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A b s t r a c t —Ground-level or tropospheric ozone (O3) is an oxidant air pollutant that has 
harmful effect on human health and vegetation, however, it is a short-lived greenhouse gas. 
Ozone is a secondary pollutant; which means that it is not directly emitted in the ambient 
air, but also produced from the photochemical oxidation of non-methane volatile organic 
compounds (NMVOCs), methane (CH4), or carbon monoxide (CO) in the presence of 
nitrogen oxides (NOx). It is destroyed both photochemically and through deposition to the 
surface. Summarizing the chemistry of ozone is complex and non-linear. Background 
concentrations o f ground-level ozone in Europe do not show a significant downward trend, 
but in Hungary essential reduction (-0.28 pg/m3) was observed at K-puszta station in the 
last decades. In the monthly distribution the amplitude decrease with increase in altitude, 
at K-puszta 45.1 pg/m3, while at Nyirjes 36.6 pg/m3 amplitudes were observed. Based on 
our data we found that the ozone gradient is about +1.4 pg/m3/m. Breathing ozone can 
result in a number of negative health effects that are observed in relevant segments o f the 
population. Ozone also is known as the air pollutant most damaging to agricultural crops 
and other plants. This article gives a general overview of the ozone problem focusing on 
the Hungarian specialties.

Key-words: air quality, ground level ozone measurements, AOT40, trends, vegetation
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1. Introduction

In recent decades, ozone has been received increasing attention in the analysis of 
the regional and local air quality. In addition to being very important for 
sustaining life near the Earth’s surface by absorbing hazardous UV radiation 
within the stratosphere, ozone is one of the most important greenhouse gases 
(Paoletti and Cudlin, 2012).

In the troposphere it is a strong oxidant air pollutant affecting human health 
and natural ecosystems, and reducing crop yields (Wilkinson et al., 2012). Its 
concentration has doubled between the end of the 19th century and the 1980’s. 
The annual average in the Northern Hemisphere has risen to 60-90 pg/m3, and 
recently it increased with a further 10 pg/m3 (Wilson et al., 2012). In spite of the 
international agreements aimed to decrease the precursor gas emission, its 
concentration has been increasing (Derwent et al., 2003, Dentener et al., 2005). 
The reasons of the increase of ground level ozone concentration have not yet been 
understood well scientifically, but likely the sectors such as international shipping 
and air transport could be responsible for it, because the emissions of precursor 
gases from these activities are not regulated strictly enough (Dentener et al., 
2005). Since the sources of ozone are not confined to a smaller area but can be 
found worldwide, the problems related to ozone pollution has to be managed 
globally. Ground-level ozone episodes, when O3 concentrations may reach at 400 
pg/m3 or more, occur in polluted regions under hot and sunny conditions. This 
has been ascribed to photochemical processes due to the occurrence on a large 
scale of favorable meteorological circumstances (Guicherit and Van Dop, 1977). 
The long-range transport of tropospheric ozone and its precursors have important 
impact on O3 concentrations at regional and local scales. In the low to 
midlatitudes, O3 transport from the polluted source regions like North/South 
America, Europe, and Asia generally accounts for more than 50% of ozone even 
in remote locations (Sudo and Akimoto, 2007).

The Council Directive on air pollution by ozone (92/72/EEC) defines several 
threshold levels, and it establishes a harmonized procedure for monitoring and 
exchanging data. It also arranges to provide the public with information when 
warning and information threshold levels are exceeded.

- Health protection threshold: days with an 8 -hour average ozone 
concentration of more than 1 2 0  pg/m '.

- Population information threshold: the hourly average ozone concentrations 
exceed 180 pg/m3.

- Population warning threshold: the hourly average ozone concentrations 
exceed 360 pg/m3.
Air pollution is a process that introduces diverse pollutants into the 

atmosphere that cause harm to humans, other living organisms, and the natural
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environment (Brauer et al., 2012; Kim et al., 2013). The effects of O3 found that 
exposure to ambient O3 levels is linked to such respiratory ailments as asthma, 
inflammation, and premature aging of the lung, and to such chronic respiratory 
illnesses as emphysema and chronic bronchitis (Delfino et al., 1998). More than 
two million deaths are estimated to occur globally each year as a direct 
consequence of air pollution through damage to the lungs and the respiratory 
system (Shah et al., 2013). Among these deaths, around 2.1 and 0.47 million are 
caused by fine particulate matter (PM) and ozone, respectively (Chuang et al., 
2011; Shah et al.. 2013).

Besides positive CO2 and nitrogen fertilization, many studies have show that 
ozone and its precursors are efficiently transported in the regional scale and 
consequently ozone tends to present relatively high background levels in rural 
areas. Over 90% of vegetation damage may be result of tropospheric ozone alone 
(Adams et al., 1986). Previously, it was thought that tropospheric ozone is an 
urban problem, elevated O3 concentrations are now recognized as extending far 
beyond city limits. Elevated concentrations in rural regions significantly affect 
crop yields, forest productivity, and natural ecosystems. Evaluations of the 
national economic impact of ozone on crop yield have indicated values of the 
order of US$ 2-4 billion in the United States and of 4 billion EUR in Europe 
(Murphy et al., 1999, Holland et al., 2002).

Ozone in the ground level is also expected to contribute to the devastation of 
building and material. In developed countries, where the control of emissions of 
air pollutants are relatively efficient, and the emission projections for the 
precursor gases indicate continuous decrease (Kelly et al., 2010), the O3 

concentration will likely decline in the next decades. Although the climate change 
will complicate the picture the rate of decline will be slowed down. Due to the 
climate change heat waves may occur more often and could cause extremely high 
ozone concentrations for a short time. This fact could also demonstrate that while 
O3 as a greenhouse gas affects the climate, the climate change will result weather 
conditions which may lead to the elevation of O3 concentration in the ground 
level. It also shows that the climate change is one of the most complex problems, 
and this also proves the importance the international cooperation to solve the issue 
of air quality. Currently, in Europe the revised Gothenburg protocol specifies 
emission reduction commitments for precursors. In case of Hungary the emission 
reduction of volatile organic compounds (VOCs) was committed by 30 percent as 
NOx by 42 percent, both of them are precursor gases of ozone.

1.1. Ozone formation and air quality

Ozone is found in two different areas of the atmosphere -  the stratosphere and the 
troposphere. In the stratosphere, ozone provides a protective shield by filtering 
out the dangerous ultraviolet radiation from the sun. Here the ozone molecules
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are formed by the photo-dissociation of molecular oxygen, and the atomic oxygen 
reacts with molecular oxygen to produce ozone.

Tropospheric ozone is not emitted directly in to the atmosphere, so it is 
described as a secondary air pollutant. It is an important atmospheric oxidant, 
smog component, and a short-lived greenhouse gas. In the troposphere, it is 
formed by photochemical reactions of nitrogen oxides with volatile organic 
compounds, methane, and/or carbon monoxide in the presence of sunlight. NOx 
is primarily a product of fossil fuel combustion (63%), but secondarily it is a result 
of biomass burning (14%) (IPCC, 2001). Natural vegetation is a source of VOCs, 
which decompose into peroxy radicals, which react with NO to produce NO2. In 
urban regions with high concentrations of NOx, ozone production is generally 
VOC-limited, whereas in suburban or rural regions with low NOx levels, ozone 
production is NOx-limited. The different spatial distributions of NOx and VOC 
production, as well as NO destruction of ozone, often result in the largest ozone 
concentrations downwind of urban centers, rather than in urban areas themselves 
(Gregg et al., 2003). Transport of the chemical mixtures eventually results 
photodissociation and O3 transformation at sites quite distant from original source 
of the precursor emissions. Increasing rate emissions of its precursors have caused 
ozone concentrations to experience a strong increase in highly populated 
continental regions during the last century (Marenco et a/., 1994). Tropospheric 
ozone concentrations can also be influenced by UV radiation. A rise in UV 
radiation intensity is expected to decrease tropospheric ozone in a clean 
environment, while increased UV in regions with precursors (NOx, CO, CH4) rich 
atmospheres will lead to increased tropospheric ozone concentrations. Mainly in 
summer months, when conditions of O3 formation improve (high temperature, 
radiation, wind stagnation), O3 levels typically rise even in remote background 
areas. Ozone is, therefore, no longer just an issue for air quality, but a complex 
environmental problem.

1.2. Ozone measurements and trends in Europe and Hungary

The analysis of European rural background ozone trends between 1996-2005 had 
carried out by Wilson et al. (2012). They processed data available from the EMEP 
and GAW monitoring stations and concluded that, on the European scale only 
slight increase in ozone levels (0.32-0.04 pg/m3 per year) with a total range of 
2.56 to 2.1 pg/m3 per year can be determined. The greatest reduction is observed 
at K-puszta, Hungary (-4 .1 I % per year). The first trend analysis using the 
tropospheric ozone measurements from K-puszta was published by Haszpra et ai 
(2003). In this paper, 0.64 pg/m3 per year increasing ozone trend was determined 
for the time period of 1990-2002.

In Hungary, the Hungarian Meteorological Service is responsible for the 
rural ground-level ozone measurements. The institute maintains three background 
monitoring stations, where tropospheric ozone measurements are carried out
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beside the observation of other pollutants. Since the stations are located in 
different geographical environments from plains to mountains, this effect is 
reflected in the measured data. Fig. 1 shows the positions of the monitoring 
stations in Hungary.

Farkasfa background air pollution monitoring station is located in the 
western part of Hungary (46°54'37" N, 16° 18'34" E, 312 m asl), at the area of the 
Őrség National Park. The station is surrounded by forest and no essential local 
source can be found nearby. The tropospheric ozone measurements started at this 
station in 1996. For many reasons, the ozone measurements were interrupted 
between 2005-2006, but in May of 2006, the operation of the station restarted.

K-puszta is the regional background air pollution monitoring station located 
in the central part of Hungary, on the Hungarian Great Plain (46°58' N, 19°33' E, 
125 m asl). The station is located in a big forest clearing. In the wider region, 
agricultural fields, forest patches, pastures, and open bushy regions can be found. 
The prevailing wind blows from the west-to-north sector. The nearest town 
(Kecskemét, approximately 112 thousand inhabitants) is about 15 km to the 
southwest. The tropospheric ozone measurements started at this station in 1990. 
K-puszta monitoring station belongs to the European air quality monitoring (e.g., 
EMEP) and the Global Atmosphere Watch (GAW) networks. The station was also 
involved in the Tropospheric Ozone Research, a Sub-Project of EUROTRAC 
project (Haszpra et al., 1997).

Nyirjes background air pollution monitoring station is located in the Mátra 
Mountains, in the northeast part of Hungary (47°52’ N, 19°57' E, 702 m asl). The 
tropospheric ozone measurements started at this station in 1996.

Fig. 1. Location of the ground-level background ozone monitoring stations in Hungary
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2. Results

2.1. Annual trend in background stations

This part concerns the background stations for the annual trend analysis over the 
1996-2014 period. Atmospheric lifetimes of ozone precursors are long enough to 
allow them to be transported on long distance, but the range of the impact depends 
on meteorological and geographical conditions. Although the stations are located 
in background areas, the local topography and surroundings are different. These 
circumstances undoubtedly may influence the ozone concentration. Fig. 2 shows 
the calculated ozone trends for the Hungarian monitoring stations. We assumed 
that the trends are linear calculated by deseasonalizing the ozone time series. 
Mann-Kendall analysis of Sen-Theil slopes was used for the calculations.

Fig. 2. Ozone trends detected at the Hungarian background air quality monitoring stations 
(dots = annual mean).

In case of Farkasfa and K-puszta stations, decreasing trends can be observed, 
while in case of Nyirjes station, the trend is increasing in average but there are 
intervals when the ozone concentration decreased for a few years (between 1997- 
2002 and 2009-2014). The trend determined for K-puszta using our 25 years data 
is -0.276 pg/m3 per year, but the trend determined by Wilson et al. (2012) using
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only 10 years (between 1996-2005) shows more intensive decreasing (-1.826 
fig/m3 per year). Similar results were found by Sicardetal., (2013) over the period 
2000-2010, when annual mean concentrations decreased by 0.43% per year at 
rural sites. Explanation of the maximum values and evolution could be in the local 
and annual meteorological conditions. At K-puszta, the concentration values 
usually higher than at Farkasfa that can be explained on one hand by the different 
meteorological conditions (higher temperature) and higher altitude on the other 
hand by the ozone plumes coming from Budapest city (Mészáros et a/., 2009). 
The decreasing trends at Farkasfa and K-puszta can be attributed to the reduction 
in NOx and VOC emission within Europe. Background concentrations of ozone 
in Europe are influenced significantly by emissions of precursor gases outside the 
continent (Guerreiro et al., 2014). Changes of the annual mean of ozone 
concentrations could have been caused by the precursor gas emission, the effect 
of the long-range transport of ozone and pre-gases, and the meteorological 
situation (heat waves, rainfall). Fig. 3 shows the abatement in NOx and VOC 
levels in Hungary that could have caused the reductions in episodic peak ozone 
levels.

Fig. 3. Anthropogenic NOx (as NO2) and NMVOC emissions 1990-2013 for Hungary and 
Europe (Source: www.ceip.at).

According to Sicard et al. (2009), between 1995 and 2003, a rate o f-0.48% 
per year for stations below 1000 m asl and +1.75% per year for stations above 
1000 m asl were observed. They mentioned that the possible explanations could 
be the following:
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1. ) If ozone is produced in lower field from exhaust and industrial sources,
it goes up with the favour of the temperature inversion phenomenon. At 
high altitude, ozone stagnates to form a reservoir layer.

2. ) Altitude sites are not influenced by the ozone destruction by nitrogen
oxides. Indeed, the NO concentration, emitted mainly by the road 
transport, are weak in the higher altitude. In addition, there are biogenic 
VOC emissions, emitted by the vegetation, which can increase the ozone 
production.

3. ) Approximately 10% of tropospheric ozone is estimated to be of
stratospheric origin.

It is also known that background ozone level increases with the height in the 
lower troposphere. Based on our data (average ozone concentration from 1996 to
2014), a change in the ozone vertical gradient is clearly visible (see Fig. 4). The 
ozone gradient is about +1.4 |4g/m3/m. This spatial distribution shows an 
interesting pattern, because the most urban-influenced site (K-puszta) has the 
lowest concentration, while either the distance or the elevation is not more 
efficient contribution to reach this high ozone concentration. However, this 
problem is quite complex, further investigation is needed to explain these 
findings.

60 65 70
ozone concentration |pg/in3|

Fig. 4. The total average ozone concentration depending on the station altitude.

75

2.2. Seasonal trend analysis

The monthly means of ozone concentration were also determined for the three 
stations. Fig. 5 presents the results of this investigation. The three diagrams reflect
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that the ozone has different yearly variation on the sites. The biggest amplitude 
can be observed at K-puszta (45.1 pg/m3), while the lowest at Nyirjes 
(36.6 pg/m3). This result is reflects the fact that Nyirjes is a mountain station 
where the amplitude of the monthly and daily ozone concentrations are much 
lower than at the plain stations (Chevalier et al., 2007).

K-puszta Farkasfa

Nyirjes

Fig. 5. Temporal variation of observed monthly mean ozone concentrations detected at the 
Hungarian background air quality monitoring stations (dots = monthly mean).

The trends for the 5th, 50th, and 95th percentiles of ozone concentrations 
show a decrease for Farkasfa and K-puszta while an increase for Nyirjes (Fig. 6). 
In case of Farkasfa and K-puszta, the 95th percentile decreasing trend is much 
larger and the 5th percentile decreasing trend is much lower than the median trend. 
It means that the decreasing trends of the yearly mean values are basically caused 
by the decreasing maximum concentration values, while the minimum values 
show a moderate rising.
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Fig. 6. Temporal variation of the annual 95th, 50th, and 5th percentiles of ozone 
concentrations detected at the Hungarian background air quality monitoring stations.

In case of Nyirjes, in all three percentiles (95th, 50th, 5th) a rising trend was 
found (see Table 1). The mean ozone concentration is known to strongly increase 
with altitude in the troposphere mainly in the first 1000 m. The comparison of the 
results of the three Hungarian stations also shows that the minimum ozone 
concentration is rising with the altitude. This can be explicable with that the ozone 
content is eroded near the surface by deposition and titration that dominate in the 
boundary layer at the yearly time-scale.

