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Editorial

Special Issue: Application o f information and communication 
technologies in environmental sciences: towards a sustainable future

The Future Information and Communication Project (FuturICT) was launched by the 
European Union within the frame of Seventh Framework Programme. The ultimate goal 
of the FuturICT project is to understand and manage complex, global, socially interactive 
systems, with a focus on sustainability and resilience. Revealing the hidden laws and 
processes underlying societies probably constitutes the most pressing scientific grand 
challenge of our century and is equally important for the development of novel robust, 
trustworthy, and adaptive information and communication technologies, based on socially 
inspired paradigms. FuturICT is at heart of a revolutionary 21st century science, which 
will use and develop information and communication technologies to create a decision 
support system, combining data with models in order to solve the grand challenges 
humanity is facing. FuturICT is expected to lift our knowledge of social and economic 
systems to a new level of understanding, enabling us to discover promising paths towards 
a sustainable future.
In close connection to the goals above, the FuturICT.hu project was initiated and performed 
within the framework of TAMOP-4.2.2.C-11/I/K.ONV-2012-00I3 project involving 
cooperating partners from leading Hungarian universities as well as private research sector. 
Some results of the project relevant to the environmental aspects of application of ICT and 
their relation to social issues are presented in five papers in present thematic issue. The first 
paper discusses the assessements of greenhouse gas emissions and trends in Hungary related 
to the national policies and measures. In the second paper, the trends of precipitation and 
drought-related climate indices and the return period of the daily precipitation amount are 
analyzed based on the results of 11 regional climate models (RCMs) after applying a bias- 
correction procedure. The authors of the third paper deal with the trend analysis of a new 
MOD1S satellite based drought severity index with emphasis on the Carpathian Basin. In the 
fourth paper, some important aspects of the impact of meteorological forecast uncertainties on 
environmental dispersion prediction are discussed. The final paper of this issue presents a 
statistical analysis of relationships between road accidents involving personal injury and 
meteorological variables in Hungary on the basis of a 20 years long database, and provides a 
qualitative outlook for the future expectations.

Kálmán K ovács  
Guest Editor
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Abstract-— P a rtie s  in c lu d e d  in  A n n e x  I to  th e  U N F C C C  a re  re q u e s te d  to  re g u la r ly  su b m it 
N a t io n a l  C o m m u n ic a tio n s  to  th e  S e c re ta r ia t. T h is  re p o r t  p re s e n ts  a n  o v e rv ie w  o f  th e  
re su lts  o f  th e  6 th  N a tio n a l C o m m u n ic a tio n  ( N C 6 )  o f  H u n g a ry  w ith  r e s p e c t  to  th e  r e le v a n t  
p ro v is io n s  o f  th e  C o n v e n tio n  a n d  A rtic le  8 o f  th e  K y o to  P ro to c o l.

Key-words: m itig a tio n  s c e n a r io s , e m iss io n  r e d u c t io n , n a tio n a l r e p o r t in g

1. Introduction

Hungary, as a Member State of the European Union and a Party to the Kyoto 
Protocol, considers efforts against climate change to be one of the most 
important challenges. Implementing, adopting, and planning measures and 
policies to tackle climate change related threats, designing mechanisms and 
plans to adapt to climate change, and pursuing scientific activities to assess, 
monitor, and decrease climate change vulnerability are in the focus of the 
Hungarian Government and the experts.
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The recent findings outlined in the Fifth Assessment Report of the IPCC 
conclude that human activities are highly likely to be causing climate change 
and that actions against global warming are indispensable. In accordance with 
these results and responding to the 19th Conference of Parties in Warsaw in 
2013, Hungary presents the future commitments, the progress made and other 
relevant topics in the 6th National Communication (Ministry o f National 
Development, 2013), where Hungary provides information on greenhouse gas 
emissions and trends, quantified emission reduction targets, and progress 
towards their accomplishment, and gives an overview of emissions projections 
and financial and technical support provided to developing countries (Molnár S. 
et al., 2012).

2. Information on GHG emissions and trends

In 2011, total emissions of greenhouse gases in Hungary were 66.1 million tons 
carbon dioxide equivalents (excluding the LULUCF -  land use, land use change, 
and forestry -  sector), which is the lowest value in the whole time series (1985— 
2011). Considering the carbon sinks in the LULUCF sector, the net emissions of 
Hungary were 62.4 million tons C02 equivalents in 2011. Being about 6-7 tons, 
the Hungarian per capita emissions are below the European average.

By far, the biggest emitting sector was the energy sector, contributing 
71.6% to the total GHG emission in 2011. Agriculture was the second largest 
sector with 13.2%, while emissions from industrial processes (with solvent and 
other product use) accounted for 9.8%, and the waste sector contributed 5.3%. 
Compared to the base year, emissions were significantly reduced in the energy 
(M0.3%), agriculture (-54.0%), and industrial processes (-57.7%) sectors. In 
contrast, emissions in the waste sector have increased since 1985 (+14.5%). 
Solvent and other product use and land use, land use change and forestry 
(LULUCF) sectors show fluctuating behavior.

The most important greenhouse gas is carbon dioxide, accounting for 
75.2% of the total GHG emissions. The main source of C 02 emissions is 
burning of fossil fuels for energy purposes, including transport. C 02 emissions 
have decreased by 41.8% since the middle of the 80’s. Methane represents 
12.8% in the GHG inventory. Methane is generated mainly at waste disposal 
sites and in animal farms, but the fugitive emissions of natural gas are also 
important sources. CH4 emissions are by 37.2% lower than in the base year. 
Nitrous oxide contributes 10.2% to the total GHG emissions. Its main sources 
are agricultural soils and manure management. N20  emissions are 60.4% lower 
compared to the base year. The total emissions of fluorinated gases amount to 
1.8%, but their steadily growing tendency seems to level off since 2008.

By ratifying the Kyoto Protocol, Hungary has committed to reduce its 
GHG emissions by 6%. Now, our emissions are 43.2% lower than in the base
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year (average of 1985-87). For the most part, this significant reduction was a 
consequence of the economic transition in Hungary (1989-1990), which 
brought significant decline in the output of the national economy. The 
production decreased in almost every economic sector including also the 
GHG relevant sectors like energy, industry, and agriculture. Then, between 
2005 and 2011, after a period of about 14 years of relatively stagnant 
emission levels (1992-2005), GHG emissions fell again quite significantly by 
16.7 per cent.

The global financial and economic crises exerted a major impact on the 
output of the Hungarian economy, consequently on the level of GHG emissions 
as well. After a quite significant drop of 8.4% between 2008 and 2009, our 
emissions in the following three years (2009-2011) remained the lowest in the 
entire time series. Although the decline in economic output stopped in the first 
quarter of 2010 and Hungary had a moderate growth of 1.6%, emissions fell 
again by 2.6% in 2011, after a slight increase (+0,8%) in 2010.

Compared to the base year, emissions were significantly reduced in the 
energy (-40.3%), agriculture (-54.0%), and industrial processes (-57.7%) 
sectors. In contrast, emissions in the waste sector have increased since 1985 
(+14.5%). Solvent and other product use and land use, land-use change and 
forestry (LULUCF) sectors show fluctuating behavior.

3. Assessment o f the current situation

Under the EU’s Climate and Energy Package, Hungary as an EU member is 
committed to a quantified economy-wide GHG emission reduction target of 
20% by 2020, compared to the 1990 levels. This target is coupled with a 
renewable penetration rate of 14.65% for Hungary and an energy efficiency 
improvement of 20%; while the RED Directive (2009/28/EC) of the EU set the 
renewable target for Hungary as minimum 13% of the total gross final energy 
consumption, the objective defined by the NREAP is 14.65%.

This means that Hungary committed herself to a reduction of 20% of the 
96 961,78 kt C 02 equivalents emissions of 1990 (inch LULUCF), the target to 
be achieved is 77 568,8 kt by 2020.

Sectors under the EU ETS are forecasted to provide a basis of GHG 
emissions savings until 2025. Beginning with 2013, from the third trading 
period onwards, a single EU-wide cap determines the amount of emissions 
allowed to be emitted by the EU ETS sectors. Furthermore, from 2013 onwards, 
a linear reduction factor o f -1.74 % per annum applies to achieve a total of 21% 
of reduction in the ETS sectors. Under the joint Effort Sharing Decision (ESD) 
of the EU, Hungary took the commitment of a maximum 10% increase of the 
non-ETS sectors greenhouse gas emissions compared to their 2005 levels by 
2020.
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Hungary is also influenced by the Kyoto second period target of the EU. 
The EU has also committed to reduce its emissions by 20% under the Kyoto 
Protocol's second period, which runs from 2013 to 2020. Despite its identical 
nature, this commitment differs in several important respects from the EU's 
unilateral 2020 commitment:

• The Kyoto commitment is measured against base years, not 1990.
• LULUCF: the LULUCF sector in the EU is not included in the 20 % target 

under the Climate and Energy Package, but is accounted for under the KP 
according to the relevant decisions made in Durban.

• Inclusion of nitrogen trifluoride (NF3): NF3 is not included in the Climate 
and Energy Package, whereas the scope of the second commitment period 
has been extended to include the additional gas. The impact of NF3 on 
aggregate EU emissions is insignificant.

• It requires the EU to keep its emissions at an average of 20% below base- 
year levels over the whole period, not only in 2020.

• It differs in scope (for instance, it does not cover emissions from 
international aviation, since these are outside the scope of the Protocol, but 
it does cover emissions and their removals from land use, land use change 
and forestry, which is not covered by the unilateral commitment).

• The EU will meet its Kyoto commitment jointly with Iceland.

4. Policies and measures

Legislative and policymaking activities in climate change and the energy sector 
have been united under the auspices of the Ministry of National Development 
with the establishment of a sovereign State Secretariat of Climate Change and 
Energy Policy with two aides of the state secretary -  a deputy state secretary for 
energy policy and another deputy for green economy development and climate 
change. The most important task of the Secretariat was the formation of the 
long-term energy strategy of Hungary, as well as submission of the National 
Action Plan for Renewable Energy to the European Commission. Recently, the 
administration was reformulated into a State Secretariat of Development, 
Climate Policy, and Key Public Services.
In the following section, the framework of climate change policies will be 
outlined. Details are provided in Chapter 4 of the 6th National Communication 
of Hungary.

The general context of policy development is the Programe of National 
Cooperation. Although in itself the Programe of National Cooperation is not 
focused on the GHG mitigation, the implementation of the Programe includes 
several similar elements, and the Programe itself has some priorities that serve 
this purpose. Some relevant key elements are:
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• Promotion of the European initiative to employ “green” technologies and to 
research the energy efficiency of buildings and construction materials;

• Launching of a large scale energy efficiency program aiming at 
reconstruction of pre-fab buildings, thermal insulation projects of other 
building types, reconstruction of public buildings, etc.;

• Encouragement of renewable energy investments.

A cornerstone of climate change policy is the National Climate Change Strategy 
which was revised in 2013. Its key characteristics are as follows:

• Main areas of intervention are:
— Energy efficiency in buildings;
— Renewable energy utilization;
— Transport (road tolls, other economic incentives, modal split change);
— Afforestation.

• New element is increased emphasis on adaptation to climate change.
• The responsibility of the government is to create the necessary regulatory- 

legal framework; to review and adjust the subsidy systems; to raise the 
awareness of the society by giving priority to sustainability and providing 
good example.

• The residential sector is a key field of change: peoples’ lifestyle needs to be 
changed; a large-scale reduction of demands for energy and materials must 
be achieved (by subsidized energy efficiency projects, among others);

• Industry and other enterprises also need to reduce their energy 
consumption, adopt emission reduction measures, "green" their profile, 
products, and services.

• NGOs, civil organizations shall have increased role in the dissemination of 
information, awareness raising, and civil control.

As the new EU Sustainable Development Strategy adopted by the 
European Council requires, Hungary prepares and regularly updates its National 
Sustainable Development Strategy (NSDS). The new NSDS has been adopted 
by the Hungarian Parliament in 2013.

Beginning from 1995, a regularly (every six year) revised and updated 
National Environmental Protection Programe (NEP) is prepared. The recent 
National Environmental Protection Programe 2009-2014 (NEP-1I1) was adopted 
by the Parliament in 2009. Similarly to the previous programes, the NEP-I1I 
identifies general objectives, which are then broken down to specific actions, the 
so-called thematic action programes or TAPs. The general objectives are the 
following:

• Improving the quality of the environment and life locally;
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• Preservation of natural resources;
• Promotion of sustainable lifestyle, production, and consumption;
• Improvement of environmental safety.

The following TAPs are relevant from the aspect of GHG mitigation:
• Reinforcing environmental awareness:

— Education, training within the education system from the elementary 
school to the university;

— Environmentally conscious production and consumption;
— Access to environment-related information, information dissemination;
— Combating climate change;
— Reduction of GHG emissions (EU-ETS system, improvement of energy 

efficiency [NEEAP]);
— Reducing the environmental impact of transport (reducing demand, 

restructuring modal split, alternative fuels);
— Reducing emissions from the agriculture (improvement of production 

efficiency);
— Afforestation according to the National Afforestation Programé.

• Environment and health:
— Transport and environment (reversing the tendency of shifting to 

individual transport).
• Protection and sustainable utilization of waters:

— Utilization of the energy of geothermal waters.
• Waste management:

— Prevention (reduction of waste quantities);
— Utilization of wastes and recycling;
— Reduction of landfill waste.

The National Sustainable Development Strategy has recently been 
reformulated and accepted by the government, and it is an important element 
together with the National Environmental Programé. The New Széchenyi Plan 
(NSZP) is an economic development programé providing an operative 
background for the realization of strategic objectives.

The programes of the NSZP concerning GHG mitigation are as follows:
• Energy policy:

— Energy policy is to serve economic growth and job creation, together 
with security of supply, resource diversification, and the reduction of 
import dependence;
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— Production and utilization of renewable energies are to be encouraged.
• Transport:

— Creating the financial resources necessary for a sustainable transport 
system;

— Encouraging intermodal transports;
— Enforcing environmental and climate policy considerations;
— Transformation of the primary energy mix -  a greater proportion of 

renewable energy is necessary;
— Development of an adequate traffic and transport system, nodes as 

well as intermodal and multifunctional logistics centers and related 
industrial parks established in these nodes to reduce road transit.

The Green Investment Scheme (GIS) is considered to be a key source of 
funding GHG mitigation projects and efforts. Several of the policies described in 
this report have been or will be financed at least partly from GIS sources. The 
GIS is planned to be restructured with the following priorities in mind:

• Complex (deep) energy efficiency revamp of multi-flat and family houses, 
to increase the approximately 40% energy saving achieved by GIS 
programes so far to at least 60%;

• Support for the construction of new highly efficient buildings;
• Loan guarantee for the investors of the above projects, so that they could 

take loans at better conditions to provide their own share for the other 
supports from the GIS.

Maximum 5% of the GIS revenues can be used for covering the 
administrative costs of the GIS. It is also required by the regulation that the 
supported project should be additional (i.e., not implemented without the 
support).

The impact of policies and measures are summarized in Table 1.
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Table  1 T h e  im p a c t o f  p o l ic ie s  a n d  m e a s u re s  in  C O 2  e q u iv a le n t

2015 2020 2025 2030
Policy name Status (ktC02e (ktC02 (ktC02 (ktC02

q./yr) eq./yr) eq./yr) eq./yr)
1 P ro m o tio n  o f  re n e w a b le s im p lem en ted 5 6 0 0 .2 8 8 2 1 .2 11 299 .1 13 0 6 1 .0
2  N u c le a r  p o w e r a d o p ted 2 7 6 2 .6 5 172.8 7 8 7 5 .8 10 593 .8
3 " L iv e a b le  p a n e l b u ild in g s"  s u b -p ro g ra m im p lem en ted 5 0 9 .7 9 5 3 .5 1 374.1 1 592 .7
4  " O u r  h o m e "  r e c o n s tru c tio n  s u b - p r o g ra m im p lem en ted 4 0 2 .9 8 4 4 .4 1 3 2 4 .6 1 861 .8
5 " P o w e r  s a v in g  h o u se h o ld s"  p r o g ra m im p lem en ted 5 3 5 .4 1 117.1 1 4 3 9 .7 1 573 .6
6 R e n e w a b le  p u b l ic  in s ti tu tio n s  s u b - p r o g ra m im p lem en ted 3 6 6 .6 722.1 1 058 .1 1 360 .4
^ R e d u c tio n  o f  p o w e r  d e m a n d  o f  p u b l ic  

in s ti tu tio n s
im p lem en ted 4 9 5 .3 9 7 2 .8 1 4 5 1 .6 1 866 .4

8 D is tr ic t  h e a tin g  e f f ic ie n c y  s u b - p r o g ra m im p lem en ted 135.1 2 4 2 .0 3 1 2 .7 347 .2
9 R e d u c in g  th e  e n e rg y  u s e  o f  e n te r p r is e s im p lem en ted 6 5 5 .9 1 4 7 7 .6 2  182 .0 2  737 .5

10 H o r iz o n ta l  m e a s u re s im p lem en ted 126.3 3 3 6 .7 5 4 7 .2 757 .7
j 1 R e d u c in g  th e  e n e rg y  d e m a n d  o f  c a r g o  a n d  

p a s s e n g e r  tra n sp o r t
im p lem en ted 3 8 .7 9 8 .2 111 .8 122.4

12 D ire c tin g  tr a n s p o r t  to  ra i lw a y s p lan n ed 51 .3 80 .6 89 .7 89.7
1 ^ D ire c tin g  t ra n s p o r t  to  p u b l ic  t r a n s p o r t  a n d  

d e v e lo p in g  p u b lic  t r a n s p o r t
p lan n ed 19.6 5 2 .4 84 .7 106.5

