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Abstract— Research of future climate tendencies is a precondition for appropriate 
climate change adaptation strategies in forestry and agriculture. The aim of this paper is 
to investigate the expected probability and magnitude o f threatening climate conditions 
that are o f primary importance in terms o f forest management. Until 2100, precipitation 
and temperature results o f an ensemble o f 12 regional climate model simulations as well 
as derived indicators (e.g., Forestry Aridity Index and Ellenberg’s climate quotient) have 
been analyzed for the A1B emission scenario. For the case study area in Southwest 
Hungary (Zala County), projections indicate an increasing tendency of warming and 
drying of summers towards the end o f the 21st century. In the period 2071-2100, 
decrease o f summer precipitation sum may exceed 25% compared to 1981-2010. Both 
extreme droughts and heavy precipitation events are expected to be more frequent. 
Consequently, the already observed climate change impacts and damages in forestry are 
very likely to occur with higher probability and severity. Including these results, a GIS- 
based “Agroclimate” decision support system is under development that contains a 
coherent data chain from climate change simulations, through impact assessments to 
adaptation support in order to provide quantified information on the possible yield 
potential and production risk for sustainable forest management.

Key-words: regional climate modeling, climate change impact, forest ecosystem, 
adaptation, decision support
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1. Introduction

1.1. Climatic extremes threatening forests in the Carpathian Basin

The Carpathian Basin is considered to be highly sensitive and vulnerable to 
climate change and the related increase of the probability and intensity of 
extreme events. Droughts are recurrent features in the climate of the region, and 
relatively high amounts of precipitation is required to recover from a severe dry 
period (Antofie et al., 2015). For the high drought risk, climate change, land 
cover changes, and intensive land use jointly are responsible (Spinoni et al.,
2013) .

Precipitation is the determining and limiting factor of the distribution of 
climate dependent tree species in the forest/grassland transition zone (“xeric 
limits”; Mátyás, 2009) in Eastern-Central Europe and Southeast Europe. 
Primarily consecutive drought periods threaten the survival and adaptation of 
forest ecosystems (Mátyás, 2009; Mátyás et ai, 2010). In the last 50 years, the 
frequency, severity, and duration of extremely dry and warm weather events 
have increased (Szinell et al., 1998; Spinoni et al, 2013), their impacts on the 
most sensitive tree species are already visible.

Summer droughts of the last decades (especially in 1983-1995 and 2000- 
2003) have led to vitality loss of beech forests and to the drastic reduction of 
their climatically suitable niche in Elungary (Berki et al., 2009). Elealth status 
decline has been observed also in sessile oak stands (Berki et al., 2014). Under 
drier climate conditions, Führer et al., (2013) found less organic matter 
production of above-ground dendromass. Climatic extremes are being observed 
to affect the water uptake of forests from groundwater and the whole water 
balance of forested catchments (Gribovszki, 2014). As result of a drought 
induced damage chain, increasing number of pests and diseases has been 
detected in beech and oak forests (Lakatos and Molnár, 2009; Csóka and Hirka
2011). Lack of adaptation may lead to increasing forest die-back and mortality 
(Mátyás et al, 2010; Czitcz et al., 2011; Rasztovits et al., 2014; Hlásny et al.,
2014) .

1.2. Projected climate tendencies

Regional climate change projections largely agree in a statistically significant 
warming in all seasons over Europe (Christensen et al., 2007; Jacob et al., 2008; 
van der Linden and Mitchell, 2009). The annual precipitation sum shows an 
increase in the northern and a decrease in the southern regions towards the end 
of the 21st century. In the transition zone, changes are smaller and statistically 
not significant (Kjellström et al., 2011). This zone is projected to shift 
northwards in summer resulting in a decrease of the precipitation amount in the 
Carpathian Basin, whereas the southward shift of the transition zone in winter 
may lead to precipitation increase (Bartholy et al., 2007, 2008; Jacob et al.,
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2008). Projected increase of warm extremes as well as of drought frequency, 
magnitude, and length are statistically the most significant in the Southern 
European regions, whereas the risk of wet extremes is the most pronounced in 
the northernmost areas of the continent (Heinrich and Gobiet, 2011). In the 
Carpathian Basin, more irregular rainfall can lead both to more frequent heavy 
precipitation events and severe droughts (Gálos et al., 2007; Szépszó, 2008; 
Pongrácz et al, 2014). Recently, in the frame of the World Climate Research 
Program Coordinated Regional Downscaling Experiment (EURO-CORDEX) 
initiative, new regional climate projections have been provided for Europe in 
higher horizontal resolution (Jacob et al., 2013). The results of the multi-model 
ensemble confirm the above introduced tendencies, the magnitude and the main 
spatial patterns of the expected climate change, however, they show more spatial 
details (Jacob et al, 2013; Vautard et al., 2013, 2014).

1.3. Decision support system development

In Hungary, silvicultural technologies and species preferences are prescribed by 
binding regulation based on climate conditions that are assumed to be constant 
over time. Severe droughts of the last decades and observed tree mortality shed 
light on the need to rethink forest management planning. Reliable projections of 
health status, production, growth, and yield are essential for the next decades in 
order to decide about sustainable tree species preference and to assess the 
economic impacts of possible species changes. The “Agroclimate” decision 
support system will provide coherent, GIS-supported information about the most 
important regional and local risks and adaptation options for three climate- 
dependent sectors (forestry, rainfed agriculture, and animal husbandry on 
nature-close pastures; Mátyás et al., 2013). In the first step, Zala County in 
Southwest Hungary was selected as pilot region.

This paper introduces the climate part of the decision support system. The 
aim is to analyze future climate projections that are providing input for the 
assessment of forest responses to climate change. Special focus is on the 
expected probability and magnitude of threatening climate conditions that are of 
primary importance in terms of forest management (Section 3). Examples are 
shown for application of regional climate model outputs for impact research in 
the GIS-supported system (Section 4).

2. Sources of climate information and methods for analyzing

2.1. Applied climate data and models

For the period 1961-2010, daily observation series of temperature and 
precipitation have been used. The gridded data are available from the 
CARPATCLIM EU-project (www.carpatclim-eu.org, Lakatos et al., 2013) in

4 2 7



0.1 °x 0.1° horizontal resolution. In the project, the MASH (Multiple Analysis of 
Series for Homogenization; Szentimrey, 2011) procedure has been used for 
homogenization of long-term observation series. Interpolation of the 
homogenized time series was carried out by applying the MISH (Meteorological 
Interpolation based on Surface Homogenized data basis; Szentimrey and Bihari,
2007) method. Since the target region of the CARPATCLIM project does not 
cover the whole Zala County, data from further stations of the Hungarian 
Meteorological Service were also involved in the investigations.

For the 21st century, results of 12 regional climate model simulations have 
been analyzed that were created in the frame of the ENSEMBLES EU FP6 
project (www.ensembles-eu.org). The data are accessible at daily time scale, in
0.22° x 0.22° spatial resolution. The models are already validated (Jacob et al.,
2008) , their uncertainties (related to the model, scenario, boundaries, and the 
variability of the climate system; Prein et al., 2011) have been investigated and 
evaluated in many research projects (e.g., Christensen et al., 2007). This 
ensemble of regional climate change projections for the SRES A1B emission 
scenario (IPCC, 2007) are considered as state-of-the-art for European climate 
impact assessments, so far.

2.2. Methods o f analyzing

Climate model results have been included in the GIS-based decision support 
system, transformed into a common grid applying the DigiTerra Map GIS 
software and its newly developed Climate Database Query Module (Czimber, 
2014). Inclusion of all available information (e.g., elevation, hydrology, soil and 
climate conditions, and satellite images of land use, land cover, and forest 
inventory data) into a geoinformatic system allows the integrated data 
processing of the different raster and vector layers. It is possible to query data 
from the database and the map, and to make geostatistical analyses. For finding 
spatial correlations and developing functions for impact assessments, the latest 
image processing technologies (fuzzy membership functions based and 
maximum likelihood classifiers) has been used.

Applying the Climate Database Query Module, monthly, seasonal, and 
annual temperature means and precipitation sums as well as their means over the 
vegetation period have been determined using the daily time series of 12 
different regional climate models. For calculating general extreme indices (e.g., 
total number of summer days, hot days, frost days, dry days, heavy precipitation 
days), minimum and maximum temperatures from 6 models are available. 
Moderate and severe dry summers have been defined based on Gálos et al. 
(2007). Table 1 contains the variables and derived indices selected and 
investigated in this paper.
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Table 1. Climate variables and indices analyzed in this study

Temperature means (7) • annual, seasonal, monthly, vegetation period

Derived extreme indices from daily 
temperature minima (Tmin) and 
temperature maxima (Tmax)

• extremely hot days (Tmax >35  °C)
• hot days (Tmax > 30 °C)
• frost days (Tmin < 0 °C)
• ice days (Tmax < 0 °C)

Precipitation sums (P) • annual, seasonal, monthly, vegetation period

Derived extreme indices from daily 
precipitation sums • wet days (P > 20 mm day '1)

Ellenberg's climate quotient (EQ ;
Ellenberg, 1988)

EQ -  J july * 1000
*.Annual

Forestry aridity index (FAT, Fiihrer, 
2010)

FAI = TJuly-August ^ 10Q 
a y -J u ly  PJ u ly -A u g u s t

Projected climate conditions have been analyzed for three 30-year time 
periods in the 21st century: 2011-2040, 2041-2070, and 2071-2100, 
respectively. Expected changes of temperature and precipitation as well as of the 
probability and severity of climate extremes have been determined relative to 
the reference period 1981-2010.

Results of an ensemble of different regional climate model simulations 
have been considered rather than one single climate projection. In this way, the 
spread and robustness of the projections as well as the likelihood of the possible 
changes can be evaluated (it is not possible to state a concrete value for future 
climate change in a specific region). According to the IPCC, the change has 
been categorized as “likely” when 66% of all changes projected through the 
various models lie within this range.

3. Climate tendencies in Zala County

3.1. Observed climate

Based on meteorological observations, Zala County can be characterized by
10.4 °C annual mean temperature and 717 mm annual precipitation sum for the 
time period 1981-2010 that has been applied as reference of the projected 
climate change (Table 2). Summer is the warmest (19.7 °C) and wettest 
(241 mm), whereas winter is the coldest (0.5 °C) and driest (121 mm) among the 
seasons.

4 2 9



Table 2. Observed temperature and precipitation in Zala County for the time period 
1981-2010

Temperature mean [°C| Precipitation sum [mmj

Annual 10.4 717
Spring 10.6 162
Summer 19.6 241
Autumn 10.5 193
Winter 0.5 121
Vegetation period 15.9 494

Measured data of Zalaegerszeg (in Zala County) indicate that in the last 
decade, almost all summers were warmer than the average of 1981-2010 
(Fig. ]). Extremely dry periods (at the beginning of the 1990s, 2000s, and 
2010s) can be clearly detected that could induce the reported drought damages 
in forestry (Section 1.1). Summers with precipitation sum below the 30-year 
mean often have extreme high temperatures as well (Fig. 1). Observed 
tendencies of general climate indices (Table 1) show that frequency of hot days 
(Tmax>30 °C) and extremely hot days (Tmax> 35 °C) increased during the 
investigated time period (Fig. 2). Whereas there was only 1 year in the last 8 
years when the total number of frost days (Tmin<0 °C) exceeded the long term 
mean (Fig. 2), which indicates the recent warming of the region.

I Psum -T m e a n  T m ean 1981-2010 P m ean  1981-2010

500

400 §

300 |

200

100

Fig. 1. Summer (June-July-August) temperature means and precipitation sums observed
in Zalaegerszeg in the time period 1961-2013.
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Fig. 2. Left part: total number of frost days (Tmin< 0 °C) and ice days (Tmax<0 °C), 
right part: total number of hot days (Tmax>'20 °C) and extremely hot days 
(Tmax> 35 °C) observed in Zalaegerszeg.

3.2. Projected changes o f  temperature means a nd  precipitation sums

Regional clim ate model simulations agree on a significant increase o f 
temperature for all investigated time periods. Annual tem perature means are 
“likely” to be 0.5-1.5 °C higher in 2011-2040, 1.5-2.8 °C higher in 
2041-2070, and 2 .4-4.2 °C higher in 2071-2100 relative to the time period 
1981-2010 (Fig. 3, Table 2). The magnitude o f w arm ing is expected to increase 
in all seasons towards the end o f the century. Sum m er tem perature means shows 
the largest changes (for the mean projection o f  change by up to +3.9 °C in 
2071-2100 com pared to the reference period), whereas the smallest warming is 
projected for spring.

Change o f  annual precipitation sum is not significant, simulation results 
show a relatively large spread in magnitude and uncertainty in sign (Fig. 3). 
However, the inter-annual distribution o f precipitation m ay change. The winter 
precipitation am ount can be 12% larger for the period 2071-2100. Together with 
the higher temperatures, more rain is expected instead o f snow.

Summers are projected to be significantly drier towards the end o f the 
century. Considering the mean o f the sim ulated changes, decrease o f the 
precipitation sum can exceed the 7%, 12%, and 25% , respectively, in the 
analyzed 30-year future time periods compared to 1981-2010 (Fig. 3). In this 
case, Zala County might be characterized by sim ilar summer precipitation 
conditions for the end o f the century, like one o f  the driest regions in Hungary 
now. From forestry point o f  view it is im portant, that less precipitation is 
projected for the vegetation period, as well. For spring and autumn, expected 
changes are sm aller and less clear in sign. The bandwidth o f  climate projections 
is the largest in summer and in the far future tim e period for both temperature 
and precipitation.
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Fig. 3. Projected change of the temperature means (dT\ top) and precipitation sums (d P ; 
bottom) for the 30-year periods in Zala County. Columns: 66% of all projected changes 
fall within this range. Filled dots: mean projection o f 12 regional climate models. Empty 
dots: bandwidth of all projected changes.

3.3. Projected changes o f the probability o f temperature and precipitation 
extremes

Additionally to the increase of the 30-year mean temperature, the distribution of 
its daily values is projected to shift into the warmer direction. That can lead to 
higher probability of extremely warm days and to less extremely cold days 
(Fig. 4). The “likely” range of the simulation results shows a clear signal in sign. 
Considering the mean of the projected changes, the total number of hot days
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(Tmax> 30 °C) can increase by 17 days/year for the middle of the 21st century 
compared to 1981-2010. It would mean that the period when daily temperature 
maximums are greater than 30 °C may last 1 month/year. In the time period 
1981-2010, only 1 extremely hot day/year (Tmax> 35 °C) in average was 
observed (Fig. 2). This amount might be 20 days/year higher by the end of the 
century. The total number of frost days may decrease by up to 1 month/year for 
2071-2100 relative to the reference time period (Fig. 4).

■ Tmin < 0 °C ■ T m a x cO ' C  Tma x>3 0°C ■ T m a x * 3 5 " C

Change of th e  to ta l num ber of days year

Fig. 4. Left part: mean annual change of the total number of frost days (Tmin < 0 °C) and 
ice days (Tmax < 0 °C); right part change of the total number of hot days (Tmax > 30 °C) 
and extremely hot days (Tmax > 35 °C) for the 30-year periods in Zala County based on 
the mean projection of 6 regional climate models. Error bars: 66% of all projected 
changes fall within this range.

Simulation results show that the change of the temporal distribution of 
precipitation can result in more intense precipitation events, especially in 
autumn and winter (Fig. 5). The bandwidth of the projections is relatively large 
on annual timescale, but for 2041-2100, more than 66% of the climate models 
agree in the direction of the change.

The total number of summer droughts is expected to increase. Not only the 
probability but also the severity of these events can be higher for the end of the 
21st century (Fig. 6). For 2071-2100, more than half of the 30-year period can 
be extremely dry. Consequently, the consecutive dry periods may last longer 
compared to the end of the 20th century (Gálos et al., 2014). More frequent 
warm extremes (Fig. 4) strengthen the effects of dry conditions due to the higher 
atmospheric evaporative demand.
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50
2011-2040

-20
Annual Spring Summer Autumn Winter

Fig. 5. Change of the total number of wet days (P > 20 mm day-1) for the 30-year periods 
in Zala County based on the mean projection of 12 regional climate models. Error bars: 
66% of all projected changes fall within this range.

■ moderate droughts ■ extreme droughts

Fig. 6. Total number of summer droughts for the investigated time periods in Zala County 
(for 1981-2010: observed data, for the future time periods: observed data + simulated 
changes based on the mean projection of 12 regional climate models. Drought definition 
is based on Gálos et ál., 2007).

4. Application of the results for decision support in the forestry sector

Long term clim ate projections introduced in Section 3 provide information for 
two main user-groups: for clim ate impact researchers and for end users in the 
affected sectors.
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4.1. Climate in formation for impact research in forestry

In terms of forest management, projection of forest yield conditions is highly 
important. Their estimation on a geoinformatic basis requires correlations 
between growth and vitality of species and the determining climatic factors. 
Different approaches are simultaneously applied in the Decision Support 
System.

• Forest yield potential. The Ellenberg’s climate quotient (EQ; Ellenherg, 
1988; Table 1) has been used for instance to estimate the yield potential of 
beech. Fig. 7 shows that beech sites with warmer and dryer conditions 
(indicated by higher EQ values) can be characterized by lower yield 
potential. Yield potentials with the same EQ values show large standard 
deviation that can be explained by the effect of other site conditions, in 
particular by soil texture and topsoil layer thickness (Bidlo, 2014). 
Connection of yield potential and locally determined drought index may be 
interpreted also as a series of data predicting yield change over time. 
Projected increase of EQ values by 7.7 units for the end of the 21st century 
(Table J) would mean a yield potential loss of beech (Fig. 7).

Fig. 7. Yield potential o f beech forests in Southwest Hungary calculated as mean annual 
increment at age 80, in function of long-term values of the Ellenberg’s climate quotient 
(EQ). Limiting lines stand for ±20% error ( Veperdi, 2014).
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Table 3. Ellenberg’s climate quotient (EQ) and its projected change (dEQ) for the 30-year 
time periods in the entire Zala County based on the results of 12 regional climate models. 
Likely range: 66% of all projections fall within this range

Time period
EQ

1981-2010
dEQ (reference period: 1981-2010) 

2011-2040 2041-2070 2071-2100

Mean over the time period 
Likely range of changes

28.5 +2.1
-1 -  +4.9

+3.9 +7.7 
+0.6-+5.7 +2.4-+11.6

•  Climate extremes a nd  their effect on mortality. Effects o f  extrem es are 
determining the vitality o f  forest stands rather than average climate 
conditions. Projected increase o f probability and severity o f  droughts 
(Fig. 6) overwrites the projections o f yield potential functions. Consecutive 
periods characterized by E Q  values above a threshold are the basis for 
modeling present and future tree species distribution as well as tree 
mortality induced by drought stress (M óricz et a i,  2013; Rasztovits et al., 
2014).