Table 1. Mean trends by stations for the 5th, 50th, and 95th percentiles of ozone 
concentrations

Trend (pg/m'/yr)

Station 5th percentile median 95th percentile

K-puszta -0.75 -0.97 -1.24

Farkasfa - 0 .2 0 -0.58 -1.23

Nyirjes +0.76 0.67 +0.67
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Sicard et al. (2013) found that background ozone concentration decreased of 
-1.1% per year with annual averages and-0.9% per year with median values. They 
observed that the number of concentration values above 65 pg/nr3 increased 
significantly (1% per year), and the 25th percentiles decreased o f-0.4% per year 
over the 2000-2008 period. Based on these and our results the background ozone 
level seems to increase. However the maximum ozone concentration shows 
decreasing trend, there are several days when the values reach a threshold. The 
exceedance days of air quality threshold values for ozone at the Hungarian 
background air quality monitoring stations decreased in the last 25 years in 
connection with the emission reduction of precursor gases. The number of days 
when the O3 concentration exceeds the previously defined threshold values for 
ozone was also determined using the Hungarian monitoring data (Fig. 7). At our 
stations, the ground-level ozone has never exceeded the population warning 
threshold in the examined period, but the ozone concentrations were quite often 
above the other threshold values. The ozone concentration exceeded the health 
protection threshold more than 100 times per year only at K-puszta in the time 
period of 1997-2002. Since K-puszta is a background station, it might be better 
termed “urban-affected”, because of advected urban plumes from Budapest that 
affect concentration characteristics. Because Nyirjes and Farkasfa are beyond the 
reach of urban plumes or other anthropogenic effects, they can show small seasonal 
variations in ozone concentration.

K-puszta Farkasfa

Nyirjes

Fig. 7. Exceedance days of air quality threshold values for ozone at the Hungarian 
background air quality monitoring stations (gray = health protection threshold, black = 
population information threshold).
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The frequency distribution of the hourly ozone concentrations was also 
calculated. For the comparability of the results, we used only the data from the time 
period 1996-2014 at all three stations. From many European country’s data it can be 
concluded, that the proportion of ozone concentration range of 40-78 pg/m3 has 
increased, while the proportion in the category, 80-118 pg/m3 has not changed in the 
summer months. The main differences in terms of frequency distribution can be 
found in the winter season between the mountain and plain stations. Fig. 8 shows the 
results of this examination. The data availability for the stations and for the time 
period of 1996-2014 was: Farkasfa 80%, K-puszta 90%, Nyirjes 86% (in case of K- 
puszta, the data availability was 87% for the time period of 1990-2014). The highest 
ground level ozone concentrations can be expected at Farkasfa in June and July, at 
K-puszta in June, July, and August, while at Nyirjes only in July.

K-puszta Farkasfa

0-20 20-40 «40-60 «60-80 «80-100 «>100 □0-20 20-40 «40-60 «60-80 «80-100 «>100

Nyirjes
100%

80%

60%

40%

20%

0%
Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec

:JO-20 20 40 « 40-60 «60-80 «80-100 ■ -100

Fig. 8. Frequency distribution of ozone concentrations (hourly values) at the Hungarian 
background air quality monitoring stations.

2.3. AOT trends

Among the European standards, AOT40 index is generally used for the protection 
of the vegetation. AOT40 is defined as the sum of differences between the hourly
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mean concentration and the 80 pg/m3 threshold value for each hour when the 
concentration exceeds 80 pg/m3. Then these values are summarized each day from 
May 1 to July 31, for the time period of 8-20 hours. In this study we found 
significant differences among the stations (see Fig. 9).
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Fig. 9. AOT40 values (pg/m3)h at the Hungarian background air quality monitoring 
stations (horizontal black line = threshold value).
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Despite the Hungarian declining ozone concentration trends (see Fig. 2), 
AOT40 did not show any trend. In case of K-puszta, the AOT40 exceed the limit 
value in most cases, while at Farkasfa the calculated AOT40 has never been 
exceeded the limit value, and at Nyirjes the AOT40 exceeded the limit value only 
in some cases. Nyirjes and Farkasfa stations are located in areas devoid of local 
pollution sources, which can be a possible reason for the AOT40 values. In 
contrast, K-puszta is located in the direction of Budapest’s plume, and due to its 
geographic position, the annual average temperature is higher than in the other 
stations, which favors for the higher ozone concentration, consequently for higher 
value of AOT40.

Between 21% and 69% of agricultural crops in the EEA-32 (European 
Economic Area) were exposed to O3 levels above the EU target value for 
protecting vegetation (18 000 (pg/m3)h for AOT40) from 2002 to 2010, mostly in 
southern and central Europe (EEA, 2013). Reduction of yield with increasing 
ozone over a 80 pg/m3 threshold, resulting in a 10% reduction in yield for ozone 
levels commonly found in southern Europe (Führer et al, 1997). In Hungary, 
mainly the beans have shown ozone-injury symptoms.

3. Conclusion

In this paper, recent results on ozone levels and trends at background sites located 
in Hungary are discussed. Studies have shown that concentrations of ozone in the 
Hungarian background stations are influenced by emissions of precursor gases 
outside the continent. The Mann-Kendall test was used to detect the trend from 
background ozone concentrations. In case of Farkasfa and K-puszta stations, 
decreased trends (-0.498 pg/m3 and -0.277 pg/m3) can be observed, while in case 
of Nyirjes station, the trend is increasing (0.567 pg/m3) in average, but there are 
intervals when the ozone concentration decreased for a few years. In the monthly 
distribution, the ozone concentrations show different variation. The amplitude 
decreased due to the increase in altitude, at K-puszta 45.1 pg/m3, while at Nyirjes 
36.6 pg/m3 amplitudes were observed. Since K-puszta is a background station, it 
might be better termed "urban-affected”, because of advected urban plumes from 
Budapest that affect concentration characteristics. Nyirjes and Farkasfa are 
beyond the reach of urban plumes or other anthropogenic effect, they can show 
small seasonal variations in ozone concentration. Based on our data, we found 
that the ozone gradient is about +1.4pg/m3/m. We observed that in case of 
Farkasfa and K-puszta, the 95th percentile decreasing trend is much larger and 
the 5th percentile decreasing trend is much lower than the median trend. It means 
that the decreasing trends of the yearly mean values are basically caused by the 
decreasing maximum concentration values. According to AOT40, we found big 
differences between the stations, however, the data did not show any trend. As 
Nyirjes and Farkasfa are located in areas devoid of local pollution sources, the
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values of AOT40 were low, in contrast to K-puszta, where the AOT40 were higher 
in every year, consequently.
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Abstract—This paper presents an urban climatological application of the urban 
monitoring systems -  recently implemented in Szeged, Hungary and Novi Sad, Serbia -  
using the first set of data collected during the summer of 2014. In order to ensure a 
representative number and placement of stations, the selection of measurement sites was 
based on Local Climate Zone (LCZ) maps developed for both cities. Present paper 
concentrates only on the intra-urban temperature pattern characteristics expressed by the 
thermal reactions of the different LCZ classes in both cities. The daily temperature 
indices (e.g., summer days) have the highest values in the densely built up LCZs. The 
diurnal cycle of surplus temperatures by LCZ classes under anticyclonic weather 
conditions were found to be similar in the two cities with higher absolute values in the 
case of Novi Sad. During summer, the diurnal variation of conventional heat island 
intensity confirms the general knowledge that it remains positive with highest values at 
night, while negative values occur predominantly during the day.

Key-words: urban climate, Local Climate Zones, monitoring networks, intra-urban and 
inter-urban temperature comparison, summer, Szeged, Novi Sad
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1. Introduction

It is well established that urbanization alters the radiative, thermal, moisture, and 
aerodynamic properties of the environment, which therefore modifies the water 
and energy balance of the overlaying atmosphere (Chandler, 1965; Oke, 1982). 
The importance of urban climate is highlighted by its effects on urban energy 
and water management (e.g., Santamouris et al., 2001; Kolokotroni et a i, 2006; 
Balling and Gober, 2006) as well as on human health (e.g., Tan et al., 2010; 
Gabriel and Endlicher, 2011). The urban heat island (UHI) effect -  the 
temperature surplus of built-up areas -  is one of the most studied characteristics 
of the city’s modified thermal environment (Oke, 1987).

In Central Europe, climate change is expected to increase the frequency, 
duration, and intensity of heat waves (IPCC, 2012; Pongrácz et a i, 2013), along 
with thermal stresses experienced by people (Tomlinson et al., 2011). With 
reduced nocturnal cooling, the climate of cities is expected to make these 
already adverse projections worse, as elevated heat loads are linked to higher 
morbidity and mortality rates (Petralli et ai, 2012). Thus, monitoring the spatial 
and temporal patterns of the elevated urban temperature is an important task that 
can help both in the mitigation of and in the adaptation to the altered 
circumstances of the future. Besides monitoring, modeling also plays an 
important role in this regard. However, modeling requires data obtained from 
measurements for input and validation.

Air temperature in the city varies according to the properties of the urban 
environment and the characteristics of the regional climate as modified by hills, 
water bodies, etc. (Chandler, 1965). Urban climatology has traditionally relied 
on a temperature difference between a pair of stations to describe the climate of 
cities in reference to its background climate: the ‘urban’ station is generally 
located in the inner city (e.g., an old meteorological station of the town), while 
the ‘rural’ one, placed outside the city, served as the reference. Through an 
extensive literature review, Stewart (2007) drew attention to the marked 
difference that exists between station pairs, and which makes inter-urban cross 
comparisons between different cities almost impossible. For example, in some 
cases the urban station is located at an airport next to the city, while in other 
cases it is placed in a paved parking lot or in an urban park. As a consequence, 
the local climatic differences that exist between measurement sites are the sum 
of the background climate and urban effects, and the two cannot be separated 
(Lowry, 1977).

In order to investigate the spatial pattern of the air temperature fields in 
cities, mobile measurements utilizing instrumented vehicles -  such as Bottyán 
and Unger (2003) -  are used. But, they are based on occasional measurements, 
therefore not suited to monitoring simultaneously both the spatial and temporal 
development of the urban heat island. However, they are applicable to be the
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basis of empirical models that are capable of estimating urban temperature 
patterns based on surface properties (e.g., Balázs et al., 2009).

One way to automate urban measurements is through remote sensing, as 
done for example by Bartholy et al. (2009). However, this method has its limits 
as well: first, establishing the linkage between the surface temperatures detected 
by satellites and the actual temperatures within the urban canopy is not 
straightforward (Weng, 2009); second, data can only be obtained during clear- 
sky conditions.

Another way of measurement automation is offered by the use of automatic 
weather stations (AWSs). This is a more suitable approach to study the UHI’s 
spatial and temporal resolution, and it can be refined by increasing the density of 
the stations as far as it is needed (limited by financial sources). They are also 
applicable for method development and public information as well. The need of 
operational urban meteorological networks is underpinned for example by 
Grimmond et al. (2010) and Muller et al. (2013a). Existing global AWSs 
networks are primarily utilized for operative tasks, such as to provide input to 
numerical weather forecast models or for the notification of the public. These 
networks are, however, not applicable for urban climate investigations. While 
urban AWS networks are most suited for such analyses, they are rather rare. 
Despite the fact that the rules for establishing urban weather stations are less 
strict (Oke, 2006) than those for ordinary meteorological stations (WMO, 2008), 
sensor deployment in urban areas presents other challenges (e.g., safety 
concerns regarding sensor placement, or the increased network density required 
for the characterization of small-scale phenomena). There are only a few local 
scale urban heat island monitoring networks in Europe (Table 1), whereas they 
are more prevalent in other parts of the world such as in Oklahoma, USA 
(Basara et al., 2011), Tokyo, Japan (Mikami et al., 2003), Taipei, Taiwan 
(Chang et al., 2010), and Hong Kong, China (Hung and Wo, 2012).

According to the experiences of fonner networks, there are three critical 
issues to solve: (i) placing the instruments -  which is necessarily a compromise 
between WMO standards, safety, and maintenance criteria and representativity; (ii) 
data storing and transferring; (iii) power supply. As in this case a relatively dense 
network is needed (several sensors), it is expected that the instruments should be 
small, low-cost, and have possibility to transfer data via wireless methods (e.g., 
Petralli et al., 2011; Chapman et al., 2014). In general, existing networks have two 
shortcomings from the viewpoint of urban climatology: the placement of 
measurement sites is either not representative of the built characteristics of the city 
(as e.g., in Berlin, where only LCZ classes with natural land cover and open built- 
up characteristics are investigated by Fenner et al. (2014)), or the description of the 
sites’ environment does not use any standardized method. These issues are 
originated from different purposes of the networks (e.g., educational, meso- 
meteorological) and the lack of communication between research groups. 
Consequently, it is hard to compare their reported results.
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Table 1. Local scale urban temperature monitoring systems in Europe with some 
characteristics

C o u n t r y ,

c i t y

N u m b e r  

o f  s e n s o r s

A r e a

( k m 2)

O p e r a t i n g A i m ,  i n s t r u m e n t s ,  e x p e r i e n c e s

England,
Birmingham

111 2013- -  denser network in the downtown area and 
sparser in the outskirts (Young et at., 2012)
-  data are transmitted through WiFi
-  Vaisala WXT-520s, low-cost Aginova sensors 
(HiTemp, 2014; Chapman et at., 2012)

England,
London

91 1580 2009- -  educational aim, located at schools

-  data are transmitted through WiFi (Davies et at., 
2 0 1 1 )

Finland,
Helsinki

100 150 2005- -  research in mesoscale meteorology 

-Vaisala WXT-510

-  data are transmitted via the mobile phone 
network ( Dabberdt et at., 2005)

Germany,
Berlin

10 890 2 0 0 0 - -  different types of sensors and radiation shields

-  five sites (classified as LCZ A, LCZ A, LCZ 
B, LCZ 5 and LCZ 6 , respectively)

-  data are transmitted through Ethernet cable 
(Muller et al., 2013a; Fenner et al., 2014)

Italy,
Florence

35 2004- -  located randomly in districts characterized by 
distinct spatial configurations
-  HOBO PRO Temp/Rh Data Loggers ( ,  2013)

Urbanized areas can be classified according to their ability to interact with 
near-surface atmosphere and establish their typical local-scale thermal 
environments. Classification can either be used for mapping and spatial analysis, or 
for the characterization of measurement sites based on their induced local climate. 
Over the past years, the increased need to use well-established and universally 
applicable system of categories for the description of measurement sites (e.g., 
Muller et al., 2013b) stimulated efforts to develop an appropriate site classification 
system. One such approach is the frequently used Local Climate Zones (LCZ) 
system (Stewart and Oke, 2012). It is based on a worldwide survey of urban climate 
studies (Stewart, 2007, 2011) and is influenced by earlier concepts {Auer, 1978; 
Ellefsen, 1991; Oke, 2006). The LCZ system was developed to standardize 
measurement site description and, therefore, to facilitate intra-urban and inter-urban 
cross comparisons. The major advantages of LCZ system is that it is a global 
classification scheme, it contains limited number of classes, and the classes are
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separated by the main thermal characteristic of the urban surface. The LCZ system 
does not cover entirely the spatial heterogeneity of the thermal pattern because it is 
affected by far more and complex processes, but it describes the most important 
features, thus it can be a good basis for local and regional scale climate models in 
order to estimate the intra-urban temperature patterns.

The objective of this paper is twofold. First, it introduces the urban climate 
monitoring and visualization systems recently implemented in two Central 
European cities. Second, the paper presents the analysis on temperature and 
partly on humidity data in the first complete summer (2014) period: (1) the 
validation of the measurement equipment used in the networks; (2) intra-urban 
and inter-urban comparison of the sites’ (representing different LCZs) thermal 
behavior; and (3) the evaluation of the systems’ usefulness.

2. Study areas

Szeged (Hungary) and Novi Sad (Serbia) are located in the Pannonian Plain in 
Central Europe. They have similar geographical and climatic environments. 
According to the climate classification system developed by Koppén, both cities 
belong to the Cfb climate category -  temperate warm climate with a rather 
uniform annual distribution of precipitation (.Kottek et al., 2006).

Szeged has 160,000 inhabitants and its terrain is almost completely flat with 
average height around 79 m a.s.l. While the administrative area of Szeged is 
281 km2, the urbanized area is only about 30 km2. The avenue-boulevard structure 
of the city was built to follow the axis of the river Tisza. It is characterized by a 
densely built up city center, with blocks of flats in the northern part of the city, as 
well as family homes and warehouses at the outskirts.