14 R e d u c in g  ro a d  t r a n s p o r t  e m is s io n s a d o p ted 7 2 7 .5 1 5 4 9 .7 2 5 7 8 .0 3 622 .7
15 E n v iro n m e n ta l  a w a re n e s s  in  a g r ic u l tu re a d o p te d N A N A
16 L e ss  n itra te  g e t  in to  w a te r  a n d  N - c y c le im p lem en ted N A N A
1 ^ D ra w  a tte n tio n  to  d e c re a s e  G H G  e m is s io n  

in  a g r ic u ltu re
im p lem en ted N A N A

1 ^ N a tio n a l  F o re s t  P ro g ra m e  f o r  in c r e a s in g  
fo re s t  a re a

im p lem en ted 5 0 0 .0 0 7 0 0 .0 0 1 0 0 0 .0 0 1 3 0 0 .0 0

m  F ra m e  fo r  fo re s try  m a n a g e m e n t  a n d  fo re s t  
p ro te c tio n

im p lem en ted N A N A

M itig a tio n  o f  a g r ic u ltu ra l  e m is s io n s  w ith  
2 0  p a r tia l  c h a n g e  o f  n i t ro g e n  f e r t i l iz e r im p lem en ted 2 0 0 .0 0 N A

u til iz a tio n  a n d  c u lt iv a tio n s  c h a n g e
2 j S u p p o rt fo r  p e ren n ia l h e rb a c e o u s  e n e rg y  

p la n ta tio n  b y  th e  E u ro p ean  A g r ic u ltu ra l  F u n d
im p lem en ted N A N A

C o m p le m e n ta ry  f in a n c in g  to  s u p p o r t  th e  
2 2  p la n ta tio n  o f  e n e rg y  c ro p s  b y  th e  E u ro p e a n im p lem en ted N A N A

A g r ic u ltu ra l  F u n d
^2 R u ra l d e v e lo p m e n t fo r  s u s ta in a b le  a n d  

m o d e m  a g r ic u ltu re
im p lem en ted N A N A

2 4  C lim a te  p ro te c tio n  b y  e f f ic ie n t  m a n u r e  
m a n a g e m e n t a n d  b io g a s

im p lem en ted 135 .00 N A

2 5  N e w  w a s te  m a n a g e m e n t in s tru m e n ts a d o p te d 2 .1 4 4 .6 2 12 .70 16.96
2 ^  S e tt in g  u p  re g io n a l w a s te  m a n a g e m e n t  

p ro je c ts
im p lem en ted 17.14 2 0 .7 7 3 4 .2 9 51.83

2 7  P ack ag in g  w aste  g o v e rn m en ta l reg u la tio n a d o p ted 6 .4 3 2 3 .0 8 3 9 .3 7 58.43
2 ^  B u d a p e s t  m u n ic ip a l  d o o r - to - d o o r  s e p a ra te  

w a s te  c o lle c tio n
ad o p ted 12 .86 2 0 .7 7 3 1 .7 5 45 .24

2 9  L a n d fil l  re c u lt iv a tio n , r e m e d ia t io n ad o p ted 2 .1 4 4 .6 2 11.43 16.02
3 0  P re v e n tio n ad o p ted 0 .0 0 9 .23 2 5 .4 0 29 .22
31 W a s te  la n d f ill  ta x im p lem en ted 4 .2 9 13.85 31 .75 39 .58

Source: Ministry o f National Development (2013)
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The total effect from policies and measures is summarized in Table 2.

Table 2. T o ta l e f fe c ts  o f  p o lic ie s  a n d  m e a s u re s  u n ti l  2 0 3 0

Gg C 02 equivalent per year 2015 2020 2025 2030

E s tim a te d  e m is s io n  sa v in g s  f ro m  P A M s 13 3 0 7 .1 9 23  2 3 7 .9 8 32  9 1 5 .9 5 41 2 5 0 .6 1

5. Projections and the total effect o f policies, measures, and supplementary 
relating to the Kyoto Protocol mechanisms

Average 2008-2011 emissions in Hungary were 40.8 % lower than the base- 
year level, well below the Kyoto target of -6 % for the period 2008-2012. In the 
sectors not covered by the EU ETS, emissions were significantly lower than 
their respective target, by an amount equivalent to 33.6 % of the base-year 
emissions. LULUCF activities are expected to reduce net emissions by an 
annual amount equivalent to 1.9 % of base-year level emissions. Hungary 
intends to use flexible mechanisms at governmental level by selling an amount 
of Kyoto units equivalent to 3.5% of base-year emissions per year. Taking all 
these effects into account, average emissions in the sectors not covered by the 
EU ETS in Hungary were standing below their target level, by a gap 
representing 31.1 % of the base-year emissions. Therefore Hungary was on track 
towards its Kyoto target by the end of 2011.

6. Progress towards EU 20/20/20 goals (ESD)

Total GHG emissions of Hungary decreased by 3.7% between 2011 and 
2012, based on approximated GHG inventories for the year 2012 (see Table 3). 
When considering the scope of the EU's climate and energy package, which 
includes emissions from international aviation, Hungarian emissions in 2012 are 
approximately 55% lower compared to 1990 levels (98 980.69 Mt). Thus 
Hungary reaches its 20% reduction target, eight years ahead of 2020. This 
should not mean that the country has no dedicated tasks, as the reduction of 
emissions can be accounted to the decline in economic activity and economic 
growth beyond expectations.

Aggregated projections from Hungary indicate that the total emissions will 
further decrease between 2012 and 2020 (and 2025, see the Biennial Report for 
forecast figures). With the current set of national domestic measures in place, 
emissions are expected to reach a level in 2020 which is 65% below the 1990 
level. Implementing the additional measures (at planning stage or realized at 
lower implementation levels) it is expected to achieve a reduction of 74% below 
the 1990 level in 2020.
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Table 3. H u n g ary ’s em iss io n s  in th e  first co m m itm en t period

Average of Total of
Mt C 0 2 equiv. 2008 2009 2010 2011 2012 2008-

2012
2008-
2012

1 Total GHG emissions 73.6 67.4 67.9 66.1 63.7 67.7 338.7
2 Verified emissions under the EU ETS 27.2 22.4 23.0 22.5 21.3 23.3 116.4
3 Non-ETS emissions 46.4 45.0 45.0 43.7 42.4 44.5 222.4
4 Initial Assigned Amounts (AAUs) 108.5 108.5 108.5 108.5 108.5 108.5 542.4
5 Allowances issued under the EU ETS 25.1 23.9 25.7 25.0 32.8 26.5 132.5
6 Non-ETS target

Difference between target and actual
83.3 84.6 82.8 83.5 75.7 82.0 409.9

emissions (non-ETS domestic) 37.0 39.6 37.8 39.8 33.3 37.5 187.5

Expected carbon sequestration from 
8 LULUCF

Difference between target and actual

2.2 2.2 2.2 2.2 2.2 2.2 11.1

9 emissions (non-ETS domestic) inch 
carbon sequestration 
Planned use of Kyoto mechanisms by

39.2 41.8 40.0 42.0 35.5 39.7 198.6

10 government (net transfer of AAUs + 
purchase of CERs+ERUs)
Emission reduction units (ERUs

^1.0 -4.0 -4.0 -4.0 -4.0 -4.0 -20.0

11
issued in JI projects)
Difference between target and actual

0.0 1.2 1.4 1.6 3.1 1.5 7.3

12 emissions (non-ETS, domestic, inch 
Kyoto mechanisms and carbon sinks)

35.2 36.6 34.7 36.4 28.4 34.3 171.3

Source: EEA Report (2013)

The projected reductions are to be achieved both in the sectors covered by 
the EU ETS (mostly energy supply and industry), where an emission cap is 
determined at EU level, and in the other sectors covered by national emission 
targets under the Effort Sharing Decision (ESD). Beyond the EU ETS itself, the 
largest reductions are expected via measures supporting renewable energy under 
the Renewable Energy Directive (RED) and implementation of efficiency and 
energy saving measures.

The average annual emissions and removals from LULUCF in the 2008- 
2011 are as follows: -1.15 Mt C 02 equivalent for the average net carbon stock 
change (Art 3.3.), and -1.06 Mt from forest management (Art 3.4).

Concerning non-ETS emissions in Hungary, the absolute gap between the 
average non-ETS emissions in 2008-2012 and the Kyoto targets are 37.5 Mt C02 
equivalents (excluding carbon sinks), which is 32.5% less than the targeted value.

Thus, the average 2008-2012 emissions in sectors not covered by the EU 
ETS, including the effect of carbon sinks, are less than the target for non-ETS 
sectors.
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Despite these promising results, energy efficiency measures in the 
residential and services sectors are of key importance in the provision of further 
emission reductions by 2020.

Concerning the national GHG targets under the ESD: 2012 non-ETS 
emissions were below the 2013 ESD targets and 2020 non-ETS emissions are 
projected to be lower than the 2020 ESD target with the existing measures. 
Concerning the national targets for the RES share in the gross final energy 
consumption, the 2011 RES share was above the RED and NREAP 2011— 
2012 trajectories.

Concerning energy efficiency, some progress is made in reducing energy 
consumption, but further improvements are necessary to further develop policies 
or to better implement the existing ones.

Regarding the current progress towards 2013 ESD targets, the following 
conclusions can be drawn. Considering the proportional targets of 2020 by 2013 
-  the so-called 2013 ESD targets -  then the reduction of -5% is the proportional 
goal until 2013 and +10% by 2020 for non-ETS sectors is allowed. The actual 
emissions from non-ETS sectors are 18% less in 2012 than the 2005 values and 
the 6.9 Mt (13%) below the 2013 ESD target.

Considering the projected emissions in 2020 in non-ETS sectors and 
comparing them with the targets for 2020, the With Existing Measures scenario 
forecasts a -8% aggregate emission reduction (a 11 Mt reduction) compared to 
the target, whilst the With Additional Measures scenario forecasts a 21 Mt 
reduction and a -16% relative gap.

Overall, the projections show that with the current measures, the non-ETS 
emissions in 2020 will be below the 2020 targets.

The projections presented herewith are developed for the years 2015, 2020, 
and 2025. The projections rely on energy demand forecasts, latest emission 
factors, and technological data, and use parametric assumptions. The detailed 
sectoral impact of measures is enumerated in Chapter 5 of the NC for the 
industry, energy, and power sector, transportation, public sector, agriculture, and 
forestry sectors.

Throughout the development of the projections, the impacts of EU level 
policy requirements and specific domestic policies were considered (e.g., 
Renewable Energy Directive, EU ETS). For the sake of a concise and 
methodologically sound forecast, the HUNM1T model was developed and 
adapted to the present forecast, which is a bottom up model enlisting all 
measures, their technical and economical characteristics. The model is capable 
of selecting an optimal set of measures allowing for a cost efficient emission 
reduction.

Table 4 summarizes total emissions for the two scenarios (with and without 
LULUCF).
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Table 4. T o ta l em issions in th e  W E M  and W A M  scenarios (Gg. C O 2 equ ivalen t)

2 0 1 0 2 0 1 5 2 0 2 0 2 0 2 5

Without measures scenario 67 679.0 63 568.7 65945.7 69473.6
WOM including LULUCF 63 694.3 66 193.0 68731.3 69473.6
With existing measures 67 679.0 63 475.5 59 840.2 58 598.0
WEM including LULUCF 63 694.3 60 680.0 58 046.5 56 391.1
With additional measures 67 679.0 61 515.1 56 774.2 55 400.2
WAM including LULUCF 63 694.3 58 719.6 54 980.5 53 193.4

It is visible that the two scenarios do not differ significantly at the end of the 
forecasting period. This indicates that the WEM scenario already incorporates a 
large share of potential abatament measures and mitigation options.

7. Conclusions and recommendations

Bringing together the results of the current progress towards the 2013 targets 
(based on 2012 proxy data) and projected progress to 2020 targets (based on 
Member States projections) allows for an overall assessment of the progress 
achieved so far by Hungary towards her objectives under the ESD. Thus, 
Hungary is presently considered to be on track towards her respective 2013 ESD 
targets, i.e., 2012 non-ETS emissions were below these targets.

If a modified base year (2005) would be set for the 2020 ESD targets 
(adjusted according to Art. 10) for Hungary it would mean a 16% reduction target 
or a 57 Mt C02 equivalent emission cap in the non-ETS sectors until 2020. This is 
expected to be reached already under the assumptions of the WEM scenario, which 
forecasts 43 Mt emission, while the WAM forecasts GHG emissions equivalent to 
40 Mt of C02 by 2020. Thus Hungary is expected to reach her 2020 target with the 
current set of policies and measures through domestic emission reductions alone, 
even if a more demanding base year is chosen.

Overall, combining the above findings Hungary is well on track towards 
the ESD targets with 2012 emissions below 2013 ESD targets, and current 
policies and measures are sufficient to achieve 2020 targets through domestic 
emission limitations or reductions only.
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Abstract—In this paper, estimated trends of precipitation- and drought-related 
climate indices and the return period of the daily precipitation amount are analyzed. 
For this purpose 11 regional climate model (RCM) simulations from the 
ENSEMBLES project with 25 km horizontal resolution for the emission scenario 
A1B are used after applying a bias-correction procedure. According to the results, the 
summer 10- and 20-year return periods will increase by a factor of 1.2-2 by the late 
21st century relative to the 1961-1990 reference period. The projected changes are 
considerably smaller for the other three seasons compared to future summer changes. 
Furthermore, drought-related climate indices in summer are projected to increase 
significantly in Flungary as well as in Central/Eastern Europe by the end of the 21st 
century. Additionally, precipitation-related indices are projected to decrease in 
summer by 2071-2100 compared to 1961-1990.

K ey-w o rd s', precipitation index, dry period, return period, bias correction, regional 
climate model simulation
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1. Introduction

Climate change is most often referred as higher temperature values and more 
frequent heat waves (e.g., Pongrácz et al., 2013). However, it usually 
involves more intense and more frequent extreme events related to excess or 
lack of precipitation (e.g., severe dry spells, heavy precipitation, intense 
thunderstorms), too (IPCC, 2012). This highlights the importance of climate 
research in quantifying the detected past and the projected future changes 
from global to local scales. Frequent hot weather in summer and overall 
increasingly warm climatic conditions are quite straightforward consequences 
of global warming. Global and regional warming induced effects on 
precipitation are not as clear as on temperature, because the higher spatial and 
temporal variabilities might hide any robust changing signal. Nevertheless, 
precipitation is one of the most important meteorological variables, since it 
considerably affects natural ecosystems and cultivated vegetation as well as 
most of human activities. Extreme precipitation events -  both excessive, 
intense rainfalls and severe droughts -  may result in several environmental, 
agricultural, economical, and natural disasters. The lack of precipitation for 
extended period and coincidental intense heat wave often lead severe drought 
events. For instance, in 2003 a long-lasting, devastating heat wave occurred 
throughout Europe (Stott et al., 2004), causing death of hundreds of people 
(Bouchama, 2004). In Hungary, the year 2003 was generally dry with 17% 
less annual precipitation than the 1971-2000 average (Schirokné Kris ton, 
2004). The Europe-wide heat wave in the summer superposed to these overall 
dry conditions, resulting in severe drought. The estimated monetary damage 
in the Hungarian agriculture reached 50-55 billion HUF by the end of the 
year {Faragó et al., 2010). Another hot and dry summer from the past 
decades occurred in 2007, this drought resulted in reduced harvest of maize in 
Hungary and caused at least 80 billion HEfF loss (Faragó et al., 2010). On the 
contrary, in May 2010, the total rainfall in Hungary largely exceeded the 
average monthly precipitation of the 1971-2000 baseperiod for May, namely, 
almost three times more precipitation occurred than usual {Móring, 2011). 
The excessive precipitation led to inland inundation and floods on Sajó, 
Hernád, Bodrog, and Bódva rivers resulting in more than 10 billion HUF of 
defence and recovery costs {KSH, 2011). Overall, the year 2010 became the 
wettest year in Hungary since 1901 with 959 mm annual precipitation amount 
exceeding the annual mean of the 1971-2000 period by 65% {Móring, 2011). 
Besides Hungary, a large majority of the Central/Eastern European region 
was hit at the same time by severe floods {Bissolli et al., 2011; WMO, 2011). 
After the year of excessive precipitation, Hungary experienced the driest year 
in 2011 since 1901 with only 407 mm annual total precipitation amount, 
being only 72% of the annual average in the 1971-2000 period {Móring, 
2012), which affected the agricultural production quite negatively. The very

3 0 6



next year, 2012 was also dry in Hungary, the annual total precipitation was 
only 470 mm (Horváth et al., 2012; Rajhonám Nagy, 2013) resulting in more 
losses in agriculture than in 2011 (e.g., by 24% less harvested cereal and 20% 
less production of sunflower and grape) (KSH, 2013). Due to the large 
temporal variability of precipitation, after two consecutive very dry years, in 
late May and early June in 2013 large precipitation occurred again in Central 
Europe and resulted in extreme water levels, with record high peak levels on 
several Central European rivers, i.e., the Danube, the Elbe, and the Vltava 
(BBC News, 2013; van der Schrier et al., 2013; WMO, 2014). Besides the 
great amount of precipitation, the large spatial extension and the strong 
intensity (exceeding 100 mm/24 hours) also contributed to this extreme event 
(.Horváth et al., 2013). Overall, this flood affected several countries in Central 
and Eastern Europe (e.g., Germany, Austria, Czech Republic, Hungary, 
Serbia) with 16 billion EUR losses and 22 deaths altogether (Munich Re, 
2013).