•  Genetically d irected  adaptation. Survival o f  forest populations is also 
influenced by genetic factors. Increase o f  E Q  indicate the increm ent decline 
beech due to suboptim al adaptation (Horvath  and M átyás, 2014). 
According to the clim ate tolerance limit, genetic diversity o f  oak stands 
may drastically decline (Borovics and Mátyás, 2013).

In addition to projections o f  yield, a num ber o f  other important aspects o f  
the climate impact research in forestry will be im ported into the decision support 
system  such as:

• Forest climate zones a n d  production capacity. Among the site conditions, 
climate is changing the m ost dynamically. Therefore for decision support, 
appropriate determ ination o f  climate tendencies and forestry climate 
categories are essential. Contrary to the clim ate classification derived from 
the forest inventory database, a m eteorology-based forestry aridity index 
(FAI) has been developed (Führer, 2010; Table 1) and applied to assess the 
ecological and econom ic impacts climate change (Führer et al., 2011, 
2013). F A I  considers not only the distribution and vitality o f  tree species 
but also their com plex relationships with grow th and production.

• Changes o f  the fo res try  clim ate classes in Zala County also refer to the 
more frequent and severe drought periods in the last 30 years (Fig. 2). For 
1981-2010, m ost o f  the clim atically suitable areas o f beech changed to 
hom beam -oak com pared to 1961-1990 (Fig. 8). In case o f the projected
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temperature increase and precipitation decrease for M ay-A ugust {Fig. 3), 
climate conditions are assum ed to be favorable for sessile oak -  turkey oak 
rather than for beech in the case study region {Fig. 8).

J  Beech |__Hornbeam-oak | Sessile oak-Turkey oak H  Forest steppe
(FAI: < 4.75) (FAI: 4.75 -  6) (FAI: 6 — 7.25) ™  (FAI: > 7.25)

Fig. 8. Climatically suitable areas of different forests derived from the F.4/-based forestry 
climate classification (Führer, 2010). For 1961-1990 and 1981-2010: observed data, for 
2041-2070: observed data + simulated changes based on the mean projection of 12 
regional climate models.

•  Water cycle o f  fo rested  catchments. M onthly tem perature means and 
precipitation sums are the input o f  water balance models. The tendency 
towards a warm er and drier climate {Fig. 3) may result in a larger amount 
o f  annual evapotranspiration in Zala County, whereas the runoff may 
decrease to the one third by end o f the century {Csáki et al., 2014). 
Distribution o f  daily precipitation and its projected changes are used for 
deriving rainfall interception functions {Zagyvainé Kiss et al., 2014).

• Soil conditions. More frequent heavy precipitation days or extreme winds 
may lead to the decrease o f  the topsoil layer thickness through higher 
erosion and deflation risks {Bidló et al., 2014).

• Potential biotic damages, pests and diseases. For projecting the frequency 
o f  biotic damages as well as the appearance o f  new insects and diseases, 
more complex analyses are essential {Csóka and Hirka, 2011), these cannot 
be directly derived from the climate input.

• Wildlife management in forests. From the projected change o f the 
probability distribution o f  temperature and from the related reduction o f 
snowfall and snow cover, consequences are drawn for the game damage 
risks.
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4.2. Decision support fo r  en d  users

Forest management planning needs concrete and quantified information about 
the possible change o f the yield potential, including the economic consequences 
o f  premature harvesting due to stability loss on the level o f  forest sub­
compartm ents, in order to m ake decisions on species preference. It is a challenge 
for the decision support system  to translate and interpret projected climate 
change (including the range and likelihood o f the sim ulation results) as well as 
the standard deviation o f  the possible impacts as a quantified risk factor, so far.

5. S um m ary

Long term  climate projections have been analyzed that serves as basis o f  climate 
im pact research and adaptation support in forestry, focusing on the expected 
probability and m agnitude o f  threatening climate conditions. In the case study 
region (Zala County in Southw est Hungary), simulation results o f  an ensemble 
o f  regional climate m odels indicate a significant warm ing in all seasons towards 
the end o f the 21st century (by up to 3.9 °C for sum m er in 2071-2100). Both 
increasing frequency o f  w arm  tem perature extremes and less cold extremes 
confirm  the warming tendency. A lthough the m ean annual values o f 
precipitation remain alm ost constant, in w inter an increase, whereas in sum m er a 
decrease o f precipitation can be expected. The latter can exceed 25% until the 
end o f the century in Zala C ounty compared to the climate baseline period 
1981-2010. W armer and drier conditions in summer can result in an increase o f 
the probability and severity o f  droughts. Heavy precipitation days can be more 
frequent, especially in autum n and winter. M agnitude o f  all simulated changes is 
expected to increase tow ards the end o f  the century.

These climate projections have been included as one o f  the basic datasets in 
the GIS-based '‘A groclim ate” decision support system. From the climate input, 
general climate indices (e.g., hot days, extremely hot days, wet days) and 
forestry climate indicators (e.g., E llenberg’s climate quotinent; Ellenberg, 1988 
and forestry aridity index; Führer, 2010) are derived. They are used to develop 
correlation functions for forest growth, yield potential, and production as well as 
to model many other variables such as species distribution, water and carbon 
cycle o f forests, etc. (see Section 4). Results o f  clim ate impact assessments 
indicate that in case o f  projected warm ing and drying o f summers, the already 
observed damages in forestry are very likely to occur with higher probability 
and severity.

The geoinformatic system  allows the integrated data processing and the 
com plex investigation o f  the clim ate influenced processes in forest ecosystems. 
In this way, the G IS-supported clim ate services can provide a basis o f  new 
scientific results in im pact research.
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However, there is still a gap between provided climate information and 
required data for impact assessments regarding to the spatial and tem poral 
resolution and the appropriate bias correction m ethods. Forest responses are also 
influenced by other factors (e.g., site conditions beyond climate, biotic damages 
and adaptive capacity) that have been shown to contribute to the relatively large 
standard deviation o f the estimated impacts. The m ain challenge is to interpret 
the different bandwidths and uncertainties and to provide a quantified risk factor 
regarding to possible climate change impacts for end-users in forest 
m anagem ent planning.

Clim ate impact research is being continued in the frame o f  the 
“A groclim ate-2” project, where results are planned to be extended to country 
scale and to the climate-dependent sectors o f  agriculture by continuous update 
with recent data and climate projections.
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Abstract—A new forecasting method for maximum size of hail stones is presented in 
this paper by using the outputs of a high-resolution, non-hydrostatic numerical weather 
prediction model (NWP). The method was tested applying simulations of a real case 
supercell storm producing damaging hail with the Weather, Research and Forecasting 
(WRF) model. Numerical simulations were made with two distinct horizontal resolutions, 
2 km and 100 m, applying nesting technique to assess the effect of the resolution on the 
storm microphysical properties and the maximum size of the hail stones on the surface. 
The WRF was able to simulate the main observed characteristics of the supercell on both 
resolutions. However, the numerical simulation with finer resolution gave better 
agreement with the radar observation and the observed maximum hail size on the surface. 
It was found that the horizontal resolution has significant influence on the magnitude and 
evolution of the microphysical processes in the storm. The numerical simulation with 
finer resolution produced not only significantly larger maximum mixing ratios of 
graupel/hail than the 2 km one did, but the volume integrated content of graupel/hail 
particles in the storm was also larger in the case of finer resolution. This difference can be 
attributed to the stronger updraft in the case of 100 m resolution. The analysis of various 
production shows that graupel/hail particles were mainly formed by the heterogeneous 
freezing of supercooled rain drops and by the freezing of rain drops due to the collision 
with cloud ice in the midlevels (between 3 and 8 km). Subsequent accretion of 
graupel/hail particles occurred by the collision with cloud and rain water. Larger 
graupel/hail content aloft in the case of finer simulation resulted in larger surface mixing 
ratios which directly led to larger maximum hail sizes on the ground.

Key-words: supercell, hail, WRF
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1. Introduction

Hail is a threatening atm ospheric phenomenon and storms with hail on the 
ground (hereafter hailstorm s) frequently  cause large fraction o f  weather-related 
dam ages. The annual crop losses often reach several hundreds o f  million dollars 
(Changnon et al., 2000) in the U SA. Hungary is an exposed region, as well: in 
the 70s, the hail-related annual insurance charges in Baranya county -  before the 
installation of the hail suppression system -  totaled to 100-200 million forints. 
Therefore, prediction o f  hail on the ground -  especially its existence and a 
characteristic diam eter o f  hailstones is a crucial segm ent o f  mesoscale 
forecasts and warning system s. The difficulties o f  forecasting hail come from 
the large spatial and tem poral variability o f  hailfalls and relatively low 
frequency of their occurrence over a certain point o f  the ground. This makes the 
verification and validation o f  any forecasting techniques quite complicated.

The first methods were based on statistical relationships between the observed 
state o f  the atmosphere and the existence and size o f the hail on the ground (e.g., 
Fawbush  and Miller, 1953; M iller, 1972). From the sixties-seventies, as the 
capacity of computers had gradually improved, it became possible to explicitly 
simulate the hail formation and growth in thunderstorms producing hail on the 
ground. The initial attempts were one-dimensional steady-state “je t” models (e.g., 
Simpson  and Wiggert, 1969; Weinstein, 1972; Zoltán and Geresdi, 1984) and one­
dimensional, time-dependent m odels (Ogura and Takas hi, 1971; Wisner et al., 
1972; Curie and Jane, 1989 and 1993). Since that time, the statistical methods for 
forecasting hail have been coupled with one-dimensional cloud models to evaluate 
the maximum updraft speed (e.g., Renick and Maxwell, 1977; Moore and Pino, 
1990) or complex m icrophysics schemes have been combined with simple steady- 
state cumulus models (e.g., Brim elow  et al., 2002, Brimelow  and Reuter, 2006; 
Geresdi et al., 2004 etc.). The development o f two- or three-dimensional, time- 
dependent cloud models enabled the more reliable simulations and complex 
analyses of the microphysical processes and their relationships to the airflow in and 
around multi- and supercell storms (O n’ille and Kopp, 1977; Takahashi, 1976; 
Johnson et al., 1993 and 1995; Geresdi, 1990 and 1996). However, these models 
involve bulk microphysics schem es, therefore, they are not able to explicitly 
compute the evolution o f  hydrom eteor sizes, but only the parameters o f their preset 
size distributions. Though detailed spectral (bin) microphysical models work with 
size categories, they are computationally more expensive (Farley  and Orville, 
1986; Farley, 1987 a,b; Geresdi, 1998), which inhibits their wide-spread 
application in multidimensional microphysical numerical experiments and 
operational application.

Due to the appearance o f  the new  generation o f  mesoscale, non-hydrostatic 
m odels, such as the W eather Research and Forecasting M odel (WRF - 
Skam arock et al., 2008), three-dim ensional, real-data simulations o f  hailstorms 
becam e routinely executable in an operational m anner via their complex bulk
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microphysical schemes. Moreover, using this type o f  numerical models, explicit 
prediction o f hail or other hydrometeor categories on the ground is also possible. 
Still, to date, there is barely known any hail forecasting methods based upon the 
explicit microphysical outputs o f  m esoscale num erical weather prediction 
models (NWP). Though Milbrandt and Yau (2006) developed a m ethod to 
estimate the m aximum size o f hailstones at the surface based on the three- 
m oment size distribution o f the hail category predicted by NWP, they did not 
suggest that method as a possible way for operationally forecasting the existence 
and size o f hail stones. In this paper, the description and results o f  recently 
developed method about the forecast o f  the m axim um  hail size is presented.

The effect o f  resolution on the m orphology o f  thunderstorms has been 
thoroughly studied (e.g., Grabowski et al., 1998; Adlerm an  and Droegemeier, 
2002; Petch et a l ,  2002). It was found that the properties of the simulated 
m esoscale phenomena were very sensitive to the applied horizontal resolution of 
the model. In relation with this issue, numerous experiments were made to 
determine the “ideal” resolution to a physically consistent cloud-resolving 
model regime. Bryan et al. (2003), for example, found that a horizontal 
resolution o f about 100 m is necessary for a correct simulation o f an idealized 
squall line case. Craig  and D örnback  (2008) proposed that the horizontal 
resolution o f a consistent mesoscale sim ulation should be determined by either 
o f horizontal scale o f  a buoyant bubble or the buoyancy height which requires 
tens o f  meters o f  resolution. Priori et al. (2010) examined the effects of 
resolution and various turbulence schemes on the m orphology o f a supercell by 
numerical simulation o f  idealized cases, and they found the values o f  storm- 
scale properties to converge at horizontal resolution o f  200 m. To summ arize, 
simulation with horizontal resolution on the order o f hundreds o f  m eters is 
necessary in order to obtain physically as consistent results as possible regarding 
the microphysical properties o f a hailstorm.

Supercells, as effective hail-producing storms, occurs over H ungary every 
year m ainly during the warm season (Horváth  and Geresdi, 2003), and there 
were successful attempts to simulate them  with state-of-the-art NW P's (.Horváth 
and Geresdi, 2003; Horváth et. al., 2009; Putsay et al., 2011). How ever, these 
studies did not cover the microphysical aspects o f  the simulations. Therefore, in 
this paper, a detailed analysis o f  m icrophysical processes focusing on the 
form ation and growth o f  solid hydrometeors (graupel/hail) is given. The analysis 
was performed, on one hand, on a coarser m odel grid with O (1 km) grid 
spacing corresponding to the present-day, operationally applied resolution in 
NW P forecasts and, on the other hand, on a high-resolution dom ain with O 
(100 m) grid distance which yields physically the most consistent cloud­
resolving simulation. The comparison o f  the storm 's microphysical properties on 
the two distinct grids is also carried out to study the effect of the resolution on 
the hydrometeor fields in the storm. In Section 2, the methodology o f the 
research and the m ethod for assessing hail-size on the ground are shown. In
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Section 3, we describe the details o f  a case study, and the results o f  the 
numerical simulations and hail-size calculations are presented. Sum mary and 
plans for future work are given in Section 4.

2. Methodology

2.1. Description o f  the m odeling environment

The simulations were carried out with the W RF-ARW  non-hydrostatic 
m esoscale numerical model version 3.1.1 (Skam arock et al., 2008) using nested 
dom ains with different horizontal resolutions. The largest domain (Domain 1) 
has a resolution o f  6 km and it covers an area o f  700 km x 850 km in the 
Carpathian Basin. The second, sm aller domain (N est 1) includes Hungary, too, 
but it has 2 km resolution and covers a region o f  450 km x 360 km. The smallest 
dom ain (Nest 2) is em bedded in N est 1. This dom ain is used to focus on the 
particular storm, therefore its horizontal resolution is 100 m and covers only an 
area o f  44 km x 30 km. This resolution was chosen according to the results 
published by Bryan et al. (2003). They found that -  in the case o f idealized 
boundary conditions -  the sim ulated properties o f  a squall line showed 
convergence if  the horizontal resolution was equal to or less than 100 m. This 
m eans that the further decrease o f  horizontal grid distances hardly affects the 
output o f  the num erical m odel. It is supposed that the above-m entioned 
conclusion o f Bryan et al. (2003) is valid for the supercell case presented in this 
paper, too. The vertical resolution was the sam e in each nest: 37 terrain­
following levels were applied with larger vertical resolution near to the surface 
and w ith stretched resolution at higher altitudes. The lowest m odel level was 
about ten meters above the ground and the top o f  the domain was at 50 hPa. All 
in all, we performed one m odel run on three dom ains (Domain 1, N est 1 and 
N est 2) connected via one-w ay nesting technique, but only the results on Nest 1 
and N est 2 were evaluated. W e consider the m odel run on Nest 1 and N est 2 as 
distinct simulations, therefore, hereafter we are referring to these sim ulations as 
Simulation 1 (Nest 1) and Sim ulation2 (Nest 2). See Fig. 1 for the location o f 
dom ains o f the simulations.

The formation and evolution o f  different types o f hydrometeor species was 
simulated by the Thom pson’s one-m om ent bulk microphysical scheme (Thompson 
et al., 2004) adapted from the Reisner scheme (Reisner et a l ,  1998). The 
Thom pson’s parametrization is a state-of-the-art Simulation o f the microphysical 
processes, especially in the case o f  mixed phase clouds. This scheme allows us to 
study the characteristics o f different types o f ice particles in severe thunderstorms. 
The scheme involves prognostic equations o f m ixing ratios for five different 
species: cloud water, cloud ice (cloud particles), snow, rain, and graupel/hail 
(precipitation particles). The parametrization does not include hail as a distinct 
category but larger graupel particles computed implicitly by the model can be
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treated as hailstones1 Grell’s cumulus parameterization scheme (Grell and Dévényi, 
2002) is used to simulate the formation o f convective clouds. In the cases o f larger 
resolution (i.e., Simulation 1 and Simulation2), this parameterization scheme was 
switched off and the model was let to develop the convection directly. 
Independently o f the horizontal resolution, the M ellor-Yamada-Janjic’s (MYJ -  
Mellor and Yamada, 1982) planetary boundary layer (PBL) parametrization 
scheme is activated coupled horizontally with Smagorinsky’s first order closure 
treatment for the sub-grid diffusion. A proper selection from the schemes 
describing the turbulence is crucial. The main problem about the choosing o f the 
appropriate scheme is that different resolutions need different treatments o f the 
turbulence. As the horizontal resolution is increased from 2 km to 100 m, the 
averaged momentum equations o f the model begin to resolve the boundary layer 
eddies (large eddy simulation -  hereafter LES). This range o f resolution is named 
“terra incongnita” by Wyngaard (2004). Eddies in this size interval possess the 
main fraction o f the turbulent energy spectrum regarding cumulus convection. 
Nevertheless, a Simulation in “terra incongnita” is not able to adequately resolve 
the energy-containing eddies based on subgrid diffusion closure with a scalar 
diffusivity. Instead, Wyngaard (2004) suggested that a tenzor o f three-dimension 
scalar diffusivity coefficients should be applied in such Simulations. In addition, for 
a nested, real data case simulated by WRF, Talbot et al. (2012) showed that 
applying LES in “terra incognita” yielded mixed results in the model performance. 
In addition, they found that the results on the nest with ultra-fine resolution (on the 
order o f  100 m's) were even more sensitive to the lateral boundary conditions and 
to the initial forcing (represented by the analysis) than to the chosen turbulence 
closure. These are the reason why the same schemes -  the M YL-scheme for 
handling the vertical diffusion and the Smagorinsky first order scheme for 
parameterization o f the horizontal eddy diffusivity coefficients -  were used both in 
the case o f Simulation! and Simulation2.

Fig. 1. Location of Domain 1 and the nests of Simulation 1 and Simulation2 in the WRF 
model run.

