an important question. 
 
 
Summary 
 
A correct simulation of the PBL is crucial for operational NWP models in two aspects. On one 
hand, PBL is a significant source of heat, moisture, momentum and air pollutants for the 
upper part of the atmosphere, thus it can play an important role in the development of 
mesoscale weather phenomena. Overall, the PBL is an interface layer between the underlying 
surfaces and the so-called free atmosphere. On the other hand, human society is located in the 
lowest part of the atmosphere, so this is the part of the atmosphere which directly influences 
the citizens’ quality of life. Consequently, development work related to PBL processes is very 
important to improving the usability of NWP models. 
 
 
4.6. Refinement of emission inventories 
 
On the global scale, the harmonisation and improvement of emission inventories is imperative 
to get consolidated estimates on the formation of global air pollution. As it influences human 
health and climate greatly, so these improvements would be beneficial for future policies 
combating these air pollution aspects. 

Emission estimates are limited in their utility since (1) the environmental issues depend on 
the spatial and temporal resolution of the models of because short atmospheric lifetime (for 
example NOx, SOx), human activity, land cover and (2) because the relationships of emissions 
to environmental effects (atmospheric concentrations, impacts on ecological systems) are 
nonlinear. Uncertainty estimates for emission data also provide important information which 
enables the performance of ensemble type investigations (Benkovitz et al., 1996). 

The quantification of chemical emissions into the air is a key step in explaining observed 
variability and trends in atmospheric composition and in attributing these observed changes to 
their causes on local to global scales. Accurate emission data is necessary to identify feasible 
controls that reduce adverse impacts associated with air quality and climate, to track the 
success of implemented policies, and to estimate future impacts. 
 
Top-down and bottom-up methodologies 
 
The “top-down” estimate is a methodology which starts from annual emission values assessed 
at the national level, and detailed in several activities following specific SNAP codes 
(Selected Nomenclature for Air Pollution). These emissions are spatially disaggregated at 
different levels, such as the provincial and municipal, by means of statistical indicators 
(population, roads, and land-use). This methodology also considers temporal disaggregation, 
because the hourly resolution of emissions is achieved from the annual level. 

The “bottom-up” approach begins instead from local data at the municipal level or even 
from the specific object of the emission (so may be a road graph or industry location) and, 
using this information and proper emission factors, directly assesses hourly emissions at the 
local level. Approaches used for inventories are often an alloy of the two types, as for some 
emissions it is possible to find disaggregated data while for others an approach of 
disaggregation from aggregated data is unavoidable. (Thunis et al., 2016a, b.) 
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Discussion 
 
The EMEP (European Monitoring and Evaluation Programme) is a scientifically based and 
policy driven programme under the Convention on Long-Range Transboundary Air Pollution 
(CLRTAP) for international co-operation to solve transboundary air pollution problems: 
reported spatial emission data is input for models used to assess atmospheric concentrations 
and deposition, as the spatial location of emissions largely determine atmospheric dispersion 
patterns and impact area. The results of model assessments inform national and international 
policies responsible for improving the environment and human health. The area within which 
monitoring – coordinated by the international centres of the EMEP – is carried out is defined 
as geographical scope of the EMEP. At the 36th session of the EMEP Steering Body, the 
EMEP Centres suggested to increase the spatial resolution of reported emissions from the 
50 km x 50 km EMEP grid to 0.1° × 0.1° longitude–latitude in a geographic coordinate 
system to improve the quality of monitoring. The new EMEP domain will cover the 
geographic area between 30°N – 82°N latitude and 30°W – 90°E longitude. The reporting of 
gridded emissions in the new resolution (0.1°× 0.1°) is requested from 2017 onwards 
(ceip.at). 