In order to avoid or at least reduce the effects of these precipitation 
related hazards, national and local communities need to develop regional 
adaptation strategies (IPCC, 2012; Motha, 2009; Sivakumar and Stefanski, 
2009; Anwar et al., 2013), and then, act according to them. For this purpose, 
results of global climate model (GCM) simulations must be downscaled to 
regional and local scales, hence better serving end-users’ needs. Downscaling 
of coarse resolution GCM simulation outputs is especially important in case 
of precipitation because of the large temporal and spatial variabilities, and 
consequently, since appropriate precipitation impact assessment studies 
require fine resolution information (e.g., Marengo and Ambrizzi, 2006; 
Fowler et al., 2007; Maurer et al., 2007; Serinaldi and Kilsby, 2014). From 
the agricultural point of view, especially potential dry conditions induce long­
term planning, for which estimation of precipitation is evidently the key 
element.

Sheffield and Wood (2008) analyzed global and regional trends of 
drought using a moisture-based drought index for 1950-2000. According to 
their results, soil moisture has increased globally with regional differences. In 
Africa, a significant drying can be identified, whereas increasing trend is 
detected in North America. The annual precipitation sum in Hungary 
decreased in the 1901-2009 period; in Budapest the mean change is -20.5%, 
which is statistically significant (Lakatos and Bihari, 2011). Precipitation 
measurements in the Carpathian Basin suggest that both the overall intensity 
and frequency of extreme precipitation events -  related to both excess and 
lack of precipitation -  increased in the 2 0 th century, whereas the mean 
climate became slightly drier (Bartholy and Pongrácz, 2005; Lakatos et al., 
2011). For the future, 50 km horizontal resolution regional climate model 
(RCM) experiments of the PRUDENCE project (Christensen et al., 2007a) 
suggest that the annual distribution of precipitation will be totally restructured
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in Hungary both in case of A2 and B2 emission scenarios (Nakicenovic and 
Swart, 2000), namely, the wettest season (currently summer) will become the 
driest, and the driest season (currently winter) is likely to be the wettest by 
the end of the 21st century (Bartholy et al., 2008). The projected changes for 
Central/Eastern Europe involve large uncertainity, therefore, further analysis 
is necessary. In order to successfully adapt to the changing climatic and 
environmental conditions, appropriate assessment of possible changes is 
essential.
In the current study, fine (25 km) resolution RCM experiments of the 
ENSEMBLES project are analyzed taking into account the A1B intermediate 
emission scenario for the entire 21st century. First, the data and the bias 
correction method applied to the raw RCM outputs are presented. Then, the 
precipitation-related characteristics, return period of daily precipitation, and 
various climate indices are defined. Section 3 discusses projected changes in 
the seasonal return period of daily precipitation, and estimated seasonal 
changes of climate indices with special focus on dry conditions. Finally, 
Section 4 summarizes the main conclusions.

2. Data and methods

2.1. Data used in the analyses

In this paper, simulations of 25 km horizontal resolution RCMs nested in 
coarse resolution GCMs are used to estimate the future precipitation- and 
drought-related climatic conditions in Central/Eastern Europe covering the 
region 43.625°-50.625°N, 13.875°-26.375°E. The assessment focuses on 
analysis of daily precipitation outputs of 11 RCM simulations (listed in 
Table 1) from the ENSEMBLES project (van der Linden and Mitchell, 2009). 
This European Union funded project aimed and successfully completed to run 
several climate models between 2004 and 2009 in order to improve the 
reliability of climate projections, measure uncertainty, and help decision­
makers with reliable information. All of the RCM simulations selected for 
this study cover the entire 1951-2100 period and apply the intermediate A1B 
emission scenario, according to which the estimated C 0 2 concentration level 
will be 532 ppm and 717 ppm by 2050 and 2100, respectively (Nakicenovic 
and Swart, 2000). The necessary initial and boundary conditions are provided 
by three different GCMs: ECHAM (Roeckner et al., 2006) developed at the 
Max Planck Institute, HadCM (Gordon et al., 2000) developed at the UK 
MetOffice, and ARPEGE (Deque et al., 1998) developed at Meteo-France.
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T a b le  1 . List of the selected RCMs, their main references, their driving GCMs, and the 
responsible institutes used in this analysis.

RCM (Reference) Driving GCM Institute
HadRM3Q0
(J o n es e t  a l ,  1995; 2004) HadCM3Q HC (Hadley Centre), United Kingdom

RCA3
(S a m u elsso n  e t  a l., 2011)

HadCM3Q
(high sensitivity version)

C4I (Community Climate Change 
Consortium for Ireland), Ireland

CLM
(B o h m  e t a l., 2006) HadCM3Q ETHZ (Eidgenössische Technische 

Hochschule Zurich), Switzerland

RCA3
(S a m u elsso n  e t  a l., 2011)

HadCM3Q
(low sensitivity version) 
ECHAM5

SMHI (Swedish Meteorological and 
Hydrological Institute), Sweden

RACMO
(va n  M e ijg a a r d  e t  a l ., 2008) ECHAM5 KNMI (Koninklijk Nederlands 

Meteorologisch Instituut), Netherlands
REMO
(J a c o b  and P o d zu n , 1997) ECHAM5 MPI (Max Planck Institut), 

Germany
RegCM
(G io r g i  and Bi, 2000) ECHAM5 ICTP (International Centre for 

Theoretical Physics), Italy
HIRHAM
(C h r is ten sen  e t  a l., 2007b)

ECHAM5
ARPEGE

DMI (Danmarks Meteorologiske 
Institut), Denmark

ALAD1N
(R a d u  e t  a l., 2008) ARPEGE CNRM (Centre National de 

Recherches Meteorologiques), France

2.2. Bias correction o f R CM outputs

The evaluation of raw precipitation outputs of RCMs for 1961-1990 suggests 
that simulated values usually significantly overestimate the observations in 
Central/Eastern Europe, except in summer when mostly underestimations were 
found (Pongracz et al., 2011). In case of precipitation indices associated with 
specific thresholds, it is particularly important to use the most accurate 
simulations, as close to measurements as possible. For this purpose, before the 
analyses, a bias correction method should be applied to the raw simulated data. 
The biases of the raw RCM outputs are corrected using quantile matching 
technique. This is based on the assumption that two datasets are considered 
similar if their distributions are close to each other (and the closer is the more 
similar), therefore, the monthly empirical distribution functions of daily 
precipitation at each grid cell should be fitted (Formayer and Haas, 2010) to the 
observed distribution represented by the gridded E-OBS (Haylock et al., 2008) 
data for a baseperiod, i.e., 1951-2000 in this study. These fitting procedures 
provide the multiplicative bias-correcting factors for each month, for each grid 
cell. Then, these calculated factors are applied to the raw daily outputs of RCM 
experiments both for the past (1951-2000) and the target (2000-2100) period.
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Fig. 1 illustrates the successful fitting of the bias-correction for January for a 
selected grid cell, where the percentile values of the raw and bias-corrected 
simulations are compared to the percentiles of E-OBS data. The Q-Q plot clearly 
shows that after the correction, the distribution of the simulated precipitation fits 
perfectly to the distribution of the reference data (i.e., all the percentile value 
pairs are located along the y = x line).

Fig. 1. Q-Q plot for raw and bias corrected simulation data, 1951-2000. Results for 
January daily data from the grid cell located at 47.625°N, 19.125°E using the ARPEGE- 
driven HIRHAM experiment are shown.

2.3. The return period and the selected climate indices

After the bias-correction, both the 10- and 20-year return periods of the daily 
precipitation amount are analyzed. The return period (x) is defined as the inverse 
of the expected average number of occurrences (P) in a year (x=l/P). Fig. 2 
shows an example for how to determine the change of the 1 0 -year return period. 
First, the 90th percentile of the daily precipitation (P(,.9( 1961—1990)) is 
calculated for the reference period (1961-1990) in each grid cell. Then, this 
daily precipitation amount should be compared to the future (2071-2100) 
percentile values, and that one (Px(2071-2100)) is selected, which equals to this 
P09( 1961-1990) daily precipitation. In the example of Fig. 2, X = 0.94 since the 
94th percentile value of the future period equals to P0.9( 1961—1990). So 
Toyears, 1961-1990= 100/(100-94) = 16.67 years, which implies a substantial 
increase of the return period, and hence, drier climatic conditions.
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Fig. 2. Calculation of the projected value of the 10-year return period (iioyears, i96i-i99o)- 
Empirical distributions of summer daily data from the grid cell located at 47.625°N, 
19.125°E using the ARPEGE-driven HIRHAM experiment are shown.

In order to assess future climate tendencies in the Central/Eastem European 
region, several precipitation-related indices are also analyzed on seasonal scales. 
Table 2 lists the names, definitions, and units of the selected climate indices. Three 
indices are directly related to drought (DD, MDS, CDD), the other three indices 
refer to wet conditions using small precipitation thresholds (RR1, RR5, MWS). The 
grid cell values of all the six indices are calculated from the bias-corrected 
simulated precipitation data sets for the entire selected domain covering the latitude 
43.625°-50.625°N and longitude 13.875°-26.375°E for the whole simulation 
period (1951-2100) using all the 11 RCM experiments. Overall projected seasonal 
changes by 2021-2050 and 2071-2100 periods relative to the 1961-1990 reference 
period are also calculated. Furthermore, spatial average changes for Elungary 
represented by the grid cells located within the country border are estimated for all 
the seasons both for mid to late 2 1  st century.

Table 2. Drought- and precipitation-related climate indices used in the current analysis

Index Definition Unit

DD Number of dry days (Rday < 1 mm) day

MDS Mean length of dry spell (Rday < 1 mm) day

CDD Maximum length of dry spell, i.e., maximum number of consecutive dry days 
(Rjay < 1 mm) day

RR1 Number of precipitation days exceeding 1 mm (Rday>  1 mm) day

RR5 Number of precipitation days exceeding 5 mm (Rday>  5 mm) day

MWS Mean length of wet spell (Rday>  1 mm) day
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3. Results and discussion

First, we focus on the 10-year and 20-year return periods of the daily 
precipitation amount. The projected seasonal changes generally show similar 
patterns for the whole selected domain. According to our results, a slight 
decrease of the return period is likely to occur in winter, namely, the 1 0 -year 
return period may change to 8-9 years by the end of the 21st century (Fig. 3). 
This implies wetter climatic conditions for winter. In spring and autumn, 
individual RCM experiments suggest slightly more diverse changes than in 
winter, which results in larger uncertainty but very small changes overall. In 
case of summer, the results for the 2071-2100 period clearly suggest that the 
return period of daily precipitation occurred once in a decade on average in the 
recent past is very likely to increase by a factor of 1 .2 - 2 , so drier climatic 
conditions are projected. Larger increase of the 10-year return period is 
estimated in the southern parts (exceeding 8 years) of the selected domain than 
in the northern subregions (less than 4 years).

Fig. 3. Composite maps of 11 RCM simulations indicating the estimated seasonal mean 
changes of the 10-year return period by 2071-2100 relative to the reference period
1961-1990.

Besides the average return periods, the seasonal uncertainties for nine 
subregions are also determined (Fig. 4). Whisker-Box plot diagrams are used for
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indicating the highest (maximum) and the lowest (minimum) values, and the 
lower and upper quartiles, i.e., the 25th and 75th percentiles of the 10-year 
return period of daily precipitation amount for each subregion based on the 11 

individual RCM simulations. According to these results, the return period 
increases in summer, thus implying an overall future drying trend by almost all 
of the RCM simulations in every subregion (only a few RCM simulations 
project slight decrease in the northwestern subregions). Although the projected 
tendency is clear, the RCM-based projections cover a wide range of return 
periods, thus, the uncertainty of the estimation is quite large. The estimated 
changes are clearly larger as proceeding from the northwestern to the 
southeastern part of the domain. In Hungary and Slovenia, the doubling of the 
return period is estimated by only a couple of RCM simulations (using CLM for 
instance), whereas in the southern subregions (Romania, Croatia, and northern 
Serbia) 25% of the RCM simulations suggest larger increase than by a factor of 
2. In the other three seasons, the overall uncertainties of the projections are 
smaller than in summer, however, even the signs of the estimated changes are 
not identical, especially in spring and autumn. In winter, most of RCM 
simulations suggest considerable decrease of the return period, thus implying 
wetter conditions in all subregions (only two RCM simulations project increase 
of winter return periods, namely, ALADIN and HIRHAM driven by ARPEGE).
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Fig. 4. The maximum, minimum, upper, and lower quartile values of the 10-year seasonal 
return period of the daily precipitation amount for nine subregions (CZ: southeastern 
Czech Republic, AT: eastern Austria, SK: Slovakia, UA: southwestern Ukraine, SI: 
Slovenia, HU: Hungary, RO: Romania, CR: Croatia and SR: northern Serbia).
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The projected seasonal changes of 10- and 20-year return periods are 
compared for Hungary in Fig. 5. In general, the signs of the projected changes 
by one particular RCM simulation are identical for both return periods. It can be 
clearly seen that all the RCM simulations suggest clear increasing return period 
in summer. Most of the RCM simulations project similar rate of changes, except 
three RCM simulations (HIRHAM driven by ARPEGE, CLM driven by 
HadCM, and HadRM3Q driven by HadCM), when, when extremely large 
changes (larger than twofold increasing) is projected for Hungary in case of the 
20-year return period of daily precipitation sum. The projected changes are 
considerably smaller for the other three seasons than for summer. 
Nevertheless, the estimated changes of the 10-year return period are slightly 
larger than the changes of the 2 0 -year return period in winter and autumn.

Fig. 5. S c a tte r -p lo t  d ia g r a m s  b a s e d  o n  th e  11 R C M  s im u la t io n s  o f  th e  10- a n d  2 0 -y e a r  
se a so n a l re tu rn  p e r io d s  f o r  H u n g a r y  b y  2 0 7 1 - 2 1 0 0  re la t iv e  to  th e  re fe re n c e  p e r io d , 1961 
1990. E ach  d o t r e p re s e n ts  th e  r e s u l ts  o f  o n e  R C M  s im u la tio n .

In the second part of this section, we analyze the projected changes of the 
selected precipitation indices focusing on Hungary. According to the 11 bias- 
corrected RCM simulations in the 2021-2050 period, smaller changes are 
projected than in the 2071-2100 period {Fig. 6). By the mid-century, only a few
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RCM simulations project statistically significant seasonal changes and the 
average estimated changes do not exceed 11%. In most of the indices, the signs 
of the projected changes are identical, which implies that the tendencies are 
likely to continue throughout the 21st century. In general, RR1 and RR5 
(precipitation days exceeding 1 mm and 5 mm, respectively) are projected to 
decrease in summer and increase in winter. However, by the late century, almost 
all RCM simulations estimate significant decrease in summer (the average 
projected decrease is 27% relative to the reference period both for RR1 and 
RR5), and increase in winter for RR5 (the average projected increase is 25%). 
CDD and MDS in summer are projected to increase significantly in Hungary by 
the end of the 21 st century (by 42% and 41 % on average, respectively), clearly 
implying considerably drier future summers. Similar conclusions were found in 
Bartholy et al. (2013).

□  DD □  MDS ■  CDD □  RR1 ■  RR5 □  MWS

Fig. 6. P ro jec ted  seasonal m ean  c h a n g e s  o f  c lim a te  in d ic e s  fo r H ungary  b y  2 0 2 1 -2 0 5 0  (u p p e r  
p an e l)  and  2 0 7 1 -2 1 0 0  ( lo w er p an e l)  re la tiv e  to  th e  re fe re n c e  period , 1 9 6 1 -1 9 9 0 . D efin itio n s  
o f  th e s e  in d ices  a re  listed  in  Table 2.

The spatial pattern of the projected mean seasonal changes by the mid to 
late century are shown for CDD in Fig. 7 (this index focuses on long dry periods 
when precipitation does not exceed 1 mm). The spatial averages of the estimated 
changes for the whole domain are -0.1%, +11%, +42%, and +10% in winter, 
spring, summer, and autumn, respectively (for Hungary the average projected 
changes are as follows: -2%, +12%, +42%, and +11%). In all the four seasons, 
larger increases are projected for the southern parts of the selected domain than
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for the northern regions. For instance, the estimated mean increase of CDD in 
summer is about 50% in Serbia and Romania by 2071-2100, whereas it is less 
than 40% in southeastern Czech Republic. In Hungary, the average summer 
value of CDD is 14 days in 1961-1990, which is projected to increase by 42%, 
and thus, exceeding 2 0  days by the end of the 2 1  st century.

-5 0  -40  -3 0  -2 0  -10  0 10 20 30 40 50 %

Fig. 7. C o m p o s ite  m a p s  o f  11 R C M  s im u la tio n s  in d ic a tin g  th e  p ro je c te d  se a so n a l m e a n  
ch an g es  o f  C D D  b y  2 0 7 1 - 2 1 0 0  r e la t iv e  to  th e  re fe re n c e  p e r io d  1 9 6 1 -1 9 9 0 .

Besides the multimodel seasonal averages, the standard deviations of 
estimated changes (characterizing the differences between the individual RCM 
projections) are also important, especially in terms of assessing the uncertainty 
of projections. The largest standard deviation values of the seasonal changes are 
found in summer, namely 15-30% depending on the location, with larger 
standard deviation in the northern regions and smaller in the southern regions of 
the domain. The smallest standard deviations of the late century changes are in 
spring (5-15%), however, winter and autumn standard deviation values are 
roughly in the same range. To present the inter-model uncertainty on decadal 
scale covering the whole 1951-2100 period, spatial average CDD values taking
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into account all the gridcells within Hungary are shown in Fig. 8 for winter and 
summer. According to the statistical analysis (t-test), the summer increasing 
trend is significant at 0.05 level, which implies future lengthening of 
consecutive dry days highly affecting agriculture in the region. The longest 
seasonal dry periods lasted 15 days on average in summer in the 1950s (only one 
individual RCM simulation resulted in CDD values for Hungary over 20 days). 
The RCM simulation ensemble projects dry periods lasting 22 days on average 
by the last decade of the 21st century, and one of the RCM simulations even 
resulted in 40-day-long summer dry periods in the 2090s.