1 In this case, implicit means that the scheme only returns with the mixing ratio of graupel/hail in a 
grid box. Flowever, upon this quantity and the size distribution, hypothetical and possible particle 
sizes with their concentration can be assessed.
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Initial and lateral boundary  conditions for Dom ain 1, N est 1, and Nest 2 
were provided by the EC M W F global model, by the outputs o f  Domain 1, and 
by the outputs o f N est 1, respectively. (The W RF m odel outputs were generated 
in every 5 minutes in the case o f  S im ulationl, and in every 1 m inute both in 
Simulation2 and Sim ulationl during the time interval when the storm was in the 
volum e defined by N est 1. A nalyses and hail-size calculations were performed 
on the model's terrain-follow ing eta-system. For the plotting o f  vertical cross 
sections, the data were transform ed into a Cartesian system with height above 
the mean sea level as a vertical coordinate.

2.2. Description o f  the data co llected  fo r  validation

The results o f the num erical m odel and that o f  the recently developed hail size 
forecasting method are intended to compare with observation data. The 
reliability o f the forecast o f  m axim um  hail size depends both on the quality o f 
the m odel output and on the accuracy o f the m ethod used on the calculation o f 
the m aximum hail size from  the m odel output. Therefore, for the validation o f 
the forecast of m axim um  hail stone size, such a case was chosen where the 
m odel was able to sim ulate the characteristics o f  a severe storm correctly, and 
surface observation data about the size o f the hail stones w ere available. 
Database o f well-docum ented cases o f  severe hailstorm s was searched to find 
the appropriate case. This m eans that, besides the data o f  hail existence, data on 
the hailstone sizes should be also available. In the eighties a hail pad network 
operated in the southern parts o f  Hungary associated with the hail suppression 
activity. Unfortunately, this type o f  hail size m easurem ents was ceased in the 
early 90 ’s. Since then, there have been no directly observed, quantitative data 
about the hailstone sizes on the surface, but only qualitative and indirectly 
observed data about the characteristics o f the hailstones are available. The 
source o f data is the follow ings: 1) Online sources o f  falling hailstones on 
various commercial and am ateur meteorological sites where extensive 
documentation o f significant severe weather events can be found. These 
documentations were done m ostly  by voluntary people who uploaded their 
photos and videos o f hailstones to these sites. These sources, though to a limited 
extent, can be used for verification. 2) Radar observation data which are not 
suitable for direct evaluation o f  hailstone sizes at the ground due to the uncertain 
relation between the observed reflectivity and hail stone size. However, high 
reflectivity itself can indicate the existence o f  hail or perhaps severe hail. 
Therefore, comparison betw een the measured and simulated reflectivity is also 
perform ed in order to evaluate the m odel’s ability to reproduce the 
microphysical characteristics o f  real storms. The sim ulated radar intensity was 
calculated by the NC A R C om m and Fanguage (NCF) post-processing module of 
W RF-ARW .
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2.3. Description o f  the hail-size calculation method

Forecasting o f  maximum hail-size is based on the followings: the model 
computes the graupel/hail m ixing ratios on the three-dimensional m odel grid at 
every time step. These calculations are carried out by taking the size following 
gamm a size distribution o f graupel/hail particles (Fig. 2) defined by the scheme 
(see Thompson et al., 2004) at the lowest model level (p= 0.991):

N (D ) = N 0De~*D, (1)

where D  is the diam eter o f  graupel/hail particles (they are supposed to be spherical objects)

—10.92

N  „ = 2 .3 8
hPa

( 2 )

where is pg the density o f a graupel/hail particle (400 kgnT3) and p a is the density 
o f air.

The X param eter can be obtained from the mixing ratio via the following 
relationship:

1 j* tv r XD 71 . .  — )£) i p.T = —  J N q —^ - p g D e  dD (3)

After calculating the integral on the right hand side o f  Eq. (3), the 2. 
param eter can be given in an explicit form:

A=
4 N 0npg

(4)
W a

The num ber concentration o f  graupel/hail particles can be com puted via the 
following equation:

n = \ N 0De~wdD
0

K  
x 2 '

(5)

A definite integral o f  Eq. (5) between X  and oo gives the num ber concentration 
o f  particles larger than X. The algorithm  o f  hail size forecast is based on the 
following equation:
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(6 )

where nx is a predefined threshold number concentration of graupel/hail 
particles. The Newton-Raphson iteration technique was used to calculate the 
value of the variable X, the diameter of graupel/hail particles which 
concentration is equal to nx. The value of this threshold number concentration 
was chosen to be equal to 10 4 nT3 (Milbrandt and Yau, 2006). This value means 
that there is exactly one hail stone in a volume of column with height of 1 m and 
with cross section of 100 m x 100 m2. The hail stones of lower concentration 
than the threshold are very difficult to detect. Therefore, X  can be defined as 
maximum observable (possible) hail size.

x D

Fig. 2. The gamma distribution o f graupel/hail particles used in the Thompson’s scheme. 
D on the abscissa represents the graupel diameter, N (D)*dD  along the y-axis is the 
number concentration of graupel in the infinitesimal D, D+ dD  interval. X  denotes the 
diameter above which the concentration is equal to nx. See text for further description.

3. Results

3.1. Case study: synoptic features and observation data

On June 7, 2009, an isolated supercell passed through the northeastern part of 
Hungary, produced large hail (the maximum hail stone diameter was reported to 
be about the size of a tennis ball) causing severe hail-related damages in several 
locations. The synoptic feature of this event was characterized by a quasi- 
stationary waving cold front at northwest of Hungary (Fig. 3a). East of the front, 
over Hungary, warm and moist air advected from the south at low-levels. At 
upper-levels, at the western part of Hungary, the front is accompanied by a 
trough (not shown) moving slowly eastward. Downstream of the trough, high
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wind speeds prevailed aloft (~30 m/s at 500 hPa). These conditions resulted in 
considerable instability and significant vertical wind shear: -1000 J/kg 
convective available potential energy values and 25-30 m/s as magnitudes of 
vector differences between winds at the surface and 6 km (Fig. 3b). These 
parameters are good indicators regarding the large chance of developing 
supercells (Thompson el al., 2003).

Fig. 3a. The synoptic situation of the waving front over Central Europe at 12:00 UTC, on 
June 7, 2009 according to the ECWMF analysis. Shading represents the equivalent 
potential temperature field (in Celsius) at 850 hPa, black solid lines denote the 
geopotential height of the 850 hPa pressure level (contoured with 40 m intervals), 
streamlines denote the wind at 850 hPa. Letter L denotes low heights (low pressures).

Fig. 3b. Convective available potential energy (shaded), 0-6 km vertical wind shear 
(magnitude of the vector difference, m/s, solid black lines), and 0-6 km mean wind (black 
arrows) at 12:00 UTC, on June 7, 2009 above Hungary according to the ECWMF 12:00 
UTC analysis.
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According to composite radar images generated in every 15th minute, the 
supercell developed at 12:30 U T C  over the central part o f  Hungary, then rapidly 
propagated (with an average speed  o f  75 km/h) northeastward, passed north o f 
Nyíregyháza, left the country at 14:30 UTC, and dissipated at 16:30 UTC in 
Ukraine. Thus, its lifetime reached three and a half hours. The reflectivity inside 
the hail storm reached its m axim um  value o f  67.5 dBz at 13:45 UTC (Fig. 4). 
Based on news reports, the cell caused the m ost hail-related damages along the 
line of Tiszavasvári-N yírszőlős-K em ecse-Nyírbogdány-Dem ecser-Berkesz 
villages (see their location in Fig. 4). Voluntary observers reported maximum 
hailstone size o f  around 4 cm (Fig. 5).

Fig. 4. Observed radar picture of the simulated thunderstorm at 13:45 UTC, on June 7, 
2009. Shading represents the intensity in dBz, which is the column maximum reflectivity. 
Maximum values are indicated by white numbers. Villages exposed to large, damaging 
hail are denoted by dots. The location of the closest radar site (Napkor) is depicted by a 
black circle. The direction of propagation of the storm is denoted by a black arrow.

Fig. 5. Observed typical hail sizes in the villages (see text) crossed by the supercell on 
June 7, 2009. (Source: idokep.hu)
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Analysis o f  reflectivity and radial velocity data proved that the hailstorm 
was a supercell with considerable rotational features. The storm m oved along 
slightly north to the location o f the radar at Napkor, east o f  Nyíregyháza (as seen 
in Fig. 4). According to the results o f  the analysis o f  Doppler radar data {Fig. 6), 
the storm did not showed features o f low-level rotation in its developm ent phase 
(from its formation at around 12:30 UTC to 14:30 UTC). However, 
considerable midlevel vortex (not shown) and, as a sign o f highly sheared 
environment, a significant weak-echo region (W ER) with high-reflectivity 
regions aloft on its downshear (to the east) side (not shown) were detected. After 
the storm  passed Napkor, between 13:45 and 14:00 UTC, a well-visible hook 
echo feature developed on its southern side accom panied by a bounded weak 
echo region (BW ER), and a vault extended on its downshear flank. At the same 
time, a low-level vortex (depicted by a rectangle in Fig. 6) formed around the 
hook echo region. According to Lem on  and Doswell (1979), these features 
suggest that the hailstorm  -  during the long period o f  its lifetime -  behaved as a 
supercell storm.

Fig. 6. PPI reflectivity (upper left), storm-relative radial velocity (lower left) at an 
elevation angle of 1 degree and vertical cross section of reflectivity (right) through the 
storm observed by the Napkor radar at 14:53 UTC, on June 7, 2009. Circles in the 
pictures on the left depict distances of 30 km, 48 km, and 115 km from the radar. The 
white line in the PPI denotes the orientation of the cross-section on the right. In the radial 
wind picture, red colors indicate approach, greenish colors mean drawing-away. The 
rectangle on the left lower picture encloses the area of significant radial shear, i. e., the 
location of a mesocyclone which has an altitude of around 1 km.
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3.2. Results o f  num erical Sim ulation

The Simulations o f  W RF w ere initialized at 06:00 UTC, June 7, 2009 from the 
00:00 UTC, June 7, 2009 EC M W F run, and was run until 18:00 UTC, June 7, 
2009. The finest, 100 m grid (Simulation2) extended to a 44 km x 30 km area 
(440 x 300 horizontal grid points) was located in the path o f storm formed in 
Simulation 1.

3.2.1. Verification

The simulated reflectivity data  on both grids at a given time are shown in Fig. 7. 
The reflectivity structure o f  the simulated thunderstorm  is similar to that o f  the 
observed one (Fig. 4): an isolated high-reflectivity core with a significant 
gradient at the southern part o f  the cell and a much smoother gradient 
downstream with an accom panying larger scale weak-reflectivity pattern can be 
observed both in Fig. 4. and Fig. 7. These features indicate the presence o f a 
supercell with rotating m esocyclone in a highly sheared environment.

4 5 4

Fig. 7. Calculated column-maximum reflectivity in dBz a) in Simulationl at 14:07 UTC and 
b) in Simulation2 at 14:01 UTC, June 7,2009. The numbers denote the maximum values. The 
square boxes represent 25 km x 25 km and 10 km x 10 km areas in a) and in b), respectively.



Time evolution o f both simulated and observed m axim um  values o f 
reflectivity can be seen in Fig. 8a, which shows that Simulation! underestim ated 
the intensity o f the cell throughout its lifetime. In the case o f  Simulation2, the 
cell entered Nest 2 has a maximum  reflectivity o f  62 dBz, and five minutes later 
it reached 66 dBz. These values are much closer to the observed ones than the 
simulated reflectivity values in the case o f  Sim ulationl. Note, that data for this 
high reflectivity core are only available between 13:45 and 14:30 UTC in 
Simulation2, because Nest 2 was rather small (only 44 km x 30 km), and the 
fast-m oving cell (at a speed o f about 55 km/h) quickly passed it.
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Fig. 8. Time evolution of a) the observed and simulated maximum reflectivities and b) 
the maximum relative vertical vorticity in the supercell in the case of Simulationl and 
Simulation2 on June 7, 2009.
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In order to assess the m odel’s capability o f simulating the dynamics and 
related structures o f the supercell, spatial and temporal evolution of the vertical 
vorticity field were also investigated. Fig. 8b shows the time evolution o f 
maximum midlevel (between 3 and 7 km) vertical vorticities. In the case o f 
Simulation 1, the maximum vertical vorticity remains near to 0.01 1/s (or slightly 
below). On the other hand, the supercell in Simulation2 developed a much more 
intense vortex with values larger than 0.06 1/s (for a short time even larger than
0.1 1/s). Horizontal cross-sections o f vertical vorticity field around the simulated 
cell at a certain time step, together with other ultimate parameters, are plotted in 
Fig. 9. The cross sections are given at the height o f  5 km, thus they characterize the 
midlevel structure o f the storm. In the case o f Simulation! (Fig. 9a), an area o f a 
strong updraft with vertical velocities between 20 and 30 m/s is coupled with 
moderately strong positive vertical vorticity in such a way, that the maximum of 
vertical vorticity lies on the right flank o f maximum updraft velocities. This 
configuration corresponds well with both the observational (Lemon and Doswell, 
1979) and simulated (Klemp, 1987) structures o f supercells. The intensity o f 
vertical vorticity hardly reaches the value o f 0.01 1/s, which is a threshold for the 
formation o f a mesocyclone (Doswell, 1996). The accompanying storm-relative 
streamlines show no pure vortices (the streamlines are curved but not enclosed). 
However, the areas o f dow ndraft (indicated by the rainwater at the surface) and the 
updraft are horizontally well separated, which is a necessary condition for long- 
lived thunderstorms (Browning, 1968). Similar structure developed in the case of 
Simulation2 (Fig. 9b). The features are more obvious than in the case of 
Simulation 1. The vertical vorticity is more intense (with maximum value o f
0.05 1/s); the closing stream lines depict a true cyclonic vortex to the right o f  the 
updraft and a pure anticyclonic vortex deep in the precipitation zone; and the 
surface rain mixing ratio is much higher (above lOg/kg), as well. It can be 
concluded that both Simulations were able to catch the essential structure of 
supercell, but the Simulation w ith  finer resolution generated a cell with much more 
expressed features.

3.2.2. Comparison and evaluation  o f  m icrophysical properties and production  
terms o f  graupel/hail o f  Simulation 1 and  Simulation2

The time evolution o f  m axim um  in-storm values o f  mixing ratios o f all 
hydrometeor categories (cloud  water, cloud ice, rain, snow, and graupel/hail) in 
Simulationl and Sim ulation2 are plotted in Figs. 10a and b. The spatial 
resolution seems to have a significant effect on the am ount o f the precipitation 
particles. The simulation w ith  finer resolution produced larger maximum mixing 
ratios o f graupel/hail particles and that o f  rain water (Fig. 10a). The mean 
maximum mixing ratios o f  these precipitation species are 3^1 g/kg and 5 -7  g/kg 
higher in the case o f Sinrulation2 than in the case o f S im ulation l. No significant 
differences were found in the case o f m axim um  m ixing ratio o f the snow. If we
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assess the differences in cloud particle mass (cloud w ater and ice) and relative 
hum idity maximum between the two resolutions (Fig. 10b), then the following 
conclusions can be drawn: while Sim ulationl and Simulation2 give similar 
m aximum cloud water mixing ratios (~2—4 g/kg), the m axim um  value o f  cloud 
ice mixing ratio is significantly larger in the case o f  S im ulationl, than in 
Simulation2 (-0 .4  0.6 g/kg versus ~0.2 g/kg). The obtained in-cloud (above 
3km) maximum  water vapor m ixing ratio was about 6 -7  g/kg on both grids with 
a bit higher value on the 100 m resolution grid.

Fig. 9. Simulated horizontal, storm-relative streamlines; relative vertical vorticity (light 
solid contour of positive values; light dashed contours of negative values); vertical 
velocity (grey shaded area above the value of 20 m/s) at z=5 km, and rainwater mixing 
ratio (dark grey bold dashed contours of 1, 5, and 10 g/kg) at z=50 m.
a) in Simulationl at 14:04 UTC on, June 7, 2009. As for vertical vorticity, only the 0.005 
1/s and -0.005 1/s isolines are shown. The length of AB line is 10 km. The CD line 
represents the horizontal orientation of the vertical cross section in Figs. 13a and b, and 
Figs. 14a and b.
b) in Simulation2 at 1405 UTC on, June 7, 2009. As for vertical vorticity, only the 0.01 
1/s and -0.01 1/s isolines are shown. The length of AB line is 2,5 km. The EF line 
represents the horizontal orientation of the vertical cross section in Figs. 13c and d, and 
Figs. 14c and d.
In both pictures, the local maximum values of vertical vorticity (1/s) are indicated by 
numbers.
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The m icrophysical p rocesses regarding the form ation o f  graupel/hail in 
the cloud were analyzed by p lo ttin g  the tim e evolution o f  the production 
term s of graupel/hail mass. T he follow ing production term s are included in 
the Tom pson’s schem e (w ithout th e  m elting): deposition/sublim ation o f w ater 
vapor onto/from  the g raupel/hail surface (gde), conversion o f  snow into 
graupel/hail due to rim ing (sg c ), freezing o f  supercooled rainw ater (frz), 
collision o f rainw ater and snow  (res), collection/accretion o f  graupel/hail by 
cloud water (gew ), collision o f  rainw ater and graupel/hail (reg), freezing o f 
rainw ater by its collision w ith c lo u d  ice (rci), and graupel/hail production due 
to  ice m ultiplication during rim in g  process (ihm ) (H allet and M ossop, 1974). 
These production term s w ere averaged  around the location o f  the m aximum  
m ixing ratio o f  g raupel/hail in a volum e, w hich involves 3><3 (in 
Sim ulation 1) and 6 0 x 6 0  (in S im ulation2) grid points horizontally (each 
represents a 6 km  x 6 km sq u are ) and 3 grid points vertically  (in both 
sim ulations). N ote, that results o f  Sim ulation2 are plotted only betw een 13:55 
and 14:25 UTC because this w as the time period when the cell stayed inside 
o f  Nest 2.