The TNO’s (Netherlands Organisation for Applied Scientific Research) involvement in 
MACC (Monitoring Atmospheric Composition and Climate) is attributable to its high-tech 
expertise in the field of emissions and research in air quality and climate. For this project a 
high resolution European emissions database has been developed and is being maintained (the 
TNO-MACC emission data). The LOTOS-Euros air quality model is used to contribute to the 
operational air quality expectation across Europe, which is available from the MACC website 
(gmes-atmosphere.eu). The TNO-MACC emission data set is widely used in Europe, not only 
in MACC but in many scientific projects as well as in important model comparisons. The 
original database is at a higher resolution (0.125° × 0.0625° longitude-latitude ~7 × 7 km) and 
provides emissions by substance at the source sector level (SNAP 97 1st levels, which consists 
of 10 source categories). 

The annual emissions by source sector can be combined with a set of default temporal 
emission fractions to break down the annual totals by month, week, day and hour (Figure 15). 

 accent.aero.jussieu.fr/TNO_metadata.php 
 accent.aero.jussieu.fr/database_table_inventories.php 
 eccad.sedoo.fr/eccad_extract_interface/JSF/page_login.jsf 
 geiacenter.org/access 

The EDGAR (Emissions Database for Global Atmospheric Research) provides global past 
and present day anthropogenic emission data on greenhouse gases and air pollutants by 
country and on spatial grid. The current development of EDGAR is a joint project of the 
European Commission Joint Research Centre (JRC) and the Netherlands Environmental 
Assessment Agency (NEAA) (edgar.jrc.ec.europa.eu/datasets_grid_list_htap_v1.php#d). 

The EDGAR v4.3.1 global anthropogenic emission inventory of several gaseous (SO2, 
NOx, CO, NMVOCs, NH3) and particulate (PM10, PM2.5, BC and OC) air pollutants has been 
used to develop retrospective emission scenarios for the years 1970–2010 to quantify the 
effectiveness of emission reduction measures, change in fuel consumptions and technological 
developments on air quality emissions, and their impact on health, crops, and climate. Based 
on statistics and expert knowledge, EDGARv4.3.1 considers changes in activity data, fuel and 
air pollution abatement technology, as it has likely to have happened during the past 
4 decades. Additionally, three retrospective scenarios are created. The first is simulating the 
complete stagnation of technology (STAG_TECH: lack of abatement measures and no 
improvement in emission standards). The second is assuming a constant fuel mix and 
consumption as they were in 1970 (STAG_FUEL: no change in human activities). The third is 
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considering unchanged energy consumption since 1970, but assuming the technological 
development, end-of-pipe reductions, and fuel mix and energy efficiency of 2010 
(STAG_ENERGY). Reference (REF): EDGAR v4.3.1 data represents our best estimate of the 
development of emissions (activity levels, emission factors, technology) for 1970–2010 
(Crippa et al., 2016; (edgar.jrc.ec.europa.eu/pegasos/index.php). 

 

 

Figure 15: The main page of GEIA-ACCENT emission portal (accent.aero.jussieu.fr/index.php). 
(GEIA – Global Emission InitiAtive, ACCENT – Atmospheric Composition  

Change European Network of Excellence). 
 
Summary 
 
Emission inventories are comprehensive listings of the sources of air pollution and an 
estimate of their emissions within a specific geographic area for a specific time interval. They 
are generally identified as key inputs in the air quality modelling chain, especially when they 
are used to support regulatory decisions, such as air quality planning or the assessment of 
concentration levels over a given territory. 

Nowadays high-resolution gridded emission inventories are expected by the air quality 
modelling communities. Generally, it can be said that finer spatial resolution of the emission 
data is needed in order to improve the results of air quality models. 
 
 
4.7. Perception of populations, urbanisation 
 
More than one third of the EU population lives in regions most affected by climate change, 
with a total population of 170 million. Regions under the highest pressure are generally 
located in the south and east of Europe. This is mostly due to changes in precipitation and an 
increase in temperature, which have an impact on vulnerable economic sectors, with river 
floods also contributing to the overall effect in Hungary, Romania and Serbia. Limited 
impacts are expected for northern and western Europe, apart from lowland coastal regions 
around the North and Baltic Seas, but with high exposure to costal erosion through extreme 
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weather events. 
Urban climate research seems to be inevitable today as the world is experiencing a 

tremendous demographic transition from rural to urban. Nowadays the majority of the 
population (60–70% in Central Europe) lives and works in cities, however cities occupy only 
a small fraction of the continent. Considering climate warming, the highest CO2 sources are 
located in cities. At the same time, urban agglomerations are particularly vulnerable to climate 
extremes, such as heat waves (Figure 16) and flooding. 
 