MMA

t- t- t- M C ' * < N N N N C ' 4 C M N 0 1 C ' 4

Fig. 8. A v e ra g e  d ecad a l v a lu e s  o f  C D D  in  H u n g a r y  in w in te r  ( le f t  p a n e l)  a n d  s u m m e r  
( r ig h t  p a n e l) ,  1 9 5 1 -2 1 0 0 . M M A  in d ica te s  th e  m u lti-m o d e l a v e ra g e , (a )  an d  (f)  in d ic a te  
th e  m a x im u m  and  m in im u m  C D D  v a lu e s , r e s p e c tiv e ly , (b ) a n d  (e )  in d ic a te  th e  s e c o n d  
la rg e s t  a n d  sm a lle s t C D D  v a lu e s , re sp e c tiv e ly , (c )  a n d  (d ) in d ic a te  th e  th ird  la rg e s t  a n d  
s m a lle s t  C D D  va lu es , r e s p e c tiv e ly .

The mean length of dry spells is estimated to increase in Hungary in all 
seasons during the 21st century (Fig. 9). The largest change is projected for 
summer: MDS will increase by 41%, so the 5-day-long mean dry spells of the 
reference period are likely to lengthen by 3 days and last for 8 days on average 
by the end of the 21st century. The mean dry spells were the longest in autumn 
in the reference period (MDS average value is about 8  days), and the RCM 
simulations suggest that they will remain the longest in 2071-2100 when MDS 
is likely to exceed 9-10 days. Smaller and only slight changes are estimated in 
winter and spring.
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Fig. 9. S p a tia l a v e ra g e  v a lu e s  o f  M D S  in H u n g a ry  fo r  th re e  t im e  s lic e s :  1 9 6 1 -1 9 9 0 , 
2 0 2 1 -2 0 5 0 , a n d  2 0 7 1 - 2 1 0 0 .  C o lu m n s  re p re s e n t th e  p ro je c tio n s  o f  th e  m u lti-m o d e l 
en sem b le .

4. Conclusions

Projected changes of precipitation tendencies for Central/Eastern Europe have 
been analyzed for the 21st century using bias-corrected outputs of 11 RCM 
simulations available from the ENSEMBLES database. All the simulations 
applied 25 km horizontal resolution and took into account the intermediate 
SRES A1B emission scenario. In order to eliminate the systematic errors, we 
completed a bias-correction procedure using quantile matching technique. After 
the correction, we analyzed the return period of daily precipitation amount and 
different precipitation- and drought-related climate indices for nine subregions. 
In this paper we focused on the changes of the 10-year return period of daily 
precipitation amount, the maximum number of consecutive dry days, and the 
mean length of dry spells in Hungary. The main results can be summarized as 
follows: 1

(1) The RCM simulations suggest that the 10- and 20-year return periods will 
increase in summer by a factor of 1.2-2. Larger increases of the return 
periods are estimated in the southern parts of the domain than in the 
northern subregions. The projected changes are considerably smaller for 
the other three seasons compared to future summer changes. Nevertheless, 
the estimated changes of the 1 0 -year return period are slightly larger than 
the changes of the 2 0 -year return period in winter and autumn.

(2) Our results clearly suggest drier summers and wetter winters in the future, 
especially at the end of the 21st century. In summer, the maximum number 
of consecutive dry days, the mean length of dry spell, and the total number 
of dry days are all projected to increase significantly. Furthermore, the mean 
length of wet spell, the number of wet days, and the number of precipitation 
days exceeding 5 mm are projected to decrease in Hungary as well as in 
Central/Eastern Europe. In winter, opposite changes are very likely.
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A c k n o w led g e m e n ts :  R e s e a rc h  le a d in g  to  th is  p a p e r  h a s  b e e n  s u p p o r te d  by  th e  fo llo w in g  so u rc e s : th e  
H u n g a ria n  S c ie n tif ic  R e s e a rc h  F u n d  u n d e r  g ra n t  g ra n ts  K -7 8 1 2 5  a n d  K 1 0 9 1 0 9 , th e  E u ro p e a n  U n io n  
an d  th e  E u ro p e a n  S o c ia l F u n d  th ro u g h  p ro je c t  F u tu r IC T .h u  (T A M O P -4 .2 .2 .C -1  l / l /K O N V - 2 0 1 2 -  
0 0 1 3 ). T h e  E N S E M B L E S  d a ta  u s e d  in th is  w o r k  w a s  fu n d e d  b y  th e  E U  F P 6  In te g ra te d  P ro je c t 
E N S E M B L E S  (C o n tra c t n u m b e r  5 0 5 5 3 9 ) w h o s e  s u p p o r t  is g ra te fu l ly  a c k n o w le d g e d . F u r th e rm o re , w e  
a c k n o w le d g e  th e  E -O B S  d a ta se t  from  th e  E U -F P 6  p ro je c t  E N S E M B L E S  (h ttp :/ /e n s e m b le s -  
e u .m e to f f ic e .c o m ), an d  th e  d a ta  p ro v id e rs  in th e  E C A & D  p ro je c t  (h t tp :/ /e c a .k n m i.n l).
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Abstract— R e c e n tly , Mu et al. (2 0 1 3 )  h a v e  c o m p ile d  an  o p en  a c c e s s  d a ta  b a se  o f  a 
re m o te ly  s e n s e d  g lo b a l d ro u g h t  s ev e rity  in d e x  (D S I)  b a se d  o n  M O D IS  sa te llite  
m e a su re m e n ts . O b se rv a tio n s  c o v e r  a  c o n tin u o u s  p e r io d  o f  12 y e a rs  b e tw e e n  J an u a ry  1, 
2 0 0 0  a n d  D e c e m b e r  3 1 , 2 0 1 1  w ith  a  te m p o ra l r e s o lu t io n  o f  8 d ay s . T h e  h ig h e s t  s p a tia l 
re s o lu tio n  is a ro u n d  5 k m  in  th e  g e o g ra p h ic  b a n d  b e tw e e n  6 0 °S  a n d  8 0 ° N  la titu d e s  (m o re  
th a n  4 .9  m illio n  lo c a tio n s  o v e r  la n d ) . H ere  w e  e x te n d  th e  g lo b a l t re n d  a n a ly s is  b y  Orvos 
et al. (2 0 1 4 )  o f  th e se  s a te ll i te  b a se d  D SI tim e  s e r ie s  in o rd e r  to  lo c a te  g e o g ra p h ic  a re a s  
w h e re  e ith e r  p o s itiv e  o r  n e g a t iv e  tre n d s  a re  s ta t is t ic a lly  s ig n if ic a n t. S ig n if ic a n c e  is 
e s ta b lis h e d  b y  a  s ta n d a rd  p e r tu rb a t io n  te s t, w h e re  e a c h  in d iv id u a l re c o rd  is  c u t in to  a n n u a l 
p ie c e s , an d  th e  s ta tis tic s  o f  10 0 0  ra n d o m ly  s h u f f le d  an d  g lu e d  t im e  s e r ie s  is  c o m p a re d  
w ith  th e  o r ig in a l re c o rd . W e  e x h ib it  th re e  re g io n s  o f  s ig n if ic a n t w e t t in g  a n d /o r  d ry in g  
tre n d s  o v e r  e x te n d e d  g e o g ra p h ic  ra n g e s  an d  try  to  c o rre la te  th e m  w ith  re c e n t  re p o rts  o f  
loca l c l im a te  sh if ts . W e  a re  fu lly  a w a re  o f  th e  fa c t  th a t  12 y e a rs  a re  to o  s h o r t  fo r  lin k in g  
th e  fin d in g s  to  g lo b a l c l im a te  c h a n g e . M o st p ro b a b ly ,  th e  id e n tif ie d  s ig n if ic a n t  tre n d s  c an  
be  c o n s id e re d  a s  a  c o m p o n e n t o f  n a tu ra l c l im a te  v a ria b il i ty  on  d e c a d a l tim e  sca le s , 
h o w e v e r , a  fu ll e x p la n a tio n  w ill  re q u ire  to  id e n tify  a  c o u p le  o f  e x p la n a to ry  v a ria b le s .

W e  d e m o n s tra te  th a t  d ry in g  a n d  w e ttin g  t re n d s  a re  w e a k ly  s ig n if ic a n t in  th e  
C a rp a th ia n  B as in . N e v e r th e le s s ,  th e  o b s e rv a tio n s  c a n  se rv e  a s  b e n c h m a rk  fo r  re g io n a l 
c l im a te  s im u la tio n s ,  p ro je c tio n s  c a n  b e  a c c e p te d  w h e n  th e  te s t  p e r io d  is p ro p e r ly  
re p ro d u c e d  c o n s id e r in g  a lso  h ig h  re s o lu tio n  D S I d a ta .

Key-words: d ro u g h t in d ic e s , l in e a r  tre n d  a n a ly s is ,  h ig h  re so lu tio n  m a p p in g , s ta t is tic a l 
s ig n if ic a n c e  te s ts , re m o te  s e n s in g
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1. Introduction

Severe droughts or floods are devastating events for both ecosystems and human 
society. There are several indices used widely for drought assessment integrating 
large amounts of data (precipitation, snowpack, stream-flow, etc.). Probably, the 
best known is the Palmer drought severity index (PDSI) (Palmer, 1968; Alley, 
1984) determined by monthly water supply (precipitation), water outputs 
(evaporation and runoff), and preceding soil water status. New variants of the 
original approach have been emerged in order to overcome some limitations of 
the Palmer model (Alley, 1984; Keyantas and Dracup, 2002), such as the self­
calibrating PDSI by Wells et al. (2004) or PDSI incorporating improved 
formulations for potential evapotranspiration (Heim, 2002). Remote sensing data 
from the Moderate Resolution Imaging Spectroradiometer (MODIS) combined 
with NCEP reanalysis records and statistical procedures together have supported 
to develop an evaporative drought index (EDI) by Yao et al. (2010, 2014) with 
4 km spatial and 1 month temporal resolutions. Nevertheless, the development 
and improvement of drought indices are incomplete tasks, and numerous 
challenges remain for the future (Vicente-Serrano et al., 2011).

In order to better exploit the strengths of continuous satellite observations, 
Mu et al. (2013) have recently developed a remotely sensed global drought 
severity index (DS1), and compiled an open access data base spanning 12 years 
between 2000 and 2011 at a temporal resolution of 8  days. The highest spatial 
resolution is around 5 km (0.05°x 0.05°) with an almost global coverage. 
Permanently unvegetated locations such as deserts, high mountains, lakes, or 
large cities cannot provide input for DSI data, because the computation 
algorithm incorporates the following MODIS products (Parkinson and 
Greenstone, 2000):

1. The normalized difference vegetation index (MOD 13) determined as 
(NIR-VIS)/(N1R+VIS), where NIR and VIS denote the spectral 
reflectances in the near-infrared and visible (practically red) regions.

2. The surface resistance and evapotranspiration (MOD 16) calculated using 
land surface temperature data (MOD 11), the previously mentioned NDV1 
index (MOD 13) and incident radiation. For details, see Mu et al. (2011, 
2013).

To our best knowledge, the most comprehensive and longest PDSI trend 
analysis has been provided by Dai et al. (2004). A monthly PDSI dataset from 
1870 to 2002 has been derived using historical precipitation and temperature 
data for global land areas on a grid of 2.5°x2.5°. An empirical orthogonal 
function (EOF) analysis resulted in a linear trend in the twentieth century, with 
drying over northern and southern Africa, the Middle East, Mongolia, and 
eastern Australia, and moistening over the United States, Argentina, and parts of 
Eurasia (Dai et al., 2004). A follow-up study by Dai (2011) compared the
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original and three other variants of PDSI records, but the main conclusion 
remained the same: warming in the second half of the last century is responsible 
for much of the drying trend over several land areas. Increased heating itself 
from global climate change may not cause droughts, but it is expected that when 
droughts occur they are likely to set in quicker and be more intense (Trenberth 
et al, 2014). However, similarly to the open questions on an optimal definition 
of a drought index, debates on the trends are also not entirely closed (Sheffield et 
al., 2012; Damberg and AghaKouchak, 2013; Spinoni et al., 2013).

2. Locations of significant DSI trends

Here we extend the global trend analysis by Orvos et al. (2014) of the 
remotely sensed DSI data base by Mu et al. (2013). Records at 4 914 440 
geographic locations are evaluated in order to identify linear trends. Each 
individual record consists of 552 points covering 12 years from January 1, 
2000 to December 31, 2011. The basic time-step is 8  days, apart from the 
necessary cuts at the end of each year. Statistical significance of slopes is 
verified by the standard permutation test (Manly, 2007). Since most of the 
DSI signals exhibit marked seasonality, the basic unit of data shuffling was 
one whole calendar year. We cut a given record into 12 pieces, and built a test 
set from randomly shuffled and glued years. The mean slope and standard 
deviation were determined, and we accepted a fitted slope of a measured 
record to be significant when its distance from zero was larger than 2 er of its 
own test set. Orvos et at. (2014) demonstrated that a test set of 100 samples 
provides essentially the same statistics as 1 0 0  0 0 0  random samples, however, 
for the sake of minimizing errors, we fixed the size of test sets at 1 0 0 0  

samples. The larger the test sample size the closer the histogram of obtained 
slopes to a pure Gaussian, however, the mean and standard deviation do not 
show detectable sensitivity to the size of the test sets (Orvos et al. 2014). 
Statistically significant slopes are obtained for 852 373 data points (17.34%) 
at 2a level, the numbers for 2.5<r and 3er thresholds are 269 900 (5.49%) and 
16 321 (0.33 %), respectively.

The main result of the global trend analysis is illustrated in Fig. 1. There 
are several geographically connected areas exhibiting drying (South America, 
Middle Asia, or Sub-Equatorial Africa) or wetting (Middle and North Africa, 
Indian Peninsula, or eastern Spain) tendencies. We emphasize that the 
remotely sensed DSI is a standardized variable (12-year mean value is 
removed and normalized by the standard deviation), thus values and trends 
provide local information: the same numerical value can be connected to very 
different local circumstances. In order to demonstrate the power of high 
resolution mapping, we illustrate zooms in three different regions where 
extended changes are clearly observable.
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Fig. 1. Geographic locations of statistically significant drying (red) or wetting (blue) 
trends. Slopes are color coded in units of DSI/year. White color indicates missing data. 
(Orvos et al., 2014)

Fig. 2 illustrates a detailed map of the southern part of the Asian 
subcontinent. As for climate shifts in India, Kothyari and Singh (1996) 
studied long-term time series of summer monsoon rainfall and identified 
decadal departures above and below the long-time average alternatively for 
three consecutive decades. Singh and Sontakke (2002) reported on an increase 
in extreme rainfall events over northwest India during the summer monsoon 
and a decline of the number of rainy days along east coastal stations in the 
past decades, resulting in a westward shift in rainfall activities. Similarly, 
Murumkar and Arya (2014) demonstrated by means of wavelet analysis that 
prominent annual rainfall periods exist ranging from 2  to 8  years at all the 
studied stations after 1960s. Large-scale spatial and temporal correlations 
between the trends of rainfall and temperature are found by Subash and Sikka 
(2013), without a direct relationship between increasing rainfall and 
increasing temperature of monthly or seasonal patterns over meteorological 
subdivisions of India. As for the particular area, even glaciers can be listed as 
candidate explanatory factors, since they influence runoff into lowland rivers, 
and recharge river-fed aquifers (Bolch et al., 2012). In order to illustrate the 
difficulties of interpreting DSI trends. Panda and Kumar (2014) also found 
increasing trends of extreme rainfall indices based on the percentile and 
absolute values, simultaneously with a significantly increased length of dry 
spells over northern and central regions of India, suggesting a serious threat 
to the Indian agriculture.
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Fig. 2. Geographic locations of statistically significant drying (red) or wetting (blue) 
trends in Southern Asia. Slopes are color coded in units of DSI/year.

At the other side of the Bay of Bengal, the largest part of Laos, Northern 
Vietnam, and extended territories in South China are affected by an opposite, 
drying trend. Nguyen et al. (2014) studied a total of 40 years of data from 60 
stations around Vietnam. They concluded that dominant trends for annual 
rainfall are declines, but not in a statistically significant way (they used the 
Mann-Kendall test). Among the eight climate regions, five of them in Northern 
Vietnam show decreasing trends, but only the sub-region around Ha Noi has 
statistically significant decreases. Note that DSI is not a direct measure of 
precipitation, however, the spatial and temporal coincidences indicate a strong 
relationship between them. Hsu et al. (2014) reviewed the variability of East 
Asian, Indochina, and Western North Pacific Summer Monsoon on time scales 
ranging from diurnal to interannual and interdecadal. They concluded that one of 
the largest challenges is to understand the observed long-term changes and regime 
shifts in terms of global monsoon. Regional climate model runs by Zhou et al. 
(2013) suggest that the high-speed emission of S02 and its uneven distribution 
over eastern China can contribute to the change in the May-August rainfall over 
eastern China between the two decades of 1999-2008 and 1989-1998, especially 
to the decrease of rainfall in the Yangtze River valley.