Time evolution o f  the p roduction  term s in Figs. 10c and d  show that the 
larger amount o f  graupel/hail in the  case o f S im ulation2 is the consequence o f 
the considerably larger freez in g  rate o f rainw ater (the difference betw een 
Simulation2 and Sim ulation 1 is about an order o f  one m agnitude). 
Subsequently, the am ount o f  graupel/hail further increased due to the m ore 
efficient accretion by su percoo led  cloud w ater drops (this latter production 
term  is two tim es larger in S im ulation2  than in S im ulation 1). The rim ing o f 
cloud ice by cloud water acts as a strong sink o f  cloud ice (much more 
efficient than cloud  ice-rain co llis ion ). Because the form ation o f  snow is m ore 
efficient due this process in S im ulation2 than in Sim ulation 1 (not shown), 
m ore cloud ice particles rem a in  in the latter case. A s a consequence, the 
graupel/hail p roduction due to  rain-ice collision  is significantly  larger in 
Simulation 1 than in S im ulation2. The height o f  m axim um  graupel/hail m ixing 
ratio is larger in Sim ulation2 th an  in Sim ulation2 during the first h a lf o f  the 
13:55-14:25 UTC time p erio d  (slightly below  7 km in Sim ulationl and 
between 7 -8  km  in S im ulation2). After this tim e period, it rapidly decreases 
below  5 km in S im ulation2 (in  Sim ulationl the decrease is gradual).The 
larger height o f  m axim um  in Sim ulation2 can be attributed to the larger 
vertical velocities (see next paragraph), w hich can transport the graupel/hail 
m ass to higher altitudes.
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Fig. 10. Time evolution of maximum in-storm values of a) precipitation particles 
(graupel, rain, and snow in g/kg), b) cloud particle mixing ratios (g/kg) of both nests, c) 
and d) shows the tendency of graupel production terms (in mg/kg s) averaged around the 
maximum graupel mixing ratio (see text) in Simulation! and Simulation2, respectively. 
For the description of abbreviations in the legend of c) and d) see text. Curve maxheight 
represents the height (above ground level) of the maximum graupel mixing ratio.

M aximum o f updraft and downdraft velocities in the vicinity o f the 
maximum  mixing ratio o f  graupel/hail and the time evolution o f  maximum 
graupel/hail mixing ratio on the surface are plotted in Fig. 11. In the case o f the 
updraft, vicinity means that the maximum  values are chosen from a volume 
contains 3 x 3 x 5  and 1 1 x 1 1 x 5  grid points around the location o f the 
graupel/hail maximum in Simulation 1 and Simulation2, respectively. The 
maximum value o f downdraft was taken from a volume contains the location o f 
m aximum graupel/hail m ixing ratio on the surface. The bottom  o f  this volume is 
on the surface, its horizontal extension is the same as it was m entioned above. 
The depth o f  the volume is 6 km. The m aximum vertical velocity was larger in 
the case o f  Simulation2 (peaked at around 35 m/s) than in Simulation 1 (below 
30 m/s, around 25 m/s) alm ost all the tim e during the simulation. This difference 
could explain why maximum  graupel/hail mixing ratios aloft is greater in 
Simulation2. The stronger updraft could hold up larger am ount o f  graupel/hail
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aloft, and the larger vertical velocity  m ight resulted in larger upward vapor flux, 
w hich subsequently could prom ote the enhanced production o f  rainwater and 
graupel/hail. Furthermore, due to larger condensation rate, more latent heat is 
released which could further in tensify  the updraft. The strong relation between 
the updraft intensity and the m axim um  mixing ratios o f  precipitation particles 
aloft is clearly visible by com paring  the plots in Fig. 11 and Fig. 10a. These 
figures show that the time evolution o f  the maximum o f  m ixing ratios (both rain 
and graupel/hail) and maximum  o f  updraft velocities run parallel. On the 
surface, the m axim um  o f  g raupel/ha il m ixing ratio is considerably larger in 
Sim ulation2 than in S im ulation 1. Som etim es this difference is as large as one 
o rder o f m agnitude (~ 2 -3  g /k g  in Siinulation2 and 0 .3 -0 .6  g/kg in 
Sim ulationl). This is the consequence o f  the larger m axim um  mixing ratio o f 
graupel/hail aloft in Sim ulation2. The larger am ount o f  graupel/hail aloft 
generates stronger downdraft by loading, evaporative cooling, and melting 
effects. This is the reason w hy stronger downdraft developed in the case o f 
Simulation2 than in the case o f  S im ulation l (-1 0 -1 5  m/s versus - 5  m/s).

1
£■O0H>
■3yt
2

Time (UTC)

u p d ra ft (S im ulationl} dow ndraft {Simulationl)
-  u p d ra ft (Simulation)?}  — ..... dow ndraft (Simuiation2)

-  m axqsur'f (S im ula tion l)
-  m axqsurf (Simulation2)

Fig. 11. Time evolution of maximum updrafts and downdrafts (m/s) and the mixing 
ratios of graupel particles at the lowest model level (g/kg) in the simulated cells in both
cases.

It is important to clarify, w hether these above m entioned differences 
between the results o f  S im ulationl and Simulation2 on the surface are valid also 
for the volume integrated values o f  graupel/hail m ixing ratios, or they represent 
the differences only for the m axim um  values. This problem  is critical if the 
amount of the hail on surfaces is intended to be forecast. Time evolutions o f 
graupel/hail m ixing ratios integrated over a square o f 196 km 2 are plotted in 
Fig. 12. The location o f the cen ter o f  this square is fitted to the grid point where 
the mixing ratio o f  the graupel/hail has maximum value on the surface. Fig. 12
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also shows the time evolution o f  the extent o f the region where the graupel/hail 
m ixing ratio exceeded 0.001 g/kg on the surface. The comparison o f  the curves 
shows, that not only the m aximum graupel/hail m ixing ratio is larger in 
Simulation2, but the total amount o f  graupel/hail mass is also significantly 
greater. In the case o f  the areas where the mixing ratio o f the graupel/hail is 
larger than 1 mg/kg, the difference between the two Simulations is not 
significant, yet Simulation 1 gives larger area during a relatively long time 
period.

0.1 100 

0.09

Time (UTC)

gtaup«llhall (SlmubOonl)......— area (Slmulationl)
graupel/hail (Slmulajllon2) . . . .  area (Simulation)

Fig. 12. Time evolution of mean values of graupel particle mixing ratios (g/kg) and the 
area of graupel mixing ratios above 0.001 g/kg (km2) at the lowest model level in the 
simulated cells in both nests for the June 7, 2009 case.

The influence o f  the spatial resolution on the microphysical properties of 
the simulated thunderstorm  is shown by vertical cross sections o f  the storm. 
Figs. 13a-d  show the cross section calculated in Simulation 1 and in 
Simulation2, respectively. The m orphology o f the thunderstorm  is clearly  visible 
in the case o f both resolutions: (i) the horizontally separated updraft and 
downdraft regions; the rearward tilted updraft region; (ii) the mid-level 
maximum o f  the graupel/hail m ixing ratios at m id-level; (iii) the W ER (in 
Simulation2, even a slight BWER structure visible at z =  4 km -  see Fig. 13d) at 
low altitudes due to the intense updraft; (iv) the fall-out o f  graupel/hail and rain 
in the rear side o f downdraft; (v) the downwind advection o f the graupel/hail, 
snow, and cloud ice (right side o f the cross sections) aloft forming an anvil-like 
structure.
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Fig. 13. Vertical cross sections of the thunderstorm in Simulation 1 at 14:04 UTC and in 
Simulation2 at 14:05 UTC on June 7, 2009. The vertical dimension is in km unit. Cross 
sections in a) and b) were created by Simulationl and marked by the CD line in Fig. 9a. 
Cross sections in c) and d) were created by Simulation2 and marked by the EF line in 
Fig. 9b. The displayed quantities are the followings:
a) and c): vertical wind speed (shaded), storm-relative streamlines in the plane of the 
cross section (arrows), graupel mixing ratio (thick solid contours of 0.5, 1, 5, 7.5, 10 g/kg 
and above 10 g/kg with intervals o f 5 g/kg), rainwater mixing ratio (light solid contours 
of 0.1, 1, and 2 g/kg and above 2 g/kg with intervals of 2 g/kg), and snow mixing ratio 
(light dashed contours of 0.1, 1 g/kg and above 1 g/kg with intervals of 0.5 g/kg). Thick 
dashed lines denote the isolines of 15, 0, and -30 °C.
b) and d): simulated radar reflectivity (dBz units), cloud ice mixing ratio (thick solid contours 
of 0.001, 0.01, and 0.05 g/kg, 0.1 g/kg, and above 0.1 g/kg with intervals of 0.1 g/kg), cloud 
water mixing ratio (dashed light contours with intervals of 0.5 g/kg), and the isolines of the 0 
and -30 °C temperatures (dashed thick contours). Thick dashed lines denote the isolines of 
15,0, and -30 °C.

Nevertheless, the differences between the two cases are also apparent. The 
updraft intensity in the case o f  finer resolution is much greater than on the 
coarser grid (30-40 m /s m axim um  o f  updraft velocity in Simulation2 versus 2 0 -  
30 m/s in S im ulationl). The differences in the cloud dynamics correspond to the 
height of the cloud top. It is about 14 km in the case o f  Simulation2 and around 
12 km in the case o f  S im ulation l (the cloud ice isoline o f 1 mg/kg is defined as 
an upper boundary o f  the cloud). The maximum o f  graupel/hail m ixing ratio is 
between 10-15 g/kg and betw een 7.5-10 g/kg in Simulation2 (Fig. 13c) and in 
Simulationl (Fig. 13a), respectively. The altitudes o f the m aximum o f 
graupel/hail m ixing ratio are also different in the two cases (~7-8 km  versus ~ 6 -

4 6 2



7 km). The mixing ratio of graupel/hail particles on the surface is an important 
characteristic of the morphology, too. While the isoline of 1 g/kg graupel/hail 
mixing ratio reaches the surface in Simulation2, even the bottom of the isoline 
of 0.5 g/kg is above the surface in the case of Simulation 1. This means that -  in 
agreements with the previous findings upon the time evolutions in Fig. 11, the 
fine-resolution storm produced considerably greater graupel/hail mixing ratio 
values on the surface than its coarse-resolution counterpart does. This result has 
consequences on the the maximum possible hail-size (see Section 3.2.3. for 
details). In both cases, the location of maximum of graupel/hail mixing ratio 
mass is in spatial correlation with the maximum of updraft velocity. The 
significant rearward advection of graupel/hail and rain results in rear-flank 
downdraft and mixed phase precipitation on the surface (Figs. 13a and c). The 
amount of the rain on the surface is almost twice larger in Simulation2 than in 
Simulation 1 (9-10 g/kg versus 4-5 g/kg). Similarly to the previous findings, the 
high-resolution storm in Simulation2 produced larger simulated radar intensity 
(Figs. 13b and d) than in Simulation2 (above 60 dBz versus below 60 dB). It is a 
remarkable feature that the maximum radar reflectivity is at low-levels in both 
Simulations which can be attributed to the melting graupel/hail inducing great 
reflectivity. Considering the isolines of cloud water mixing ratio (Figs. 13b and 
d), their structures and maximum values are very similar (-3 g/kg). However, 
while in Simulation2, the isoline of 1.5 g/kg extends up to 8 km, the top of this 
isoline is at 6 km in Simulation 1. This indicates that due to larger vertical 
velocities, the cloud water is transported to higher altitudes in Simulation2 than 
in Simulation 1. The cloud ice content is significantly larger in Simulation 1 
(~0.4 g/kg maximum values) than in Simulation2 (-0.1 g/kg maximum values). 
In Simulation 1, a secondary local maximum can be found at lower levels 
(between 5 and 6 km). This secondary peak in Simulation2 is absent. The higher 
amount of cloud ice in Simulation 1 can be attributed to the fact that in that 
simulation, weaker updraft developed which resulted in smaller mean drop 
diameters. Then the smaller drops transported in sub-zero regions formed ice 
crystals instead of graupels.

The height of the 0 °C and -30 °C isotherms in Fig. 13 inside the storms 
are similar in both cases (height of the 0 °C level is at -3^1 km, the -30 °C level 
is at -8  km). However, in Simulation2, the anomaly of these levels in the updraft 
region is somewhat larger than in Simulationl. This difference can be explained 
by the larger releasing latent heat of freezing and condensation in the case of 
Simulation2. More significant difference can be found if the shapes of the 15 °C 
isotherms are compared. The shape of this isotherm is affected by the latent heat 
of cooling due to melting and evaporation. A notable difference is, however, that 
the maximum of the height anomaly of this isotherm (reaching about several 
hundreds of meters and being slightly larger in Simulation2) is at the rear edge 
of the downdraft in Simulation2, while in Simulationl, it is located rather in the 
forward region of the downdraft.

4 6 3



Not only the intensity of updraft, but the strength of the downdraft is also 
strongly affected by the spatial resolution (Figs. 13a and c): the downdraft is 
more intense in Simulation2 than in Simulationl. The maximum value of 
downdraft is above 15 m/s in the case of Simulation2 and it is about 10 m/s in 
the case of Simulationl. Not only the maximum value of the downdraft is larger 
in the case of Simulation2, but the downdraft region is deeper, as well (~4 km 
versus -3 km deep). The overlapping of the downdraft region, the height 
anomaly of the 15 °C isotherm, and the region where the graupel/hail mixing 
ratio is large suggest that the intensity of downdraft depends on the loading 
effect (represented by the sum of the mixing ratios of the precipitation elements 
-  rain and graupel/hail particles) and on the cooling caused by the melting and 
evaporation of these species.

In order to identify the location and sources of the formation and growth of 
graupel/hail particles, production terms are plotted in Fig. 14 in the same 
vertical cross sections as in Fig. 13. The following production terms are 
considered: (i) accretion of graupel/hail particles by rain drops; (ii) freezing of 
supercooled rain drops; (iii) freezing of supercooled rain drops due to the 
collision with cloud ice particles; (iv) riming of graupel/hail particles due 
collision with cloud drops; (v) collision between rain drops and snowflakes. The 
other sources, like evaporation/sublimation, snow-graupel/hail conversion 
through riming, and ice multiplication were found to be negligible comparing to 
the other, above mentioned terms (see Fig. 15 for discussion). Fig. 14 shows 
that most of the graupel/hail particles were formed in cloud volume between the 
altitudes of 3 km and 9 km. The vertical extension of this volume does not 
depend on the applied spatial resolution. Above and below that layer, the 
existence of graupel/hail is mainly due to the advection/convection and fall-out 
processes. The midlevel accretion rates of graupel/hail particles (Figs. 14a and 
c) by rain are similar in Simulationl and Simulation2 (~10TCT3 g/(kg-s)). 
However, the maximum of the riming rates of graupel/hail particles by cloud 
water (Figs. 14a and c) was significantly larger in the case of Simulation2 than 
in the case of Simulationl. (-15-10 3 g/(kg-s) versus —10-10 3 g/(kg-s)), which is 
a direct consequence of greater transport of cloud water by stronger updraft 
(refer to Figs. 13b and d). The larger amount of the rain between the melting 
level and the surface in Simulation2 (refer to Fig. 13a versus Fig. 13c) is the 
consequence of the melting of larger graupel/hail content. The collision between 
rain and snow much less efficiently produces graupel/hail particles than freezing 
of the rain drops. In Simulation2, it operates only in the right flank of the 
midlevel updraft, under the forward sheared anvil, where the snow begins to 
descend and can encounter to some amounts of rain. However, in the case of 
Simulationl, besides the anvil region, there is another and more significant 
maximum of this process in the updraft at around 7 km, as well.
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Fig. 14. Vertical cross sections of graupel production terms through the simulated 
thunderstorm on June 7, 2009 a) and b) in the case of Simulation! at 14:04 UTC, c) and 
d) in the case of Simulation2 at 14:05 UTC. The orientation of cross sections is identical 
to the ones in Fig. 13 (marked in Fig. 9). The displayed quantities are the followings:
a) and c) Shading represents the graupel mixing ratio (scale and legend are displayed in 
the pictures), thick solid lines show the values of production due to rain and graupel 
collision (contoured with intervals of 10-10‘3 g/(kg-s) and the minimum value is 5-10"3 
g/(kg-s)), the thick dot-dashed lines depict the accretion rate of cloud water by graupel 
(with contour intervals of 5 -103 g/(kg-s)), the light solid lines represent the collision 
between rain and snow (with contour intervals of 0.1-103 g/(kg-s)) Thick dashed contours 
represent the isolines of 15, 0 and -30 °C.
b) and d) Shading represents the graupel mixing ratio (the scale and legend is displayed in 
the pictures), thick solid lines represent the freezing process of supercooled rainwater 
(contoured with intervals of 10-1CT3 g/(kg-s)and the minimum value is 5-10“3 g/(kg-s)), the 
light dot-dashed lines show the production rate due to collision between rain and cloud 
ice (contoured with intervals of 10-10'3 g/(kg-s), and the minimum value is 5-10'3 
g/(kg-s)). The thick dashed contours represent the isolines of 15, 0 and -30 °C.

The production rate by collision between supercooled rain drops and cloud ice 
particles (Figs. 14b and d) is two times smaller in the case of Simulation2 than in 
the case of Simulationl. This can be due to the larger cloud ice content aloft in 
Simulation 1 (refer to Fig. 13b). A local maximum of this production rate can be 
also observed just above the melting level. This stems from the fact, that the ice 
crystals can form due to the break of the small ice fragments from the surface of the 
graupel/hail particles due to the collision between the graupel/hail particles and 
water drops (ice multiplication -  Flallet and Mossop, 1974). The graupel/hail 
formation due to the freezing of the supercooled rain drops mostly occur in the 
region between the height of 6 and 8 km. The freezing rate is about two times 
larger in the case of Simulation2 than in the case of Simulationl (—20—30-10 
3 g/(kg-s) versus —10—15-10“3 g/(kg-s)).
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Time evolution of the volume integrated values of the above mentioned 
production terms were also investigated. The storm was divided into three volumes: 
(i) 8-14 km, (ii) 3-8 km, and (iii) 0 (surface) -  3 km. Production tenns integrated 
over these volume characterize the microphysical processes in the low-, mid-, and 
upper-level parts of the storm. Results are summarized in Fig. 15. Figs. 15a and b, 
imply a clear evidence, that above z = 8 km, the graupel/hail mainly forms by the 
freezing of supercooled rain water and grows by collecting of supercooled cloud 
water. Another important process affecting the mixing ratio of graupel/hail is the 
transport by the vertical velocity (not shown) from lower elevations. Analysis of 
the plots in Figs. 15a and b shows that the sum of production terms integrated in 
time is much lesser than the graupel/hail mass formed in this volume, therefore, 
there has to be other sources than the productions of it. In the model, the only other 
source is the transport by convection. This confirms that besides the microphysical 
processes, the three-dimensional advection also plays important role in the 
evolution of the three dimensional structure of the graupel/hail particles. Due to the 
larger updraft in the case of Simulation2, significantly more graupel/hail particles 
can accumulate in the region above the height of 8km. The stronger convection of 
the cloud drops results in more efficient graupel/hail formation by freezing and 
larger riming rate as well.