Discussion 
 
Diverse demographic changes have been observed in Europe at the city level. Whereas the 
population as a whole has been growing in northern, western and southern Europe, central 
Europe has experienced stagnation or decline. Some central European countries (Czech 
Republic, Slovakia, and Slovenia) reported a balanced overall population growth, whereas 
core cities decreased in population. In Romania, population losses in cities were lower than in 
the country as a whole. A more differentiated picture can be seen in other countries (Bulgaria, 
Hungary, Poland), where some cities have lost population to a greater extent than in the 
countries as a whole, while other cities have experienced little population decline or have 
even grown. In regions which lag behind, the outer zones of cities gained, while core cities 
lost population, but in a number of exceptions (notably Hungary and Romania), the situation 
was reversed. 

The age structure of the population varies in the Pannonian Region and its surroundings 
within a wide range. A comparison of the age structure for central European countries is 
provided with similar information for each of their capital cities. The situation is split into two 
parts; identifying those capital cities where the population aged 20–54 accounted for a 
relatively high share of the total population, and those where the elderly accounted for a 
relatively high share. Younger and middle-aged adults are generally drawn to capital cities. 
The existence of greater opportunities for higher education and employment offered by most 
capital cities might lead to the assumption that capital cities have a higher share of younger 
and middle-aged adults. For example, in 2012, the younger and middle-aged adult populations 
of Sofia accounted for almost 6 percentage points more of the total population than their 
respective national averages. There were, however, some exceptions to this rule, as the 
proportions of younger and middle-aged adults living in Warsaw, and Bratislava were lower 
than the respective national averages for Poland and Slovakia. It is conceivable that older 
people (aged 65 and over) might be tempted to move away from capital cities for their 
retirement to avoid some of the perceived disadvantages often associated with big cities, such 
as congestion and crime. A low proportion of the elderly were living in cities in Bulgaria, 
Croatia and Romania. However, in Warsaw, Bratislava, elderly people accounted for a higher 
proportion of the total population than the national average. This means that this part of the 
population living in big cities is the most vulnerable to damage caused by extreme weather 
events like heat waves and flooding. 

There were only three relatively large EU cities (with a population of at least 500 000 
inhabitants) where the share of the native-born population rose above 95%: the Bulgarian 
capital of Sofia (98.1%) and the two Polish cities of Lódz and Poznan (both 98.8%). By 
contrast, there were nine cities (4 German, 2 Belgian, 1 Dutch, 1 British and 1 Swiss) in 
Europe with in excess of 500 000 inhabitants where more than 25% of the population had 
been born in another country. Projections at city level indicate that the share of people with 
foreign backgrounds will further increase since the Mediterranean countries have received 
large waves of young immigrants over the last 15 years. The young migrants settling down 
preferably in the centres of European cities increase the urban population. 
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Figure 16: Average date of the first and the last occurrence of heat wave warning level 1 using the PRECIS 
simulations for 1961–1990, 2021–2050, and 2071–2100 (Pongrácz et al., 2011). 

PRECIS (Providing REgional Climates for Impacts Studies). 
 

In urban environments, due to growing rate of population, the built-up area is increasing, 
natural surface is decreasing, which lead to the formation of urban heat island phenomena. 
Compared to the rural surroundings, the air temperature in the city centre is on average  
1–2 degrees warmer. The effect of climate change, sometimes reaching 2 ºC, can be added to 
this urban level. Considering the Pannonian region temperature changes on the basis of results 
of an EU funded project called CarpatClim, and the dataset from the Hungarian Weather 
Service the temperature increase from 1901 to 2014 is about 1 ºC. In south-eastern Europe the 
observed increase in maximum temperature translated into an increase in the number of hot 
days and, consequently, into an increase in the frequency of occurrence of heat waves 
(Tomczyk and Bednorz, 2016). Climate forecasts show that as this tendency continues, heat 
waves will not only be more frequent, but also longer and more intensive in the 21st century. 
(Pongrácz, et al., 2013; Zacharias et al., 2015). 