Novi Sad consists of two parts. The larger part is located between 80 and 86 m 
a.s.l. on a plain, whereas the smaller, southern part is situated on the northern slopes 
of the Fruska Gora hills. With an area of 80 km2, it is the second largest city of 
Serbia with a population of 340,000. The River Danube flows through the southern 
and south-eastern edges of the city. It has a densely built-up central area and an 
industrial zone at the northern part of the city (Savié et al., 2013).

3. Monitoring networks and data

The development of the online urban climate monitoring systems in Szeged, 
Hungary and Novi Sad, Serbia is funded by the Hungary-Serbia IPA Cross- 
border Co-operation EU Programme (URBAN-PATH, 2015) (Fig. 1). The 
systems record directly measured temperature and relative humidity, along with 
a calculated human comfort index which is not applied in our study. The 
systems present the data by maps and graphs, which together with the archived 
materials are freely available on the project’s website (www.urban-path.hu). The
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development of the monitoring systems is based on the LCZ mapping method 
(for the details see Lelovics et al., 2014). According to Unger et al. (2014), there 
are 24 and 27 stations in the seven and eight LCZ classes occurring in and 
around Szeged and Novi Sad, respectively (Fig. 1).

Fig. 1. Maps of the urban monitoring networks in Szeged (SZ), Hungary and Novi Sad 
(NS), Serbia. In the sites’ identification number, the first digit refers to the LCZ class 
(Stewart and Oke, 2012) and the second one is an assigned number. Yellow identification 
numbers are the selected stations for the analysis presented in this paper. The details 
about the stations and their environs are listed in Table 2.

In the case of our networks, the response for the challenges mentioned in 
Section 1 is (i) to select sites with homogeneous neighborhood and mount them 
onto lamp posts; (ii) to store data on microSD card and transfer automatically 
through a 3G network; and (iii) to use batteries charged from the power supply 
of the city lights. Once the appropriate sites for the stations were selected, the 
instruments were mounted on lamp posts at 4 m above ground level for security 
reasons. For further technical details see Unger et al. (2015).

In this study, seven and eight measurement sites were selected for the 
analysis in Szeged and Novi Sad, respectively, representing the LCZ types 
occurring in the study areas. These sites are in the center of their LCZ areas, and 
also the surroundings are the most homogenous. The selected sites per LCZ 
classes and the typical values of surface parameters of their 250 m radius 
environment are listed in Table 2. The aerial photographs in Fig. 2. show a set of 
selected sites as examples with their surroundings.

288



Table 2. Typical surface properties of the 250 m radius environment around the selected 
sites. Abbrevations refer to surface properties: ISF -  impervious surface factor, BSF -  
building surface factor, PSF -  pervious surface factor, ALB -  albedo, SVF -  sky view 
factor, HRE -  height of roughness elements. Upper lines refer to Szeged, bottom lines to 
Novi Sad
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Fig. 2. Aerial photographs illustrating selected measurement sites with their 250 m radius 
environments (Szeged (SZ), Novi Sad (NS), first number -  LCZ class number, second 
number -  station’s identity number in the given LCZ class).

In Szeged, data collection began on March 23, 2014, and in Novi Sad on 
June 10, 2014. In this study, the examined period is from June 1 to August 
31, while in Novi Sad the analyzed interval is somewhat shorter -  lasting 
from June 10 to August 9 -  due to technical issues. In order to overcome the 
issues around daylight saving time in summer and to be in line with 
meteorological standards (WMO, 2008), time is given in UTC both in the 
database and in the analyses below.

In this region, summer is generally the most critical season from the 
viewpoint of health and human comfort. Although with 321 mm precipitation 
recorded in Szeged, this summer was unusually wet compared to the seasonal 
average of 169 mm measured in the period of 1901-2000 (HMS, 2008). As a 
consequence, the number of days with favorable weather conditions -  conducive 
to the development of micro- and local climates -  was lower than usual.

4. Results and discussion

As we utilize a number of widely known methods during the data evaluation, 
these methods are mentioned at the beginning of the relevant subsections.
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4.1. Sensor performance verification

The Hungarian Meteorological Service’s (HMS) SYNOP station 12982 is located 
next to the urban network’s D/l station in Szeged (Fig. 1). Since the station of the 
HMS is part of the international surface synoptic network, it meets the 
requirements of the WMO. HMS utilizes Vaisala HMP-35D and HMP-45D 
temperature and relative humidity sensors and Vaisala MILOS-500 data loggers 
and transmitters. It records data with 10 minute resolution. As stations 12982 and 
D/l are also mounted on the same platform and their radiation shields are the same, 
the former can be used as a reference for the validation of the latter. The sensor 
performance verification compared temperature and relative humidity values from 
the stations and utilized 25,780 pair of data from April 1 to September 29, 2014 in 
the process. The scatter plots of these values and their differences are presented in 
Fig. 3. We calculated mean absolute error (MAE), root mean square error (RMSE), 
standard deviation (STDEV), and mean error (MA).

Thms (°C) Thms (°C)

RHhms (%) RHhmsO )

Fig. 3. Scatter plot of temperature (a), relative humidity (c), and their biases (b and d, 
AX=XSz D/i- Xhms) in Szeged.
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The performance of the temperature sensor is adequate (Fig. 3a). As 
illustrated in Fig. 3b, the errors are small (MAE=0.1745 °C, RMSE=0.2194, 
while STDEVd/i=5.78 °C and STDEVHms=5.83 °C) and almost balanced with a 
slight overestimation (ME=0.0769 °C). The relative humidity sensor 
underperforms (ME=0.6044%, MAE=4.2054%, RMSE=5.2277,
STDEVD/i= 15.43%, STDEVHms= 19.83%). Although the results shown in 
Fig. 3c do not meet the WMO standards {WMO, 2008) -  requiring 1% accuracy 
for high and 5% accuracy for mid-range relative humidity levels the sensor 
was nevertheless deemed adequate for the purpose of the project, as 1-2% 
difference in RH has little effect on people’s thermal comfort sensation in 
summer (e.g., Oliveira and Andrade, 2007). In contrast to the temperature sensor 
where bias is almost independent from its value (Fig. 3b), the relative humidity 
sensor systematically overestimates at lower values and underestimates at higher 
ones (Fig. 3d).

4.2. Intra-urban and inter-urban comparisons 

4.2.1. Daily temperature indices

Two temperature indices were determined utilizing daily minimum (Tmin) and 
maximum (Traax) temperature values: summer days, defined as days with 
Tmax>25 °C; and tropical nights, where daily Tmin>20 °C (Karl et a l, 1999). 
These indices were selected because of their acceptance as reliable indicators of 
heat stress (e.g., Gabriel and Endlicher, 2007; Petralli et al, 2011). It was 
recognized that applying daily minima and maxima causes a kind of time 
asynchronity, but from the viewpoint of human health and heat stress, these time 
differences are not significant.

In order to make the daily temperature indices comparable between the two 
cities, days without data gaps in both locations were selected. The analysis used 
48 days that met the criterion. The relative frequencies of these indices for each 
LCZ class are presented in Fig. 4.

Fig. 4. Relative frequency of tropical nights (a) and summer days (b) by LCZ classes in 
Szeged and Novi Sad calculated for the selected common set of days.
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In the case of tropical nights (Fig. 4a), the differences between LCZ classes 
are relatively large, their number varies between 0 (LCZ D and LCZ 9) and 8 
days (LCZ 3) in Szeged, while this range is between 1 (LCZ D and LCZ A sites) 
and 17 (LCZ 2) days in Novi Sad. It is important to note that the highest 
frequencies of tropical nights occur in the most densely built LCZs (2, 3, and 5). 
In contrast to tropical nights, the distribution of summer days is relatively even 
among the different LCZs (Fig. 4b). In the case of Novi Sad, LCZ D is an 
outlier, as it lacks shading from both buildings and taller plants. The cooling 
effect from shading is the reason behind the lower values recorded at LCZ 3 and 
5 in Szeged. In the case of the latter site, the evapotranspiration from the higher 
amount of vegetation also contributes to this effect.

4.2.2. Diurnal variation o f temperature under anticyclonic conditions

For the analysis of the thermal effect of the different LCZs, ideal weather 
conditions should be examined, because in these conditions the effect of the 
urban surface for the temperature are undisturbed. In order to eliminate the 
effects of unfavorable weather conditions and thus to bring forth the 
characteristic diurnal temperature cycles of various LCZ classes, we applied the 
average weather factor, ®w (Oke, 1998) calculated for 3-hour intervals using the 
data from the FIMS SYNOP station 12982. Finally, we selected two time periods 
with prevailing anticyclonic conditions when <X>W was greater than 0.7. They run 
from July 3 to 5, 2014 and from July 19 to 20, 2014 and lasted 72 and 48 hours 
in length, respectively. Figs. 5 and 6 present the diurnal variation of absolute 
and relative temperatures -  expressed relative to LCZ D as TLCzx -  T Lc z d -

July 3 July 4 July 5 July 3 July 4 July 5

Fig. 5. Absolute and relative (difference from LCZ D) temperature variations at selected 
sites in Szeged (a, b) and Novi Sad (c, d) (July 3 to 5, 2014).
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Fig. 6. Absolute and relative (difference from LCZ D) temperature variations at selected 
sites in Szeged (a, b) and Novi Sad (c, d) (July 19 to 20, 2014).

The measurement sites belonging to various LCZs have distinct daily 
temperature cycles. The differences between the classes are most pronounced 
in the case of Szeged, where LCZ 2 and LCZ 3 have an over 5°C temperature 
surplus at 00:00 UTC, July 4 (Figs. 5a and b) and at 00:00 UTC, July 20 
(Figs. 6a and b). In the case o f LCZ 8, LCZ 5, LCZ 6 and LCZ 9 the largest 
surplus values are 4 °C, 3.5 °C, 2.5 °C and 1 °C, respectively. In Novi Sad, 
the temperatures are slightly higher, but the classes differ less. The greatest 
temperature surpluses occur in LCZ 2 and LCZ 6 (between 5-7 °C), while 
LCZ 5, LCZ 3. and LCZ 8 remain somewhat cooler. The cycles of LCZ A and 
LCZ D are similar. The temperature difference between the two types remains 
within the ±3 °C interval, with the largest values occurring around 00:00 
UTC.

Fig. 7 shows the examined sites’ characteristic daily temperature cycles, 
calculated from the selected ‘ideal’ days as hourly averages relative to the 
average non-urban reference site (LCZ D). While differences are smaller in 
Szeged -  as it is a smaller city with half the population of Novi Sad - , the 
diurnal cycle of LCZ’s in the two cities indicate similar trends. During 
daytime, when the insolation is high and convective mixing prevails, 
temperature differences are below ±1 °C. The only exception is LCZ A in 
Novi Sad during the morning hours, which is the result of lush vegetation that 
delays warming through shading and evapotranspiration. During the night, 
when radiative cooling dominates, the differences are larger and mostly
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positive. The differences between the LCZ classes are most pronounced 
during this period due to the unique radiative and thermal properties of the 
sites. In the case of Szeged, the diurnal cycles of classes are more discernible.
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Fig. 7. Average hourly temperature values at selected sites calculated for the five selected 
days and expressed relative to average LCZ D in Szeged (a) and Novi Sad (b).

4.2.3. Diurnal variation o f UHI during summer

This analysis is concerned with the diurnal development of the UHI intensity in 
the most densely built LCZ areas of Szeged and Novi Sad. Similarly to the 
conventional heat island studies, the UHI intensity is expressed as the urban 
conditions relative to non-urban ones. In our case, it was calculated as an 
average temperature difference between LCZ 2 (urban) and LCZ D (non-urban) 
sites for half-hour intervals in both cities (Fig 8). As noted in Section 3, the 
investigated period was shorter in Novi Sad due to technical issues.

The shape of isopleths in Fig. 8 are in line with the general understanding 
of the thermal behavior of dense urban areas: for the most time, the UHI 
intensity remains positive with highest values at night, while negative values 
occur predominantly during the day (urban cool island). The dividing line 
between these two periods is around 6 UTC and 12 UTC in both cities -  see the 
thick isotherms of 0 °C in Fig. 8. The range of UHI intensity is between 
-1.48 °C and 5.22 °C in Szeged, and between -3.70 °C and 6.85 °C in Novi Sad.

Urban cool island occurs in both cities during the day. It is typically around 
-1 °C in Szeged and -2  °C in Novi Sad. An exception around 18:00 UTC on 
July 27 in Szeged (shown in Fig. 8a) is caused by the cooling effect of a
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convective precipitation -  36.4 mm precipitation was measured at the outskirts 
and 83.0 mm in the inner city. It resulted in large temperature differences 
between different parts of the city, and produced an outflow with 8.3 ms wi n d  
speed at the outskirts and 9.3 m s i n  the center. As a consequence, the cooling 
was much faster in the central area and produced the mentioned anomaly.

Date
Fig. 8. Average temperature differences [°C] between LCZ 2 and LCZ D (a) in Szeged 
and (b) Novi Sad (thin isotherms -  integer °C, thick isotherms -  0 and 5°C).
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5. Conclusions

Monitoring urban temperature patterns is an important task that can assist in 
formulating adaptation and mitigation strategies to meet the challenges of 
climate change. The use of automatic weather stations is the most suited method 
for understanding the spatial and temporal characteristics of the urban climate. 
Although the global network of AWSs is well developed, their presence in cities 
is still rather rare. The developed urban climate monitoring systems in Szeged, 
Hungary and Novi Sad, Serbia visualize the observed temperature and relative 
humidity data along with calculated human comfort index. The results are freely 
available online. The selection of measurement sites utilized LCZ maps to 
ensure a representative number and placement of stations within different LCZs.
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This study introduces these monitoring networks through a number of 
analyses using data from the summer of 2014. The temperature and relative 
humidity sensors at site D/l in Szeged were validated against the sensors of the 
Hungarian Meteorological Service’s SYNOP station 12982. In the case of 
temperature, the sensor performance was found satisfactory with slight 
underestimation. The relative humidity sensor underperformed, but it was 
deemed acceptable for the purpose of the project.

The evaluation of the daily temperature indices (summer days and tropical 
nights) revealed that the highest frequencies of tropical nights occur in the most 
densely built LCZ classes (2, 3, and 5). Based on these results, the control of 
building densities or the spatial confinement of dense LCZs could be viable 
adaptation strategies.

Further, in order to assess the thermal behavior of different LCZs under 
‘ideal’ conditions, two periods with anticyclonic conditions were selected. In the 
case of Szeged, the distinction between the daily temperature cycles of different 
LCZ classes was quite pronounced. In contrast, while the nighttime temperature 
surpluses and the daytime temperature deficits were greater in Novi Sad, the 
thermal cycle of different LCZs was less distinct. The average daily cycle of 
each LCZ highlights the differences between day- and nighttime processes.

During summer, the diurnal variation of conventional heat island intensity 
confirms the general knowledge, that is, it remains positive with highest values 
at night, while negative values occur predominantly during the day.

Overall, it can be stated that the monitoring networks installed in Szeged 
and Novi Sad serve their intended purposes -  as informing the citizens about the 
most recent temperature, humidity, and thermal comfort measurements -  well. 
Based on the site visit data of the public display (www.urban-path.hu) of the 
monitoring system, the daily visitor number is around 200 and the two-thirds of 
it are new visitors from these two cities. Hopefully, this publicity helps the local 
authorities to decrease the disadvantageous effects of urban climate. They 
provide beneficial information about the climate of these cities to the public, 
moreover, the results (based on a short time period) presented in this paper show 
that the scientific application of the obtained data is also conductive. The spatial 
and temporal resolution of the network is adequate, and the accuracy of the 
sensors is satisfactory. The results indicate that the site selection was 
appropriate, as the sites belonging to different LCZs exhibit distinct thermal 
behaviors. The planned operation time of these networks will be over 5 years. 
Future data series will allow for more detailed and versatile climatological 
analyses in relation to intra-urban climate variations.
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Abstract—Our aim was to study the effects of short-term weather fluctuations on the 
quality of oxbows, based on the physico-chemical parameters of the water. The present 
study explored the effect of precipitation, temperature, and the water level of the main 
river on the quality of oxbows. We assessed the quality of four oxbows in the Upper 
Tisza region (north Hungary) over a two-year period. Water samples were collected in the 
summer in 2 0 1 1  and 2 0 1 2 , and 12 physico-chemical parameters were investigated.