Fig. 15 a)-d). Time evolution of graupel production terms (in t/s), and graupel mass 
integrated over the volume of the storm a) between 8 and 14 km altitudes in the case of 
Simulation 1, b) between 8 and 14 km altitudes in the case of Simulation2, c) between 3 
and 8 km altitudes in the case of Simulation 1, d) between 3 and 8km altitudes in the case 
of Simulation2. Abbreviations are the same as in Figs. 10 c and d. Curve sumg represents 
the total graupel content (in 1061). While curve sumpr in a) and b) depicts the sum of all 
production terms integrated in time (in 1061).
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Fig. 15 e)-h). Time evolution of graupel production terms (in t/s), and graupel mass 
integrated over the volume of the storm e) between 3 km and the surface in the case of 
Simulation 1, f) between 3 km and the surface in the case of Simulation2, g) over the 
whole column of the storm in the case of Simulation 1, h) over the whole column of the 
storm in the case of Simulation2. Abbreviations are the same as in Figs. 10 c and d. 
Curve sumg represents the total graupel content (in 1061).

Most of the graupel/hail content can be found in the middle region 
(between 3 and 8 km) in both cases (Figs. 15c and d). While the maximum of 
the graupel/hail mixing ratio was larger in the case of Simulation2 than in the 
case of Simulationl, the difference between the volume integrated values is 
nearly the opposite: the maximum of the volume integrated graupel/hail mass is 
between 3-106 and 4-106 T in Simulationl, while in Simulation2 it remains 
below 3-106T during the Simulation. Most of graupel/hail particles formed by 
heterogeneous freezing of rain drops and freezing of supercooled rain drops due 
to collision with cloud ice. The latter process shows a rather hectic behavior 
with large jumps in intensity in Simulationl with larger maximum than in 
Simulation2. This difference between the Simulations can be attributed to the 
greater cloud ice content in midlevels in Simulationl (see again Figs. 13b and 
d). Formation of the graupel/hail particles was significantly affected by the 
horizontal resolution. As for the heterogeneous freezing of supercooled rain 
drops, Simulation2 produced similar rates as Simulationl. The amount of
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graupel/hail formed by collision of snowflakes and rain drops was negligible in 
the case of Simulation2, however, in Simulationl, especially in the first minutes 
of the period, the snow-rain interaction played non-negligible role in creating 
graupel/hail (it even exceeds the production rate of the freezing of rain) and was 
more significant than in Simulation2 throughout the period. Subsequent growth 
of graupel/hail was largely driven by the accretion processes (accretion by cloud 
water and rain drops). In both simulations, accretion of graupel/hail by cloud 
water was more efficient than by rain water.

In the low-level region of the storm, below z = 3 km, which is the melting 
layer, positive values of graupel production are negligible according to Figs. 15e 
and f  and there is only one sink term: the sublimation of graupel particles. 
Production due to collision processes with rain and cloud drops is exactly zero, 
because in the melting region, all the liquid water amount collided with graupel 
particles is instantaneously shed to form rain drops. In the case of the total 
graupel/hail amount in this layer, Simulationl exceeds the values of Simulation2 
at the main part of the integration. This means that the cell in Simulationl 
produced more graupel/hail at lower levels than its high-resolution counterpart, 
though this relation is not valid for the mean graupel/hail values at the surface 
according to the previous results (see Fig. 12). One explanation of this 
contradiction is that under a certain threshold of mixing ratio, all the graupel/hail 
particles melt during its falling. If this threshold is exceeded -  this could be the 
case in Simulation2, where we found higher maximum values - , then there is 
some amount of solid particles which do not melt and, therefore, reach the 
surface. Based on these results, we can state that compared to its coarser 
counterpart, the finer resolution Simulation created a storm which produced 
higher low-level maximum values of graupel/hail mixing ratio but less total 
graupel/hail content than the storm simulated on the coarser resolution.

Figs. 15g and h shows that the total amount of graupel/hail formed in the 
whole cloud volume only slightly depends on the horizontal resolution (6106T 
in the case of Simulation2 versus 5.5-106 T in the case of Simulationl). In both 
cases, most of the graupel/hail particles formed by freezing of supercooled rain 
due to collision with cloud ice and due to heterogeneous freezing. In both 
Simulations, the first process is dominant over the second one. While in 
Simulationl there is a non-negligible contribution to graupel/hail production by 
the rain-snow collision, this process has a negligible effect in the case of 
Simulation2. The graupel/hail particles subsequently grow by collision with 
cloud and rain water. The accretion by cloud water was more efficient than by 
rain water, in both simulations.

3.2.3. Results o f the maximum hail size calculation method

According to Eqs. (4) and (6), the maximum size of the graupel/hail particles is 
a function of their mixing ratio. The shape of this function is similar to that of
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the square root function (Fig. 16). This means that the value of the maximum 
hail size is more sensitive to the mixing ratio if the value of the mixing ratio is 
small, and near linearly increases with the mixing ratio above the value of 
4 g/kg. Because Simulation 1 and Simulation2 cases gave different amounts of 
graupel/hail on the surface (Fig. 11), the maximum hail sizes are expected to be 
also significantly different. Time evolutions of the largest maximum hail size on 
the surface are plotted in Fig. 17. The figure shows that the maximum hail size 
calculated by Simulation! was less than 2 cm during most of the Simulation 
time; it increases above 2 cm only in a short time period of 10 minutes. 
However, the forecast maximum hail size in Simulation2 is above 3 cm almost 
throughout the whole time period and comes near to maximum value of 5 cm. 
According to the photo documentations and inflicted damages described in 
Section 3.2.1., the implemented hail size method yielded diameters closer to the 
observations in the case of Simulation2 than in the case of Simulation!.

12

Mixing ratio (g/kg)

Fig. 16. The dependence of the hail size diameter (calculated by the method - cm) on the 
graupel mixing ratio (g/kg). The calculation was done in an environment of the following 
atmospheric conditions: T (temperature) = 25 °C, P (pressure) =101000 Pa, r  (water vapor 
mixing ratio) = 5 g/kg.

Fig. 17. Time evolution of the maximum hail size at the lowest model level. Light and 
thick solid lines denote the forecast maximum sizes in the case of Simulationl and 
Simulation2, respectively. The units are cm (as diameters).
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To illustrate the typical horizontal distribution of the expected hail sizes on 
the ground, horizontal cross sections of calculated hail sizes at the lowest model 
level are displayed at a given time in Figs. 18a and b. The maximum values in 
Simulationl slightly exceeds 2.5 cm in one grid point which represents a 4 km2 
area. The maximum in-storm hail size in the finer simulation is above 4.5 cm on 
an area of roughly 1 km2, and the isoline of 2.5 cm encloses an area of around 8 
km2, which is twice as high as in Simulationl. That is, the simulation with 
higher resolution resulted in not only larger maximum hail sizes, but the area 
exposed by these larger hail stones is also significantly larger in Simulation2 
than in Simulationl.

Fig. 18. Horizontal cross sections of the maximum hail sizes produced by the storm at the 
lowest model level a) Simulationl at 14:09 UTC and b) Simulation2 at 14:04 UTC. The 
scale of the shading is as in the legend, its isolines are denoted by black solid lines. The 
distance between two neighboring crosses represents 2 km on both nests.

4. S u m m a ry  and conclusion

In this paper, an algorithm was developed to evaluate a forecast method for the 
maximum hail size on the ground. The input data for this algorithm are given by 
WRF-ARW model with the Thompson’s one-moment microphysical scheme, 
which treats graupel and hail as one hydrometeor category (graupel/hail). 
Besides that, a detailed analysis was made to reveal the dependence of 
microphysical processes (focusing on the graupel/hail formation and growth) on 
the horizontal resolution. The results were evaluated on two nests with 
horizontal resolution of 2 km (Simulationl) and 100 m (Simulation2). In order 
to better understand the mechanisms led to graupel/hail formation in the cloud, 
the production terms responsible for the graupel/hail formation and growth were 
also analyzed. A case study of a supercell produced large and damaging hail was 
selected to achieve these goals. Both Simulations were able to reproduce the 
main characteristics of the observed supercell, such as: radar reflectivity,
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morphology, and vorticity fields. On the other hand, the details of these 
properties were significantly better simulated if the finer resolution was used.

The Simulation with finer resolution resulted in larger maximum values of 
graupel/hail and rain mixing ratios, but smaller maximum mixing ratios of cloud 
ice were calculated. The location of the maximum of graupel/hail mixing ratio 
was found in the updraft region between the heights of 5 and 8 km in both cases. 
The maximum values of cloud water and snow mixing ratio were found to be 
similar in both Simulations. Although the maximum of the graupel/hail mixing 
ratio was significantly larger in the case of Simulation2 than in the case of 
Simulation 1, considering the total mass of graupel/hail particles in the storm, the 
two Simulations produced almost the same amount. The higher maximum 
values can be explained by the stronger updrafts occurred in the case of 
Simulation2. The stronger updraft resulted in more intense upward flux of water 
vapor, and it was able to held larger amount graupel/hail aloft. In addition, due 
to the stronger updraft in Simulation2, the maximum graupel/hail mixing ratio 
was located at higher altitudes than in Simulationl. The maximum of downdraft 
velocity was also larger in the case of Simulation2 due to the larger loading 
effect and cooling rate by melting and evaporation.

The graupel/hail in the stonn formed mainly by the freezing of supercooled 
rain due to its collision with cloud ice, and secondly, by the heterogeneous 
freezing of supercooled rain. Nevertheless, the latter process was more intense 
in the finer Simulation than in its counterpart, while the rain-cloud ice collision 
at times was found more effective graupel/hail producer in Simulationl than in 
Simulation2. This latter difference and the smaller maximum of graupel mixing 
ratio aloft, too, can be attributed to the larger amount of cloud ice remained in 
Simulationl, because the weaker updraft in that case produced smaller water 
drops which subsequently formed ice crystals instead of graupel particles. In 
addition, in the case of Simulationl, rain-snow collision resulted in significant 
amount of graupel/hail. The formed graupel/hail content subsequently grew 
mainly by the accretion by cloud water, and to a lesser extent, the accretion by 
rain water. However, the overall greater formation rate of graupel/hail resulted 
in more efficient accretion. The analysis of production terms in the various 
layers of the storm shows, that the most of the graupel/hail particles were 
formed between the height of 3 and 8 km, while above and below of this layer, 
the graupel/hail particles were mainly transported by the advection and by their 
fallout falling.

The application of both Simulations resulted in reasonable maximum hail 
size on the surface. However, significantly larger maximum hail size (around 4 
cm) was forecast in the case of Simulation2 than in the case of Simulationl 
(about 2 cm). In addition, the horizontal extent of the area with large hail size 
(above 2 cm) was about twice larger in the case of Simulation2than in the case 
of Simulationl.
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The method for the forecast of maximum hail size can be applied not only 
in supercell cases but with ordinary and multicell storms, as well. Therefore, in 
the future, more case studies involving these types of storms must be elaborated 
to test the universal abilities of this method. In addition, numerical Simulation 
with other two-moment microphysics schemes (Morrison et al., 2005; Milbrandt 
and Yau, 2005; etc.) which allow greater degree of freedom on the size 
distribution should be performed to investigate their effect on the surface. 
Though the Simulation on the 100 m resolution nest was performed with 
applying a PBL scheme, it is necessary to clarify whether using a LES closure in 
that range (“terra incognita”) would lead to consistent results.

References

Adlerm an E.J., and Droegemeier, K .K ., 2002: The sensitivity of numerically simulated cyclic 
mesocyclogenesis to variations in physical and computational parameters. Mon. Weather Rev. 
130,2671-2691.

Brimelow, J.C.. Reuter, G.W., and Poolm an, E .P ., 2002: Modeling maximum hail size in Alberta 
thunderstorms. Weather Forecast. 17, 1048-1062.

Brimelow, C. and Reuter, G. W., 2006: Spatial Forecasts of Maximum Hail Size Using Prognostic 
Model Soundings and HAILCAST. W eather Forecast. 21, 206-219.

Browning, K.A., 1968: The organization of severe local storms. Weather 23, 429-^134.
Bryan, G.H., Wyngaard, J.C., and Fritsch, J .M ., 2003: Resolution requirements for the simulation of 

deep moist convection. Mon. W eather Rev. 131, 2394-2416.
Changnon, S.A., Pielke, R.A. Jr., Changnon D., Sylves, R.T., and Pulwarty, R., 2000: Human factors 

explain the increased losses from weather and climate extremes. B. Am. Meteorol. Soc. 8 1 ,437^142.
Craig, C.G. and Dörnbrack, A., 2008: Entrainment in cumulus clouds: What resolution is cloud­

resolving?/ Atmos. Sci. 65, 3978-3988.
Curie, M., and Jane, D., 1989: The behavior o f a hailstone in a forced 1-D Cb cloud model. Meteorol. 

Atmos. Phys. 41, 45-54.
Curie, M., and Jane, D., 1993: Predictive capability of a one-dimensional convective cloud model with 

forced lifting and a new entrainment formulation. J. Appl. Meteorol. 32, 1733-1740.
D osw ell 111, C.A., 1996: What is a supercell?. Preprints 18th Conf. Severe Local Storms (San 

Francisco, CA). Amer. Meteor. Soc, 641.
Farley, R.D. and Orville, H.D., 1986: Numerical Modeling of Hailstorms and Hailstone Growth. Part 

1: Preliminary Model Verification and Sensitivity Tests. J. Climate Appl. Meteorol. 25, 2014— 
2035.

Farley, R.D., 1987a: Numerical Modeling of Hailstorms and Hailstone Growth. Part II: The Role of 
Low-Density Riming Growth in Hag Production. J. Clim. Appl. Meteorol. 26, 234-254.

Farley, R.D., 1987b: Numerical Modeling of Hailstorms and Hailstone Growth. Part III: Simulation of 
an Alberta Hailstorm—Natural and Seeded Cases. J. Clim. Appl. Meteorol. 26, 789-812.

Fawbush, E.J., and R.C. Miller, 1953: A method of forecasting hailstone size at the earth’s surface. 
Bull. Amer. Meteorol. Soc. 34, 235—244.

Fieri, E., Parodi, A., and Siccardi, F ., 2010: Turbulence Closure Parameterization and Grid Spacing 
Effects in Simulated Supercell Storms. J. Atmos. Sci. 67, 3870-3890.

Geresdi, /., 1990: Two-dimensional simulation of a small hailstorm. Időjárás 94, 346-359.
Geresdi, I., 1996: Precipitation formation in a severe thunderstorm. Atmos. Res. 41, 71-81.
Geresdi, L, 1998: Idealized simulation of the Colorado hailstorm case: Comparison of bulk and 

detailed microphysics. Atmos. Res. 45, 237-252.
Geresdi, I., Horváth, A., and Mátyus, A., 2004: Nowcasting of the precipitation type Part II: Forecast 

of thunderstorms and hailstone size. Időjárás 108, 33-49.

4 7 2



Grabowski, W.W., Wu, X ,  Moncrieff, M.W., and Hall, W.D., 1998: Cloud-resolving modeling of 
tropical cloud systems during phase III of GATE. Part II: Effects of resolution and the third 
spatial dimension. J. Atmos. Sci. 55, 3264-3282.

Grell, G.A., and Dévényi, D., 2002: A generalized approach to parameterizing convection combining 
ensemble and data assimilation techniques. Geophys. Res. Lett., 29(14), Article 1693.

Hallett, J., and Mossop, S.C., 1974: Production of secondary ice particles during the riming process, 
Nature 249, 26-28.

Horváth, A. and Geresdi, I., 2003: Severe storms and nowcasting in the Carpathian Basin. Atmos. Res., 
67-68, 319-332.

Horváth, A., Geresdi, I ,  Németh, P., Csirmaz, K., and Dombai, F., 2009: Numerical modeling of 
severe convective storms occurring in the Carpathian Basin. Atmos. Res. 93, 221-237.

Johnson, D.E., Wang, P.K., and Straka, J.M., 1993: Numerical Simulations of the 2 August 1981 
CCOPE Supercell Storm with and without Ice Microphysics. J. Appl. Meteorol. 32, 745-759.

Johnson, D.E., Wang, P.K., and Straka, J.M., 1995: A study of microphysical processes in the 2 
August 1981 CCOPE supercell storm. Atmos. Res. 33, 93-123.

Klemp, J.B., 1987: Dynamics of tomadic thunderstorms. Annual Rev. F lu id  Mech. 19, 396-402.
Lemon, L.R., and Doswell III, C.A., 1979: Severe thunderstorm evolution and mesocyclone structure 

as related to tomadogenesis. Mon. Weather Rev. 107, 1184-1197.
Mellor, G.L. and Yamada, T., 1982: Development of a turbulence closure model for geophysical fluid 

problems. Rev. Geophys. Space Phys., 20, 851-875.
Milbrandt, J.A. and Yau, M.K., 2005: A multimoment bulk microphysics parameterization. Part I: 

Analysis of the role of the spectral shape parameter. J. Atmos. Sci. 62, 3051-3064.
Milbrandt, J.A . and Yau, M.K., 2006: A Multimoment Bulk Microphysics Parameterization. Part III: 

Control simulation of a Hailstorm. J. Atmos. Sci. 63, 3114-3136.
Miller, R.C., 1972: Notes on analysis and severe-storm forecasting procedures of the Air Force Global 

Weather Central. Air Weather Service Tech. Rep. 200 (Rev.), Air Weather Service, Scott Air 
Force Base, IL, 190 pp. [Available from Air Weather Service Technical Library, 859 Buchanan 
St., Scott AFB, IL 62225-5118.]

Moore, J.T. and Pino, J.P., 1990: An interactive method for estimating maximum hailstone size from 
forecast soundings. Weather Forecast. 5, 508-526.

Morrison, H., Curry, J.A., and Khvorostyanov, V.I., 2005: A new double-moment microphysics 
parameterization for application in cloud and climate models, Part I: Description. J. Atmos. Sci. 
62, 1665-1677.

Ogura, Y., and Takahashi, T., 1971: Numerical simulation of the life cycle of a thunderstorm cell. 
Mon. Weather Rev. 99, 895-911.

Orville H.D. and Kopp, F.J., 1977: Numerical simulation of the Life History of a Hailstorm. J. Atmos. 
Sci. 34, 1596-1618.

Petch, J.C., Brown, A.R., and Gray, M.E.B., 2002: The impact of horizontal resolution on the 
simulations of convective development over land. Q. J. Roy. Meteor. Soc. 128, 2031-2044.

Putsay, M., Simon, A., Szenyán, I., Kerkmann, J., and Horváth, Gy., 2011: Case study of the 20 May 
2008 tomadic storm in Hungary — remote sensing features and NWP simulation. Atmos. Res. 
100, 657-679.

Reisner, J., Rasmussen, R.M., and Bruintjes, R.T., 1998: Explicit forecasting of supercooled liquid 
water in winter storms using the MM5 mesoscale model. Q. J. Roy. Meteor. Soc. 124, 1071- 
1107.