Unfortunately, in Hungary – as in several other south-eastern European countries – with 
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the increase of solid paved surfaces, the currently fashionable trends in planning open public 
spaces often not only fail to improve but actually contribute to the deterioration of climatic 
conditions in developed urban areas. In recent years urban research plans have been trying to 
find tools to mitigate the harmful effects of urban heat islands, to present examples of climate-
conscious public area development in cooperation with urban architects and urban landscape-
designers. 
 
Summary 
 
The Urban Heat Island effects are directly related to (and worsened by) climate change 
phenomena, where it is expected that a greater increase in the average temperature could be 
observed in a city than a rural, regional site. These extra signals of the urban environment can 
be filtered by statistical techniques. Homogenised data can be used for the temperature or 
precipitation maps or long-term time series for a description of characteristics of the urban 
climate. Heat waves are only one aspects of climate warming. In urban areas climate change 
causes storms with extreme precipitation, inland and coastal flooding, landslides, high level 
air pollution, droughts, water scarcity, sea level rises and storm surges having risks for people, 
assets, economies and ecosystems. 

Investigating the formation of the local climate (outdoor and indoor), comparison studies 
among cities, future changes of pollutants, heat island intensity and health effects are also hot 
topics which require a common methodology in measurements (Unger et al., 2011), weather 
and climate modelling and environmental policy. 
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5. Concluding remarks 
 
The scientific background, key issues and potential cooperation opportunities were reviewed 
in the field of air quality under the changing weather and climate in the Pannonian Basin. 

The long term data from standard meteorological measurements including SYNOP, TEMP, 
and special surface and PBL measurements, such as radiation and energy budget components 
(Fluxnet for example, fluxnet.ornl.gov/fluxnetdb), sodar and windprofiler measurements, etc. 
are available. The air pollution measurement network (regional background, rural and urban 
stations, etc.) for trace gases, aerosol particles, pollens and precipitation chemistry is also 
optimally dense for regional scale investigations. European scale cooperation (WMO region 
6, EMEP, Horizon2020) is well developed and a priority in each country. The harmonisation 
of regional scale country-specific measurements and the expansion of the common used 
dataset are important. 

Observatories (agrometeorological, aerological, etc.) and special measurement platforms 
especially for air pollution and nucleation (see BpArt salma.web.elte.hu/BpArt/; Salma et al., 
2016b) provide possibilities for scientific and educational cooperation. The development of 
experimental measurement capacity, especially for PBL profiles, direct fluxes, surface energy 
budget components, soil energy budget and evaporation from water bodies are in the common 
interest for scientific and practical purposes. 

A common methodology is needed not only for air pollution inventories (EMEP, IPCC), 
but for the development of regional scale surface and soil datasets. Gridded high density 
datasets (similar to CarpatClim) are important for the SVAT (Soil–surface–vegetation–
atmosphere), air pollution and NWP modelling at the Pannonian Basin scale. 

Regional weather, air pollution and climate models are used in a wide range and high 
quality model development experience also exists. But the common model products for the 
Pannonian region are missing. For resolving this issue, the first step is the development of 
ensemble forecasts (meteorological, atmospheric environmental, or climate) for modelling the 
overlapping Pannonian regions. An important task is the construction of the region specific 
parametrizations (surface processes, radiation, PBL, etc.) and the verification with the 
measurement databases. One of the key questions is evaporation from soil and water surfaces 
(lake, wetland) based on the preliminary experiences (see Ma et al., 2015; Szilágyi, 2015). 

Measuring and modelling of deposition velocities and/or bidirectional fluxes for pollutants 
(ozone, reactive nitrogen, aerosol particles) and the development of regional specific 
parametrisations for different vegetation types is also an important topic (Czóbel et al., 2010). 
Further investigation of greenhouse gas emission and budget, reactive nitrogen compound and 
ozone formation are also topical questions. 