We found positive correlations between the dissolved oxygen, water temperature, 
concentration of hydro carbonate, nitrate, pH, conductivity and the average temperature. 
Canonical discriminant analysis showed that the studied oxbows were similar in 2011 and 
2012, based on physico-chemical parameters. Significant differences were found between 
the years, in terms of the water temperature, the content of suspended solids, and the 
concentrations of carbonate and chloride. Our results show that only short-term weather 
changes such as less precipitation and higher temperature cause the quality of oxbows to 
deteriorate.

Our results demonstrated that the water quality of oxbows is influenced by the River 
Tisza, because the decrease in the water level of the Tisza was also responsible for the 
differences between the years, based on the physical-chemical parameters of the water.

Key-words: physico-chemical parameters of water, weather change, drought index, 
degradation, emerse vegetation, submerse vegetation
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/ .  Introduction

Conservation of oxbows is of central importance both in Europe and around the 
world. Although these oxbows are also endangered aquatic habitats, the 
management and conservation of freshwater resources mainly focuses on 
running water and larger water bodies (Oertli et al., 2009). Due to their 
biodiversity, small oxbows are equally significant from a socio-economic and 
from a conservation biology point of view (Oertli et al., 2009). Many oxbows 
were found in the Upper Tisza region, which is characterized by abandoned 
river channels, meanders, and periodical and permanent water marshy areas. 
Most of the oxbows were created during the regulation of the River Tisza 
( Varga et al., 2013). There are about 70 oxbows along the Upper Tisza river. 
They are connected to the river during the floodplain events, when large 
quantities of suspended particles are transported into the floodplain (Nguyen et 
al., 2009).

Weather fluctuation has effects on aquatic ecosystems: (i) the temperature 
increase causes an increase in water temperature which may result in an increase 
in conductivity that may in turn reduce the level of oxygen and severely stress 
aquatic fauna [Bond et al., 2008); (ii) the seasonal changes in precipitation alter 
the hydrological relations existing in aquatic systems (Georgi and Pal, 2004). 
Regional patterns in precipitation and temperature predict changes which have 
the potential to alter natural flow regimes (.Palmer et al., 2009). However, the 
cumulative changes in temperature and precipitation may have both direct and 
indirect effects on oxbows, because these water bodies have substantial 
exchanges with atmospheric water in the form of precipitation and 
evapotranspiration (Michener et al., 1997; Winter, 2000). The hydrologic 
conditions directly affect the chemical and physical processes, and the dynamic 
of nutrients and suspended solids (Fink and Mitsch, 2007).

Aquatic macrophytes influence the physical and chemical environment of 
lakes and oxbows (Lukács et al., 2009, 2011). Macrophytes play a key role in 
biochemical cycles, organic carbon production, and phosphorus mobilization. 
They also have a direct influence on hydrology and sediment dynamics 
(Bornette and Puijalon, 2011). Numerous studies have demonstrated that they 
can dramatically alter the material and energy flows between lakes and oxbows 
(Frodge et al., 1990). Earlier studies have also demonstrated that macrophytes 
have an influence on the physico-chemical parameters of water on a macro­
scale; consequently, the vegetation and the physico-chemical parameters of 
water are closely related (Barendregt and Bio, 2003; Heegaard et al, 2001).

The aim of our study was to assess the impact of short-term weather 
fluctuations, such as reduced precipitation and higher temperature. We also 
investigated the effect of the water level of the main river and vegetation types 
on the quality of oxbows, based on the physico-chemical parameters of the 
water. The physico-chemical parameters of the surface water of oxbows were
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studied during two years, 2011 and 2012. To compare the studied years a 
drought index was used, based on the mean temperature and rainfall of the years 
in question. At the same time, the effect of the water level of the Tisza on the 
quality of oxbows was also studied. The poor state of oxbows was evident in the 
field; thus, our hypothesis was that the weather parameters and water level of the 
Tisza may cause the deterioration of the physico-chemical parameters of the 
water, which leads to the degradation of the water quality. Thus, the aim of our 
study was to demonstrate that the precipitation, temperature, and water level of 
the River Tisza influenced the quality of these oxbows, and that the 
meteorological parameters and water level affected the oxbow fill up rate, even 
over a short time period. Our second hypothesis was that the macrophytes also 
had an effect on the physico-chemical parameters of the water, which may cause 
a change in the quality of oxbows. The present study explored the factors 
affecting the quality of oxbows, the precipitation and temperature, the water 
level, and/or the structure of vegetation.

2. Data and methods

2.1. Study sites

We studied the oxbows in the Upper Tisza region. The area studied covers 95 
ha; it is an undisturbed area in the UpperTisza region, in the north part of 
Hungary. There are many oxbows in this region, and the following four oxbows 
were studied: the Kis-Zátony oxbow, the Nagy-Zátony oxbow, the Nagy-Pap 
oxbow, and the Sulymos oxbow (Fig. 1). In our study, two vegetation types 
(submersed and emersed) and open water were studied. The submersed 
vegetation type was characterized by Ceratophyllum demersum Nymphaea alba 
and Schoenoplectus lacustris. The emersed vegetation type was characterized by 
the following species: Typha angustifolia, Typha latifolia, and Phragmites 
australis (Cook, 1996). In the open water, there were no macrophytes. In the 
Kis-Zátony oxbow there were seven sampling points (two open water, four 
emersed, and one submersed vegetation). In the Nagy-Zátony oxbow, there were 
three sampling points (one open water, one submersed, and one emersed). In the 
Nagy-Pap oxbow, there were three sampling points (two emersed and one open 
water). In the Sulymos oxbow, there were six sampling points (one open water, 
one submersed, and four emersed vegetation type).

2.2. Water chemistry

We collected surface water samples in 1-liter plastic bottles; the bottles were 
rinsed out with deionized water three times. Until laboratory processing, 
samples were stored at 4 °C. We measured the physical and chemical parameters 
of the water. The following parameters were measured in the field: conductivity,
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temperature, content of dissolved oxygen (DO) with portable field instruments 
(WTW cond. 340i), and pH (WTW pH 315i).

Fig. 1. Locations of oxbows.

We measured suspended solids from the original samples. For nitrite, 
nitrate, ortho-phosphate, carbonate, hydro-carbonate, carbon-dioxide and 
chloride concentration we used filtered samples. Water chemistry analysis was 
performed by the USEPA (1983) and APHA (2000) methods. For the assessment 
of quality, the MSZ 12749 (1993) standard classification was used.

The local meteorological conditions of the study sites were based on the 
data from the websitwe of the MetNet Association (www.metnet.hu). The 
following parameters were used: rainfall, number of rainy days, and average 
temperature (Table I). For our study, the results of four summer months were 
used. The water level of the Tisza was based on the data of the National Water 
Warning Service (www.hydroinfo.hu) (Fig. 2).

Table I. Summary of meteorological data from May, June, July, and August (mean ± SE). 
The average temperature is the mean of the day, and the mean of rainfall is the average of 
the month

Y e a r T e m p e r a t u r e R a i n f a l l N u m b e r  o f  r a i n i n g  d a y s

(°C) ( m m )

2 0 1 1 2 0  ± 2 6 8  ±26 15 ± 7
2 0 1 2 22 ±3 47 ±3 11 ±4
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Fig. 2. The water level of the River Tisza (mean ± SE) over the past six years.

2.3. Drought index

To compare the years, a drought index (PaDI) was used. This index is a ratio of 
the mean temperature during the period from April to August and the rainfall 
from October to August (Tsakiris and Vangelis, 2004; Tate and Gustard, 2000). 
The following drought categories were used: PaDI < 4 represents a drought free 
year, 4 < PaDI < 6 a slight drought year, 6 < PaDI < 8 a moderate drought year, 
8 < PaDI <10 a medium moderate drought year, 10 < PaDI <15 a severe 
drought year, 15 < PaDI <30 a very severe drought year, and PaDI >30 an 
extreme drought year.

2.4. Statistical analysis

SPSS/PC+ and Canoco for Windows statistical software packages were used 
during the calculations. Using redundancy analysis (RDA) we studied the 
correlation between the physico-chemical parameters of water and precipitation, 
and the temperature in the studied oxbows, canonical discriminant analysis 
(CDA) was used to study the physico-chemical parameters of oxbows. The 
physico-chemical parameters of the oxbows were compared by ANOVA, where 
the years and vegetation types were fixed factors. In the case of any significant 
differences, the Tukey’s multiple comparison test was used to explore these 
significant differences.
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3. Results

The correlation between the first component (RDA1) of redundancy analysis 
and the water physico-chemical parameters and weather parameters was 0.955, 
while for the second component (RDA2), the correlation was 0.562. The 
cumulative percentage variances were 31.3 (RDA1) and 7.5 (RDA2). In the case 
of water physico-chemical parameters and weather parameters, the relation was 
79.5% (RDAl) and 19.1% (RDA2). For carbon dioxide, suspended solids, and 
carbonate, a positive correlation was found between concentration and rainfall 
and the number of rainy days (Fig. 3). A positive correlation was found between 
dissolved oxygen, water temperature, and the concentration of hydro carbonate, 
nitrate, pH, conductivity, and the average temperature (Fig. 3).

RDA 2

Fig. 3. Redundancy analysis biplot to show the interaction between the physico-chemical 
parameters of water and the meteorological conditions. Notations: solid arrow -  physico­
chemical parameters of water, dash arrow -  precipitation and temperature.

Based on the physical and chemical parameters of water, the separation of 
the studied oxbows was similar in 2011 and 2012, based on the canonical 
discriminant analysis (Fig. 4A-B). There were differences between 2011 and 
2012 only in the Nagy-Zátony oxbow. The canonical variance percentage was 
99.6 in the first and 0.3 in the second axis, based on the 2011 data. The 
canonical variance percentage was 83.9 in the first and 10.0 in the second axis, 
based on the 2012 data.
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Fig. 4. Canonical discriminant biplot based on the physical and chemical parameters in 
the studied oxbows in 2011 (A) and 2012 (B).

Based on the vegetation types, the separation was also similar in both years 
(2011 and 2012). A slight change was found in the case of submersed vegetation 
types in 2011 and 2012 (Fig. 5A-B). The variance percentage was 93.3 in the 
first and 6.7 in the second axis in 2011. However, in 2012, the variance 
percentage was 70.8 in the first and 29.2 in the second axis.
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Fig. 5. Canonical discriminant biplot based on the physical and chemical parameters in 
the vegetation types in 2011 (A) and 2012 (B).

The result for the drought index was similar in the studied years. In 2011 
the drought index value was 4.2, while in 2012 the value was 5.9. The index 
values suggest that each year was a slight drought year. In spite of this, when
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comparing the water physico-chemical parameters, a difference was found 
between the years, but differences were not found among vegetation types using 
two-way ANOVA. There was a significant difference between the years in the 
water temperature, the suspended solid content, and the concentration of 
carbonate and chloride (Table 2). A significantly higher temperature, suspended 
solid content, and carbonate and chloride concentration were found in 2012 than 
in 2011. Significantly higher water temperatures were found in 2011 than in 
2012 in the Kis-Zátony oxbow (t5=—5.413, p=0.003), the Nagy-Pap oxbow 
(t3=-52.200, p<0.001), and the Sulymos oxbow (t8=-26.960, p<0.001). 
However, the water temperature did not differ between the two years 
(t8=-26.960, p<0.001) in the Nagy-Zátony oxbow. The concentration of 
carbonate was significantly higher in 2012 than in 2011 in the Kis-Zátony 
oxbow (t5=—5.541, p = 0.003) and the Sulymos oxbow (t8=-26.960, p<0.001). 
The concentration of hydro-carbonate was significantly higher in 2011 than in 
2012 in the Kis-Zátony oxbows (t5 = 7.194. p=0.001). In the Nagy-Zátony 
oxbow, the concentration of hydro-carbonate was significantly higher in 2012 
than in 2011 (t2= -l 11.449, p<0.001). Significantly higher concentrations of 
chloride-ion were observed in 2012 than in 2011 in the Nagy-Pap (t3=-24.498, 
p<0.001) and Sulymos oxbows (t8=-32.680, p<0.001). In the Nagy-Zátony 
oxbow, the concentration of chloride-ion did not differ between the years 
(t2=-2.452, p=0.134) (Table 3). There was no significant difference among 
habitat types in their physical-chemical parameters.

Table 2. Results of ANOVA based on the physical and chemical parameters of years and 
vegetation types.

year
F P

vegetation type 
F p

temperature (°C) 10.294 0.003 0.232 0.795

pH 2.914 0.099 1.581 0.224
conductivity(gS/cm) 0.239 0.629 0.281 0.757

dissolved oxygen (mg/1) 0.855 0.363 0.526 0.597

suspended solid (mg/1) 11.286 0.002 0.426 0.657

carbonate (mg/1) 11.097 0.002 0.019 0.981

hydro carbonate (mg/1) 2.970 0.096 0.596 0.558

carbon dioxide (mg/1) 0.701 0.409 0.537 0.590

chloride (mg/1) 5.627 0.025 0.202 0.819

orthophosphate (mg/1) 0.109 0.744 0.421 0.661
nitrite (N mg/1) 2.296 0.141 0.630 0.540

nitrate (N mg/1) 1.712 0.201 0.396 0.677
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4. Discussion

The chemical composition of lakes and oxbows is determined by natural and 
anthropogenic factors; these include geological, climatic, and biological factors 
(Moiseenko et ai, 2013). Many papers have reported the effects of climatic and 
weather factors on oxbows (Cullum et al., 2006; Hunyady, 2010, Zhao et al.,
2013). Earlier studies demonstrated that dry seasons and dry years cause worse 
water quality, similarly to our findings (Pesce and Wunderlin, 2000, Vega et al., 
1998).

The quality of the Kis-Zátony oxbow and the Nagy-Pap oxbow were good, 
while the Nagy-Zátony oxbow and the Sulymos oxbow were contaminated in 
2011, based on the conductivity findings (MSZ, 1193). A similar conductivity 
was found in the second year — 2012 -  in each oxbow, except for the Sulymos 
oxbow, where the quality was good in 2012. Michalska-Hejduk et al. (2009) 
found similar conductivity values and the use of their classification shows that 
the oxbows we studied are ion-rich.

Of the chemical parameters, dissolved oxygen is an important component 
of the surface water (Michalska-Hejduk et al., 2009). In our study, based on the 
concentration of dissolved oxygen, the quality of the Kis-Zátony and Sulymos 
oxbows was excellent in 2011. The quality of the Nagy-Pap oxbow was 
contaminated in 2011, but in 2012 it was good. Concentrations of dissolved 
oxygen in the Kis-Zátony and Sulymos oxbows were contaminated in 2012. 
Anthropogenic activities were not detected in the area of this oxbow; thus, the 
lower oxygen concentration is probably the result of a decreasing water level. 
The water level decrease may result in higher organic matter, which has a direct 
effect on the dissolved oxygen concentration in the water ecosystem (Michalska- 
Hejduk et al., 2009).

Kroger et al. (2013) found a positive correlation between the concentration 
of suspended solids and wind speeds. They demonstrated that turbidity has an 
indirect effect on suspended solid concentrations (Kroger et al., 2013). Similarly 
to their findings, our results also indicated that weather parameters have an 
effect on the concentration of suspended solids. We found higher results in 2012 
than in 2011 in every oxbow.

The concentrations of anions, including carbonate, hydro carbonate, 
chloride, nitrite, and nitrate are dependent on atmospheric deposition and 
conditions, as it is shown in the redundancy analysis. Based on the nitrite 
concentrations, the quality of the Nagy-Zátony, Nagy-Pap, and Sulymos oxbows 
was good, while the quality of the Kis-Zátony oxbow was tolerable in 2011. 
Nevertheless, in 2012, the water quality of the Kis-Zátony oxbow improved to 
the same level as that of the other oxbows. This could be explained by higher 
microbial activity, which may have caused the higher temperature and lower 
water level in this year (Davidson et al., 1998). Similarly to the earlier finding, 
the conductivity is related to alkalinity which may regulate the aquatic
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production (Zablotowicz et al., 2010). The concentration of orthophosphate was 
similar among the oxbows and also between years. Water quality was 
contaminated in the Kis-Zátony oxbow, based on orthophosphate concentrations 
in 2011. The other oxbows were tolerable in 2011. In the next year, the quality 
of water was contaminated in the Nagy-Pap and Sulymos oxbows, while in the 
Nagy-Zátony and Kis-Zátony oxbows it was tolerable. In spite of earlier 
findings (Moiseenko et al., 2013), we did not find an increase in the 
orthophosphate concentration, despite the increase in the daily temperature.