Renick, J.H ., and Maxwell, J.B., 1977: Forecasting hailfall in Alberta. Hail: A Review of Hail Science 
and Hail Suppression, Meteor. Monogr., No. 38, Amer. Meteor. Soc., 145-151.

Simpson, J. and Wiggert, V., 1969: Models of precipitating cumulus towers. Mon. Weather Rev. 97, 
471—489.

Skamarock, W.C., Klemp, J.B., Dudhia, J., Gill, D.O., Barker, D.M., Duda, M.G., Huang, X .-Y , Wang, 
W., and Powers, J.G ., 2008. A description of the advanced research WRF version 3. NCAR 
Technical Note NCAR/TN-475+STR, June 2008. 113.

Takahashi, T., 1976: Hail in an Axisymmetric Cloud Model. J. Atmos. Sci. 33, 1579-1601.
Talbot, C., Bou-Zeid, E., and Smith, J., 2012: Nested Mesoscale Large-Eddy simulations with WRF: 

Performance in Real Test Cases. J. Hydrometeor. 13, 1421-1441.

4 7 3



Thompson, G., Rasmussen, R.M., and M anning, K ., 2004. Explicit forecasts of winter precipitation 
using an improved bulk microphysics scheme. Part-I: description and sensitivity analysis. Mon. 
Weather Rev. 132, 519-542.

Thompson, R.L., Edwards, R., Hart, J.A., E lm ore, K .L., and Markowski, /'., 2003: Close proximity 
soundings within supercell environments obtained from the rapid update cycle. Weather 
Forecast. 18, 1243-1261.

Weinstein, A.I., 1972: Ice-Phase Seeding Potential for Cumulus Cloud Modification in the Western 
United States. J. Appl. Meteor. 11, 202-210.

Wisner, C., Orville, H.D., and Myers, C., 1972: A Numerical Model of a Hail-Bearing Cloud. J. 
Atmos. S c i.,2 9 , 1160-1181.

Wyngaard, J.C., 2004: Toward numerical modeling in the “ terra incognita” . J. Atmos. Sci. 61, 1816— 
1826.

Zoltán, Cs. and Geresdi, I., 1984: A one-dimensional steady-state jet model for thunderclouds.
Időjárás 88, 21-31.

4 7 4



IDOJARAS
Q u a r te r ly  J o u r n a l o f  th e  H u n g a r ia n  M e te o ro lo g ic a l S e rv ic e  

Vol. 119, N o. 4, O c to b e r  -  D e ce m b e r , 2015 , p p .  4 7 5 -4 9 1

Examining the probable length in days of wet 
and dry spells in Khuzestan province

Seyed Hossein M irmousavi

University o f  Zanjan, Faculty o f  Humanities, 
University B lvd.,45371-38791, Iran 

hossein. mousavi04 7@gmail.com

(M anuscript received in f in a l fo rm  November 11, 2014)

Abstract—This study evaluated the probable length in days o f dry and wet spells in 
Khuzestan province using daily rainfall data from 11 synoptic stations during the 
period 1990-2012. Transfer matrix calculations and model tests were performed 
using Matlab software. For interpolation maps, kriging in ARC GIS 10.2 software 
was used. Results indicated that the probability of dry days occurring in Khuzestan 
province increases from the south to the north. The highest probabilities o f a two-day 
dry spell were 15% in the north and 12% in the northeast o f the province. The 
probability of a 3-day dry spell in the north and northeast was 10%. Moving to the 
south and southwest of the province, the probability decreases, amounting to 6% in 
the southwest. Results o f calculations of return periods of wet and dry days showed 
the probability of the dry-days return period increases from the north to the south. An 
investigation of the role o f general circulation in the creation o f wet and dry periods 
showed that 4 patterns are effective in their production.

K ey-w ords: Markov chain, probability, dry and wet spells, Khuzestan Province. 1

1. Introduction

Wet spells and dry spells are two main physical characteristics of rainfall 
occurrence, and the volume of rainfall in a geographical area depends heavily 
on the distribution of such spells. It is, therefore, important to investigate the 
occurrence patterns of wet and dry spells scientifically through model-based 
analysis, that consists of studying the statistical properties of two common 
indicators, the spell length and spell frequency. Such studies are essential for 
agricultural planning, water resource management, and other interests such as 
fisheries, health, ecology, environment, etc. Several kinds of stochastic models
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have been used to describe frequency distributions of spell lengths at spatial and 
temporal levels. The fitted probability distributions of spell lengths under the 
models are used to study the persistence properties of wet and dry spells. Since 
spell lengths govern the persistence properties of the daily precipitation process, 
it is desirable to use a criterion to select the best model from among a series of 
competitive models that is fitted successfully to the observed datasets.

In order to put our discussion into the proper perspective, we related our work 
to the existing literature. The model most frequently used to generate consecutive 
series of dry and wet days is the first-order, two-state, homogeneous Markov chain 
that has been applied by and is very popular among various researchers, Todorovic 
and Woolhiser (1974), Berger and Goossens (1983), Elseed  (1987), Haggstrom 
(2002), Bekele (2002), Anagnostopoulou el al. (2003), Alasseur et al. (2004), Ana 
and Paulo (2007), Asakereh (2009), Fischer et al. (2013)). An essential 
improvement to the reproduction of short and long spells was made by Berger and 
Goossens (1983) and Nobilis (1986) using the higher order Markov chain and 
Eggenberger-Polya distribution. They found that short spells were best fitted by the 
fourth order Markov chain, whereas the Eggenberger-Polya distribution gave the 
best fit to the long series. Deni and Jemain (2008) proposed a model constituting 
two different geometric distributions. In the referred study, both geometric 
distributions were separated according to the length of dry spells. Results of the 
works suggested that mixed distribution, including the geometric one, could be 
promising in reproducing long dry periods. For wet spells, it was also observed that 
simple geometric distribution could be promising. Recently, following the idea of 
Deca et al. (2010), a mixture distribution based on a weighted sum of two 
geometric distributions, as well as that of one geometric and one Poisson 
distribution, was applied by Mathugama and Peiris (2011). The first model 
exhibits a good fit for dry spells, and the latter can be employed for wet periods. 
More recently, Ababaei et al. (2012) found that both the Markov chain of order 
two and negative binomial distribution can be used to estimate wet spells in Qazvin 
(Iran).

Khuzestan province is one of the most important agricultural areas in Iran. 
Due to successive droughts, farmers in this province have endured many losses. 
In this region, the incidence of consecutive dry days is a main factor in 
increasing the amount of damage to the agricultural sector (Nadi et al., 2012). 
For this reason, it is necessary to carefully examine the consecutive dry days in 
the area. The present study examined in detail the ability of the Markov models 
to analyze the wet or dry condition of a given day in this area.

2. Data

In this study, daily rainfall data was collected from 11 meteorology stations. 
The period 1990-2012 was chosen for the evaluation of the model. A wet day
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was defined as a 24-hour period with total rainfall exceeding 0.1 mm, and a dry 
day was defined as one with measurable precipitation <0.1 mm. The pressure 
data used were the NMC grid data in different windows over Europe and 
Middle East at the grid resolution 2.5° x 2.5°. Several geopotential heights 
(500 hPa and sea level pressure (SLP)) were used. The selected area 
experienced a large part of the systems affecting Iran during the years (from 
1970 to 2013) involved. This region is located within 20-60° N and 20-80° E. 
Data used from the NCEP site (www.ncep.noaa.gov) is provided.

3. Method

3.1. Markov chains

A Markov chain can be defined as a type of time-ordered probabilistic process 
that goes from one state to another according to the probabilistic transition rules 
that are determined by the current state only (Haggstrom, 2002). That is, the 
probability of a day being in a certain state (either wet or dry) is conditioned on 
the states of the previous periods, where the number of previous periods is 
termed as the order of the chain.

In the first-order, two-state Markov model, the current state is dependent 
solely upon the state of the previous period, while in the second-order, two- 
state Markov chains, the current state is determined by the states of the two 
previous periods (Hakimi-Pour, 1998).

When recording whether a measurable amount of rain has occurred over 
time at a particular location (2-state time series), data is in the form of a discrete 
state series. The most commonly used model for discrete state series is a low- 
order stationary Markov chain. Such models are used to predict the occurrence 
of certain sequences.

The states of the system are dry and wet. A wet state is defined as a 24-hour 
period measured from 8:30 a.m. with total rainfall exceeding some threshold 
amount (0.1 mm). Otherwise, the state is taken as dry (Zarei and Shahkar, 
2002). The discrete state series of rainfall can be represented as X , X y A\
......,.X for a t length sequence, where:

X,= 0, if day t is dry,

X,= 1, if day t is wet. ( 1 )
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3.2. First-order Markov model

The probabilities of a first-order Markov chain are defined as:

P {X,=j I /} i j  = 0,1 . (2)

The transition probability Py. (where i, j  = 0, 1) is the probability that if the 
system is in state i at any observation, it will be in state j  at the next observation. 
As probabilities, the numbers Py must all lie in the interval [0, 1]. Transitional 
probabilities for the first order can be expressed as follows:

Pij(t) = P{ X , = j I Xhl= i } i j  = 0,1 . (3)

For any fixed i, {i = 0, \}, we must have Pi0 + Pn = 1.
This expresses the fact that if the system is in one of the states at one 

observation, it will with certainty be in one of the two states at the next
T

observation. With these transition probabilities, a 2><2 matrix P= {Py} , called 
the transition matrix of the Markov process, can be formed where the sum of the 
entries in each column of P is one.

iP  oo Pun 
VPoi Pi J  ' (4)

(n)
The probability vectors p  for n = 0, 1, 2, ....... are said to be the state

<»)
vectors of a Markov process, where pi is the probability that the system is in

(0)
the /th state at the «th observation. In particular, the state vector p is called the
initial probability or initial state vector of the Markov process. If P is the

(n)
transition matrix and p is the state vector at the «th observation, one can 
write: (n+l) (n)

P =P P (5)

(n+l)
Where p  is the state vector at the n+l th observation. From this it follows 
that:

( n )  ( 0 )  n

P =P P (6)

(0)
i.e., the initial state vector p  and the transition matrix P determine the state

(n)
vector p at the «th day. The nth step transition probabilities are called 
conditional probabilities and is denoted by Pij , (where i , j  = 0, 1) with Py > 0, 
for «=0,1,2,3...., and:
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y 1 P™= 1.jL~ij=o Jr ij (V)

(n) (0)
P = p  P in matrix notation for the 1 th order Markov chain can be written as 
(Chynlar, 2002):

(ftwfcwMrfV)(£ <*>
Moreover, the calculation for the continuation of wet and dry days uses the 

following equation (Berger and Goossens, 1983):

Pm = Pm_1<7 (9)

Return periods of dry and wet days, with the continuity of m-day, is 
calculated using the following equation:

One of the main assumptions in Markov chains is stationarity. That is 
Py(t) =Pij for tk < t< tk+r where T is the time interval taken to calculate the 
transitional probabilities. This assumes that the chance of rain remains constant 
within T day periods. The data was grouped into 2-day, 3-day, and 5-day groups 
and studied separately.

To evaluate the strength of the relationship between the occurrence of 
circulation patterns and rainfall, an index, called performance index (PI), is 
defined to measure the relative contribution of a particular pattern to the total 
rainfall amount. Specifically, the mean daily rainfall within cluster / is 
compared with the climatological mean daily rainfall, that is, (Zhang, 1995):

PKO =
Ri/nj 
R/n ’ ( 11)

where n* is the number of days with pattern i; is the total rainfall during 
those days; R is the total rainfall received during the study period, and n is the 
number of days in the study period. If PI is less than 1 in rainy weather, the 
pattern has no effect, and the placement of the pattern in the atmosphere of an 
area can be consecutive dry. If PI index is more than 1, consecutive wet days in 
the region will be created.

In order to assess the impact of dry periods on water resources and 
agricultural yield, linear regression and polynomial regression methods with the 
following equations were used:
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4. Study area

The province of Khuzestan, which occupies an area of 63,213 km2 in 
southwestern Iran, is located between 48°E and 49.5°E longitudes and between 
31°N and 32°N latitudes (Fig. 1). Topographic elevations in the province vary 
between 0 and 3740 m. The climate of the study area varies from arid to humid. 
The northern parts of the province experience cold weather, whereas the 
southern parts experience tropical weather. Summer is from April to September, 
whereas winter is from October to March. Annual mean of maximum summer 
temperatures in the province is about 50 °C (in July) and minimum winter 
temperature is 9 °C (in March). The annual amounts of rainfall are 165-200 mm 
in the southwest and 433-480 mm in the northeast, and about 70% of annual 
rainfall events occur from February to April (Fig. 2). The annual evaporation is 
1500-2800 mm.

Fig. I . Khuzestan province: (a) location in Iran; (b) Digital elevation model and locations 
o f the studied stations.
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Fig. 2. Average annual rainfall in the Khuzestan Province.

5. Results

The calculation results showed that in Khuzestan province from the south to the 
north, the probability of dry days decreases. Maximum probability of dry days 
is found in the central and southwestern parts of the province (92%). This 
means that, on average, in the southwest part of the study area, 336 days per 
year are dry. The minimum probability of dry days was found in the northern 
region (74%). This means that in northern Khuzestan, on average, the probable 
number of dry days per year is 270. Overall, the average probability of dry days 
in Khuzestan province was 86%( Fig. 3).

Fig. 3. Map of the dry day's probability (%).
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An examination of the probability of a 2-day dry spell showed higher 
probabilities in the north (15%) and northeast (12%) than elsewhere in the study 
area. In the south and southwest, the probability of a 2-day dry spell is reduced 
so that in the southwest of the province, this rate reached the minimum amount 
of 6% (Fig. 4). Assessments showed that the probability for a 3-day dry spell in 
the north and northeast of the study area is approximately 10% and in the 
southwest of the province, the probability is equal to 6% (Fig. 5). Also, the 
probability of a dry spell lasting five days is less than that for a 3-day dry spell, 
so that the maximum value is in the northeast province (7%) and the minimum 
value is in the southern region at almost 2% (Fig. 6).

Fig. 4. Map probability o f two days 
dry spell lengths (%).
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5.1. Return period o f 2-5-day dry> spell

Calculating return periods of 2- to 5-day dry spells showed that the minimum 
length of a dry spell is 2 days, which occurred in the north and northeastern 
parts of Khuzestan province. This means that the probability of a dry spell 
lasting two days is higher in the north and northeast than in the south and 
southwest. Accordingly, the probable return period of a 2-day dry spell in the 
southwest of the province is, on average, 15 days, while in the north, the return 
period occurs once every 7 days. Studies have shown that most 2-day dry spells 
occur in the southwest of the province (Fig. 7).

Fig. 7. Map of the persistence of a 2-day dry spell return period.

When the length of a dry spell increases to 3-5 days, the return period also 
increases; however, this data at the provincial level becomes a little slower. 
Evaluations showed that in the north and northeast of the province, the potential 
return period of the 3-day dry spell is once every 10 days, and the probability in 
the southwest province is once every 16 days (Fig. 8). The probability of the 
return period of a 5-day dry spell is much like that of a 3-day period. Every 17.5 
days in the southern part of Khuzestan province and every 12.8 days in the 
northeast, the return period of a 5-day dry spell occurs (Fig. 9).
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Fig. 8. Map of the persistence of a 
3-day dry spell return period.

N

Fig. 9. Map of the persistence of a 
5-day dry spell return period.

5.2. Assessment o f the relationship between the height and distribution o f dry 
and wet spell lengths in days

In order to assess the relationship between the height and distribution of 
consecutive dry days, simple linear regression was used. For this purpose, the 
elevation map of Khuzestan province was extracted using a 30-meter resolution 
satellite image (DEM) (Fig. 10). Then, using the Euclidean distance equation, 
1200 elevation points were selected in Khuzestan province. Then, using kriging 
interpolation, the probabilities of lengths of dry spells in days for the 1200 
selected points were extracted. The following regression equation was used to 
calculate the correlation ratio between the elevation and dry spell length in days:

j  = lE-07x4 - 0.000lx3 + 0.046x2 - 7.146x + 377.88( 12), (14)

R2 = 0.8394.

The results of the relation between the height and precipitation showed 
that, at a 99% confidence level, there is a strong correlation between these 
parameters. Based on this equation, correlation maps were drawn between 
elevation and dry spell lengths in days (Fig. 11). Exploration of this map 
indicated that the probability of dry days from the north to the south of the 
province is reduced. For wet spell lengths this situation is quite the contrary.
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Fig 10. Elevation map o f Khuzestan 
Province.

5.3. Assessment of the relationship between the atmospheric circulation system 
and the probability o f lengths o f dry and wet spells in days

In order to assess the relationship between the atmospheric circulation patterns 
and the precipitation, the PI index was calculated and analyzed for 11 weather 
stations in the study area. This index specifies the conditional probability of 
rainfall in a circulation pattern. Results of PI, the role of each of the atmospheric 
circulation pattern showed the creation or lack of precipitation.
The results showed significant differences in the arrangement patterns of 
geopotential height of 500 hPa, sea level pressure, and circulation patterns in 
Iran. Analysis of atmospheric circulation systems showed three distinct patterns 
of rainfall in Iran.

5.4. Atmospheric circulation patterns for wet spell lengths

5.4.1. Pattern 1 (pi)

In Pattern 1, the 500 hPa geopotential height maps show a trough from northeastern 
Europe, to the southwest of Iraq. Because of the trough in the east, there is positive 
relative vorticity in this situation. Where there is sufficient moisture in the area, 
there is a chance of rain in this circulation pattern (Fig. 12-p 1 -A).

The map of the mean sea level pressure, the pressure of 1024 hPa, show 
deployment over Siberia. The pressure tabs stretch from the east-west to 
northwestern Europe. The low pressure from Saudi Arabia and North Africa in
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the mid-latitudes extends to the East Mediterranean region. The results of the PI 
index indicated that this pattern has the greatest impact on the southwestern and 
western regions of Iran (Khuzestan province). The present pattern causes 
precipitation and wet events in much of the country (Fig. 72-pl-B and C).

5.4.2. Pattern 2 (p2)

The composite map of 500 hpa geopotential height indicated the presence of a 
trough over Russia that expands to the Mediterranean along the southwest 
(Fig. 12-p2-A). The trough from the southwest (Khuzestan province) entered 
Iran and caused a lot of rain in these areas. The PI in Khuzestan is relatively 
high (PI = 3), which indicates that this pattern causes wet periods (Fig. 12-p2-B 
and C).

Fig. 12. Patterns of atmospheric circulation in Iran's Khuzestan province. A: 500 hPa mean 
geopotential height pattern ; B: mean sea level pressure pattern ;C: PI index pattern.