Climatological studies into the relation between high pressure systems or winter cold air 
pools and air pollution episodes in the Pannonian Basin are envisaged. Further work would go 
beyond PM mass concentration and would include chemical analyses of the core elements in 
PM10, which would undoubtedly identify the extent of natural source contribution. 

The harmonisation and application of ecological models using gridded meteorological and 
climate change datasets is a potential topic for further cooperation in the region. Using 
satellite based information (see Eumetsat products, eumetsat.int) for the Pannonian Basin (soil 
information, vegetation, air pollution (Ozone & Atmospheric Chemistry Monitoring), 
cloudiness, etc.) also help for better understand the climate and air pollution system. 

The regional scale, meteorological and coupled air pollution models are available for the 
Pannonian region, for studying environmental processes beside daily practical tasks. The 
harmonisation of measurements, datasets and modelling of emission of cross-border transport 
and deposition processes are also potential joint research topics. 
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Seven research directions were formed during the preliminary phase of the PannEx 
Program (2015 November during the 1st PannEx workshop in Osiek Croatia) for better 
understanding the air quality in the Pannonian region under different weather and climate 
conditions. These are the following: 

 How does a warmer climate affect air quality and human health? 
 How do the changes of interactions affect air quality and the water cycle? 
 How can we describe the interactions of environmental processes with agricultural 

practices (soil, water and air) in the changing climate? 
 How can we optimise regional parameterisations of surface layer processes (energy 

budget, fluxes, deposition, profiles, etc.)? 
 How can we improve forecasts by the investigation of the physics and chemistry of the 

boundary layer? 
 How can we refine and harmonise the emission inventories for environmental 

modelling in the Pannonian region? 
 How can we estimate the impact of population and urbanization on air quality and the 

local climate? 

A regional consensus is needed for the harmonisation of the measurement and modelling 
practices, and in the implementation of regional research goals. Developing research 
cooperation can help with regional educational cooperation too, which could assist in the 
harmonisation of qualifications mainly in MSc and PhD schools. For this, the potential 
financing background is available (see Appendix 1). Research into the Pannonian region's 
climate system, and understanding the environmental status of the air is of widespread 
interest. 

 
On the basis of the present material and discussions during the 2nd PannEx workshop (1–3 
June 2016, Budapest), the final FQ2 chapter of the White Book consists of 5 basic topics: 

 How does a warmer climate affect air quality and human health? 
 Interactions with agricultural practices (soil, water and air) 
 Physics and chemistry of the surface and boundary layer; improving forecasts 
 Refinement of emission inventories 
 Perception of populations, urbanisation 
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Appendix 
 
I. Potential Financial backgrounds: 
 
International: 

 CEEPUS – Central European Exchange Program for University Studies 
(ceepus.info/default.aspx). The legal basis for CEEPUS is an international Agreement 
signed by the Member States and those open for accession. The main activities of 
CEEPUS are university networks operating joint programs. 

 COST (cost.eu) is the longest-running European framework supporting transnational 
cooperation among researchers, engineers and scholars across Europe. The main goal of 
the cooperation is closing the gap between science, policy makers and society throughout 
Europe and beyond. One of the main topics of the program is environmental science and 
the low carbon economy.  

 DANUBE-INCO.NET (danube-inco.net/about/danubeinconet) is a coordination and 
support action funded under the 7th Framework Programme and addresses the official EU 
Strategy for the Danube Region (EUSDR) in the field of research and innovation (R&I) 
with a wide variety of priority areas. SCOPES (Scientific cooperation between Eastern 
Europe and Switzerland) (snf.ch/en/Pages/default.aspx) will be discontinued at the end of 
the current programme phase (SCOPES 2013–2016). Other opportunities for 
collaboration with Eastern European research partners will be offered; however, the 
details have not yet been determined.  

 EEA and Norway Grants (ngonorway.org/) are Iceland, Liechtenstein and Norway's 
contribution to reducing economic and social disparities in the European Economic Area 
and to the strengthening of bilateral relations with the 16 beneficiary states in central and 
southern Europe. Grants are available for non-governmental organisations, research and 
academic institutions and the public and private sectors. 