As a next example, Fig. 3 demonstrates also an interesting large-scale 
pattern in DSI trends at the opposite sides of the equator. Large regions in Sudan 
and in the Central African Republic exhibit positive (wetting), while Eastern 
Congo, Angola, and Mozambique suffer from negative (drying) tendencies. 
Various regions in Africa are commonly accepted to be among the most 
vulnerable territories considering global climate change, the climatological 
literature is quite controversial and uneven. One reason is that Africa has the
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lowest density and quality observational network, therefore, most of the studies 
are based on reanalysis data or numerical modeling. Since the DSI strongly 
depends on NDV1 data, a proper interpretation would require reliable 
information on local circumstances such as land use changes, shepherding, 
large-scale migrations, etc.

Fig. 3. Geographic locations of statistically significant drying (red) or wetting (blue) 
trends in Middle Africa. Slopes are color coded in units of DSI/year.

Fig. 4 demonstrates remarkable tendencies around the western 
Mediterranean basin: northern Morocco, Algeria, and Eastern Spain exhibit 
strong and significant wetting trends. The main characteristic of the region is the 
strong gradient between two large-scale systems, namely the North Atlantic 
(Azores) anticyclone and the low pressure monsoon system over the Indian 
Ocean and Middle East. This strong gradient establishes a flow from north to 
south during all seasons that is enhanced by the differential heating between the 
land of North Africa and South Europe with the Mediterranean waters. It is 
interesting to note that a recent collaborative assessment on regional climate 
change (see: Navarra and Tubiana, 2013) concluded that no basin-wide trends 
in precipitation and droughts are detectable for the second half of the twentieth 
century.
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Fig. 4. Geographic locations of statistically significant drying (red) or wetting (blue) 
trends around the western Mediterranean region. Slopes are color coded in units of 
DSl/year.

3. Weak DSI trends in the Carpathian hasin

Since the drought severity index basically conveys local information, it is worth 
to check regions where trends are not such significant as in the examples in the 
previous Section. As a case study, Fig. 5 shows the geographic distribution of 
DSI trends in the Carpathian Basin, Central Europe. Locations are plotted where 
measured slopes passed the significance test by at least \a  level (the number of 
sites obeying 2cr significance is not more than 1.1%). While an isolated point of 
weak DSI trend can easily be a consequence of statistical uncertainties, larger 
connected regions of similar tendencies support the existence of real effects in 
the background.

Representative locations are indicated in Fig. 5. Sites around Ceské 
Budéjovice (Czech Republik), Szombathely (Hungary), or Pula (Croatia) obey 
weak wetting, while weak drying is characteristic in the surroundings of Doboj 
(Bosnia and Herzegovina) or the diagonal band between 49°N-23.5°E and 
48°N-25°E (see Fig. 5). The latter band coincides with a by and large 
unpopulated region of Carpathian Mountains in Ukraine, where the observed 
tendencies are probably consequences of forest cover loss (Dezső et al., 2005).
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Fig. 5. Geographic locations of weakly significant drying (red) or wetting (blue) trends at \o 
level in the Carpathian Basin. Slopes are color coded in units of DSI/year (note that the range 
of the color scales is identical for all maps). Locations of a few cities are indicated for an 
easier orientation.

Repeated analyses and projections of regional climate change are in focus 
of several research projects also in the Carpathian Basin (Gálos and Jacob, 
2007; Szépszó and Horányi, 2008; Krüzselyi et а!.. 20l 1; Tonna et al., 2011; 
Bartholy et al., 2012; Bartholy et al.. 2013; Mezősi et al., 2013). The results are 
somewhat controversial similarly to other efforts in regional climate modeling: 
warming and drying tendencies are often identified with various intensities for 
different geographic sub-regions. However, it should be emphasized that a direct 
comparison of numerical simulation with empirical results such as illustrated in 
Fig. 5 is not really possible, simply because the models cannot determine the 
very drought severity index analyzed in this work (Rummukainen, 2010).

4. Discussion

We have shortly described the way of obtaining DSI records in Section 1. 
Clearly, any drought severity index is related to precipitation in some way, 
however, we have illustrated in Orvos et al. (2014) that several other local 
factors, most importantly changing land-use, contribute to a given index value. 
As a further illustration we show in Fig. 6 that precipitation trends are not 
directly related to local DSI trends. Two locations from the map of Fig. 5 are 
chosen, where the weakly significant DSI trends of opposite signs are not related 
to daily precipitation time series at all.
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Fig. 6. Weakly significant wetting/drying trends at 1<т level at (a) Ceske Budejovice (49.5°N, 
14.5°E) and (b) Doboj (44.5°N, 18.5°E). Red lines indicate slopes of +0.0394 and -0.0243 
DSI/year, respectively, (c) and (d) show daily precipitation time series in units of mm for the 
same geographic locations. Note that fitted trends for the same 12-year period (red lines) are 
statistically not significant, however the slopes are opposite: -0.0042 mm/year for Ceske 
Budejovice (c) and +0.0317 mm/year for Doboj (d).

As for the Carpathian Basin, our findings are in agreement with a high 
spatial resolution trend analysis of monthly self-calibrating PDSI records by van 
der Schrier et al. (2005). Trends in summer moisture availability over Europe 
for the 1901-2002 period failed to be statistically significant, both in terms of 
spatial means of the drought index and the area affected by drought. While the 
time interval of our analysis has a negligible overlap with the cited study (van 
der Schrier et al., 2005), we also found that the MODIS DS1 time series have 
non-significant local trends in the middle of the European continent.

Nevertheless, we think that the DS1 defined by Mu et al. (2013) can be 
implemented in numerical models. Considering the high temporal and spatial 
resolutions of the data set, it can serve as an exceptional tool for model 
parameterization and benchmarking.
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Abstract—There are several types of uncertainties related to the simulation of the 
dispersion of pollutants in the atmosphere. For a dispersion forecast, one of the most 
important error sources is the meteorological data produced by a numerical weather 
prediction model and utilized by the dispersion model. In this paper, we will present the 
results of an ensemble dispersion forecast created by using an ensemble meteorological 
forecast and the high-resolution forecast for 2.5 days. The dispersion simulations are 
carried out by the RePLaT Lagrangian dispersion model for particles of different radii. 
Significant deviations appear both in the extension and location of the ensemble of 
pollutant clouds consisting of particles of the same size. Differences appear also between 
the dispersion scenarios which use the unperturbed meteorological forecasts with 
different resolutions. The difference among the ensemble members increases for small 
particles. The area where at least one ensemble member predicts pollutant is much larger 
than the area covered by the pollutant cloud of the high-resolution forecast.

Key-words: dispersion, realistic particles, ensemble forecast, RePLaT model
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/. Introduction

Pollutants from different sources may be advected far away from their initial 
position and cause pollution episodes at distant locations. The effects of ash 
clouds from volcano eruptions and of gases and aerosol particles from industrial 
accidents underline the need for investigating dispersion in the atmosphere as 
the emitted material can be hazardous. Volcanic ash can be dangerous, e.g., for 
air transport, and hence, may imply an economic hazard even if the eruption 
itself is not a strong one (for instance as it was the case for the Eyjaijallajokuirs 
eruptions in 2010). The disaster of Chernobyl in 1986 and Fukushima in 2011 
drew attention to the significance of the fact that radioactive materials from 
nuclear power plant accidents or air pollutants from other sources can also be a 
risk for health both in the atmosphere and as deposited material, therefore, the 
accurate prediction of their dispersion is essential.

As a consequence, the demand for more and more accurate tracking and 
forecasting of atmospheric pollutants has increased due to the growing interest 
in environmental problems.

However, dispersion simulations are subject to numerous uncertainties. 
There might be inaccuracies in the emission data for the dispersion model as the 
source term (the emitted amount, physical and chemical properties, emission 
height and period, initial extension and size distribution of the pollutant cloud) is 
only estimated. Obviously, in particular cases, e.g., for sudden and intense 
volcano eruptions, the 3-dimensional extent of the ash cloud and the size 
distribution of the aerosol particles can be estimated only with much more 
uncertainty than in other cases, like e.g., for a weak leaking from a plant close to 
the ground.

The other set of the input data on which the dispersion calculation is 
based, that is, the meteorological forecast data produced by the numerical 
solution of the atmospheric hydro-thermodynamic equations also include 
uncertainty. This is, on the one hand, the consequence of the inaccurate initial 
conditions of the forecasts that cannot be precisely determined due to the 
inaccuracies in the measurements and the approximations in the data 
assimilation procedures. On the other hand, the reason for the uncertainties in 
the meteorological data is also the fact that the meteorological weather 
prediction model is not fully precise as for instance it uses parameterizations 
for certain processes and applies numerical schemes. The uncertainty in the 
meteorological forecasts can be quantified by the ensemble technique 
including the execution of multiple meteorological forecasts (Leutbecher and 
Palmer, 2008). This meteorological uncertainty estimate can be carried 
forward to the dispersion models for assessing the implied uncertainties in the 
air pollution prediction.
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The dispersion model itself also contains uncertainties. Its reliability 
depends on the processes taken into account (like advection, turbulent diffusion, 
dry and wet deposition, chemical reactions, etc.), their parameterizations, 
numerical approximations, and interpolations applied in the model. The 
importance of all the above-mentioned uncertainty sources is summarized in 
Galmarini et al. (2004).

Furthermore, it is important to emphasize that in 2D time-dependent flows 
or in 3D flows, as it is the case of the atmosphere, the advection of pollutants is 
chaotic. The typical characteristics of chaotic behavior are the sensitivity to the 
initial conditions, irregular motion, and complex but regular (fractal-like) 
structures {Aref, 1984). Thus, chaotic advection of pollutants amplifies the 
inaccuracies mentioned before.

It is a relevant question to understand the relative merits of the various 
uncertainty sources during the entire dispersion modeling process. The 
uncertainties related to the meteorological inputs can be minimized when such 
observation-related analysis meteorological fields are used as re-analysis {Dee et 
al., 2011). With the use of re-analysis information, the meteorological inputs are 
considered to be perfect, therefore, only the other uncertainty sources play role 
in the overall uncertainty pattern of the dispersion model.

As an example, Fig. 1 illustrates the dispersion of volcanic ash from the 
EyjafjallajokulFs eruption in the spring of 2010. In the beginning of the eruption 
period, northern flows were dominating south to Iceland, and a high pressure 
area was located in the Atlantic region. Fig. 1 shows that, first, the volcanic ash 
becomes transported to south in the anticyclonic circulation. It is due to the 
northerly winds that the volcanic ash can reach even the Iberian Peninsula 
located about 2000 km away from Iceland. Some days later (not shown here) the 
volcanic ash is dispersed all over Europe. Wc compared the results of the 
simulation with satellite observation on May 10 (see right panel of Fig. 1). The 
shape of the ash cloud was found to be remarkably similar in the simulation and 
in the satellite image. Even the fat patch at the southwest “edge” of the ash cloud 
found in the simulation appears in the satellite image. Therefore, according to 
this comparison, there seems to be a satisfying agreement between the 
simulation and the measurement. This means that in this particular case, the 
dispersion simulation uncertainties are low, consequently, the non- 
meteorological related uncertainties have only a small impact. Based on this 
result, we consider that the uncertainties related to the meteorological inputs are 
presumably more important than the other ones.

Therefore, in this paper we focus on the impact of uncertainty of the 
meteorological forecasts on the dispersion calculation. This kind of variability 
was studied in different ways for gases (see, e.g., Holt et a l, 2009; Lee et al., 
2009; Scheele and Sigmund, 2001; Straume et al., 1998; Straume, 2001). To our 
knowledge, no systematic investigation has been carried out for aerosol particles 
before the study of Haszpra et al. (2013). In order to study this problem we
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carried out multiple dispersion simulations using 50+1 members of an ensemble 
forecast and the corresponding high-resolution forecast (HRES, referred as 
deterministic forecast in earlier references). The dispersion simulations were 
performed with particles of different sizes composing the pollutant clouds in 
order to investigate the dependence of the impact on the particle radius. This 
work serves as a complement to Haszpra et al. (2013) as the results are based on 
the same meteorological and emission data and, therefore, on the same 
dispersion simulations. Although, in contrast to that, this paper mostly 
concentrates on the properties of the individual pollutant clouds in the ensemble 
dispersion forecast rather than looking them altogether to characterize them with 
various statistical properties.

Fig. I. Left: The dispersion of a sequence of volcanic ash puffs from the 
EyjafjallajokulTs eruption in RePLaT simulation (see Section 2). Each volcanic ash puff 
consists of 103 particles with radius r=  1 pm. The initial altitude of the centre of puffs is 
p  = 500 hPa, the initial extension is l°xi°x200 hPa. The puffs are emitted in every 
6 hours from May 8, 00 UTC on. The color bar indicates the altitude of the particles in 
hPa. Right: Satellite image at 12 UTC, May 10, 2010. Volcanic ash is indicated by pink. 
[http://oiswww.eumetsat.Org/WEBOPS/medialib/medialib/images/2010_05_10_1200_m8 
_rgb_24hmicro.jpg]

Section 2 gives a brief overview of the RePLaT dispersion model by which 
the dispersion simulations were carried out (it was also used for the 
computations shown in Fig. I). In Section 3, the meteorological data utilized for 
the dispersion calculation is presented. Section 4 provides the results of the 
ensemble dispersion simulation, and Section 5 summarizes the main conclusions 
of the work.
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2. The RePLaT dispersion mode!

The RePLaT (Real Particle Lagrangian Trajectory) dispersion model -  as its 
name also suggests -  is a Lagrangian trajectory model that tracks individual 
spherical aerosol particles with fixed, realistic radius r and density pv. The 
velocity of a particle is equal to the velocity of the ambient air in horizontal, and 
in the vertical direction (owing to the impact of gravity), deposition has to be 
taken into account with the terminal velocity wterm. The effect of turbulent 
diffusion is built into the equations as a stochastic term. Thus, the equation of 
motion of a particle is the following:

where
( 1 )

(2)

This follows from Stokes’s law which is valid for small and heavy particles (pp is in 
the order of 2000 kg m \  r < 10 pm). In Eq. (1) and (2), rp(t) denotes the particle 
trajectory, v = (u, v, w) is the velocity of air, n is the vertical unit vector pointing 
upwards, g is gravitational acceleration, p and v indicate the density and viscosity 
of the air, % is a random walk process and K represents the turbulent diffusivity in 
the different directions which might be location- and time-dependent.

RePLaT also takes into account the impact of scavenging of particles by 
precipitation. It is built into the model as a random process that results in a 
particle that is captured by a raindrop with a certain probability. The probability 
of the transformation from an aerosol particle to a raindrop depends on the 
precipitation intensity. The trajectory of the “new” particle (the particle that 
turned into a raindrop) is computed using the terminal velocity based on the new 
properties of the particle, typically using a terminal velocity wterm derived from 
the quadratic drag law for large particles:

( 3 )

where Q  = 0.4 is the drag coefficient for spheres. The transformed particle does 
not leave the atmosphere instantaneously, but as a raindrop falling through the 
air according to Eq. (1).

The meteorological data given on a grid are interpolated to the location of 
the particles using bicubic spline interpolation in horizontal and linear 
interpolation in vertical and in time. The equation of motion is solved by Euler’s 
method. For more details about RePLaT, see Haszpra and Tel (2013).
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3. Data and methods

In order to demonstrate the variability of an ensemble dispersion forecast, the 
RePLaT model was run with an ensemble meteorological forecast of the 
European Centre for Medium-Range Weather Forecasts (ECMWF) (Molteni et 
al., 1996; Leutbecher and Palmer, 2008) including 50 perturbed members and the 
unperturbed control forecast (CF). Additionally, simulations were also carried out 
with the unperturbed high-resolution forecast (HRES). The horizontal resolution 
of the fonner ones is 0.25°x0.25°, while that of the latter is 0.125°x0.125°; the 
time resolution is 3 hours in both datasets. In vertical direction, the meteorological 
data utilized in the simulations are given on pressure levels (1000, 925, 850, 700, 
500, 400, 300, 250, 200, 100, 50, lOhPa). The dispersion calculation covers a 
2.5-day period and starts at 00 UTC on March 12, 2011.

As a first approach, we are interested in the simplest case when the motion 
of the pollutants is determined only by advection and their terminal velocity, and 
the effects of turbulent diffusion and precipitation are neglected. These 
conditions are fulfilled in the free atmosphere with good approximation. 
Therefore, the simulations are carried out above the 850 hPa level (considered as 
the bottom of the free atmosphere), and particles sunk below this region are 
considered to “be deposited” and are no longer tracked.

4. Results

4.1. Ensemble evaluation o f  meteorological uncertainties

4.1.1. Evaluation o f ensemble members

In order to study the impact of the uncertainty of the meteorological fields on the 
dispersion calculation, a hypothetical emission is considered centered at 
2=141°, cp = 37.5°, p = 500 hPa (above Japan). Initially, 9xl04 particles of 
density pp = 2000 kg nT3 are distributed uniformly in a horizontal square of size 
l°xl°. The simulations are performed for particles of radius r = 0, 1, 2, ..., 
10 pm so that one can follow the size-dependence of the variability in the 
ensemble of dispersion forecast.