5.5. Atmospheric circulation patterns for dry spell lengths

5.5.1. Pattern 1 (pi)

The map of 500 hPa level showed a trough with a north-south direction 
expanding from the north of the Black Sea to the Red Sea. The eastern part of
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the trough has affected the northern regions of Iran (Fig. 73-pl-A). In this 
pattern, high pressure (with a center of 1026 hPa) was seen over Siberia and 
Europe, and the 1020 hPa isobaric curves expanded on the Mediterranean, 
North Africa, and the southeast. Formation of this synoptic pattern caused 
drought in most parts of Iran (Fig. 73-pl-B). The PI Index calculation also 
shows that with the exception of the northwestern areas, the index rate is less 
than 1 in other parts of the country. This means that the implementation of this 
pattern in the study area causes dry conditions (Fig. 73-pl-C).

5.5.2. Pattern 2 (p2)

In this pattern, a trough over northwestern Europe and the eastern 
Mediterranean is located at the 500 hPa level. Most parts of Iran are dominated 
by high pressure (Fig. 73-p2-A), and atmospheric stability conditions prevail 
(Fig. 75-p2-B). The PI index calculation also showed that the index was less 
than 1 in most parts of the country and the province of Khuzestan, and dry 
conditions have occurred (Fig. 73-p2-c).

Fig. 13. Patterns of atmospheric circulation in Iran's Khuzestan province. A: 500 hPa mean 
geopotential height pattern ; B: mean sea level pressure pattern ;C: PI index pattern.
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5.6. Evaluation o f dry and wet periods

For the impact assessment of dry and wet periods in Khuzestan province, two 
sets of field data were used:

—data on groundwater levels in different parts of Khuzestan province,

—data on rainfed wheat yield in different parts of Khuzestan Province.

Data on groundwater levels and data relating to rainfed wheat yield were 
obtained from the Agricultural Research Center of Khuzestan Province. To 
evaluate the effects of dry days on water resources and agricultural products, 
46 stations were selected. In order to evaluate the effect of the dry period, the 
water level and the correlation between these two parameters were studied, and 
linear regression and polynomial regression methods were used. The results of 
the correlation between the levels of the groundwater and the average 
probability of consecutive dry days in 46 selected stations showed that a 
significant, strong correlation exists between the mean probability of dry 
periods and the groundwater level. The degree of correlation is R2 = 0.93 at a 
99% confidence level (Fig. 14). This result shows that the groundwater is 
strongly influenced by dry periods.

100
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Fig. 14. Graph correlation between the average probability of dry periods and ground 
water levels.
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In order to assess the impact of consecutive dry days on the yield of crops, 
rainfed wheat was selected, because it is the main crop of Khuzestan province, 
and its performance is subject to fluctuations in rainfall. The results of the 
regression relationship to calculate the average probability of dry days with an 
average annual yield of rainfed wheat in selected stations indicated the 
existence of a high correlation between these two parameters (at the 99% 
confidence level, R2 = 0.87). Investigations showed that the yield of rainfed 
wheat is significantly reduced by increasing the probability of dry periods 
(Fig. 75).

Fig. 15. Graph correlation between the average probability of dry periods and annual 
dryd wheat yield (tons).

6. Conclusions

The study of extreme precipitation events, such as floods and droughts, requires 
the analysis of wet and dry day sequences. The empirical frequency distribution 
does not provide a good insight into the probabilities of very long sequences of 
dry and wet spells, which are more important for practical purposes than short 
sequences. Statistical models give more reliable estimates. In this work, dry and 
wet spells were studied using the first-order Markov chain model. The daily 
precipitation data at 11 meteorological stations, being representative of different 
climate regimes in Khuzestan province, were analyzed. Wet or dry days were 
classified according to daily precipitation amounts of 1.0 mm.
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Khuzestan province is one of the most important agricultural sectors with a 
variety of crops, and it plays an important role in supplying the needs of the 
country. This province is first in the country in cultivating cereals. Results of 
the current study showed that the probability of consecutive dry periods is high, 
in different parts of the province; moreover, water resources and agricultural 
performance are greatly affected by dry and wet periods, therefore, careful 
planning must be done in this area.

Results of the current study also indicate thaton the basis the generated 
sequences of wet and dry periods, the synoptic systems, and local factors 
(topography), four patterns were identified. Analysis of general circulation 
models of the atmosphere, and previous studies of this area by other researchers 
such as Lashkari (1996), Alijani (2002), Hojatizadeh (2002), and Raziei et a/. 
(2008) confirm these conclusions. These patterns can predict extreme wet and 
dry periods.
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Abstract—In this study, trends of the seasonal and annual maximum (Tmax), minimum 
(Tmin), and mean (7) air temperatures, as well as rainfall amounts (Ra) time series were
investigated for eleven stations in Iraq for the period 1972-2011 (40 years). Four
statistical tests including homogeneity, Mann-Kendall (MK), Sen's slope estimator and 
linear regression were used for the analysis. The results revealed that annual mean of 
Tmax, Tmin, and T time series showed statistically significant increasing trends over 81.8, 
100, and 100% of the stations at the 0.001 level and they experienced an increase of 0.50, 
0.67, and 0.58 °C/decade, respectively; while the annual rainfall has shown decreasing 
trends at 90.9% of the stations and it experienced a decrease of -20.50 mm/decade. 
Seasonally, the highest increase of Tmax, Tmi„, and T values have been found over the
extreme south of the country during summer at the rates of 1.47, 1.06, and
1.16 °C/decade, respectively, while the highest decrease of Ra values has been found in 
the northern part of the country during winter at the rate o f-36.35 mm/decade.

Key-words: climate change, air temperature, rainfall, Mann-Kendall test, trends, Iraq

4 9 3



I. Introduction

The detection and attribution of global climate change resulting from 
anthropogenic activities are one of the main themes of current climatological 
research. Several studies of long-term time series of temperatures have been 
done on global scale (Jones, 1994; Nicholls et al., 1996; Watson et al., 1998; 
Jones et al., 1999; Folland et al., 2001; Eichner et al., 2003; Rybski et al., 2006; 
Efstathiou et al., 2011; Varotsos et al., 2013) and regional scale (Marco et al., 
2003; Arora et al., 2005; Smadi, 2006; Chen et al., 2007; Rehetez and Reinhard, 
2008; Busuioc et al., 2010; Tabari and Talaee, 2011a; Stephenson, et al., 2014). 
The main finding of the results have shown that the Earth’s surface air 
temperature has increased by 0.6 °C -  0.8 °C during the 20th century. The 
increasing of the air temperature proved to be nonlinear and non-homogenous at 
global scale (Croitoru et al., 2012). Associated with global warming, there are 
strong indications that rainfall changes are already taking place on both global 
(Diaz et al., 1989; Hulme et al., 1998; Lambert et al., 2003; Dore, 2005) and 
regional scales (Yu and Neil, 1993; Gemmer et a!., 2004; Smadi and Zghoul, 
2006; Kayano and Sansigolo, 2008; Busuioc et al., 2010; Tannecia et al., 2014). 
There have not been any internationally published works on surface air 
temperature and rainfall changes over the past century in Iraq. The detailed 
analysis and understanding of trends of climate events in Iraq are important to 
reduce the climate-induced dryness and the impact of temperature extremes on 
society, agriculture and environment. Therefore, this study was carried out for 
analysing the seasonal and annual trends in mean maximum, minimum, and 
mean air temperatures, as well as rainfall amounts. The Mann-Kendall test, the 
Sen’s slope estimator, and the linear regression in Iraq from 1972 to 2011 were 
used.

2. Study area and data

Iraq is located in southwest Asia between latitudes 29°5’-  37022’ N and 
longitudes 3 8 ° 4 5 4 8 ° 4 5 ' E. The surface of Iraq is 438,317 km2 (Fig. 1). 
Topographically, Iraq is shaped like a basin, consisting of the Great 
Mesopotamian alluvial plain of the Tigris and Euphrates rivers. This plain is 
surrounded by mountains in the north and east, which can reach altitudes of 
3611 m above sea level, and by desert areas in the south and west, which 
account for over 40 percent of the land area. Iraq is characterized by four distinct 
topographic features:

a. Mesopotamian plain. This alluvial plain occupies a quarter of the area of 
Iraq.
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b. Desert plateau. This area is located in the west of Iraq and occupies 
about less than half of Iraq.

c. Mountainous region. This region is located in the northern and north­
eastern part of Iraq.

d. Hilly region. This is a transition zone between the low-lying 
Mesopotamian plain in the south and the high mountains in the far north 
and north-eastern part of Iraq.

Diverse topography of Iraq plays an essential role in its climate. Being 
situated in the north part of the subtropical region, Iraq is characterized by 
relatively low winter temperature, dry and hot summer, and two short transitorial 
seasons (spring and autumn). It seems that the differences in temperature have great 
impacts on Iraq's extreme climate. Iraq lies within the northern temperate zone, but 
the climate is continental and subtropical. Winters are usually cool to cold, with an 
average daily temperature that might reach 16 °C dropping at night to 2 °C. 
Summers are dry and hot to extremely hot, with a temperature of over 43 °C during 
July and August, yet dropping at night to 26 °C (.Al-Ansari et al., 2013). The 
rainfall in Iraq is tracking the climate of the Mediterranean Sea. Most amount of 
rainfall falls during the seasons of winter, spring, and autumn, while summer is 
rainless. Average annual rainfall is 154 mm, and it ranges from less than 100 mm 
over 60% of the country in the south up to 1200 mm in the north-east (Al-Ansari et 
al., 2013; Al-Ansari and Knutsson, 2011).

Climatic data were available over the 40-year period from 1972 until 2011 
at eleven stations. The monthly mean daily values of measured mean minimum 
air temperature, Tmin (°C), mean maximum air temperature, Tmax (°C), mean air 
temperature T  (°C), and total rainfall amount Ra (mm) at the eleven selected 
stations have been taken from the Iraq Meteorological Authority (IMA). The 
stations have been chosen based on data availability and to cover the whole area 
of Iraq. Site of each station has remained the same, with almost negligible 
change since the beginning of the data records. The selected stations and their 
geographical coordinates as well as the observation periods of temperature and 
rainfall are given in Table 1 and Fig. 1. Three statistical techniques were used in 
this research: a homogeneity test, the widely used non-parametric Mann- 
Kendall test, and Sen's slope estimator. The homogeneity test of the data series 
was carried out by applying the Abbe-test (Schoenwiese, 1992; Schaefer, 1996). 
All data series were shown to be homogeneous at all stations. To estimate the 
slope of an existing trend, the Sen's nonparametric method (Sen, 1968) was also 
used. Whether or not a constant increasing or decreasing trend was occurring, 
the MK (Kendall, 1938, Mann, 1945, Kendall, 1975; Zhang et al., 2001) test for 
trend was also applied. In this test, the significance levels are 0.001, 0.01, 0.05, 
and 0.1 (Salmi et al., 2002, Luo et al., 2008), from very high significance to non­
significance. SPSS and Excel programs were used to analyze temporal and
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spatial temperature and rainfall changes. The Excel template MAKESENS 
(.Salmi et al., 2002) was also used to detect trends by the MK test.

Table 1. List of the eleven meteorological stations in Iraq, their geographical coordinates, 
as well as the observation periods of the air temperature and rainfall at each station.

Stations Latitude
(N)

Longitude
(E)

Elevation (nt) 
above M.S.L

Observation period for air 
temperatures and rainfall

Mosul 36° 19' 43° 07' 223 1972-2011
Sulaymaniya 35° 32' 45° 26' 884.8 1972-2011
Kirkuk 35° 28' 44° 23' 330.8 1972-2011
Khanaqin 34° 16' 45° 17' 202 1972-2011
Baghdad 33° 19' 44° 25' 31.7 1972-2011
Rutba 33° 02' 40° 17' 630.8 1972-2011
Al-Hai 32° 01' 46° 02 ’ 17 1972-2011
Diwaniya 31° 59' 44° 59' 20 1972-2011
Samawa 31° 19' 45“ 17' 6 1972-2011
Nasiriya 31° 03' 46° 14' 5 1972-2011
Basra 30° 30' 47° 50' 2.4 1972-2011

Fig. 1. Map of Iraq including the eleven selected stations.
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3. Results and discussion

3.1. Trends o f mean maximum temperature

Fig. 2 illustrates the annual anomalies of mean maximum temperature (Tmax, °C) 
at the eleven selected stations in Iraq. Statistical properties of the seasonal and 
annual Tmax series were tested and presented in Table 2. In winter, it can be 
clearly seen that 63.6, 27.3, and 9.1% of stations have experienced significant 
positive trend at the 0.01, 0.05, and 0.1 levels, respectively. According to the 
MK test. The trends range from 0.42 °C/decade at Basra in the south (significant 
at the 0.05 level) to 0.75 °C/decade at Sulaymaniya in the north (significant at 
the 0.01 level) (Figs. 2. and 6 and Table 2).

In spring, significant positive trends are observed for all stations (except 
Samawa, which has non-significant trend). It was found that 45.4, 27.3, and 
18.2% of the stations have experienced significant positive trend at the 0.001, 
0.01, and 0.1 levels, respectively, while the trends are not significant at only 
9.1% of the stations. Trends ranged between 0.20 °C/decade at Samawa and 
0.86 °C/decade at Khanaqin; the trend for Khanaqin is significant at the 0.001 
level, while it is not significant for Samawa. During summer, all stations showed 
strong evidence of significant positive trend (except Kirkuk station which has 
non-significant trend). It can be seen that 45.4 and 45.5% of the stations have 
experienced significant positive trend at the 0.001 and 0.01 levels respectively, 
while the trends are not significant at only 9.1% of the stations. The trends range 
from 0.15 °C/decade (non-significant trend) at Kirkuk to 1.47 °C/decade 
(significant at the 0.001 level) at Basra (Figs. 2 and 6 and Table 2).

On the contrary, negative and non-significant positive trend patterns 
dominated during autumn (Table 2). It can be seen that 9.1 and 9.1% of the 
stations have experienced significant positive trend at the 0.01 and 0.1 levels, 
respectively, while the trends are not significant at 72.7% of the stations. The 
trends range from -0.02 °C/decade at Diwaniya (non-significant trend) to 
0.5 °C/decade at Basra (significant at the 0.05 level). From the beginning of 1972 
until 1995, a cooling pattern was found at all stations, while subsequently 
warming pattern was identified until the end of the study period, and the change is 
statistically significant. The annual and seasonal trend analyses reveal that most 
warming in reference to Tmax was observed in both winter (0.56 °C/decade) and 
spring (0.55 °C/decade), while the average trend over the whole country of Iraq 
was found to be 0.50 °C/decade. Annually, it was found that 81.8, 9.1, and 9.1% 
of the stations have experienced significant positive trend at the 0.001, 0.01 and 
0.05 levels, respectively (Figs. 2 and 6 and Table 2).
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Table 2. Trends of maximum (Tmax), minimum (Tmin) and mean (7) temperatures 
(°C/decade), by Mann-Kendall Sen's test

Station Element Winter Spring Summer Autumn Annual

T1 max 0.53" 0.43+ 0.33” 0.25' 0.36***
Mosul T min 0.13' 0.29+ 0.45*** 0.53** 0.37*”

T 0.30+ 0.39* 0.38*’* 0.47* 0.36*"
T max 0.75" 0.50** 0.40** 0.18' 0.59*”

Sulaymaniya T min 0.75” * 0.59*** 0.64*’’ 0.41* 0.62*”
T 0.71*" 0.58** 0.58*** 0.36* 0.61**’
T max 0.48* 0.42+ 0.15 0.01 0.26*

Kirkuk T1 mm 0.39” 0.55*** 0.80*** 0.28 0.56***
T 0.44 0.51” 0.56*** 0.17' 0.43***
T m a x 0.61" 0.86*** 0.65*** 0.20 0.68***

Klianaqin T min 0.39* 0.91*** 1.04*** 0.83*’* 0.81***
T 0.62*’ 0.88**’ 0.85*** 0.56*** 0.74***
T1 max 0.69** 0.42** 0.36** 0.16" 0.45***

Baghdad T m in 0.57*’’ 0.78*’* 1.06*** 0.72** 0.79**’
T 0.55” 0.64*’* 0.74*’* 0.46” 0.64***
T1 max 0.49* 0.41** 0.48*** 0.18' 0.44***

Rutba T min 0.48** 0.79*** 0.92*’* 0.82*” 0.77*"
T 0.51** 0.66*** 0.69*** 0.57** 0.58***
T1 max 0.65** 0.68*** 0.53*’* 0.22' 0.55***

Al - Hai T mi„ 0.67*** 1.03*** 0.97*** 0.65*** 0.86**’
T 0.65**’ 0.95*** 0.71*** 0.47” 0.73***
T m a x 0.57** 0.50*** 0.35** -0.02' 0.41**’

Diwaniya T m in 0.63**’ 0.71*** 1.00*** 0.87*** 0.84***
T 0.55 0.66*** 0.69*’* 0.48*’ 0.61***
T m a x 0.43+ 0.20 0.34** 0.08 0.30”

Samawa T,„in 0.14' 0.47*** 0.42** 0.44* 0.39’**
T 0.34* 0.35** 0.36** 0.25' 0.31*’*
T1 max 0.54** 0.73*** 0.68*** 0.33+ 0.62*"

Nasiriya T m in 0.36” 0.79*** 0.82**’ 0.50*** 0.63***
T 0.46“ 0.78**’ 0.79*** 0.46** 0.61*"
T1 max 0.42’ 0.85*’* 1.47*** 0.50” 0.83***

Basra T m in 0.37* 0.85*’* 0.86*** 0.72*** 0.71***
T 0.37* 0.81**’ 1.16*** 0.61*** 0.77*"
T ,„ a x 0.56 0.55 0.52 0.19 0.50

Average T m i„ 0.44 0.71 0.82 0.62 0.67
T 0.50 0.66 0.68 0.44 0.58

The significance levels tested are 0.001 (***), 0.01 (**), 0.05 (*), 0.1 (+),
and >0.1 (-) (Salmi et al., 2002).
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Fig. 2. Anomalies of maximum temperatures (Tmax °C) for the eleven selected stations 
during the studied period (1972-2011), for the baseline (1982-2011) average. The bars 
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Fig. 2. (Continued).

In spring and summer, the significant positive trends of Tmax are clearly 
observed with vider spatial distribution than winter and autumn. The strongest 
significant positive (1.47 °C/decade) and negative (-0.02 °C/decade) trends 
occurred in summer and autumn and reported at Basra and Diwaniya, 
respectively (Fig. 6 and Table 2). It is clear that the long-term changes in
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maximum temperature during winter, spring, and summer showed an increasing 
trend, which is statistically significant for the four last decades, while the 
autumn showed different pattern.