 Interreg, Danube Transnational Programme (interreg-danube.eu/approved-projects). 
The cooperation programme is structured across four priority axes that intend to develop 
coordinated policies and actions in the programme area reinforcing the commitments of 
the Europe 2020 strategy towards the three dimensions of smart, sustainable and inclusive 
growth. More information from the Danube Strategy is available at: 
groupspaces.com/CapacityandCooperation/pages/steering-group 

 Interreg Europe (interregeurope.eu/) supports interregional cooperation projects. These 
are projects that involve partner policy organisations from at least three different 
countries in Europe who come together for three-five years to learn from each other and 
to address a regional policy issue of common concern. 

 The International Visegrad Fund (visegradfund.org/home/) is an international 
organization founded by the governments of the Visegrad Group (V4) countries (Czech 
Republic, Hungary, Republic of Poland, and Slovak Republic). One of the purposes of the 
fund is to facilitate and promote the development of closer cooperation among institutions 
in the region as well as between the V4 region and other countries, especially in the 
Western Balkan and Eastern Partnership regions in the areas of science and research, 
youth exchanges, cross-border cooperation.  

 The NATO Science for Peace and Security Programme (nato.int/cps/en/natolive/78209.htm) 
The Science for Peace and Security (SPS) Programme is a policy tool that enhances 
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cooperation and dialogue with all partners, based on scientific research, innovation, and 
knowledge exchange. The SPS Programme provides funding, expert advice, and support 
to security-relevant activities jointly developed by NATO members and partner countries. 
One of the topics is Environmental Security. 

 The South East Europe Transnational Cooperation Programme (southeast-europe.net/en/) 
The South East Europe programme is a unique instrument which, in the framework of the 
Regional Policy's Territorial Cooperation Objective, aims to improve integration and 
competitiveness in an area which is as complex as it is diverse. 

 
 
National: 

Information from National Scientific Foundations is presented on the website of the USA 
Scientific Fund (nsf.gov/od/oise/europe/science_funding.jsp). The actual addresses are 
follows:  

 Austria – Austrian Science Fund (FWF) (fwf.ac.at/en/research-funding/fwf-programmes/) 
 Croatia – Croatian science foundation (hrzz.hr/default.aspx?id=47) 
 Czech Republic – Czech Science Foundation (GACR) (gacr.cz/en/) 

                          – Technology Agency of the Czech Republic (TACR) 
                             (tacr.cz/index.php/en/) 

 Romania – National Research Council (cncs-nrc.ro/home/) 
                       – Executive Agency for Higher Education, Research, Development and 

                   Innovation Funding (UEFISCDI) (uefiscdi.gov.ro/)  
 Hungary – National Research, Development and Innovation Fund  

                  (NKFIA nkfih.gov.hu/funding) 
 Montenegro – Ministry of Science (mna.gov.me/en/ministry) 
 Serbia – Ministry of Education, Science and Technological Development 

              (mpn.gov.rs/sajt/?page=1) 
 Slovakia – Slovak Research and Development Agency (SRDA)  

                  (apvv.sk/agentura?lang=en) 
 Slovenia – Slovenian Science Foundation (SZF)  

                  (eusea.info/Members/The-Slovenian-Science-Foundation) 
                      – Slovenian Research Agency (ARRS) 
                         (culture.si/en/Slovene_Research_Agency_%28ARRS%29) 
 The Former Yugoslav Republic of Macedonia – Ministry of Education and Science 

                                                                              (mon.gov.mk/) 
 Ukraine – State Fund for Fundamental Research (DFFD) 
                        (dffd.gov.ua/index.php?lang=ua)
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II. List of abbreviations 
 