Unlike earlier studies (Lukács et al., 2009, 2011) we did not find any 
differences between the vegetation types based on the physico-chemical 
parameters of water. Lukács et al. (2009) demonstrated that nitrogen and 
carbonate were the most important variables for vegetation development. Lukács 
et al. (2011) also observed that among water chemical parameters, calcium, 
chemical oxygen demand, nitrite, magnesium, and chloride-ion were important 
in differentiating the vegetation. Our study showed that the physico-chemical 
parameters of water did not differ among vegetation types, which was probably 
caused by the low level of the water.

In spite of the poor state of the oxbows which was visible in the field, 
differences were not found between the weather parameters in the years under 
investigation. Based on the drought index, each year experienced a slight 
drought, although with some parameters, such as water temperature, suspended 
solids content, and the concentration of carbonate and chloride, significant 
differences between the years were found. Using the water level data for the 
River Tisza, the results show that in the past years the water level of the river 
has changed remarkably.

5. Conclusions

We demonstrated that precipitation and temperature influenced the open-water 
surface area, the water level, and the physico-chemical parameters of oxbows. 
These oxbows were connected to the main river only during floods; thus, the 
water level of the main river also had a remarkable effect on the quality of 
oxbows. The physico-chemical parameters indicated that the anthropogenic 
activities did not cause the degradation in the state of the oxbows. Our findings 
suggest that the degradation of the water quality of the oxbows is only slightly 
influenced by precipitation and temperature. The degradation depends on the 
water level of the main river, and the frequency and duration of the flooding.
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A b s t r a c t — Snow is a very important component of the climate system which controls 
surface energy and water balances. Its high albedo, low thermal conductivity, and 
properties of surface water storage impact regional to global climate. The various 
properties characterizing snow are highly variable and thus have to be determined as 
dynamically active components of climate. However, on large spatial scales, the 
properties of snow are not easily quantified either from numerical modeling or 
observations. Thus, it is vital to estimate the model performance in comparison with 
consistent datasets of assimilated data. Snow water equivalent data simulated with four 
different model configurations of the RegCM climate model over Central Europe for a 
time window of 1 0  consecutive winters are compared with the objective analysis data 
from the high-resolution CARPATCLIM database on monthly and seasonal basis. The 
CARPATCLIM snow water equivalent data are also modeled, but based on the gridded 
daily observation of the temperature, precipitation, and relative humidity. The results 
reveal good commensurability over the bigger, mostly flat part of the domain, however, 
they show significant discrepancies, mainly overestimation, over the Carpathian Region.

Key-words: snow water equivalent, numerical simulation, RegCM

1. Introduction

Snow is a very important component of the climate system which controls 
surface energy and water balances, and it is the largest transient feature of the 
land surface according Yang et al. (2001). It has an effect on atmospheric 
circulation through changes to the surface albedo, thermal conductivity, heat 
capacity, and aerodynamic roughness, as it has been documented in numerous
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observational and modeling studies (e.g., Barnet et al. 1989, Gong et al. 2003). 
The snow properties of the surface water storage control the availability of water 
in many ecosystems and to a sixth of the world’s population (Clifford, 2010). 
Therefore, it is vital that snow is properly represented in geophysical models if 
we want to understand and make predictions of weather, climate, carbon cycle, 
flooding, and drought.

The various properties characterizing snow are highly variable and thus 
have to be determined as dynamically active components of climate. These 
include the snow depth (hs) snow water equivalent (SWE), density, and snow 
cover area (SCA). To understand global snow water trends in the necessary 
depth, the most fundamental metric to assess is SWE, with hs as a close second. 
However, on large spatial scales, the properties of snow are not easily quantified 
either from modeling or observations. For example, station based snow 
measurements often lack spatial representativeness, especially in regions, where 
the topography, vegetation, and overlaying atmosphere produce considerable 
heterogeneity of the snow-pack distribution (Liston, 2004). Thus, despite the 
weaknesses of the land surface models, the quantitative assessment of the snow 
properties by the means of the numerical simulation is a pragmatic approach for 
obtaining of the spatial and temporal continuous distribution of the snow pack. 
The utilization of regional climate models (RCMs) in the Bulgarian National 
Institute of Meteorology and Hydrology is within the framework of the common 
effort for composition of detailed picture of the snow cover and its dynamics 
over Southeast Europa with focal point to the central part of the Balkan 
peninsula. So, the latest version of the well-known RegCM regional climate 
model is applied for quantitative estimation of many surface variables, including 
SWE, for 14 consecutive winters between 2000 and 2013, and the subset 2000- 
2009 is used in the present study. As in many validation studies, however here 
even in greater extent, part of the difficulties in exploring the simulation ability 
issue of the model is rooted in the lack of validation data for small-scale features 
and reliable measurements. It is clear that datasets as the mentioned model 
simulation with such time gaps are highly insufficient for any model validation 
study. Nevertheless, hence such procedure is often treated in similar numerical 
experiments as a necessary (first) step in verification/model performance 
evaluation, such comparisons are preformed and the results are described 
(Chervenkov et al., 2015). Main conclusion from this work is that the 
comparisons of the measurements with the model output from all runs yield 
generally similar results. Further, the overall (i.e., over the whole time span) 
biases are acceptable, but, however, with large discrepancies in the day-by-day 
comparisons, which is typical for climate modeling studies.

Satellite earth snow observation products have the needed spatial and 
temporal consistency, which allows comparisons with model output over 
continuous area and time frames. So, utilizing satellite data is a significant step 
ahead in the quantitative snow cover assessment. Satellite retrieval estimates,
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however, require inversion algorithms to relate raw signals recorded at the 
satellite to physical properties of the land surface, and these inverted estimates 
can contain errors and biases (Hancock et al., 2013). Although among the other 
products, SWE has been proven to be more problematic (Hancock et al., 2013), 
especially for wet snow and during melt, which is a typical case in southeast 
Europe, the common treatment of satellite data and model results has been 
already performed. The gridded digital maps of the Globsnow SWE product 
(http://www.globsnow.info/swe/GlobSnow_SWE_product_readme_v 1 .Oa.pdf) 
are compared with the simulation output for the whole 14-year period on 
monthly basis (Chervenkov et al., 2016). Certain drawbacks of the Globsnow 
product can point the absence of data for mountainous regions, which, at least 
from hydrological point of view, are important.

Another informational sources, suitable for assessment studies are the 
products of objective analysis of measurements. Depending on the leading 
physical and mathematical concept, involved data streams and, correspondingly, 
the incorporated processing methods the can vary greatly. The primary 
importance feature of these products is the data quality and, second, at least 
from the end-user point of view, the form of the final product, which is a timely 
continuous digital map of gridded datasets. The relatively long (in 
climatological sense, i.e., in order of decades) temporary extend, acceptable 
horizontal resolution, presence of subsets for various variables, and, not at least, 
the free-of-charge availability of most of these products make it a preferable tool 
in many applications, as the presented verification study here. Being typical 
member of this group, the CARPATCLIM dataset is a motivated choice for 
testing the model performance, and thus this paper, which, in some extend, is the 
continuation of Chervenkov et al. (2015), is dedicated to the comparison of the 
simulated values of SWE with the analyzed ones.

The paper is organized as follows: Short description of the CARPATCLIM 
database, the used version of the RCM RegCM, and the methodological 
approach are placed in the first chapter. The performed calculations and the 
obtained results are described and visualized in the second chapter. 
Summarizing remarks and the main conclusions are listed in the last chapter.

2. Concept and methodology

The CARPATCLIM database is the result of the common effort of 10 national 
institutions from 9 Central European countries as well as the Joint Research 
Centre and the Institute for Environment and Sustainability to overcome the 
differences caused by the national specification in the meteorological data 
sampling and management. According to the product description, the main aim 
of the project is to improve the basis of climate data in the Carpathian Region 
for applied regional climatological studies such as a Climate Atlas and/or
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drought monitoring, to investigate the fine temporal and spatial structure of the 
climate in the Carpathian Mountains and the Carpathian Basin with unified 
methods. Manifestation of the success of the project is the freely available, high 
resolution gridded database for the Larger Carpathian Region (LCR) (see JRC 
report 2010 and the references therein). For ensuring the usage of the largest 
possible station density, the processing were implemented by the countries 
themselves using the same methods and software. The commonly used methods 
were the MASH (Multiple Analysis of Series for Homogenization; Szentimrey, 
2011) procedure for homogenization, quality control, and completion of the 
observed daily data series; and the MISH (Meteorological Interpolation based on 
Surface Homogenized Data Basis; Szentimrey and Bihari, 2007) for gridding of 
homogenized daily data series. The harmonization of the datasets was carried 
out by the exchange of the near border station data of the neighboring countries 
before and after homogenization.

The evaluation of measured snow cover records at the level of 
CARPATCLIM area has led to the conclusion that there is a lack of reliable and 
continuous measured data at the level of the meteorological stations of the 
region, and it is insufficient for estimating connected variables such as SWE and 
snow depth. This is a chronic problem in many regions of the world, in 
particular in the Balkan peninsula adjacent to the larger Carpathian Region, as 
shown in Chervenkov et al. (2015). In order to address this gap, a snow cover 
model employed operationally at the Austrian Central Institute for Meteorology 
and Geodynamics (ZAMG) was applied to generate a 0.1° latitude/longitude 
grid of daily mean snow cover and corresponding estimated water equivalent 
and snow depth simulations. The applied model is based on pre-finished 
CARPATCLIM grids of mean air temperature, precipitation sum, and relative 
air humidity. They are processed by the snow cover model regarding three main 
parts: accumulation of snow cover, ablation of snow cover, and transformation 
of SWE to snow depth. The reader can find more detailed description at 
http://www.carpatclim-eu.org/docs/computation/SNOW.pdf. The database 
contains the gridded distributions of 16 variables with horizontal resolution 
0.1°x0.1° for domain with longitudinal extent 17 to 27 degrees north and 
latitudinal extent 44 to 50 degrees east for the period 1961-2010 on diurnal and 
monthly basis.

RCMs have been developed and extensively applied in the recent decade 
for dynamically downscaling of the coarse resolution information from 
different sources, such as global circulation models (GCMs) and reanalysis, for 
different purposes including past climate simulations and future climate 
projections. This widely used and productive approach is applied here. The 
main simulation tool is the freely available latest version of the regional 
climate model of the International Center of Theoretical Physics in Italy 
(ICTP). RegCM4 is a 3-dimensional, sigma-coordinate, primitive equation 
RCM with dynamical core based (version 2 and later) on the hydrostatic
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version of the NCAR-PSU Mesoscale Model 5 (MM5) (Grell et al., 1994). The 
radiative transfer package is taken from the Community Climate Model 
version 3 (CCM3) (Kiehl et al., 1996). The large-scale cloud and precipitation 
computations are performed by the Subgrid Explicit Moisture Scheme 
(SUBEX, Pal et al., 2000), and the land surface physics are performed 
according to the Biosphere-Atmosphere Transfer Scheme (BATS, Dickinson et 
al., 1993). The adopted convective scheme for the RCM simulations in the 
present study is the Grell scheme {Grell, 1993)) with the Arakawa and 
Schubert {Arakawa and Schubert, 1974) closure assumption. Main 
manifestation of the flexibility of the modern RCMs, including RegCM4, is the 
possibility for selection among different initial and boundary conditions 
datasets (ICBC), parameterization schemes/modules within the model, various 
constants and closure assumptions, etc., combining them in practically 
countless model setups. Obviously, the simulation output from such model 
setups will differ from one another, and, more or less, from the “reality”. Thus, 
multiple runs with different model setups/configurations (further: modcons) 
have to be performed accenting the inspection of the modules that have major 
role is the proper description of the considered variables. There is overall 
agreement in the scientific community that the ICBC plays the most important 
role in the model performance (see Xue et al., 2014 for details). Although there 
are numerous tests with different reanalysis data, which are considered as 
better ICBC compared to those produced by GCMs, there is no single 
reanalysis data set yielding the best results in every region and/or every season. 
We have performed simulations with the two most popular and widely used 
reanalysis datasets: the ERA-Interim of the European Centre for Medium- 
Range Weather Forecasts (ECMWF) {Dee et al., 2011) with horizontal 
resolution 1.5°xl.5° for RegCM simulations, noted further as EIN15 and the 
reanalysis 2 of the USA National Centers for Environmental Predictions and 
the National Center for Atmospheric Research (NCEP/NCAR) {Kanamitsu et 
al., 2002) with horizontal resolution 2.5°x2.5°, noted further as NNRP2. It is 
physically reasonable also to expect, that the module, which describes the 
surface processes and the interactions with the under- and overlaying soil and 
atmospheric layers, namely the land surface model, plays relevant role 
especially in the numerical treatment of the snow cover. A major addition to 
RegCM4 is the option to use the Community Land Model (CLM), version 3.5. 
Compared to BATS, CLM is a more advanced package (and, as a result, it is 
computationally heavier), which is described in detail in Oleson et al., (2004, 
2008). It uses a series of biogeophysically based parameterizations to describe 
the land-atmosphere exchanges of energy, momentum, water, and carbon. So, 
combining the two ICBC datasets with the two land surface models, four 
modcons are designed: ERAIN/BATS, ERAIN/CLM, NNRP2/BATS, and 
NNRP2/CLM, noted further as EB, EC, NB, NC.
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The model domain is centered over Bulgaria and consists of 72><77 
20 kmx20 km gridcells and covers the CARPATCLIM one without the most 
northern latitudinal band in width 1.4° only. The simulation period is from 
November 1 till March 31 for 14 consecutive years between 2000 and 2014. The 
row model output is the gridded distribution of the SWE on a 6-hourly basis (i.e., 
at 00, 06, 12, and 18 UTC).

Traditional method to judge the model performance is to assess the degree 
of agreement between the model output and the analyzed data using well 
elaborated statistical methods, among them the most frequently applied is the 
calculation of statistical scores, which is widely used in validation studies.

3. Performed calculations and obtained results

Due to the practical absence of horizontal mixture processes, specific feature of 
the snow cover is the relatively high heterogeneity (in comparison to the 
atmospheric lower-level parameters). Thus, even on small distances in order of 
couple of kilometers, considerable differences in the snow properties can be 
observed, and the inspection of the CARPATCLIM SWE dataset confirms this 
peculiarity: the differences in some months and regions even for neighboring 
gridcells can be more than an order of magnitude. Hence, is reasonable to expect 
that the adequate resolution of the analysis and the model data, and the 
comparability of both of them is vital. As long as the resolution of the 
CARPATCLIM (roughly 10 km) is properly selected, the RegCM resolution of 
20 km for the current implementation seems insufficient. Additionally, intending 
initially to obtain the mainly overall picture for a significantly larger domain, the 
subgridding option was not switched on in the model simulations, which is not 
applicable for the CLM option. Since interpolation procedures can not reveal 
smaller scale features than those presented in the original data, and generally all 
of these leads to smoothing of the field, is methodologically correct to 
interpolate the finer CARPATCLIM grid to the RegCM one and not vice versa. 
This is done in the most natural way, by simple spatial averaging of every 
neighboring 2x2 gridcells with definite values.

Although in some years and gridcells there is already snow cover before 
the 1st of November, the start of the model simulations at this date ensures 
generally the practical absence of significant snow pack over the bigger part of 
the domain. Starting relevantly later would cause systematic underestimations. 
Ten winters of the period 2000-2009 were taken in consideration in this study.

Usually January is treated as the representative month for the 
corresponding winter. The inspection of the CARPATCLIM atlas (available at 
http://www.carpatclim-eu.org/pages/atlas/), however, reveals that the snow 
cover over the bigger part of the domain for most of the considered years is 
thicker in February, and thus the average SWE for this month is the first
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considered climate characteristics. The second one is the monthly weighted 
average SWE for the winter, namely December, January, and February. Each 
month is weighted with the number of days per month.

Hence main aim of this work is to present the comparison between the 
simulated and analyzed SWE, rather than the actual SWE climatology, only an 
indicative sight is given here Figs. 1 and 2. It is worth to emphasize, however, 
its spatial and temporal variation -  generally speaking, the SWE in the plains is 
roughly 10-50 mm, when over the Carpathian ridge it is up to 150-200 mm.