Particle dispersion patterns were determined in all the 50 ensemble 
members along with the HRES and CF members 2.5 days after the emission. 
However, for an easier overview, only some representative members of the 
whole ensemble dispersion simulation are presented here. Fig. 2 illustrates the 
distribution of r = 1 pm aerosol particles, while Fig. 3 is the same for r = 4 pm 
particles. The mean sea level pressure characteristics of each ensemble member 
are also displayed in the figures. The colors indicate the altitude of the particles

3 4 0



in hPa. In all dispersion simulations, the pollutant cloud of the particles is 
advected to east, over the Pacific Ocean. In most of them, the cloud stretches 
more or less in the west-east or southwest-northeast direction. This deformation 
is the consequence of a jet located east to Japan and some cyclones above the 
Pacific Ocean during these days: the strong wind shear and mixing effects 
related to them elongates most of the clouds (Haszpra et al., 2013). The particles 
happen to sink in the first day. In some members, significant fraction of the 
r= 1 pm particles (having terminal velocity smaller than or of the same order as 
the vertical velocity component of the air) is captured by a cyclone passing 
towards the Californian coast. In the upwelling zone, particles lift higher in the 
atmosphere (green and light blue region), e.g., in members no. 6, 13, etc.

1 0 0  200  3 0 0  4 0 0  5 0 0  6 0 0  7 0 0  8 0 0

Fig. 2. The distribution of r = I pm aerosol particles 2.5 day after the emission using the 
high-resolution forecast (HRES), the control forecast (CF), and the perturbed ensemble 
members, respectively. Only some representative members of the whole ensemble 
dispersion simulation are presented. Color bar indicates the height of the particles in hPa. 
Black contours denote the mean sea level pressure in hPa.
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1 0 0  2 0 0  3 0 0  4 0 0  5 0 0  6 0 0  7 0 0  800

Fig. 3. The distribution of r = 4 (tm aerosol particles 2.5 day after the emission using the 
high-resolution forecast (HRES), the control forecast (CF), and the perturbed ensemble 
members, respectively. Only some representative members of the whole ensemble 
dispersion simulation are presented. Color bar indicates the height of the particles in hPa. 
Black contours denote the mean sea level pressure in hPa.

Without any quantitative characterization of the location or extension of the 
pollutant clouds, just by visual inspection, different types of dispersion events 
can be distinguished. In Fig. 2 for the r = 1 pm particles in some of the ensemble 
members, the pollutant cloud is hardly lengthened during the 2.5 days and 
remains located in the 600-350 hPa layer of the atmosphere (like no. 1,13, 23, 
43, 461). Another class may be formed by dispersion members HRES and no. 2, 
5, 10, 11, 14, 27, 29, etc.1 characterized principally by orange color (750- 
600 hPa) and strong stretching. A similar, but distinct group can be detected 
e.g., from members no. 4, 20, 24, 34, 441 with a stretched, but less expanded 
shape (compared to the previous group). As mentioned before, there are

1 O nly  som e o f  the listed ensem ble  m em bers are show n in Figs. 2 and  3.
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dispersion members (e.g., no. 17, 28, 481) in which the pollutant cloud is 
strongly influenced by the cyclonic flow, and thus, particles form a spiral 
towards the center of the cyclone, and the vertical extent of the pollutant cloud 
covers a wide region from 800 to 300 hPa (red to light blue colors). Finally, 
there is a similar class of members with particles lifted high in the atmosphere, 
where the pollutant cloud starts to turn away from the center of the western low 
pressure system near the North American coast due to the flow of the eastern 
cyclone (e.g., member no. 6, 16, 331).

An analogous “visual” clustering can be carried out for the r = 4 pm 
particles based on Fig. 3. However, in this case fewer groups can be identified. 
Especially, the vertical distribution of the particles is much narrower, since 
these particles have 16 times greater terminal velocity than that of the r = 1 pm 
ones (based on Eq. (2)), and therefore, most of them reach the bottom level of 
the simulation, on which they are formally deposited, within 2.5 days. Almost 
all of the dispersion members can be classified into two groups: one 
characterized by slightly or moderately stretched shape in the west-east 
direction (e.g., HRES, CF, no. 2, 3, etc.1), and one including clouds with shorter 
extension and southwest-northeast direction close to the second low pressure 
area from North America (member no. 13, 21, 28, 461). It is interesting to note 
that there are two “outlier” pollutant clouds in Fig. 3 (member no. 1 and 23). 
Member 1 has almost all of its particles in the 750-700 hPa layer, while 
member 23 has half of its particles in the 800-750 hPa and 750-700 hPa 
layers, respectively. For both members, particles get much higher than those of 
the other dispersion clouds.

4.1.2. "Outlier ” dispersion forecast -  “outlier ” meteorological forecast?

In connection with the above-mentioned “outlier” predictions for the r = 4 pm 
particles, the question arises whether dispersion member no. 1 and/or 23 is 
related to a strongly atypical meteorological event. The mean sea level pressure 
contour lines of the postage stamps charts in Fig. 2 and 3 do not seem to confirm 
the idea of a likewise “outlier” meteorological forecast: the general circulation 
patterns of member 1 and 23 do not appear to differ much more from that of the 
others than the other members from each other.

Even without computing any statistical quantity, the question may be 
answered by comparing the r = 1 pm and r = 4 pm pollutant clouds. In the case 
of r = 1 pm particles in Fig. 2, both member no. 1 and no. 23 are characterized 
by short clouds. However, in contrast to the r — 4 pm particles in Fig. 3, they 
are not the only members with these properties; members no. 12, 13, 43, 46 
show the same features (and possibly member 3 and 35 also can be included 
into the group). In the case of r = 4 pm particles, these members differ 
significantly from the two “outlier” predictions with lower and, in certain 
cases, longer clouds.
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Based on these arguments, we cannot claim that the “outlier” members for 
r = 4 pm particles would be the consequence of considerably different 
meteorological forecasts. In fact, the phenomenon can be attributed to the result 
of the chaotic advection due to which small differences can produce 
significantly different dispersion patterns.

It is noted here that it would be a natural idea to run the dispersion 
calculations only with the representative members of the meteorological 
ensemble clusters in order to reduce the computational cost of the dispersion 
prediction. However, some studies suggest that there is not a one-to-one 
correspondence between the meteorological ensemble clustering and the 
dispersion clustering (see, e.g., Straume, 2001). Therefore, using only the 
meteorological representatives for a dispersion forecast may not necessarily give 
a general overview of the possible dispersion scenarios.

4.1.3. Probabilistic evaluation

It is illustrated in Section 4.1.1, that a dispersion calculation run by an ensemble 
meteorological forecast may result in pollutant clouds which deviate both in 
location and extension from each other even within 2.5 days. The difference 
among the pollutant clouds can be quantified by various statistical measures and 
probability information, see e.g. Haszpra et al. (2013), Scheele and Sigmund 
(2001), Straume et al. (1998), Straume (2001). One of the most elegant 
probability information is demonstrated in Fig. 4.

1 14%

12% 
10%

| 8% 

6%I 4% 

2%

230

180 190 200 2 1 0  220 230 170 180 190 200 210 220

Fig. 4. Horizontal distribution of the ensemble of pollutant clouds after 2.5 days. 
Contours (at 2, 5, 8, 11 and 14%) indicate the percentage of the dispersion calculations 
predicting at least one particle in 0.25°x0.25° air columns for particles of r=  1 pm 
remained in the free atmosphere (left) and in 0.25°x0.25° cells for deposited particles of 
r = 4 pm (right). Black color denotes the pollutant cloud obtained by using the high- 
resolution forecast.
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The particle number in 0.25°x0.25° air columns is determined for particles 
remained above 850 hPa, and this quantity is also calculated in 0.25°x0.25° cells 
in the “deposition field” for particles which subside below this level, 
respectively, in each member of the ensemble of pollutant clouds. The left panel 
of Fig. 4 demonstrates the horizontal distribution of the ensemble of pollutant 
clouds in the case of r=  1 pm for particles remaining in the simulation range, 
and the right panel is the same for r = 4 pm for particles “deposited” within 
2.5 days. Contour lines indicate areas where certain proportion of the ensemble 
dispersion members predicts at least one particle. Black cells demonstrate the 
location of the pollutant cloud given by the high-resolution forecast. Both panels 
of Fig. 4 point to the fact (as expected) that the area covered by the cloud of the 
high-resolution forecast is much smaller than the region where at least one 
ensemble member predicts any particles.

This kind of information is rather useful in risk assessment when one would 
like to estimate the potential area in the deposition field or the region in air 
where the concentration of the pollutant exceeds a certain threshold.

4.2. The impact o f the resolution o f the meteorological data

Comparing the results of the simulations which use the unperturbed high- 
resolution forecast (HRES) and control forecast (CF), it is possible to study 
the impact of the resolution of the meteorological forecasts on the dispersion 
calculation. Fig. 5 illustrates the horizontal location of the center of mass of 
the FIRES and CF clouds for different particle radii (denoted by the numbers 
in pm) both for particles in the air (left) and in the deposition field (right). 
Neither the HRES cloud nor the CF cloud with particles of r > 5 pm have any 
particles in the air after 2.5 days, and similarly, clouds consisting of small 
particles (HRES: r< 1 pm, CF: r < 2 pm) have no particles in the deposition 
field.

As a general rule, it can be concluded that for all particle sizes, differences 
can be observed between the HRES and CF cloud centers. For those particles of 
the pollutant clouds that remain in the free atmosphere during the observation 
period (left panel), the distance between the centers of mass varies between 500 
and 1400 km. In the deposition field, the distances range from about 300 km 
(small particles) down to the order of 10 km (large particles). This is due to the 
fact that larger particles have larger terminal velocities, hence they deposit 
sooner and the clouds have less time to separate in the different meteorological 
fields. Fig. 5 reveals that also the extension of the HRES and CF pollutant cloud 
differs somewhat. The rate of the standard deviation values of the HRES and CF 
clouds in most of the cases is found to be greater than 1 (between 1.1 and 2.5). 
This implies that the dependence of the dispersion calculation on the resolution 
of the meteorological data used in the simulation is still significant, especially 
for pollutants consisting of small particles.
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Fig. 5. The horizontal location o f the center of the pollutant clouds using the high- 
resolution forecast (grey, italic font) and the control forecast (black, normal font). Left: 
center of the pollutant clouds consisting only particles remained in the air for 2.5 days. 
Right: the same for particles deposited during the 2.5 days. Numbers indicate the particle 
radius r  of the clouds. The radii o f  the circles are proportional to the standard deviation of 
the particles within the cloud.

5. Final remarks

In this paper, the case study o f a hypothetical emission illustrates that significant 
deviations may appear among the pollutant clouds of an ensemble of dispersion 
forecast, and also between the simulations using unperturbed forecasts with 
different resolutions, even in the simplest case when only advection influences 
the dispersion of the pollutants. Presumably, in simulations that take into 
account the impact of turbulent diffusion and precipitation on the particles, even 
more remarkable differences could be found, since in that case the uncertainties 
in the dispersion model would be enhanced.

In practice, dispersion models are usually run by a single forecast which is 
considered to be the best one (i.e., the high-resolution forecast). However, as the 
paper demonstrates, it can be useful to perform simulations using a whole 
ensemble of forecasts, i.e., producing an ensemble dispersion prediction in order 
to get a detailed and more reliable overview of the uncertainties and possible 
hazards related to the dispersion event.
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Abstract— Public opinion and certain human meteorological communications assume 
close relationship between meteorological variations and human conditions, especially 
the development of traffic accidents. This paper presents a detailed statistical analysis 
between domestic road accidents involving personal injury and relevant meteorological 
conditions for the period of 1990-2010 in Hungary. Approximately 431 thousand 
accidents were analyzed based on official statistical data. In general, a significant but 
weak interrelation was found between the absolute change -  calculated from the previous 
day -  of road traffic accidents involving personal injury and meteorological conditions. 
The results of multivariate linear regression analysis show that meteorological variations 
affected only nearly four percent of the variation of accidents relative to traffic. We 
demonstrated, however, that together with the significant variation of certain 
meteorological parameters, the number of accidents also significantly varies. Days with 
extreme meteorological variations explain the development of accidents in 9.8 percent, 
while in the case of days with non-extreme variations, this value was only 2.6 percent.

Key-words: road accidents with personal injury, multivariate regression, main component 
analysis, discriminant analysis, climate variation
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1. Introduction

There is little scientifically grounded understanding of the effect of climatic 
variations on everyday living conditions, notwithstanding the numerous studies 
based on rather limited evidence -  looking mainly at the relationship of accident 
rescue and weather (Andersson and Chapman, 2011; Edwards, 1999; Jaroszweski 
et al., 2010; Suarez et al., 2005). In spite of this, public opinion and certain human 
meteorological communications assume close relationship between meteorological 
variations and human conditions, especially the development of traffic accidents. 
During the past fifty years, significant results were achieved in the field of the 
investigation of relationship between road traffic conditions and meteorological 
parameters. The research activity carried out so far focused only on selected 
meteorological variables (Sándor, 2013). Present paper is aimed at exploring, as far 
as possible, complex statistical interrelations between road accidents involving 
personal injury and related meteorological parameters in Hungary.

Due to relatively advantageous circumstances, an opportunity presented 
itself to perform the joint statistical analysis of all domestic road traffic 
accidents involving personal injury between 1990 and 2010 (source: KSH data 
collection, data provider: police OSAPI009) and the relatively detailed data of 
selected meteorological observatory sites of the Hungarian Meteorological 
Service (Budapest, Pécs, Szeged, Debrecen, Szombathely, Győr, Nagykanizsa, 
and Siófok) for the same period. Nearly 13 million data of the approximately 
431 thousand accidents were analyzed in details. The statistical analyses were 
done mostly on the basis of daily averages of the originally hourly data and 
absolute changes calculated from the previous day.

The key studies were completed with the temperature data of the eight 
meteorological observatory stations, the measured values of precipitation, wind 
speed, air pressure, relative humidity of the first five stations, and the average 
values of cloud cover data, as well as the daily average values of road traffic 
accidents involving personal injury and partially determined by estimation values 
for traffic on account of absent factual data. Beyond the interrelations between 
variations in meteorological conditions and the totality of accidents, the analysis 
touched upon the study of relations among key accident situations and locations.

2. Relationship between traffic accidents and complex variations of 
meteorological conditions

In general, it can be concluded, that there is significant but weak interrelation 
between the absolute change -  calculated from the previous day -  of road traffic 
accidents involving personal injury and meteorological conditions. The 
completed multivariate linear regression analysis shows that climatic variations 
affected only nearly four percent the variation of accidents relative to traffic as 
summarized in Table 1 and Fig. I .
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Among the analyzed meteorological variations, the variation of 
precipitation patterns (1.9% points, nearly half of the total impact) had the most 
significant impact on the development of accidents, followed by temperature 
variation (0.7% points). Besides the aforementioned components, the variation 
of cloud cover and relative humidity influenced the development of accidents to 
0.5 percentage points, while air pressure variation to 0.4 percentage points. The 
impact of wind speed was not statistically significant.

Table 1. Multivariate regression interrelations of daily variation of accidents (dependent 
variable) for estimated traffic between 1990 and 2010 with daily meteorological variation 
indicators (independent variables), (Stepwise method)

Model summary*

Model R
R-
squared

Adjusted
R-squared

Std. error 
of the 
estimate

Change statistics
R-squared
Change F change dfl df2 Sig.F

change
1 0.1373 0.019 0.019 0.59959 0.019 147.540 1 7668 0.000
2 0.162b 0.026 0.026 0.59738 0.007 57.832 1 7667 0.000
3 0.177c 0.031 0.031 0.59585 0.005 40.217 1 7666 0.000
4 0.191d 0.036 0.036 0.59434 0.005 40.071 1 7665 0.000
5 0.199e 0.040 0.039 0.59337 0.003 25.996 1 7664 0.000

Dependent variable: Daily variation of the number of accidents per estimated traffic 
a Predictors: (constant), variation of daily mean precipitation amount
b Predictors: (constant), variation of daily precipitation amount, variation of daily mean temperature 
c Predictors: (constant), variation of daily mean precipitation amount, variation of daily mean 

temperature, variation of daily mean cloud cover 
d Predictors: (constant), variation of daily mean precipitation amount, variation of daily mean 

temperature, variation of daily mean cloud cover, variation of daily mean relative humidity 
e Predictors: (constant), variation of daily mean precipitation amount, variation of daily mean 

temperature, variation of daily mean cloud cover, variation of daily mean relative humidity, 
variation of daily mean air pressure

Besides the diverse significance of climatic component variations, their 
direction of effect was also differentiated (Fig. /).

In general -  regarding the measured interrelations, the increase of the 
amount of precipitation, temperature, and relative humidity, the thinning of the 
cloud cover and the decrease of the air pressure resulted in an increasing number 
of accidents. Resulting from the foregoing, opposite meteorological processes 
impacted on or became characteristic of the moderation of accidents. Therefore, 
nearly parallel with the decrease of precipitation, temperature, and relative 
humidity, and with the increase of cloud cover and the rise of air pressure, the 
number of traffic accidents involving personal injury decreased.
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mean cloud 
cover [okta]

Var. of daily 
mean wind 
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■ 1.0 -  X 
increase 1.35 0.23 1.32 1.46 -1.19 0.07 0.14

■ 0 .5 - 1.0 
increase 0.70 0.15 0.65 0.38 -0.73 -0.13 0.04

■ 0.0 -  0.5 
increase 0.22 0.10 0.14 0.10 -0.07 -0.03 0.00

■ 0.0-0.5 
decrease -0.23 -0.10 -0.16 0.03 0.17 0.06 -0.04

■ 0 .5 - 1.0 
decrease -0.70 -0.13 -0.70 -0.63 0.48 0.03 -0.01

■ 1.0-X  
decrease -1.39 -0.30 -1.10 -1.48 1.14 0.01 0.04

■ Total 0.00 0.00 0.00 0.00 0.00 0.00 0.00

Fig 1. Daily variation of average values of key meteorological features and of accidents 
involving personal injury per estimated traffic, calculated from the previous day by 
categorized values of daily variation of accidents between 1990 and 2010.