ABRACOS – Anglo Brazilian Amazonian Climate Observational Study 
ACCENT – Atmospheric Composition Change European Network of Excellence 
AgMIP – Agricultural Model Intercomparison and Improvement Project 
AirBase – European Air Quality Database 
ALADIN – Aire Limitée Adaptation Dynamique Développement International 
AQ – Air Quality 
AQMEII – Air Quality Model Evaluation International Initiative 
AROME – Application of Research to Operations at Mesoscale 
AWC – Available water capacity 
BC – Black carbon 
Biome-BGC – Terrestrial Ecosystem Process Model 
BOREAS – The Boreal Ecosystem-Atmosphere Study 
BpArt – Budapest Platform for Aerosol Research and Training 
BSc – Bachelor of Science 
BSRN – Baseline Surface Radiation Network 
BTEX – Is an acronym that stands for benzene, toluene, ethylbenzene, and 

xylenes 
CC – Cross cutting 
CAMx – Comprehensive Air Quality Model with Extensions 
CarboEurope IP – Integrated Project, Assessment of the European Terrestrial Carbon 

Balance 
CarpatClim – Climate of the Carpathian Region 
CENTURY – a general model of plant-soil nutrient cycling which is being used to 

simulate carbon and nutrient dynamics for different types of 
ecosystems including grasslands, agricultural lands, forests and 
savannas 

CEEPUS – Central European Exchange Program for University Studies 
CFD – Computational Fluid Dynamics 
CHIMERE – A multi-scale chemistry-transport model for atmospheric composition 

analysis and forecast 
CLRTAP – Convention on Long-range Transboundary Air Pollution 
CMAQ – Congestion Mitigation and Air Quality 
CORINE – Coordination of Information on the Environment 
COST – European Cooperation in Science and Technology 
COST ES 1006 – COST Action ES1006 Evaluation, improvement and guidance for the 

use of local-scale emergency prediction and response tools for airborne 
hazards in built environments 

COUP – Coupled heat and mass transfer model for the soil-plant-atmosphere 
system 

CTM – Chemical Transport Model 
DNDC – DeNitrification DeComposition; a process-based model of greenhouse 

gas fluxes from agricultural soils 
DIC – Dissolved organic carbon 
ECCAD – Emissions of Atmospheric Compounds & Compilation of Ancillary 

Data 
ECLAIRE 
(FP7) 

– Effects of Climate Change on Air Pollution and Response Strategies 
for European Ecosystems – is a four year project funded by the EU's 
Seventh Framework Programme for Research and Technological 
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Development 
ECMWF – European Centre for Medium-Range Weather Forecasts 
EDGAR – The Emissions Database for Global Atmospheric Research 
EDMF – Eddy diffusivity mass flux approach 
EEA – European Environmental Agency 
EEA – European Environmental Area 
Eh – Soil redox potential (abbreviation) 
ELTE – Eötvös Loránd University, Budapest 
EMEP – European Monitoring and Evaluation Programme 
EMEP4HR – High Resolution Environmental Modelling and Evaluation Programme 

for Croatia 
ESDAC – European Soil Data Centre 
ETC/ACM – European Topic Centre for Air Pollution and Climate Change 

Mitigation 
EU – European Union 
EUMETSAT – European Organization for the Exploitation of Meteorological 

Satellites 
EUrad – European Air Pollution Dispersion Model in Medical & Science 

Rheinischen Institut für Umweltforschung (EURAD) an der 
Universität zu Köln 

EUSDR – EU Strategy for the Danube Region 
ETC/ACM – European Topic Centre for Air Pollution and Climate Change 

Mitigation 
EWE – Energy water and environment 
FAIRMODE – Forum for Air Quality Modelling 
FASSET – Farm ASSEssment Tool (is a whole-farm dynamic model) 
FLake – One-dimensional freshwater lake model 
FLUXNET – Integrating Worldwide CO2 Water and Energy Flux Measurements 
FQ – Flagship Question 
FVCOM – The Unstructured Grid Finite Volume Community Ocean Model 
GAW – Global Atmosphere Watch 
GCM – Global Circulation Model 
Geos-Chem – A global 3-D chemical transport model (CTM) for atmospheric 

composition driven by meteorological input from the Goddard Earth 
Observing System 