A v e r a g e  s n o w  w a t e r  e q u i v a l e n t  ( u n i t :  m m )  f o r  F e b r u a r y
2001 2002 2003

Fig. 1. Monthly average CARPATCLIM SWE (unit: mm) distribution for February in the 
original grid.
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Average snow water equivalent  (unit: m m )  for the winter (DJF)
2000 2001 2002

2003 2004 2005

2006 2007 2008

2009

Fig. 2. Winter average (i.e., monthly weighted for December, January, and February) 
CARPATCLIM SWE (unit: mm) distribution in the original grid.

Keeping in mind the above described reasons about the resolution choice 
and intending to facilitate the comparisons, the modeled data are interpolated to 
the new, coarser CARPATCLIM 0.2°x0.2° grid. The files with the row RegCM 
output are handled with the powerful and easy-to-use operator suite climate data 
operator (CDO, 2015). The postprocessing of the model and analysis data is 
performed with purposely developed own programs, all tasks are automated via 
Linux bash scripts, and the visualization is done with GrADS scripts.

Most traditional approach for estimation of the departure of the model 
results from the analysis is applied: the absolute difference between the 
CARPATCLIM SWE and the modeled one (i.e., BIAS) for every winter month 
and for the monthly weighted winter average are calculated, but, due to the 
above commented relative importance, only those for February (in Figs. 3-6) 
and for the seasonal mean (in Figs. 7-10) are presented.
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Simulat ion BIAS (unit:  m m )  for Feb ruary
2001 2 0 0 2  2 0 0 3

2004 2005 2006

2007 2008 2009

2 0 1 0
GrADS: IGES/COLA

- 130-110 -90  -70  -50  -30  -10  10 30 50 70 90 110 130

Fig. 3. BIAS (unit: mm) for the modcon 'EB' for February average in the reduced 
CARPATCLIM grid.

Simulat ion BIAS (unit:  m m )  for Feb ruary
2001 2002 2003

Fig. 4. Same as in Fig. 3, but for the modcon 'EC'.
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Simulat i on  BIAS
2001

(unit: mm )  
2002

for February
2003

2007 2008 2009

2004 2005 2006

2007 2008 2009

Fig. 6. Same as in Fig. 3 , but for the modcon 'NC'.

2 0 1 0

Fig. 5. Same as in Fig. J, but for the modcon 'NB\

Simulat i on  BIAS (unit: m m )  for February
2001 2002 2003

201 0
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Simulat ion BIAS (unit: m m )  for the winter (DJF)
2 0 0 0  ______________2001______________________________2 00 2

Fig. 7. BIAS (unit: mm) for the modcon 'EB' for the winter average in the reduced 
CARPATCLIM grid.

Simulat ion BIAS (unit: m m )  for the winter (DJF) 
2 0 0 0  2001 2 0 0 2

2003 2004 2005

20072006 2008

2009

Fig. 8. Same as in Fig. 7, but for the modcon 'EC'.
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Simulat ion BIAS (unit:  mm) for  t he  winter (DJF)
2000___________________________ 2001___________________  2002

Fig. 9. Same as in Fig. 7, but for the modcon 'NB'.

Simulat ion BIAS (unit :  mm) for  t he  winter (DJF)
2 0 0 0 ______________________________2001 2 0 0 2

Fig. 10. Same as in Fig. 7, but for the modcon 'NC'.

326



The BIAS is formulated as:

(1)

where (9, are the observed, in this case the CARPATCLIM values, M are the 
modeled ones and N  is the number of pairs (comparisons).

Hence the spatial variability of the BIAS is significant, it is important to 
provide also the root mean square error (RMSE) averaged over the domain 
index, presented in Table 1. Using the notation of Eq. (1), the RMSE is equal to:

This index can serve for the first (and rough) judgment of the spatially 
integrated criterion of the model performance. It is not latitudinal weighted, but, 
due to the relatively small extent of the domain along the meridian, this effect 
can be neglected.

Table 1. Values of the root mean square error (unit: mm)

M o d c o n

W i n t e r

E B E C N B N C

D J F DJF D J F DJF D J F DJF D J F DJF
2 0 0 0 2.1 6.3 13.1 6 .6 3.3 12.9 25.1 13.1 2 .0 5.7 1 2 .2 6 .0 2 .2 9.5 2 1 .0 1 0 .2

2 0 0 1 30.0 46.1 45.9 35.9 28.3 41.3 44.1 31.9 15.0 28.8 35.3 2 2 .8 16.2 31.8 31.8 22.4
2 0 0 2 9.2 31.8 50.4 28.8 12.2 42.1 69.8 38.9 6.5 27.2 44.3 24.3 9.1 34.1 60.2 32.1
2003 5.9 23.7 36.7 2 0 .6 6.3 31.4 52.7 28.0 5.3 18.0 27.2 15.7 5.5 20.4 33.4 18.2
2004 11 .0 2 2 .0 35.8 20.9 11 .0 2 2 .2 44.6 2 2 .6 10.8 21.7 32.9 2 0 .0 1 1 .0 20.4 37.5 2 0 .2

2005 11.9 26.3 32.9 2 2 .1 20.3 50.7 63.6 42.9 15.0 31.3 33.9 25.8 2 0 .0 43.7 48.8 36.4
2006 3.2 9.0 22.3 1 0 .2 4.8 17.0 45.2 20.4 3.5 11 .8 23.0 11.1 5.0 18.2 38.7 18.6
2007 14.5 21.9 22.9 19.1 2 1 .1 31.1 38.1 29.1 13.1 2 2 .0 23.6 18.7 16.3 26.1 33.1 24.1
2008 8.7 13.7 18.6 1 2 .0 9.6 15.5 2 2 .1 13.9 10.6 15.3 19.1 13.4 10.5 15.8 19.8 13.4
2009 6.5 14.9 27.6 14.3 7.7 25.2 58.3 27.8 4.8 14.4 23.4 1 2 .0 5.1 17.5 42.4 18.5
average 1 0 .3 2 1 .6 3 0 .6 1 9 .1 1 2 .5 2 8 .9 4 6 . 4 2 6 .9 8 .7 1 9 .6 2 7 .5 1 7 .0 1 0 .1 2 3 .8 3 6 . 7 2 1 .4

The interpretation of the results can be specified in many directions, but the 
most important and obvious conclusions are listed as follows:

• Over the bigger, mostly flat part of the domain, the modeled values of the 
SWE are relatively close to the analysis. The BIAS here shows high spatial

(2)

4. Summary and conclusions
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and temporal (i.e., from month-to-month and from season-to-season) 
variability, but generally the BIAS remains in the interval of (—10)—10 mm.

• The most significant discrepancies, mainly in direction overestimation 
(negative BIAS), are detected clearly over the Carpathian ridge, especially 
over the northern half.

• For all modcons the absolute value of the BIAS for February is greater than 
for the winter average, suggesting overall proportionality of the BIAS and 
the SWE values.

• The presented figures and Table 1 do not outline any model configuration 
which output is clearly better/worse than the others.
Despite the high variability of the BIAS, even in adjacent gridcells, the 

detected negative BIAS for all modcons over the Carpathian ridge, especially 
over its northern part, seems systematic, and this is the main issue of this work. 
The comparison of the model results with the Globsnow product (Chervenkov et 
al., 2016) shows significant dispersion of the BIAS, but also with prevailing 
negative values. Being the “final outcome” of complex atmospheric processes 
and interactions with the land surface, the snow cover can be influenced in many 
pathways along the simulation chain. Thus, for example, the relatively poor 
model performance in 2003 and 2010 can be rooted in the inadequate 
description of the large scale precipitation over the domain. Finally, the fact that 
the CARPATCLIM snow products are not pure observations suggests its 
possible deviation from the “truth state”.

The model RegCM is constantly developed and, respectively, its simulation 
capabilities are steadily increasing. Further numerical experiments have to be 
performed, in particular including other parameterization schemes. The study 
confirms, however, that horizontal resolutions over 10 km are highly insufficient 
for regional snow cover modeling, especially over topographic heterogeneous 
terrain as the larger Carpathian Region. This fact have to be regarded by 
selecting the simulation tool and the model configuration. This is very important 
due to the fact that the mountainous snow covers are, generally speaking, those 
with the longest duration and thickness, with its all hydrological, ecological, and 
socio-economical consequences.

Acknowledgments: Deep gratitude to the organizations and institutes (ICTP, CARPATCLIM, 
ECMWF, NCEP-NCAR, Unidata, MPI-M, and all others), which provides free of charge software and 
data. Without their innovative data services and tools, this study would be not possible.

References

Arakawa, A. and Schubert, W.H., 1974: Interaction of a cumulus cloud ensemble with the large-scale 
environment, Part I. J. Atmos. Sci. 31, 674-701.

328



Barnett, T.P., Dumenil, L., Schlese, U., Roechner, E. and Latif, M., 1989: The effect of Eurasian snow 
cover on regional and global climate variations, J. Atmos. Sci. 46, 661-685.

CDO, 2015: Climate Data Operators. Available at: http://www.mpimet.mpg.de/cdo
Chervenkov, H., Todorov, T., and Slavov, K., 2015: Snow Cover Assessment with Regional Climate 

Model - Problems and Results., Lecture Notes in Computer Science vol. 9374, (Eds. Lirkov et 
al.) Large-Scale Scientific Computing: 10th International Conference, LSSC 2015, Sozopol, 
Bulgaria, June 8-12, 2015. Springer, 327-334.

Chervenkov, H. and Slavov, K., 2016 Simulated versus Satellite Retrieval Distribution Patterns of the 
Snow Water Equivalent over Southeast Europe, Int J  Environ. Agricult. Res. 2, 115-122.

Clifford, D., 2010: Global estimates of snow water equivalent from passive microwave instruments: 
history, challenges and future developments. Int. J. Remote Sens. 31, 3707-3726.

Dee, D.P., Uppala, S.M., Simmons, A.J., Berrisford, P., Poli, P., and Kobayashi, S., 2011: The ERA- 
Interim reanalysis: Configuration and performance of the data assimilation system. Q. J. Roy 
Meteorol. Soc. 137, 553-597.

Dickinson, R., Henderson-Sellers, A., and Kennedy, P.J., 1993: Biosphere-Atmosphere Transfer 
Scheme, BATS: versionlE as coupled to the NCAR community climate model. NCAR Tech 
Note, NCAR/TN-387+STR. National Center for Atmospheric Research, Boulder, CO

Gong, G., Entekhabi, D., and Cohen, J., 2003: Modeled Northern Hemisphere winter climate response 
to realistic Siberian snow anomalies, J. Clim. 16, 3917-3931.

Grell, G.A., 1993: Prognostic evaluation of assumptions used by cumulus parametrizations. Mon. 
Weather Rev. 121, 764-787.

Grell, G.A., Dudhia, J, and Stauer, D.R., 1994: A description of the fifth-generation Penn State/NCAR 
mesoscale model (mm5)., Tech Rep NCAR/TN-398+ STR, National Center for Atmospheric 
Research, Boulder, CO

Hancock, St., Baxter, R., Evans, J., and Huntley B., 2013: Evaluating global snow water equivalent 
products for testing land surface models, Remote Sens. Environ. 128, 107-117.

JRC, 2010: Climate of the Carpathian Region. Technical Specifications (Contract Notice OJEU 2010 
/S I  10-166082 dated 9 June 2010)

Kanamitsu, M., Ebisuzaki, W., Woollen, J., Yang, S.K., Hnilo, J.J., Fiorino, M., and Potter, G.L., 
2002: NCEP-DOE AMIP- II reanalysis (R-2). B. Am. Meteorol. Soc. 83, 1631-1643.

Kiehl, J.T., Hack, J.J., Bonan, G.B., Boville, B.A., Breigleb, B.P., Williamson, D., Rasch, P., 1996: 
Description of the NCAR community climate model (ccm3). Tech Rep, NCAR/TN-420+ STR. 
National Center for Atmospheric Research, Boulder, CO.

Liston, G.E., 2004: Representing subgrid snow cover heterogeneities in regional and global models. J. 
Clim., 17, 1381-1397.

Oleson, K.W., Dai, Y., Bonan, G., and Bosilovich, M., 2004: Technical description of the Community 
Land Model. National Center for Atmospheric Research Tech Note NCAR/TN-461+ STR, 
NCAR, Boulder CO.

Oleson, K.W., Niu, G.Y., Yang, Z.L., and Lawrence, D.M., 2008: Improvements to the Community 
Land Model and their impact on the hydrologic cycle. J. Geophys. Res. 113, G0102.

Pal, J.S., Small, E.E., and Eltahir, E.A.B., 2000: Simulation of regional-scale water and energy 
budgets: representation of subgrid cloud and precipitation processes within RegCM. J  Geophys 
Res, 105, 29579-29594.

Szentimrey, T., 2011: Manual of homogenization software MASHv3.03, Hungarian Meteorological 
Service.

Szentimrey, T. and Bihari, Z., 2007: Mathematical background of the spatial interpolation methods and 
the software MISH (Meteorological Interpolation based on Surface Homogenized Data Basis). 
Proceedings from the Conference on Spatial Interpolation in Climatology and Meteorology, 
Budapest, Hungary, 2004, COST Action 719, COST Office, 17 -27.

Yang, F., Kumar, A., Wang, W., Juang, H.-M. H., and Kanamitsu, M., 2001: Snow-albedo feedback 
and seasonal climate variability over North America. J. Climate 14, 4245^1248.

Xue, Y., Janjic, Z., Dudhia, J., Vasic, R., and De Sales, F., 2014: A review on regional dynamical 
downscaling in intraseasonal to seasonal simulation/prediction and major factors that affect 
downscaling ability, Atmos. Res. 147-148, 68-85.

329





IDŐJÁRÁS
Quarterly Journal o f  the Hungarian Meteorological Service 

Vol. 120, No. 3, July -  September, 2016, pp. 331-351

Climate-based seasonality model of temperate malaria 
based on the epidemiological data of 1927-1934, Hungary

Attila Trájer1 2* and Tamás Hammer1

1 University o f Pannónia, Department o f Limnology, 
Egyetem út 10, H-8200, Veszprém, Hungary

2MTA-PE Limnoecology Research Group, 
Egyetem út 10, H-8200, Veszprém, Hungary

*Corresponding author 'E-mail: atrajer@gmail.com

(Manuscript received in final form October 4, 2015)

Abstract—The potential resurgence of malaria in the temperate areas of Europe due to 
climate change is an actual topic of epidemiology. Although several ecological 
forecasting models were built for the prediction of the potential re-emergence of malaria 
in the recently non-endemic areas of the world, the simulations are mainly based on the 
recent climatic thresholds of the tropical and subtropical vectors and Plasmodium 
parasites, mainly of Plasmodium falciparum. We aimed to reanalyze the primarily 
Plasmodium vivax caused autochthon malaria disease data of the past model period of 
1927-1934 in Hungary to gain reliable knowledge about the climatic thresholds and the 
determinants of the malaria season for a temperate climate in a Central European country. 
Multivariable and simple linear correlation and regression was performed to analyze the 
malaria data of 96 months dividing the season a first and a second half parts of the year. 
Two models were built on the gained correlations using unstandardized and standardized 
correlation weights. It was found, that both in the first and second halves of the year, the 
ambient mean temperature was the most important predictor of the relative malaria 
incidence, while precipitation influenced the first half of the season. Summer sum of 
precipitation above 2 0 0  mm was found as one of the most important determinant of the 
absolute annual case number of benign tertian malaria. The unstandardized weights-based 
modeled malaria seasons returned well the observed autochthon malaria seasons.

Key-words: Plasmodium vivax, malaria, temperate climate, seasonality, archive data
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1. Introduction

Malaria is one of the most important vector-borne diseases in the world affecting 
at least 3.2 billion people (World Malaria Report, 2005) and causing about 
700.000 to 2.7 million people deaths per a year (Patz and Olson, 2006). The 
disease is caused by different Plasmodium species and transmitted by several 
Anopheles mosquitos. About 40% of the mankind live in malaria endemic areas 
(Mendis et al., 2001). Once in the wide areas of Europe malaria was endemic, 
however, due to the active eradication programs of the 20th century, malaria 
became a non-endemic or rare disease in the old continent. Malaria was highly 
endemic also in Hungary, in the hearth of Central Europe, even to the mid-20th 
century, when the results of a combination of several actions, malaria became 
eradicated in the country. For example, in the 1920’s, malaria caused six to eight 
thousand newly acquired cases per year in the continuous regions of the north­
east and south-west parts of Hungary (Ldrincz, 1981-82). In the territory of the 
Kingdom of Hungary, the Ministry of the Interior adopted decree against 
malaria in 1901, but the malaria data was regularly collected from 1927 (Szénási 
et al., 2003). The year of 1930 was a milestone in the history of the malaria in 
Hungary indicating the start of the active intervention, although the more 
intensive epidemiological interventions due to the start of the establishment of 
the observation stations in the endemic areas started only in 1937 (Szénási et al.,
2003). The intent public health efforts, the elimination of the wetland areas and 
the introduction of DDT led to the eradication of the malaria to 1956 in 
Hungary, although officially the WHO delivered Hungary to a malaria-free 
country in 1963.