Analyses concluded with indicators expressing the daily variation of 
accidents (not standardized with traffic) and with variants (estimated factor and 
discriminant function values) obtained from multivariate statistical (factor and 
discriminant) analysis of the original meteorological indicators led to results 
almost perfectly identical with the above-mentioned findings.

In contrast with this interrelation, that can be considered generally weak, 
there are significant differences in the relationship of significantly differing 
components, types, and categories according to the content and factors, direction 
and intensity of meteorological variations -  separated with multivariate 
statistical procedures (factor, cluster, and discriminant analysis) -  with traffic 
accidents involving personal injury.
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The score of factor analysis of daily meteorological variations represents 
87.5% of the variance of the original variants with four relatively well 
identifiable components (variation of cloud cover, temperature, precipitation, 
and wind force), and these components well reflect the variation of relative 
humidity and air pressure, as well (Table 2).

Table 2. Scores of key components and factor analysis of indicators representing the 
absolute variation of meteorological features calculated from the previous day, for days 
between 1990 and 2010

Component Matrix
Compo 
nent 1

Compo 
nent 2

Compo 
nent 3

Compo 
nent 4

Commun
alities

Variation of daily mean temperature -0.001 0.787 -0.492 -0.110 0.874
Variation of daily mean precipitation 
amount 0.714 -0.145 0.246 -0.588 0.936

Variation of daily mean wind speed 0.279 0.557 0.738 0.149 0.956
Variation of daily mean air pressure -0.671 -0.498 0.22 0.082 0.753
Variation of daily mean humidity 0.746 -0.468 -0.254 0.037 0.842
Variation of daily mean cloud cover 0.787 -0.046 -0.056 0.515 0.889
Extraction sums of squared 
Loadings in % of variance 36.87 23.68 16.07 10.88

Extraction sums of squared 
Loadings in cumulative % 36.87 60.55 76.62 87.50

Rotated Component Matrix

Compo 
nent 1

Compo 
nent 2

Compo 
nent 3

Compo 
nent 4

Commun
alities

Variation of daily mean 
temperature -0.131 0.914 -0.150 0.007 0.874

Variation of daily mean 
precipitation amount 0.181 -0.008 0.943 0.118 0.936

Variation of daily mean wind speed 0.041 0.079 0.096 0.969 0.956
Variation of daily mean air pressure -0.403 -0.667 -0.328 -0.195 0.753
Variation of daily mean humidity 0.735 -0.091 0.445 -0.310 0.842
Variation of daily mean cloud cover 0.919 0.069 0.068 0.186 0.889
Extraction sums of squared 
Loadings in % of variance 26.64 21.66 20.51 18.69

Extraction sums of squared 
Loadings in cumulative % 36.87 60.55 76.62 87.50

Extraction method: principal component analysis. 
Rotation Method: varimax with Kaiser normalization.
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The separation of types, essentially different in the content, structure, and 
direction of climatic variations, was completed with the so-called K-mean 
cluster analysis of rotated components obtained from factor analysis, in five 
variations, incrementally expanding the number of possible types (clusters). The 
applied procedure resulted in typologies of 7, 10, 15, 20, and 25 numbers of 
element, the reliability and final content of which were tested partially with four 
climate change components from factor analysis, and partially with discriminant 
analyses run on the original variants (Table 5).

Table 3. Tests of equality of group means

Wilks' lambda F tin df2 Sig.

Daily meteorological variations, 25 clusters

Variation of daily mean precipitation amount 0.208 1215 24 7645 0.00
Variation of daily mean cloud cover 0.313 698 24 7645 0.00
Variation of daily mean wind speed 0.317 688 24 7645 0.00
Variation of daily mean temperature 0.394 491 24 7645 0.00
Variation of daily mean humidity 0.413 452 24 7645 0.00
Variation of daily mean air pressure 0.487 336 24 7645 0.00

Although both approaches hold statistically significant classifications, 
corresponding to approaches searching less types, the 25-cluster solution 
represents more reliable and detailed diversity of day-to-day climatic variations 
of the period, both in total and in the various components. The above is 
confirmed furthermore by the fact, that the discriminant analyses qualified the 
distribution of daily variations by 25 types to be rather good -  namely, cross 
classification with four components was matched in 96.5%, and with six original 
meteorological variations it matched 92.8% of the original classification, 
therefore, it qualified the classification as correct. The minor difference between 
the scores of cluster analysis and the discriminant analyses is partially due to 
that factor analysis and discriminant analysis which defined the significance 
hierarchy of meteorological variation components somewhat differently.

According to discriminant analyses, in the period between 1990 and 2010, 
the key determinant, the component of day-to-day climatic variations was the 
development of precipitation patterns (34.3% variance explained), followed by -  
with nearly identical weight -  cloud cover (24.1%), wind force (21.2%), and 
temperature change (19.7%).
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The rather detailed classification offered empirical opportunity to a more 
aggregate categorization by intensity and directions of multidimensional 
variations, to the separation of extreme or non-extreme variations considering 
the general trend, furthermore, to differentiate extremities according to their 
direction -  appearing, rising or moderating, disappearing. The categorization of 
the 25 clusters was mainly based on the automatic classification (K-mean 
clustering) of the group average of estimated values of discriminant functions 
obtained from the discriminant analysis, but the result from the former ones 
was supplemented by the content analysis of factor values calculated for the 
clusters and of the original variants. Finally, 5 groups (9 percent of days) of 
the 25 cluster solution fell in the appearing-rising extremes category, 
6 groups (9.7 percent of days) fell in the disappearing-moderating extremes 
category, and the remaining 14 groups with 81.3 percent of the days of the 20 
years form the group of changes not classified as extreme (Table 4). The 
category of extreme changes is, naturally, the result of the pooling of rising and 
moderating extremes.

Table 4. Group means of rotated components and discriminant functions of groups 
separated by the direction and intensity of day-to-day meteorological variations

Value of discriminant functions 
Rotated factors front factor from the discriminant analysis

analysis of day-to-day based on rotated factors of the Days
meteorological variations 25-cluster solution of

meteorological variations
Meteorological variation 

component Discriminant function
o

3.
Var. of 
precipi 
tation 

amount

1.

Var. of 
cloud
cover

4. 2. 
Var. of Var. of 
wind tempe 
speed rature

1 .
Var. of 
daily 

precipi 
tation 

amount

2 .
Var. of 
daily 
cloud 
cover

3.
Var. of 
daily 
wind
speed

4.
Var. of 
daily 
tempe 
rature

N
um

ber of

C/3

O’’
3

o*
3
o
-*>

'S
Factor score Discriminant scores

Group means
Rising
extreme 1.67 0.00 0.72 -0.70 3.71 -0.35 1.16 -0.87 694 9.0
Decreasing
extreme -1.18 -0.61 -0.68 -1.02 -2.60 -1.50 -0.52 -1.83 741 9.7
Extreme
variation 0.20 -0.31 0.00 -0.86 0.45 -0.94 0.29 -1.37 1435 18.7
Non-extreme
variation -0.05 0.07 0.00 0.20 -0.10 0.22 -0.07 0.31 6235 81.3
Days total in 
1990-2010 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 7670 100.0
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(The plus and minus 0.5, and especially, the above and below (plus and 
minus) 1.0 group means resulting from the standardizing and normalizing 
procedure applied in the construction of factor values resulting from factor 
analyses can be clearly regarded as extremes.) Daily variation of the average 
values of key meteorological features, and of accidents involving personal injury 
per estimated traffic, calculated from the previous day by extremity of 
meteorological variation are shown in Figs. 2, 3. and 4.
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Var. of 
daily mean 
cloud cover 
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■ Rising 
extremes 0.08 - l .67 6.49 0.84 -0.83 3.61 0.43

■ Moderating 
extremes -0.17 -l .45 -5.09 -0.95 6.06 -4.57 -1.46

■ Extreme 
variations total -0.05 -l .56 0.51 -0.08 2.73 -0.61 -0.55

■ Non-extreme 
variations total 0.01 0.36 -0.12 0.02 -0.63 0.14 0.13

■ 1990-2010 
total 0.00 0.00 0.00 0.00 0.00 0.00 0.00
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Fig 2. Daily variation of the average values of key meteorological features, and of 
accidents involving personal injury per estimated traffic, from the previous day calculated 
by extremity of meteorological variation between 1990 and 2010.



The aggregate categorization of meteorological variations by the intensity 
and direction of the extremes, according to the prepared statistics, is significant 
for all meteorological indicators especially for the variation of precipitation, 
then air pressure, wind speed and temperature, however, not nearly to the extent 
as in the case of the 25 categories.

Because of the complexity and type richness of climatic variations, it may 
seem a problematic endeavor to condense in three categories the result of a 
classification based on four independent components of different significances, 
because even allowing 25 types will leave significant heterogeneities within the 
different types (clusters). Despite the above reservations, statistical control 
examinations qualified the classification as satisfactorily reliable. For example, the 
discriminant analyses - based on the original variables as well as on the factors 
formed from these - qualified the conformity of the three-category classification to 
be correct in 89 percent -  pertaining to the same category as the initial 
classification. In terms of content, the only difference is that reclassifications drew 
somewhat broader borders for the extremes, and this directly resulted in a lower 
(down to 72 percent of days) proportion of non-extreme days (Table 5).

Table 5. Results of classification

Classification resultsbc
Predicted group membership

Meteorological extremes 1990-2010 Rising Moderating Non-extreme Total
extremes extremes days

Rising extremes 602 19 73 694
Count Moderating extremes 10 675 56 741

Original Non-extreme days 250 460 5525 6235
Rising extremes 86.7 2.7 10.5 100.0

% Moderating extremes 1.3 91.1 7.6 100.0
Non-extreme days 4.0 7.4 88.6 100.0
Rising extremes 601 19 74 694

Count Moderating extremes 10 674 57 741
Cross- Non-extreme days 252 460 5523 6235
validated“ Rising extremes 86.6 2.7 10.7 100.0

% Moderating extremes 1.3 91.0 7.7 100.0
Non-extreme days 4.0 7.4 88.6 100.0

a Cross validation is done only for the cases in the analysis. In cross validation, each case is 
classified by the functions derived from all cases other than that case.

° 88.7% of original grouped cases correctly classified. 
c 88.6% of cross-validated grouped cases correctly classified.
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Fig 3. Meteorological extremes for the period 1990-2010 (canonical discriminant 
functions).
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Fig 4. Meteorological extremes for the period 1990-2010 (canonical discriminant 
functions reclassified).
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The grouping of day-to-day meteorological variations by intensity and 
direction created the opportunity of in-detail analysis of accidents involving 
personal injury by the indicated categories. The development of multivariate linear 
regression analysis relation (R-squared) calculated between traffic accidents 
involving personal injury per estimated traffic and day-to-day variation of 
meteorological features by meteorological change extremes can be seen in Fig. 5.

Fig. 5. The development of multivariate linear regression analysis relation (R-squared) 
calculated between traffic accidents involving personal injury per estimated traffic and 
day-to-day variation of meteorological features by meteorological change extremes.

Analyses and classifications in the case of days qualified as extreme in 
meteorological change show marked interrelations between accidents and 
climatic variations. Moreover, the more intense the variation, the more powerful 
the correlation formed with the variation (rise or modification) of accidents.

In accordance with the multivariate linear regression calculated between the 
extreme meteorological change and accident variation, meteorological variations 
explained already 9.8 percent of accident variation. In contrast, road traffic 
accidents involving personal injury under non-extreme meteorological variation 
conditions can only be attributed in 2.6 percent more than three and half times 
smaller proportion than in case of extreme variations -  to climatic changes from the 
previous day. Results of stepwise method applied are summarized in Table 6.
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Among the components of extreme meteorological variation conditions, the 
variation of accidents (increase or decrease) was most fundamentally affected by 
the combination of relative humidity and precipitation (nearly 8.4 percentage 
point), followed by, together with the previous factors, or independently from them, 
the nearly 1.0 percentage point effect of temperature variation. The moderated 
decrease of cloud cover only slightly modified the combined effect of the former 
factors, and the variation o f wind force did not have significant effect. The 
significance and direction of the partial effect of the various climatic factors were 
also varied. The decrease o f relative humidity and especially of temperature 
moderated, while the increase of precipitation and the decrease of cloud cover 
increased the probability of accidents.

Table 6. Multivariate regression interrelations of daily variation of accidents (dependent 
variable) for estimated traffic with daily meteorological variation indicators (independent 
variables) (Stepwise method), between 1990 and 2010

Model summary"

Model R R-
squared

Adjusted
R-squared

Std. error of 
the Estimate

Change statistics
R-squared
change

F change dfl 012
Sig.F

change
1 0.262a 0.069 0.068 0.64266 0.069 106.043 1 1433 0.000
2 0.290b 0.084 0.083 0.63761 0.015 23.830 1 1432 0.000
3 0.307c 0.094 0.093 0.63424 0.010 16.235 1 1431 0.000
4 0.313d 0.098 0.095 0.63327 0.003 5.384 1 1430 0.020

Dependent variable: daily variation of the number of accidents for estimated traffic 
“ Predictors: (constant), variation of daily mean relative humidity
b Predictors: (constant), variation of daily mean relative humidity, variation of daily mean 

precipitation amount
c Predictors: (constant), variation of daily mean relative humidity, variation of daily mean 

precipitation amount, variation of daily mean temperature 
d Predictors: (constant), variation of daily mean relative humidity, variation of daily mean 

precipitation amount, variation of daily mean temperature, variation of daily mean cloud cover

In the case of non-extreme -  slightly deviating from the mean 
meteorological changes, only very weak partial relation prevailed among accident 
variations and the variations in precipitation, cloud cover, air pressure, and 
temperature, and there was no significant relation with the variation of relative 
humidity and wind force.

The mutually neutralizing character of the various meteorological factors 
played significant role in the weakness of the effect on accident variations, 
because the accident increasing effect of the rise of temperature and the decrease
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of air pressure was largely compensated by the accident risk moderating effect 
of the decrease of precipitation and the growth of cloud cover.

The extreme and non-extreme categories only expressed deviations from 
the general trend of climatic processes -  and not with equal accuracy 
however, they did not reflect the direction of the changes. Consequently, these 
are not appropriate for the separate examination of interrelations between the 
development of accidents and the appearance and rising or moderation and 
disappearance of extremes. Furthermore, they do not offer opportunity to 
consider and prognosticate the possible consequences on the development of 
accidents, and in general, on the human and social relations if, in the future, the 
frequency of appearance and rise, or temporal durability of extreme 
meteorological conditions should increase compared to non-extreme days and 
periods. Variation of the daily mean values of the meteorological features by the 
rate and direction of extremes between 1990 and 2010 is presented in Fig. 6.

Fig. 6. Variation of the daily mean values of the meteorological features by the rate and 
direction of extremes between 1990 and 2010.
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Regarding the direction of extremes in the various categories among the 
mean values of examined meteorological indicators -  excluding temperature 
variation usually significant and partially symmetric differences were 
developed. For example, while on days with rising extremes, precipitation 
increased by a mean of 6.5 mm, relative humidity by 3.6% points, wind force 
by 0.84 m/s, compared to the previous day, then on days with moderating 
extremes, precipitation decreased by 5.1 mm, relative humidity by 4.6% 
points, and wind force by 0.95 m/s. However, the variation of air pressure and 
cloud cover significantly deviated from the generic trend only in the case of 
moderating extremes. The air pressure increased rather significantly, and 
cloud cover decreased. However, temperature usually fell in the course of 
both rising and moderating extremes.

Applied statistical tests have shown that the most significant difference 
among the various categories by the direction of the extremes appeared in the 
precipitation amount variation, but the deviations of air pressure, cloud cover 
and wind force are also rather characteristic. The differences in the variations 
of relative humidity, and especially that of temperature, are less relevant than 
the above-mentioned components.

The appearing and rising meteorological extremes already impacted the 
increase of accidents by nearly 9.1 percentage. The rise of humidity (in nearly 
80 percent), the decrease of temperature, and the strengthening of wind had 
the most significant impact. The effect of the various meteorological 
components was not restricted to one-way only. The rise of relative humidity 
(and of the mostly well correlated precipitation amount) and the increase of 
wind force impacted the increase of accidents, while the moderation of 
temperature impacted the decrease of accidents. According to the results of 
regressive analysis, the effect of temperature decrease slowed the increase of 
the number of accidents by nearly one third.

In the moderating and disappearing extreme periods the relation between 
the climatic variations and the variation of accidents is significantly weaker 
(5.8% R-Square) than in the period of rising extremes, yet still more than 
twice stronger than in the case of non-extreme variations. It may lay behind 
the relative weakness of the interrelation that the temporal processes of 
appearing, rising, and moderating, disappearing are not necessarily of the 
same length. In moderating extreme periods, the moderation of precipitation 
amount, closely followed by the moderation of temperature and relative 
humidity had the most significant impact on the characteristic decrease of 
accidents. At the same time, the decrease of cloud cover affected the increase 
of accidents, and as a result, the one-third slower moderation of the number 
of accidents.
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More detailed analyses uncovered significantly stronger relations than in case of 
categories containing the direction and intensity of meteorological variations 
rather aggregated regarding the extremes. Especially in the case of the most 
extreme variation of meteorological conditions, and in the autumn and winter 
periods, strong correlation was formed with the variation of accidents.