GEBA – Global Energy Balance Archive 
GEIA – Global Emission InitiAtive 
GEWEX – Global Energy and Water Exchanges Project 
GFS – Global Forecast System 
GHG – Greenhouse gases 
GIS – Geographic Information System 
GLOBE – The Global Learning and Observations to Benefit the Environment 

(GLOBE) Program 
GOS – Global Observing System 
Graminae – GRassland AMmonia INteractions Across Europe, funded by Fourth 

Framework Programme of European Community 
GreenGrass – Sources and sinks of greenhouse gases from managed European 

grasslands and mitigation scenarios funded by Fifth Framework 
Programme of European Community 

hazmat  – hazardous material 
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HM – Heavy metal 
HMS – Hungarian Meteorological Service 
HORIZON2020 – The EU Framework Programme for Research and Innovation 
IIASA – International Institute for Applied Systems Analysis 
ICE3 – Three-class ice parameterization 
IE – Intercomparison Exercise 
IFS – Integrated Forecasting System 
IPC – International Planning Committee 
IPCC – Intergovernmental Panel on Climate Change 
LES – Large Eddy Simulations 
LOTOS-Euros – Regional chemical transport model (CTM) designed for the assessment 

of gaseous and particulate air pollutants 
LTER – Long Term Ecological Research 
MACC – Monitoring Atmospheric Composition and Climate 
Meso-NH – Non-hydrostatic mesoscale atmospheric model of the French research 

community 
MHSC – Meteorological and Hydrological Service of Croatia 
MSc – Master of Sciences 
NATO – North Atlantic Treaty Organization 
NEAA – Netherlands Environmental Assessment Agency 
NitroEurope IP 
(or NEU for 
short) 

– is an integrated project for integrated European research into the 
nitrogen cycle 

NMVOCs – Non-methane volatile organic compounds 
NWP – Numerical Weather Prediction 
OI – Optimal Interpolation 
OP – Organic carbon 
PAH – Polycyclic aromatic hydrocarbon 
PannEx – Pannonian Experiment 
PAR – Photosynthetically Active Radiation 
PaSim – Process-based grassland biogeochemical model 
PBL – Planetary boundary layer 
PM – Particle matter 
POPs – Persistence organic pollutants 
PRECIS – Providing REgional Climates for Impacts Studies 
PROGRASS – Securing the conservation of NATURA grassland habitats with a 

distributed bioenergy production 
RC-LACE – Regional Cooperation for Limited Area Modelling in Central Europe 
RegCM, RCM – Regional Climate Model 
RHP – Regional Hydroclimate Project 
RM – Receptor model 
SA – Source Apportionment 
SBL – Stable-stratified boundary layer 
SCOPES – Scientific co-operation between Eastern Europe and Switzerland 
SNAP – Selected Nomenclature for Air Pollution 
SOC – Soil organic carbon 
SPS – Science for Peace and Security 
SSR – Solar Surface Radiation 
SURFEX – Surface Externalisée is the surface modelling platform developed by 

Meteo-France 
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STSMs – Short-Term Scientific Missions 
SYNOP – Surface synoptic observations (is a numerical code called FM-12 by 

WMO) 
SVAT – Soil-surface Vegetation Atmosphere Transport 
TEMP – Abbreviation of Latin tempore (Radiosonde data report in our case) 
TKE – Turbulent kinetic energy 
TNO – Netherlands Organisation for Applied Scientific Research 

(Nederlandse Organisatie voor Toegepast Natuurwetenschappelijk 
Onderzoek) 

TRACE – Climatological-type model for the long-range transport computations a 
continental scale from the International Institute for Applied Systems 
Analysis (IIASA) 

UTC – Coordinated Universal Time 
V4 – Visegrad Group 
VOCs – Volatile organic compounds 
WB – White Book 
WFPS – Water filled pore space 
WHOS – World Hydrological Observing System 
WMO – World Meteorological Organisation 
WRDC – World Radiation Data Centre 
WRCP – World Climate Research Programme 
WRF – Weather Research and Forecasting 
3D-VAR – Three-dimensional Variational Assimilation 
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