In contrast to the recent epidemiological situation, the climate models 
predict the resurgence and worldwide increasing risk of malaria transmission 
due to the anthropogenic climate change (Martens et al., 1999). It was found 
that small increases in temperature at low temperatures can increase the risk of 
malaria transmission substantially (Lindsay and Birley, 1996), although the 
potential effect of the changing climatic patterns are strongly influenced by 
socioeconomic developments and malaria control programs (Martens et al., 
1995). For example, in the East African highlands, the warming trend from 1950 
to 2002 caused the parallel increases in malaria incidence, too. The rapid 
response of malaria to the changing temperatures patterns is understandable 
according to the fact that Anopheles mosquitos are highly sensible for the 
meteorological conditions, particularly to the air temperature. Temperature 
determines the time of the ontogeny and the questing activity of female 
mosquitos (MacDonald, 1957; Jetten and Takken, 1994). In addition, the highly 
complex ontogeny of Plasmodium parasites is also the function of the ambient 
temperature. For example, it is known that the lower temperature threshold of 
the ontogeny of Plasmodium vivax and Plasmodium falciparum are 14.5-16 and 
18 °C, respectively (MacDonald, 1957). Even Hackett and Missiroli (1935)
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showed that the pattern of malaria season is in correlation with the latitude of a 
malaria endemic area, since the latitude essentially determines the annual 
temperature conditions with other factors, e.g., as the distance from the oceans 
and the altitude conditions. Before the 20th century, the 15 °C July isotherm 
appointed the northeast occurrence of the endemic malaria cases (Menne and 
Ebi, 2006). Precipitation is also an important factor of the malaria cases 
determining, with the temperature conditions, the dominance of the Anopheles 
species in Europe (Kuhn el al., 2002). In the Atlantic and continental climate 
zones of Europe, as the Central European region, Anopheles atroparvus van 
Thiel, in Eastern Europe Anopheles messeae Falleroni, and in the Balkan 
Peninsula Anopheles superpictus Grassi are the main potential vectors of the 
human pathogen Plasmodium species. Recently, seven Anopheles species are 
known from Hungary, although the presence of Anopheles sacharovi Favre is 
also possible in the southern border areas (Tóth and Kenyeres, 2012). The 
malaria pathogen transmission potential of the different Anopheles species are 
different, the members of the so-called Maculipennis complex (named after the 
Anopheles maculipennis Meigen malaria mosquito) are known to be the most 
important vector species. In Hungary, Anopheles atroparvus, Anopheles 
maculipennis, and Anopheles messeae are the plausible potential vectors of the 
Plasmodium parasites according to the historical data (Szénási et al., 2003). It 
is also known that before the eradication of the malaria in Hungary, 
Plasmodium vivax caused the 90% and Plasmodium falciparum the 10% of the 
malaria cases.

The resurgence of malaria in Europe is more than a fiction: Plasmodium- 
infected people introduced tropical malaria during the 1997 heat-wave in 
Germany (Kriiger et al., 2001) and Italy (Baldari et al., 1998), when local 
female Anopheles mosquitos bite infected passengers returning from endemic 
areas. The reverse case is also known, when introduced, infected malaria 
vectors caused malaria infection in the airport staff or the people living in the 
neighborhood of the airport (Giacomini et al., 1997). However, the well- 
developed simulations provide information of the vector potential of the 
Anopheles species in the near future; there are no well-based evidences about 
the potential seasonality of malaria in the continental areas as the Carpathian 
Basin. In turn, seasonality and the determinants of the annual run of the 
disease season can be more important factors of the possibility of 
reemergence of malaria than the simple presence of the malaria vectors. Since 
either the tropical vectors or the parasites are not or only partly equivalent to 
their continental counterparts, the model results require further validation. 
According to the above described causes, only the historical data of an area in 
a temperate region can provide a reliable basis and model for the potential 
near future seasonality of malaria in the temperate regions, even the climate is 
changing. In contrast to the northern regions of Europe, where malaria 
spontaneously disappeared in the early 20th century (Bruce-Chwatt and de
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Zulueta, 1980), in Hungary the malaria eradication was the consequence of 
the joint effort of public health services. Although, autochthon malaria cases 
were observed in Hungary from the medieval ages to the 1950’s, the 
analyzable period is limited to the start of the regular data collecting activity 
and the start of the more active public health interventions in the second part 
of the 1930’s.

Our aim was to analyze the autochthon malaria case data of Hungary after 
the start of the data collection, but before the pre-intervention era in the period 
of 1927 to 1934. While the threshold of the tropical vectors and parasites is 
well-known, the threshold of the extinct European strains is still debate (Menne 
and Ebi, 2006). We also aimed to gain information about the former seasonality 
patterns, the effect of the temperature and precipitation on the autochthon 
malaria cases and to build a phonological malaria seasonality model based on 
the results. In addition, the re-modeling of the adult female malaria mosquito 
season was performed for the studied period.

2. Methodology

2.1. Statistics and software

The multivariable and the simple linear correlation and regression were 
performed by the simple and multiple regression tool of VassarStats on-line 
statistical program (Lowry, 2004). Microsof Office 2010 Excel was used in the 
visualization of the graphs. ArcGis 10.0 software was used in the performance 
of the spatial data.

2.2. Climate data

Since the climatic and topographical conditions are very homogenous in the 
country, Hungary was considered in climatic sense as a homogenous unit. The 
daily mean temperature data were derived from the European Climate 
Assessment Dataset (Haylock et al., 2008).

2.2.1. Temperature and precipitation data for the period 1927-1934

We gained the monthly mean temperature and the monthly sum of precipitation 
data from the dataset of CRU TS3.22 (land) model for 1901-2013. Average 
values were calculated from the 0.5° grid within the domain including almost 
the entire Hungary. The latitudinal range was 45.50°N-48.50°N, while the 
longitudinal was 16.00°E-23.00°E. The monthly mean temperature and the 
monthly sum of precipitation values were derived from the period of January 
1927-December 1934.
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2.2.2. Temperature and precipitation data for the period 1970-1999

We gained the mean daily temperature data from the dataset of E-OBS model 
(1950-now). Average values were calculated from the 0.5° grid within the 
domain including almost the entire Hungary (Fig. 1). The latitudinal range was 
45.50°N-48.50°N, while the longitudinal was 16.00°E-23.00°E. The monthly 
mean temperature values were derived from the period of January 1970- 
December 1999. The daily data was converted into monthly mean temperature 
values.

Fig. 1. The domain of Hungary in Central Europe.

2.3. Malaria data

2.3.1. Monthly autochthon malaria data o f 1927-1934 in Hungary

The monthly malaria case number of 1927-1934 was based on the article of 
Zoltán Alföldy (Alföldy, 1935). The results of this study are shown in Fig. 2 left. 
Due to the lack of the written data, after the digitalization of the figure, the 
monthly case numbers were read directly from the figure using a precise 
covering grid. Although, malaria became a mandatory reportable disease in 1930 
in Hungary, the regular collection of the disease started in the autumn of 1926. 
Since the data of 1926 is incomplete, in the latter analysis we neglected this 
data. Despite the fact that the studied eight years may seems at first inspect to be 
a short period, the absolute malaria case number showed a notable fluctuation. 
While the lowest malaria case number was observed in 1930 with less than 150 
cases per year, the highest malaria case number exceeded the 1900 case per year 
value in 1934. Summer cases formed the most notable part of the annual malaria 
incidence with a synclinal pattern during the studied period (Fig. 2 right).
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Months

1927 1928 1929 1930 1931 1932 1933 1934

Years
———winter — — —spring —  —  summer .... — autumn

Fig. 2. Left', the autochthon monthly malaria cases in Hungary, in the autumn of 1926 and 
1927-1934, right: changes o f the number of the seasonal autochthon malaria cases in 
1927-1934, Hungary.

2.3.2. Spatial data o f the malaria cases o f 1936 and its georeferencing

To show the former spatial occurrence of malaria in Hungary, the year of 1936 
was selected as a characteristic example of the 1930’s. In this year the malaria 
morbidity was 20.8 per 100.000. The spatial distribution data of the malaria 
cases of 1936 was based on the publication of Szénási et al. (2003) {Fig. 3, 
Malaria morbidity in Hungary in 1936). The original spatial data was displayed 
in the former “járás” {processus, the lowest-level administrative unit) system, 
which corresponds roughly to the present day NUTS4 district areas. We used the 
site appointing function of Google Earth imagery to mark the central points of 
the former NUTS4 areas. Each marked points were named after its case number 
interval. Six intervals of annual case number were used according to the 
original: the 1 to 5, 6 to 14, 15 to 29, 30 to 59, 60 to 149, and 150 to 284. We 
converted the designated spatial data into keyhole markup language (kml) file 
format (altitude or gamma intensity data). After opening the kml data, we 
converted them into shape file format in the ArcGIS 10.1 software. To create 
color images, we linked the points with the mean of the annual case number 
intervals. The different values were assigned to the referred points and were 
sorted into attribute table. We interpolated the values of the spatial data by the 
IDW interpolation function of the spatial analyst tool in the ArcGIS. The aquatic 
habitats illustrating cut off the second military surveying of the Habsburg 
Empire were derived from the Mapire homepage {Mapire, 2015), which is a 
digitized and georeferenced raster mosaic of the original individual sheets 
{Molnár and Tímár, 2009).
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2.4. Mosquito data

The relative abundance, RA (in %), value of the female imago individuals of 
Anopheles messeae, a member of the Anopheles maculipennis complex was 
gained from the three decades (1970’s, 1980’s, and 1990’s) covering 
countrywide mosquito collecting data of Toth (2004). We assorted the number 
of collected female mosquitos according to the months of the year and used the 
summarized monthly female mosquitos in the model. The number of the 
collected number of the mosquitos was termed as a relative abundance (RA). 
Since the monthly value of RA depends on the number of monthly trapping 
occasions, we used the quotient of RA and the number of the trapping occasions 
(termed as the normalized relative abundance value, NRA)\

NRA — —  , (1)

where NRA is the normalized relative abundance, RA, is the the normalized 
relative abundance of the /th month of the year, and N,is the the number of 
trapping occasions in the ith month of the year.

Since this number is based on the summarized amount of collected 
mosquitos, this data was utilized to build only a relative model predicting the 
seasonal run of the malaria mosquito season.

2.5. Modeling approaches

To analyze the phenology of the malaria season, two different approaches were 
used: a climate-based model and a vector (Anopheles wesseae)-based model. In 
the first approach, we also used the temperature and precipitation data to predict, 
at first, the annual relative incidence (RI, in %) and after the percentage of the 
malaria case number according to the whole period’s case number (R). Since, in 
contrast to the past malaria data, we used the 30 years summarized monthly 
number of the mosquitos, in the vector-based model only the temperature and 
the annual normalized relative abundance of the potential vectors (NRA, in %) 
were used. Both NRA and Rl values mean the percentage of the monthly cases or 
number according to the annuals’. The R value was calculated according to the 
incidence values of the period of 1927-1934.

2.5.1. The first approach

The model was built to analyze the determinant climatic factors of the former run 
of the annual malaria case curve in Hungary and to reconstmct the curve in the 
studied period. At first, we calculated the relative case number values form the 
monthly cases, as in the period of 1927 to 1934. The case number of malaria 
showed the above described high variance, and the relative case number (relative
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malaria incidence, RIm) values were used instead of absolute incidence or case 
number values as the basis of the model. The model was constructed to calculate 
the RIm values of a certain month based on the monthly mean temperature (Tm) 
and the monthly sum of precipitation (Pm). Since RIm may be related to the 
abundance of the actual questing, hungry active female Anopheles population, we 
hypothesized that malaria can positively correlate with the outdoor temperature 
and the precipitation. Our approach was that the annual R1 is the amount of the 
monthly values of the temperature and precipitation dependent abundance related 
relative monthly malaria case numbers in the first (RIm\, from the 1st to the 6th 
months) and second part of the year (RIm2; from the 7th to the 12th months). 
Although the correlation between the relative monthly malaria incidence and the 
sum of the monthly precipitation values was negligible in case of the second part 
of the season, keeping the consistency of the model, precipitation was involved. 
RI is the product of the following equation:

/?/ = Sf=r«/ml+Si=27^m2, (2)

where RI is the relative annual malaria incidence ,Rlm\ is the relative malaria 
incidence (%) of the months of first half part of the year, and R/m2 is the relative 
malaria incidence (%) of the months of second half part of the year.

The monthly relative malaria incidence was described as a multivariable 
linear regression function of the Tm and Pm according to the gained coefficients 
of the multiple linear regression analyses in Eq.(3):

=  a + P-Jm +  p2pm- (3)

where RIm is the relative monthly malaria incidence, a is a constant, ii2 are 
correlation weights, Tm is the mean monthly temperature, and Pm is the sum of 
the monthly precipitation (mm).

Since the multiple linear regression analyses gave unstandardized and 
standardized coefficients, two groups of the models were built according to the 
used coefficients. Modela was built on the unstandardized, Model* on the 
standardized coefficients.

At the second step, we aimed to converse the output (the RI) of the relative 
annual model into the relative (R) values of the whole period. The conversation 
of the case numbers into incidence values was not considered to be necessary 
due to the relatively short period. Since the summer cases formed the more than 
50% of the cases, the correlation between the summer precipitation and the 
summer malaria case number was analyzed. It was hypothesized that the ratio of 
the modeled summer case number according to the mean can be used as the 
multiplier of the annual case number:
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R — Rim N m o d e l e d  s u m m e r  m a l a r i a  

N - m e a n  s u m m e r  m a l a r i a
(4 )

2.5.2. The second approach

We used a simple linear model to gain correlation between the NRA values of the 
two Anopheles species and the mean monthly temperature of the period 1970- 
1999. Since the domain of the two sources of the temperature data was the same, 
we calculated the NRA values of the malaria mosquitos for the months of the period 
of 1927-1934. Finally, we compared the RJ and NRA values for the studied period.

3. Results

3.1. The spatial occurrence o f malaria in the 1930 ’s

The historical malaria case data of 1936 shows that the former autochthon malaria 
cases in Hungary had three main focuses, the Upper Tisza region the northeast 
(Fig. 3.1), the river Drava in the southwest (Fig. 3.2a), and the south area of Zala 
hills, adjacent to the Drava valley (Fig. 3.2b). The endemic malaria focus in the 
Upper Tisza valley was partly related to the great Ecsed marsh. The central and 
northern parts of Hungary were malaria-free areas in 1936. The elevation of the 
Upper Tisza region focus is 101-118 m above sea level, in case of the southwestern 
former malaria focuses the topography is very heterogenic, the mean elevation is 
about 85-170 m, respectively (Fig. 3, upper map).The lower maps of Fig. 3 show 
the most influenced autochthon malaria regions in 1936 according to the second 
military survey of the Habsburg Empire. Although the survey itself was carried out 
in the period from 1853 to 1873, the coverage with wetlands, oxbows, and marches 
did not differ notably from the conditions of the 1920’s and 1930’s. In the southern 
part of the Upper Tisza valley, the marshes formed the dominant potential aquatic 
habitats of Anopheles species, while in the northern part of the Upper Tisza and the 
Drava valley, these habitats were the oxbows and flood puddles.

3.2. The phenology o f the autochthon malaria seasons from 1927 to 1934 in 
Hungary

The incidence of the autochthon malaria cases was the following: 1.17 (1927), 0.53 
(1928), 0.25 (1929), 0.16 (1930), 0.53 (1931), 1.11 (1932), 1.33 (1933), and 2.29 
(1934) per 10,000 inhabitants calculating with the population of Hungary according 
to the census of 1930 (8685109 inhabitants), respectively. The mean of the 
incidence values was 0.92, the variance was 0.4675, and the standard deviation was 
0.7053 per 10,000 inhabitants. In the studied period, the malaria season in 6 cases 
had unimodal patterns (in 1927, 1928, 1929, 1930, 1931, and 1934), in 2 cases the
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season had bimodal feature (in 1932 and 1933). The maximum monthly case 
numbers were observed in May in 1 case (1931), in June in 5 cases (1927, 1928, 
1929, 1930, and 1934), in August in 2 cases (1932 and 1933). In case of 1932, and 
1933, a second seasonal peak was observed in September (Fig. 4).