Among the meteorological types of variations came from the 25-element 
solution, in the case of the group carrying the unfolding of the most extreme 
variation, the number of accidents increased already in nearly one fifth as the 
effect of the climatic variations (especially the excessively significant 
increase of precipitation amount and relative humidity, and decrease of air 
pressure and temperature) to an outstanding level exceeding the mean value 
of rising extremity nearly two and a half times. The type is particularly 
characterized by above the average proportion of summer days with rain, rain 
shower, and thunderstorm. The number of rainy days is six times, and those 
with rain shower, and thunderstorm is nearly three times higher than the 
national average. The climatic determination of accident locations and 
situations also shows characteristic features. Meteorological variation had 
particularly significant effect on the development of the frequency of 
accidents involving slight injuries, hitting pedestrians, oncoming traffic, road 
bends, and residential area. The effects on accidents involving slight injury 
nearly ten times, and on accidents involving hitting pedestrians and occurring 
in road bends over eight times exceeded the general impact.

The strengthening of the interrelation between the intensity of 
meteorological extremes and the increase of the frequency of accidents can be 
typically explained by the grouping by direction and intensity of the variation 
of the analyzed primary meteorological features. In a method identical with 
multidimensional classifications, the categorization of the various 
meteorological indicators was also performed with automatic classification 
technique (K-mean clustering) -  in order that the result of classification 
factually express the spatial distance among the groups as regards their 
content.

Seven search groups were conventionally determined, therefore because of 
the differences among the distributions, the number of days significantly differs 
in the various categories. For example, barely one percent of the days of the 
examined 21 years was classified into the category of the most intensive 
precipitation increase, and nearly identically with this proportion, the element 
number of the most extreme temperature variation (increase and decrease) 
categories increasing (Figs. 7 and 8).

3. Relationship between traffic accidents and key meteorological components
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Fig. 7. Multivariate linear interrelation of daily variation of accidents for traffic with the 
totality of daily meteorological variations (R-squared) calculated by clusters obtained by 
automatic classification of certain meteorological variation components.

The offered charts clearly indicate that progressing from the general trend 
of variations towards the intensification of extremities by an approximately 
U-shaped curve the effect of the various meteorological factors is increasingly 
stronger on the development of accidents, and depending on the direction of the 
variation, increasingly more significant scale variation (rise or decrease) 
occurred in the number of accidents, as well.
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Fig. 8. Mean of daily variation of accidents for traffic calculated by clusters obtained by 
automatic classification of certain meteorological variation components.

In the case of the most extreme categories according to the increase of 
precipitation amount and the decrease of temperature, the combined effect of all 
the meteorological factors exceeds four times the average, and more than six 
times the average of non-extreme days. It can be said of all the above-mentioned 
categories, that the significant scale variation of accidents (increase in the case 
of precipitation variation and decrease in the case of temperature variation) was 
already induced in a proportion of one-sixth by meteorological change or 
inappropriate accommodation to these.
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Besides the above mentioned facts, the combined effect of 
meteorological variation factors was very significant in the most extreme 
categories as regards wind force strengthening (8.2 and 13.2 percent) but in 
the frames of both extremes the accident moderating effect became dominant. 
Furthermore, this effect was significant on the opposing poles of the variation 
of cloud cover (7, and 8.1 percent determination). The relationship between 
the variation of accidents and cloud cover -  jus as that of air pressure 
variation -  essentially developed inversely as temperature and precipitation 
variation, because the increase of cloud cover and air pressure amount 
correlates with the moderation of accidents, while the decrease of these 
factors correlates with the increase of accidents.

In contrast to the most extreme -  mostly containing the rise -  categories of 
air pressure and relative humidity variation, the relationship of one degree less 
extreme categories was the strongest with the variation of accidents, while 
accident variation was the most intensive in the most extreme categories. It 
cannot be excluded, that the use of multidimensional, nonlinear methods or the 
proper transformation of variants should lead to different results.

4. Relationship between traffic accidents and extreme meteorological
variations

The determination by meteorological variations of accident development 
changed extraordinarily differently by the seasons. The spring and summer 
period determination does not reach even half of the average, and only in the 
period of the moderation o f extremes does remarkable relationship manifest 
itself. In contrast, in the second half-year, meteorological extremes had 
significant -  17.4 percent in autumn, 13.4 percent in winter -  effect on the 
development of accidents. The linear regressive interrelations (R-squared) 
between the daily variations by seasons of road traffic accidents involving 
personal injury and meteorological conditions are shown in Fig. 9.

The differences can be partially explained by the unequal distribution of 
extreme meteorological conditions, according to which, in the second half- 
year, the frequency of extreme variations characteristically exceeded the 
average in winter, typically because of the excessive proportion of 
moderating extremes, while in spring, it significantly fell short of it. The 
proportion of rising extreme days, on the other hand, exceeded the prorated 
distribution, especially in summer and autumn. Distribution of daily 
variations categorized by the type of meteorological extremity across the 
seasons is presented in Fig. 10, while seasonal averages of road accidents 
involving personal injury for estimated traffic, between 1990 and 2010 can be 
found in Fig. 11.
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Fig. 9. Linear regressive interrelations (R-squared) between the daily variations by 
seasons of road traffic accidents involving personal injury and meteorological conditions, 
between 1990 and 2010.

Fig. 10. Distribution of daily variations categorized by the type of meteorological 
extremes across the seasons.
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Spring Summer Autumn Winter Years total

■ Rising 
extreme 0.03 0.08 0.19 0.01 0.08

■ Moderating 
extreme -0.10 -0.18 -0.25 -0.13 -0.17

■ Extreme 
days total -0.03 -0.03 -0.05 -0.08 -0.05

■ Non-extreme 
days total 0.01 0.01 0.01 0.01 0.01

■ 1990-2010 
days total 0.00 0.00 0.00 -0.01 0.00

Fig. 11. Seasonal averages of road accidents involving personal injury for estimated 
traffic between 1990 and 2010.

The variation in the number of accidents under unfolding and rising 
extreme conditions increased in autumn -  more than twofold -  above the 
average, and the relationship between accidents and climate variations was the 
strongest in this season, as well. To an extent nearly one-fifth, the complex 
impact of climate variation, but especially, the variation of relative humidity 
(and behind this, the mostly well correlated cloud cover and precipitation 
amount variation) and the variation of temperature and wind force impacted the 
development of accidents. The increase of relative humidity and strengthening 
of wind force impacted the increase of accidents, while the decrease of 
temperature impacted the decrease of accidents, however, it could only partially 
slow the increase of accidents. Variation of daily average value of the main 
meteorological features and the traffic accidents related to estimated traffic 
density due to previous day in case of rising extremes by seasons is shown in 
Fig. 12, while the development of the calculated standardized Beta coefficient 
between the daily variations of the traffic accidents with personal injury related 
to estimated traffic density and the daily variations of the meteorological 
features in case of rising extremes by seasons is presented in Fig. 13.
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Spring Summer Autumn Winter
Rising

extremes
total

■ Daily var. of the number of 
accidents for estimated traffic 

[accident / hundred thousand vehicles]
0.03 0.08 0.19 0.01 0.08

■ Var. of daily mean temperature [°C] -1.90 -2.16 -1.53 -0.92 -1.67
■ Var. of daily mean 

precipitation amount [mm] 5.18 8.85 6.94 4.00 6.49

■ Var. of daily mean 
wind speed [m/s] 0.90 0.59 0.76 1.21 0.84

■ Var. of daily mean 
air pressure [hPa] -0.60 -0.72 -1.31 -0.60 -0.83

■ Var. of daily mean 
relative humidity [% points] 3.99 7.87 2.66 -1.56 3.61

Var.of daily mean 
cloud cover [okta] 0.27 0.94 0.44 -0.14 0.43

Fig. 12. Variation of daily average value of the main meteorological features and the 
traffic accidents related to estimated traffic density due to previous day in case of rising 
extremes by seasons between 1990 and 2010.

Opposed to the autumn periods of rising extremes, the increase of accident 
numbers in winter reached only one tenth of the average of this type; despite that 
the totality of meteorological effects directed toward it was relatively significant 
(13.4 percent). The increase of precipitation amount and the strengthening of 
wind were especially impacting the increase of accidents, while its decrease was 
affected characteristically by decreasing relative humidity and decrease of 
temperature (unlike the rest of the seasons). The moderate increase in the 
number of accidents is primarily explained by that, in total, in the winter, the 
intensity of the variation of components of climatic conditions -  with the 
exception of wind force, which increased in a rate exceeding that of the other 
seasons -  was far below the 1990-2010 average of rising extreme variation.
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Fig. 13. Development of the calculated standardized Beta coefficient between the daily 
variations of the traffic accidents with personal injury related to estimated traffic density 
and the daily of the meteorological features in case of rising extremes by seasons.

In the spring and summer periods of appearing, rising extremes, only 
relatively weak (4 and 3.3%, respectively) multivariate linear relationship 
prevailed between the variation of accidents and climatic conditions; and the 
change in the number of accidents developed below the average of the category 
averages, especially in spring, however, still exceeding nearly three times the 
extent of winter variation. In both seasons, only the increase of relative humidity 
(or, behind that, the increase of cloud cover and precipitation) had substantial 
effect on the increase of accidents, yet this effect was much weaker than in 
autumn or -  with different sign -  in winter. The different extent increase of 
accidents was basically brought about by the significantly different intensity of 
meteorological variations. While springtime variations developed in an extent 
nearly identical with the annual average of the category, then the relative 
humidity and cloud cover increased with more than double, and precipitation 
amount more than one third above the average in the summer period of rising 
extremes. Only the extent of the increase of wind force fell below the average.
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5. Relationship between traffic accidents and extreme meteorological 
variations by accident severity, and situation

Looking at the whole of the 1990-2010 period, the relationship of climatic 
variations with a more detailed breakdown of accidents -  with the development 
by outcomes involving persons, gravity, accident locations and situations -  is 
rather weak, falling behind the already described overall effect (Table 7).

Table 7. Development of multivariate linear regression relationships of the daily variation of 
meteorological variations and accidents involving personal injury per accident consequences, 
locations, and situations, and the extremity of meteorological change

Absolute variation from the 
previous day

Rising
extreme
days

Moderating Extreme 
extreme days days total

Non­
extreme 
days total

Days total in 
1990 2010

R-squarcd

Variation of number of accidents 0.104 0.063 0.097 0.027 0.041

Variation of number of fatal accidents 0.026 0.021 0.015 0.005 0.006

Variation of number of serious 
accidents 0.062 0.036 0.052 0.013 0.020

Variation of number of slight 
accidents 0.076 0.045 0.079 0.022 0.032

Variation of number of accidents in 
residential areas 0.061 0.049 0.049 0.025 0.029

Variation of number of accidents 
outside residential areas 0.121 0.035 0.111 0.016 0.036
Variation of number of accidents on 
straight paths 0.074 0.038 0.063 0.014 0.023

Variation of number of accidents in 
road bends 0.117 0.056 0.120 0.014 0.035

Variation of number of accidents in 
road crossings 0.040 0.046 0.037 0.028 0.027

Variation of number of accidents in 
other road sections 0.022 0.010 0.003
Variation of number of accidents 
due to head-on collision of vehicles 0.160 0.053 0.150 0.027 0.055
Variation of number of accidents 
due to collision of vehicles 
travelling in the same direction

0.008 0.050 0.023 0.010 0.012

Variation of number of accidents 
due to collision of vehicles crossing 
paths

0.006 0.033 0.013 0.022 0.018

Variation of number of accidents 
due to slipping, skidding, tipping on 
road

0.015 0.017 0.012 0.003 0.004

Variation of number of accidents 
involving hitting pedestrian 0.077 0.013 0.049 0.012 0.021

(Note: The table contains only significant statistics.)
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Interrelation stronger than the average can we observed only in the case of 
accidents due to collision of vehicles travelling towards each other ; however, 
this is not explained by the effects characterized days without meteorological 
extremes, but by the extremely strong consequences of the appearance and rise 
of extremes affecting the whole category. The increase in the number of 
accidents due to the collision of vehicles travelling towards each other in the 
period of appearing and rising extreme meteorological conditions -  beyond all 
other categories shown in the table -  was determined by climatic variations in a 
proportion of nearly one sixth, or at least developed synchronously with those in 
this degree. The formation of the interrelation and the significant increase of 
accidents in scale were primarily (in nearly 90 percent) impacted by the increase 
of relative humidity of air, and. in the remaining proportion, by the decrease of 
air pressure.

Besides the above category, meteorological change had particularly 
significant impact on the increase of accidents outside residential areas and in 
road bends in an extent exceeding the average of the category of the total 
appearing and rising extremes (nearly 12 percent). The overall effect was, 
however, less significant; but in the case of accidents involving hitting 
pedestrians -  in general slight and serious accidents on straight paths and in 
residential areas, the effect of climatic variations in the period of rising extremes 
exceeds multiple times those prevailing in non-extreme periods. (For example: 
in the case of hitting pedestrians, nearly six times, and three-four times in the 
case of accidents involving slight and serious injuries and on straight path, and 
over twice in case of accidents in residential areas.) Although, in total, the 
determination of the variation of fatal accidents by climatic variations can be 
regarded to be modest, it was nearly five times stronger among extreme 
meteorological conditions than in other periods.

6. Future expected tendencies between traffic accidents and key 
meteorological variations

The time series data of the endeavor to differentiate extreme and non-extreme 
meteorological changes show, that between 1990 and 2010 the climatic 
variations became somewhat more extreme. This is supported by the data 
expressing the annual proportions of extreme, and appearing and rising extreme 
days, and the linear trends calculated on their basis. The relatively detailed 
classification and the reclassified -  giving a broader sense to extremity - 
categorization essentially led to the same result. According to both approaches, 
the linear trend of extremity and rising extremes -  in spite of fluctuations -  took 
a decidedly upward direction. Proportion of extreme days as well as that of 
rising extreme days is shown in Figs. 14 and 15.
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Fig. 14. Proportion of extreme days between 1990 and 2010 (%).

Fig. 15. Proportion of rising extreme days between 1990 and 2010 (%).
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The variability trends of the various meteorological features mostly support 
the picture painted by the typologies. The linear trends of temperature, 
precipitation, air pressure, and relative humidity -  although to varying extent -  
refer to the rising of extremes, while that of wind force and cloud cover to 
moderating extremes. Absolute deviation (range) by the year of the daily 
variation of the meteorological indicators between 1990 and 2010 is presented in 
Fig. 16.

Fig. 16. Absolute deviation (range) by the year of the daily variation of the 
meteorological indicators between 1990 and 2010.

On the basis of interrelationships seen between the slight extremization of 
meteorological variations, furthermore the extreme climatic variations and the 
variation of traffic accidents involving personal injury, it could be assumed that 
approaching our days, the connection would be further strengthened. This
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hypothesis, however, was supported neither by the totality of meteorological 
variations, nor the statistical analyses of the various extremity categories.

According to the linear regression analysis of the annual (and three-year 
period) relationships of accident and meteorological variations, the correlation 
essentially did not change between 1990 and 2010, however, compared to 1993, 
the correlation weakened, and there were significant fluctuations within the 
period. (Note, that statistically not significant relations are not shown in the 
diagrams.) Results are shown in Figs. 17, 18, and 19.

Fig. 17. The multivariate linear regression analysis interrelation (R-squared) calculated 
among the daily variation of traffic accidents involving personal injury with the daily 
variation of analyzed meteorological characteristics between years 1990 and 2010.

Fig. 18. The multivariate linear regression analysis interrelation (R-squared) calculated 
among the daily variation of traffic accidents involving personal injury with the daily 
variation of analyzed meteorological characteristics between years 1993 and 2010.

375



Fig. 19. The multivariate linear regression interrelations (R-squared) calculated among 
the daily variation of traffic accidents involving personal injury with the daily variation of 
analyzed meteorological features, between 1990 and 2010, in three years breakdown.

Presumably, the weakness and weakening of relationships can primarily be 
explained by the rather significant moderation of total traffic accidents involving 
personal injury, by their relatively hectic development, and by economic 
processes and regulatory environment affecting the above. In 2010, the number 
of accidents was nearly forty percent lower than in 1990, primarily on account 
of the decrease of fatal and serious accidents. At the same time, the number of 
slight accidents fell only by 21.8% compared to 1990; what’s more, between 
1993 and 2010, it moreover even increased. On account of the above 
circumstances, it seemed appropriate to extend the analysis to slight accident 
data between 1993 and 2010. The result of this shows that interrelation between 
extreme climatic variations and the variation of traffic accidents involving slight 
personal injury strengthened in the analyzed epoch (Figs. 20 and 21).
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*1991-2010 annual average

Fig. 20. Road traffic accidents involving personal injury between 1900 and 2010.

Fig. 21. Three-year multivariate linear interrelations of day-to-day variation of accidents and 
meteorological conditions between 1993 and 2010 (R-squared) in case of extreme variation.
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Naturally, the above described results will provide little guidance to the 
prognosticability of future developments; however, on the basis of the analysis 
results, it can be said that the significant future rise of extreme meteorological 
conditions, and, possibly as a result, the appearing and rising climate change will 
have significant effect on the development, on the number of accidents, or on the 
deceleration of the rate of moderation, and, in general, on the development of social 
relations, which are generally relatively well represented by accident conditions.

7. Conclusions

Compared to other economically and socially important sectors such as energy, 
water resources, agriculture, and human health (Törő et al., 2010), the assessment 
of the potential impacts of climate change on transport and road accidents is an area 
with very limited investigations so far. The increased demand for personal 
mobility, the dependence on reliable movement of goods and components in the 
supply chain, and the observed disruption effect of the weather {Koetse and 
Rietveld, 2009) make the study of current and future transport resilience essential.

The investigations presented above might provide a potential guidance to the 
expectation of future developments in the forthcoming decades. On the basis of the 
results, it can probably be said that the expected increase in the number and intensity 
of extreme meteorological conditions can have a visible effect on the increase of the 
number of road accidents. The problem is rather complex, since the future climate 
change is expected to influence several layers of the social conditions as well, which 
is also going to be reflected in the road accident conditions.
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