Fig. 3. Spatial distribution of the malaria cases in 1936. 1: Szatmar-Bereg plain, 2a: 
Drava Plain, and 2b: south Zala hills (upper map) are the most influenced autochthon 
malaria regions in the 1930’s in the maps of the second military survey of the Habsburg 
Empire. Blue colors refer to the wetlands and rivers of the areas, t : the upper Tisza, 2a: 
the Drava, and 2b: the south area of Zala hills, adjacent to the Drava valley (lower maps).

Fig. 4. Upper left: absolute monthly autochton malaria case numbers. Left: box and 
whiskers plots of the monthly case numbers of the years. Upper right: relative malaria 
incidence values. Lower right: box and whiskers plots of the annual proportion of the 
monthly case numbers of the years of 1927-1934 in Hungary.
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The season started in March in general, although in 1929 and 1930, the malaria 
season started in April and May. The summer proportion of the cases according 
to the annual total case number were the following in the studied years: 1927: 
65.69%, 1928: 54.54%, 1929: 63.41%, 1930: 66.66%, 1931: 49.59%, 1932: 
43.23%, 1933: 49.00%, 1934: 66.21%. In general, the 57.29% of the annual 
cases occurred during the summer months in 1927-1934. The seasonal run of 
the malaria seasons show that the season started when the portion of the monthly 
malaria case number reached about the 5% of the annual cases. According to 
this criterion, the malaria season started in April except the year 1930, when the 
season started in March. The monthly mean temperatures, of the starting months 
were the following: 9.6 (1927), 10.3 (1928), 6.1 (1929), 6.2 (1930), 7.5 (1931), 
9.5 (1932), 7.2 (1933) and 13.0 °C (1934). In general the start of the season 
occurred at 8.7 °C monthly mean temperature (SD: 2.37 °C). Using the same 
criterion for the end, the season ended in September in 1927-31 and 1934 and in 
October in 1932-33. The monthly mean temperatures of the last months were the 
following: 16.6 (1927), 15.9 (1928), 15.6 (1929), 16.8 (1930), 12.0 (1931), 11.9 
(1932), 10.4 (1933), and 16.7 °C (1934). In general the end of the season 
occurred in 14.5 °C monthly mean temperature (SD: 2.6 °C). The absolute 
minimum temperature threshold of malaria in the begining and the end and of 
the season was about 5 °C mean monthly temperature (Fig. 5 left). The peak 
season month occurred at the following mean temperature and monthly sum of 
precipitation conditions: 19.0°C -76.7 mm (1927), 22.3 °C -21.3 mm (1928), 
17.2 °C -79.0 mm (1929), 18.8 °C -92.7 mm (1930), 17.5 °C^12.1 mm (1931), 
17.0 °C -52.5 mm (1932), 15.6 °C -102.4 mm (1933), and 17.7 °C -116.6 mm 
(1934) with a mean of 18.1°C (SD: 2 °C) and 72.9 mm (SD: 32.2 mm; Fig. 5 
right).

Years Years

Fig. 5. Left: monthly relative malaria case number and run of the monthly mean 
temperature values. Right the monthly relative malaria case number and run of the 
monthly sum of precipitation values.
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Strong correlation was found between the RI and the mean monthly temperature 
values (r2 = 0.75). We also found notable correlation ( f  = 0.5) between the RI 
and the sum of the monthly precipitation in the first part of the year. The 
multiple r of the regression was 0.78; the adjusted r was 0.77 with a standard 
error of 4.7901. The value of the intercept is -2.5895. The correlation matrix 
and the gained regression coefficients can be seen in Tables 1 and 2.

3.3. Modeling approach l

3.3.1. The first part o f  the year

Table 1. Correlation matrix of the results of the multiple regression in case of the months 
of the first half of the year; RImi: relative incidence of the months of first half in the year, 
Tm: mean monthly temperature, Pm\ sum of the monthly precipitation

Tm Pm RIml
Tm 1 0.656 0 .8 6 6

Pm 0.656 1 0.71
RIml 0 .8 6 6 0.71 1

Table 2. The gained regression coefficients; Tm: mean monthly temperature, Pm: sum of 
the monthly precipitation, b: unstandardized regression weights, B: standardized 
regression weights

b B B PTmPm

T1 m 0.8904 0.7025 0.6081
Pm 0.1067 0.2487 0.1765

For the relative malaria incidence of the first six months of the year, RI„,i, the 
following equations can be written:

RIml = -2.5895 + 0.8904Tm + 0.1067Pm, i f  C ' « 34 > 5 °C (5.a) 

RIml = -2.5895 + 0.70257m + 0.2487Pm, i f  > 5 °C (5.b)

Eq. (5.a) is based on the unstandardized, while Eq. (5.b) is based on the 
standardized weights, where Tm is the mean monthly temperature and Pm is the 
sum of the monthly precipitation.
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3.3.2. The second part o f  the year

Notable correlation was found between the RI and the mean monthly 
temperature values (r2 = 0.57; Fig.6 upper part). In contrast, the correlation 
between the RI and the sum of the monthly precipitation was negligible in the 
second part of the season (r2 = 0.03, Fig. 6 lower part). The multiple r2 of the 
regression was 0.58; the adjusted r2 was 0.56 with a standard error of 5.1746. 
The value of the intercept is 0.2607. The correlation matrix and the gained 
regression coefficients can be seen in Tables 3 and 4.

Table 3. Correlation matrix of the results of the multiple regression in case of the months 
of the second half of the year; RIm2 '. relative incidence of the months of first half in the 
year, Tm: mean monthly temperature, Pm: sum of the monthly precipitation.

Tm Pm RIm2
Tm 1 0.313 0.758
Pn, 0.313 1 0.168
BIm2 0.758 0.168 1

Table 4. The gained regression coefficients; Tm\ mean monthly temperature, Pm\ sum of 
the monthly precipitation, b: unstandardized regression weights, B: standardized 
regression weights

b B B X FTmPm

Tm 0.7727 0.7818 0.5924
Pn, "0.028 "0.0771 -0.0129

For the relative malaria incidence of the first six months of the year, RImi, the 
following equations can be written:

RIml = 0.2607 + 0.7727Tm -  0.0280Pm, i f  > 5 °C (6.a)

RIml = 0.2607 + 0.7818Tm -  0.0771Pm, i f  T™&£*34 > 5 °C (6,b)

Eq. (6a) is based on the unstandardized, while Eq. (6b) is based on the 
standardized weights, where Tm is the mean monthly temperature and Pm is the 
sum of the monthly precipitation.
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Fig. 6. Upper left: correlation between the monthly relative malaria case number and the 
run of the monthly mean temperature values in the first part of the year. Upper right: 
correlation between the monthly relative malaria case number and the run of the monthly 
sum of precipitation values. Lower left: correlation between the monthly relative malaria 
case number and the run of the monthly mean temperature values in the second part of the 
year. Lower right: correlation between the monthly relative malaria case number and the 
run of the monthly sum of precipitation values.

3.4. Modeled relative seasons

3.4.1. Correlation between the summer precipitation and the number o f the 
summer malaria morbidity

Significant correlation was found between the sum of the summer precipitation 
and the summer malaria case number:

where r2=0.58 and p=0.3557. Results of the Eq. (7) are drawn in Fig. 7.
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Fig. 7. Correlation between the sum of the summer precipitation and the malaria case 
number in summer

Using unstandardized weights, the sum of the absolute errors is 3.7109, 
in case of standardized weights it is 4.3859 (Fig.8 top). The 12.5% of the 
malaria case numbers of the period of 1926-1934 occurred in a given year. 
The ratio of the real case number and the mean of the period were the 
following: 1927: 1.24, 1928: 0.38, 1929: 0.86, 1930: 0.83, 1931: 0.82, 1932:
0.60, 1933: 1.20, 1934: 2.06. The correlation of the relative malaria cases and 
the results of the model using unstandardized weights according to the linear 
and polynomial approximations are r2 = 0.6487and r2 = 0.7247, while in case 
of standardized weights these values are r2 = 0.311 and r2 = 0.341, 
respectively. The sum of the absolute errors in case of unstandardized weights 
was 70.78, in case of standardized weights 82.55, respectively. Although the 
model somewhat overestimate the relative case number of 1929 and 1930, it 
predicts the higher season peak values well in case of 1927, 1933, and 1934 
{Fig. 8 bottom).

3.5. The second modeling approach

3.5.1. The temperature dependent seasonality o f Anopheles messeae in Hungary

The main part of the mosquito seasons of Anopheles messeae started in April 
and ended in October, however, a few numbers of individuals were collected 
also in March and November. The main parts (91%) of the female Anopheles 
maculipennis complex individuals were collected in months with more than 
12 °C average temperature (Fig. 9).
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In case of the normalized relative annual numbers of Anopheles messeae, 
strong significant correlation were found with the monthly mean temperature 
(r2 = 0.89, p<0.0001). According to the correlation between the monthly mean 
temperature and the summarized relative (%) number of the collected female 
individuals of Anopheles messeae the following equation was gained:

NRA = 0.1147Tm + 0.0117, (8)

where NRA is the normalized relative abundance (%) and Tm is the monthly 
mean temperature (°C).

3.5.2. The reconstructed Anopheles messeae seasonality in 1927-1934

Eq. (7) was replayed for the monthly temperature values of 1927-1934 and it 
was depicted with the relative (%) number of the observed autochthon malaria 
cases (Fig. 10).

Fig. 10. The observed normalized relative malaria incidences and the modeled relative mean 
abundance values of Anopheles messeae.

4. Discussion

The reanalysis of the historical malaria data in the central part of Europecountry 
provides a unique feasibility to gain confident data about the former seasonality
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of the autochthon malaria in a temperate region of Europe. Historical maps show 
that the autochthon malaria cases occurred primarily in wetland areas or river 
basins and not at lakes as lake Balaton. The spatial occurrence of the cases was 
linked to two major aquatic habitats: marshes and the floodplain of the river 
valleys. It can be stated that the cases are accumulated in the water collecting 
area of medium-sized rivers as river Tisza, Drava, or river Körös. The salt lakes 
of the Danube-Tisza interfluve, the rivers and creeks of the Transdanubian 
mountain range were not affected by malaria in the studied period. It is plausible 
that areas with the extent presence of barely or not regulated river sections had 
the greatest risk for malaria endemicity. Although, the most notable focus in 
1926-1934 were linked into south-western and north-eastern parts of Hungary, a 
major malaria endemic focus is plausible according to the historical records and 
the FY A Duffy blood group allele in the great plain of Hungary and the south 
parts of the Carpathian Basin. The recent presence of the local low FY A allele 
frequency in south Hungary, north Serbia, Vojvodina, and south western 
Romania (see Howes et al., 2011) may refer to the former presence of a long- 
persistent malaria endemic area in the south-eastern part of the Carpathian 
Basin, since malaria resistance is linked to the Duffy-negative phenotype against 
Plasmodium vivax infection. In contrast, the recent distribution of sickle 
haemoglobin (HbS) allele frequency shows that Plasmodium falciparum caused 
malaria was endemic only in the South Balkan in the historical times (see Piel et 
al., 2010) and it lacked from the Carpathian Basin which is consistent with the 
known sensibility of the parasite for cold conditions.

In the historical times, up to the middle of the 20th century, Plasmodium 
vivax was the predominant cause of malaria in the temperate parts of Europe, 
and Plasmodium falciparum persisted only in the Mediterranean coastal regions 
of the old continent (de Zulueta, 1994). The possibility of the overwintering of 
Anopheles mosquitos is not theoretical, since the lethal temperature for some 
members of the genus is below -15 °C ( Wallace and Grimstad, 2002). It is 
plausible that relatively cold-resistant Plasmodium vivax was the main infectious 
agent of malaria in Hungary (Szénási et al., 2003), which Plasmodium species 
outside of Africa recently accounts for more than 50% of all human malaria 
cases (Mendis et al., 2001). Plasmodium vivax infection is a re-emerging malaria 
disease in the eastern part of the Mediterranean basin (Andriopoulos et al., 
2013). The occurrence of malaria is strictly limited by precipitation and 
temperature thresholds. For example, the temperature threshold of the digestion 
of blood meal in case of Anopheles maculipennis is 9.9°C, while the threshold 
temperature of the extrinsic incubation cycle of Plasmodium vivax is 14.5-15°C 
(Martens et al., 1995).

The absolute minimum limits of the start and the end of the malaria season 
were about at the 5 °C mean monthly temperature values which are lower than 
the recent known, at least 14.5 °C ontogeny threshold of the Plasmodium species 
(MacDonald, 1957). It is in accordance with the gained, also about 5 °C
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minimum activity threshold of adult female Anopheles messeae individuals. 
These observations raise the possibility that the former malaria strains were 
much cold tolerant in the temperate regions of Europe -  similarly to the vectors - 
than in case of the recent genetic lines of the tropical/subtropical regions.

In contrast to the recent tropical and subtropical examples, malaria in the 
temperate, continental climate of Hungary had mainly unimodal seasonality with 
a 3 to 4 months winter diapause. It is also notable that the also mosquito- 
transmitted, in Hungary recently endemic West Nile fever has a late summer - 
early autumn peak season with a very low and negligible case number in June 
(Trájer et al., 2014). The clear difference of the seasonality of the two mosquito- 
borne diseases could be explained by the different reservoirs, which are birds in 
case of West Nile fever and humans in case of malaria. While active mosquitos 
can transmit malaria directly from human to human, West Nile fever epidemics 
can only break out after that the amount of the circulating virus reaches a given 
threshold prevalence level in the mosquito population. It should be added, that 
West Nile virus can overwinter in their mosquito vectors (Nasci et al., 2001). It 
is somewhat surprising that while the mosquito population could increase during 
the summer season, the malaria incidence reached its annual peak already in 
early summer in most of the years. It is possible that infected mosquitos could 
overwinter in an increased number within the population, since Plasmodium 
infected mosquitos have increased longevity (Vézilier et al., 2012).The observed 
June maximum in the majority of the years and the early and fast increase of the 
former malaria season support the hypothesis, that the infected overwintering 
female imago malaria mosquitos played a notable role in the transmission in the 
studied former autochthon malaria cases. Another possible interpretation of the 
former early outbreak and peak of malaria is the role of humans as reservoirs 
living in wetland areas, since the incubation period varies between 7 and 15 days 
in general, and the long incubation period can take several months (sometimes 
years) in case of Plasmodium vivax caused malaria without any effective 
treatment (ECDC Epidemiological update, 2013).

The found, 3 to 4 months winter diapause period of the potential vector 
mosquitos in the cold half of the year led the public health services to the 
successful intervention. Szénási et al. (2003) described that the infected people 
were re-treated in the spring of the next year, which practice was one of the most 
important cause of the eradication of malaria in Hungary.

Bismil’din et al. (2000) and Kuhn et al. (2003) concluded that there are 
strong link between the re-emergence of malaria and non-climatic factors. 
Climate change alone can be insufficient to trigger the reappearance of the 
autochthon malaria in an area. We found that precipitation is an important 
determinant factor of the relative incidence in the first half part of the year, and 
it influences significantly the summer incidence. This finding is in accordance 
with that rainfall has significant effect on the number of Anopheline vectors as 
e.g. Anopheles gambiae (Koenraadt et al., 2004). We found that in the second
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half of the year, precipitation had no notable effect on the malaria incidence. 
Temperature played important role in the determination of the notable points 
(the start and the end) of the season although the absolute case number or the 
possible bimodality of the season was rather determined by the summer 
precipitation patterns. The effect of the summer precipitation sum above about 
200 mm increased rapidly the summer, and consequently, the annual incidence 
of malaria. The gained similarity of the observed relative malaria and the 
modeled relative vector seasons confirms the former observations and 
hypotheses that the native members of Maculipennis complex, e.g., Anopheles 
messeae were the vectors of the malaria in Hungary. It can be concluded that our 
seasonality model can be well-adapted for the recent Plasmodium vivax malaria 
endemic areas of the world.
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