3.2. Trends o f mean minimum temperature

Fig. 3 illustrates the annual anomalies of minimum temperature (Tmin, °C) at the 
eleven selected stations in Iraq. Statistical properties of the seasonal and annual 
Tmi„ series were tested using the Mann-Kendall test and presented in Table 2. It is 
clearly seen that all stations have experienced significant positive trend during 
winter, except for the two stations of Mosul and Samawa. It was found ,that 36.4,
27.3, and 18.2% of the stations have experienced significant positive trend during 
winter at the 0.001, 0.01, and 0.05 levels, respectively, while the trends are not 
significant at only 18.2% of the stations. The trends range from 0.13 °C/decade 
(non-significant trend) at Mosul to 0.75 °C/decade (significant at the 0.001 level) 
at Sulaymaniya. In spring, all stations have experienced significant positive trend. 
It was found that 90.9 and 9.1% of the stations had experienced significant 
positive trend at the 0.001 and 0.1 levels, respectively. Al-Hai, which is located in 
the southern part of the country, has experienced the highest positive trend 
(1.03 °C/decade), while Mosul in the northern part has experienced the lowest 
positive trend (0.29 °C/decade). Negative trends were not observed at the stations 
during this season. In summer, the trends were positive and significant at the 
0.001 and 0.01 levels for 90.9 and 9.1% of the stations, respectively. It was found, 
that the trend values ranged between the lowest positive trend (0.42 °C/decade) at 
Kirkuk in the north to the highest positive trend (1.06 °C/decade) at Basra in the 
extreme south. In autumn, all stations have experienced significant positive trend 
(except Kirkuk). The trends range from 0.28 °C/decade (non-significant trend) at 
Kirkuk to 0.87 °C/decade (significant at the 0.001 level) at Diwaniya. It could be 
noticed, that 54.5, 18.2, and 18.2% of the stations have experienced significant 
positive trend during autumn at the 0.001, 0.01, and 0.05 levels, respectively, 
while the trends are not significant at only 9.1% of stations (Figs. 3 and 6 and 
Table 2).

There is a general tendency for the warming trend during the study period. 
The annual and seasonal trend analyses reveal that most of the warming in 
reference to Tmin was found in spring (0.71 °C/decade) and summer 
(0.82 °C/decade), respectively, while the average trend over the whole Iraq 
country is 0.67 °C/decade. Annually, it could be noticed that minimum 
temperature showed a significant positive trend in 100% of the stations at the 
0.001 level, while there is not any stations in the whole Iraq which have 
significant/non-significant negative trend (Figs. 3 and 6 and Table 2).
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Fig. 3. Anomalies of minimum temperatures °C) for the eleven selected stations 
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Fig. 3. (Continued).

3.3. Trends o f mean temperature

Fig. 4 illustrates the annual anomalies of mean temperature (T, °C) at the eleven 
selected stations in Iraq. Statistical properties of the seasonal and annual T series 
were also tested and presented in Table 2. It was found, that according to the 
MK test for trend, all stations have experienced significant positive trends 
(warming pattern) of the annual mean temperature.
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In winter, all stations have experienced positive trend. It was found that
18.2, 54.5, 9.1, and 18.2% of the stations have experienced positive trend 
during winter at the 0.001, 0.01, 0.05, and 0.1 levels, respectively. Also, it 
can be noticed, that Mosul has the lowest and non-significant positive trend
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(0.30 °C /decade), while Sulaymaniya has the highest significant positive 
trend (0.71 °C /decade) at the 0.001 level. During spring, ten stations show 
strong upward tendency trends, whereas 90.9% of the stations have 
experienced significant positive trend at the 0.001 level while 9.1% of the 
stations have positive trend at the 0.1 levels. It could be noticed, that the 
trends ranged between 0.35 °C/decade at Samawa and 0.95 °C/decade at Al- 
Hai; the trends for Samawa and Al-Hai are significant at the 0.01 and 0.001 
levels, respectively (Figs. 4 and 6 and Table 2).

All eleven stations also showed strong evidence of a significant positive 
trend during summer, while there is not any station with negative trend during 
this season. It could be noticed, that 90.9 and 9.1% of the stations have 
experienced strong significant positive trend at the 0.001 and 0.01 levels, 
respectively. Trends range between 0.36 °C/decade at Samawa and 
1.16 °C/decade at Basra, and they are significant at the 0.01 and 0.001 levels, 
respectively. In autumn, the significant positive trend could be generally 
identified at all stations except for Kirkuk (0.17 °C/decade) and Samawa 
(0.25 °C/decade), which have non-significant trends, while Basra has the highest 
significant positive trend (0.61 °C/decade) at the significance level of 0.001. It 
was found that 18.2, 45.5, and 18.2% of the stations have experienced strong 
significant positive trend at the 0.001, 0.01, and 0.05 levels, respectively, and 
the trend is not significant at only 18.2% of the stations. Seasonally, there is not 
any stations in the whole Iraq which have significant/non-significant negative 
trend (Figs. 4 and 6 and Table 2).

Annually, it is noticed that the mean temperature showed a significant 
positive trend at the 0.001 level for all stations, while there is not any stations in 
the whole Iraq which have significant/non-significant negative trend in the 
whole Iraq. It was also found, that the significant positive trends of T varied 
between the lowest value (0.31 °C/decade) at Samawa and the highest value 
(0.77 °C/decade) at Basra; the trends for both Samawa and Basra are significant 
at the 0.001 level (Fig. 6 and Table 2).

The results are generally in agreement with those in many studies 
worldwide, which have shown a trend of increasing air temperature (Jones and 
Moberg, 2003; Luterbacher et al., 2004; Rebetez and Reinhard, 2008; European 
Environment Agency reports (EEA), 2008; Croitoru et al., 2012; Piticar and 
Ristoiu, 2012; Ionita et al., 2013; Croitoru and Piticar, 2013; Tannecia et al., 
2014).

3.4. Trends o f total rainfall

Total rainfall (Ra, mm), is the other important climate parameter in the present 
study. Statistical properties of the seasonal and annual Ra series at the eleven 
selected stations in Iraq were tested using the MK test and presented in Table 3 
and illustrated by Fig. 5.
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Table 3. T rends o f  total ra in fall am ounts, R a  (m m /decade), by M an n - K endall Sen 's test

Station Winter Spring Summer Autumn Annual

Mosul -23.50+ -3.45“ 0.00' -1.53' -32.25*
Sulaymaniya -24.00' -3.50“ 0.00 0.39' -35.52'
Kirkuk -20.95“ -7.69“ 0.00' -1.32 -36.06*
Khanaqin -36.35" -4.83' 0.00 2.31' -41.96***
Baghdad -9.85+ 0.65' 0.00 0.51' -12.10*
Rutba -11.75“ -2 .29 ' 0.00 0.47' -9.38“
A1 -  Hai -12.87+ -0.91 0.00' -1.41' -24.72**
Diwaniya -8.69+ -0.61 ' 0.00' 1.81' -10.13'
Samawa -4.40 0.68' 0.00' 2.00' 0.26
Nasiriya -10.68+ 0.52' 0.00' -0.04' -7.83'
Basra -7.27' 0.67' 0.00' 0.29' -15.77*

Average -15.48 -1.89 0.00 0.32 -20.50

The results distinctly revealed that, during winter, all stations have 
experienced negative trend. It was found that 18.2 and 45.4% of the stations have 
experienced significant negative trend during winter at the 0.01, 0.1 levels, 
respectively, while 36.4% of the stations have non-significant negative trend. The 
highest significant negative trend (-36.35 mm/decade) was found at Khanaqin, 
while the lowest negative trend (-4.4% mm/decade) was found at Samawa; the 
trend for Khanaqin is significant at the 0.01 level, while Samawa showed non­
significant decreasing trend. During spring, only four stations (36.4% of stations) 
have experienced non-significant positive trend, while the remaining stations 
(63.6% of stations) have experienced non-significant negative trend. It could also 
noticed, that Samawa experienced the highest non-significant positive trend (0.68 
mm/decade) while Kirkuk experienced the lowest non-significant negative trend 
(-7.69 mm/decade), see Figs. 5 and 6 and Table 3.

In summer, the climate of Iraq is rainless and clear skies prevail. Therefore, 
all stations show no trend during this season. During autumn, only seven stations 
(63.6% of stations) have experienced non-significant positive trend, while the 
remaining four stations (36.4% of the stations) have experienced non-significant 
negative trend. It could be noticed that the highest positive trend during the autumn 
season (2.31 mm/decade) occurred at Khanaqin station, while the lowest negative 
trend (-1.53 mm/decade) occurred at Mosul station (Figs. 5 and 6 and Table 3).

Annually, negative trends of total rainfall have been observed at all stations 
except Samawa, which showed non-significant positive trend (2.31 mm/decade). It 
was found that 9.1, 9.1, and 36.4% of the stations have experienced significant 
negative trend at the 0.001, 0.01, and 0.05 levels, respectively, while 36.4 and 9.1%
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of the stations showed non-significant negative and positive trends respectively. 
The trends range from -7.83 mm/decade at Nasiriya to - 41.96 mm/decade at 
Khanaqin; the trend for Khanaqin is significant at the 0.001 level, while Nasiriya 
showed non-significant negative trend (Figs. 5 and 6 and Table 3).

Years Years

Years Years

Years Years
Fig. 5. Anomalies of the rainfall amount (Ra, mm) for the eleven selected stations during 
the studied period (1972-2011), for the baseline (1982-2011) average. The bars indicate 
the anomalies of the years, the zigzag line represents five-year means, and the straight 
line indicates the long-term linear trends.
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Years Years

Years Years

Years
Fig. 5. (Continued).

It could be concluded, that the trends of Ra were negative over the whole 
country of Iraq except for Samawa, where the observed rainfall has slightly 
increased. The average rate of Ra decreased over the whole Iraq, and it has been 
found -15.48 mm/decade, -1.89 mm/decade, -0.32 mm/decade during winter,
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spring, and autumn seasons, respectively, and -20.5 mm/decade annually, while 
no consistent changes were found during the summer season. Majority of the 
trends indicated reduced precipitation during winter. It is also noticed, that the 
rainfall showed a negative trend in 90.9% of the stations, but there is 9.1% of the 
stations with positive trend in the whole Iraq (see Fig. 6 and Table 5). This 
result agrees with the findings of Raziei et al., (2005) and Tabari and Talaee 
(201 lb), who found a significant negative trend in the annual precipitation series 
in Iran.
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4. Conclusions

The present study is mainly concerned with the changing trend of air 
temperatures and rainfall in Iraq. A complete set of measurements for maximum 
(Tmax), minimum (Tmi„) and mean air temperatures (7) in addition to rainfall 
amounts (/?„) for the period 1972-2011 at 11 meteorological stations in Iraq 
have been used. Statistical tests including the Mann-Kendall test, the Sen's slope 
estimator, and linear regression were used for the analysis. Final results and 
conclusions could be summarized in the following points:

1. Annual mean of Tmax, Tmin, and T time series showed statistically 
significant increasing trends over 81.8, 100, and 100% of the stations at 
the 0.001 level, and they experienced an increase of 0.50, 0.67, and 
0.58 °C/decade, respectively.

2. The significant positive trends of Tmax, Tmi„, and T can be observed clearly 
during spring and summer than during winter and autumn.

3. There is not any stations which have significant or non-significant 
negative trend for air temperatures in the whole Iraq except Diwaniya, 
where the trend of Tmax was weakly negative during autumn.

4. Annual rainfall has shown decreasing trends at all stations (except 
Samawa), and it experienced an decrease o f-20.50 mm/decade.

5. Seasonally, the highest increase of Tmax, Tmim and T values have been 
found at the extreme south of the country (Basra) during summer at the 
rates of 1.47, 1.06, and 1.16 °C/decade, respectively, while the lowest 
increase of the air temperatures prevail in the northern part of the country, 
especially at Kirkuk.

6. The highest decrease of Ra values has been found in the northern part of 
the country (Khanaqin) during winter at the rate of -36.35 mm/decade.

7. The warming pattern occurred shortly after 1995 at all stations.
Changes in air temperature and rainfall amounts will have significant 

impacts on biodiversity and food security in Iraq. Therefore, substantial 
reductions of heat-trapping gas emissions and adaptation strategies are crucial in 
Iraq.
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Abstract— The purpose of our research is to simulate the influence of the thermal 
properties of land surface on the Central European climate in the 21st century. The 
simulation is carried out with calculation of Gorczynsky and Conrad continentality 
indexes, respectively, as a function of annual temperature range. Seven different 
ENSEMBLES models (ARPEGE, CNRM, DMI, ITCP, KNMI, MPI, and SMHI) with 
various resolutions perform the space difference of continentality between seven 
European regions with IPCC A1B emission scenario for two time slices: 2021-2050 and 
2071-2100. Beside these models, ALADIN-Climate/CZ simulation is implemented in 
finer resolution and smaller CECILIA domain taking into consideration only the central 
European area. The bias correction of models is implemented using the European Climate 
Assessment and Dataset (ECA&D). The largest influence to the spread among the 
simulation results is due to the chosen global climate models (GCMs). The resolution 
differences do not play dominant role in the variance of the results against the domain 
size. There are not significant differences between the Gorczynsky and Conrad index 
values. The largest change in the climate type tendency is simulated in the Scandinavian 
region by the Gorczynsky approach. In central Europe, the climate becomes continental 
only according to CNRM result which correlates with its underestimation of precipitation 
and overestimation of temperature. The simulated continentality indexes and the 
predicted changes are presented here.

Key-words: continentality, Gorczynsky index, Conrad index, ENSEMBLES, climate 
change, E-OBS

5 1 5



1. Introduction

Continentality is a basic indicator of climate change. In the climate of central 
Europe, oceanic and continental climate effects are combined. The continental 
climate areas have great annual temperature range and moderate precipitation 
(McBoyle and Steiner, 1972), whilst the oceanic climate is more balanced. The 
reason of this basic difference comes from the different thermal properties of ocean 
and land surface. The oceans have larger heat capacity, whilst the inland has larger 
heat conduction, which depends on surface properties (Nikiforova et al., 2013). The 
combination of heat capacity and thermal conductivity determines three important 
physical properties underlying climate: (i) the proportion of heat shared by the 
interface substances; (ii) the depth (soil, water) or height (atmosphere) to which 
heat flows or transported; (iii) the range of temperatures over diurnal and annual 
cycles (Dirscoll and Yee Fong, 1992). This phenomenon has an effect on several 
climatic elements like distribution of cloudiness, precipitation, etc., which impact 
the temperature anomaly. Different approaches are used to quantify continentality 
(Gorczynsky, 1922; Johansson, 1926; Conrad and Poliak, 1950; Currey, 1974; 
Holmlund and Schneider, 1997; Slddek, 2005; Mikolaskova, 2009).

The purpose of our work is to investigate the formation of the spatial 
differences of continentality in Central Europe using ENSEMBLES based on 
A1B SRES scenario in the 21th century. The A1B estimates the future world in 
perspective of technical change in energy system with the assumption that 
similar improvement rates apply to all energy supply and end use technologies 
(Nakicenovlc, 2000, Solomon, 2007).

The EU 6th Framework Programme project ENSEMBLES applies a 
probabilistic approach to climate changes at a regional scale (Hewit and Griggs, 
2004) with downscaling global circulation models (GCM) to higher resolution 
regional climate models (van der Linden and Mitchell, 2009).

The sources of uncertainties in the ENSEMBLES predictions are the 
chosen GCM, RCM, downscaling technique, and natural variability. The choice 
of GCM significantly determines the initial and boundary conditions of RCMs. 
The source of differences in RCMs comes from the difference of the applied 
physical parameterizations to represent sub-grid effects. There are two basic 
downscaling techniques: dynamical and statistical. The dynamical downscaling 
is not able to improve the simulation skills of large-scale fields over those 
simulated by the GCM (Dosio and Paruolo, 2011), while the statistical 
relationship is developed for present day climate by statistical downscaling is 
assumed to be valid for future climate under different forcing condition (Wilhy 
et al., 1998). The natural variability, such as seasonal cycle of insolation, non­
linear interplay of feedbacks, and random fluctuations in physical or chemical 
factors also has an effect on the uncertainties. Deque et al. (2012) found that the 
natural variability produces significantly larger mean interannual spread in a 
given model than running an ensemble of the same size without considering
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perturbing the parameters. According to Kjellstrom et al. (2011), the lower 
natural variability in ECHAM5 and smaller large-scale circulation changes in 
HadCM3 (ECHAM5-r2 and HadCM3-low) show larger warming in much of 
Europe than the larger one (ECHAM5-r3 and HadCM3-high).

2. D a ta  a n d  m e th o d

The calculations were implemented in the variable resolution ARPEGE 4. 
atmospheric global climate model (AGCM), and in six different 25 km 
resolution regional climate models (RCMs) for the European area using 
Gorzynsky and Conrad indexes, respectively. The resolution of ARPEGE is 
50 km over Central Europe and decreases to 300 km at the antipodes. The 
ENSEMBLES models chosen for our study are shown in Table 1. They are 
representative selection of models with respect to GCMs/RCMs combination. 
The temperature anomaly and continentality were predicted for 2021-2050 and 
2071-2100.

Table 1. The institute, reference, GCM, RCM, and resolution of chosen ENSEMBLES 
simulations

INSTITUTE/
REFERENCE GCM RCM RESOULTION

1 ARPEGE
Gibelin and Deque, (2003)

ARPEGE 50 km

2 CNRM/ 
Deque (2007)

ARPEGE ALAD1N 25 km

3 DMI/
Christensen et al. (1996)

ARPEGE HIRHAM 25 km

4 KNMI/
Lenderink et al. (2003)

ECHAM5-r3 RACMO 25 km

5 SMHI/
Kjellstrom et al. (2005)

ECHAM5-r3 RCA 25 km

6 МРІ/
Jacob (2001)

EC HAM 5-r3 REMO 25 km

7 ІСТР/
Giorgi et al. (2004)

ECHAM5-r3 RegCM 25 km

8 СНМ1/
Farda et al. (2007)

ARPEGE ALADIN/CZ 10 km

Since the models contain bias, it is necessary to correct their outputs. An 
important point in the correction is the availability of suitable reference data,
e.g., observations or re-analyses. On the European level, the biggest database of 
daily meteorological station observations is the European Climate Assessment 
and Dataset (ECA&D). The ECA&D project (Klein Tank et al, 2002) was 
initiated by the European Climate Support Network of EUMETNET in 2002, 
and it was coordinated by the Royal Netherlands Meteorological Institute
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(KNMI). ECA&D daily database contains more than 31k quality controlled 
series of 12 climate variables at more than 7000 meteorological stations in 
62 countries, from which about half of them are public (Fig. 1). Using the 
ECA&D blended daily station data, the E-OBS daily high-resolution gridded 
observational dataset was produced. The E-OBS (Haylock et. al., 2008) is 
currently perhaps the best pan-European gridded dataset with the spatial 
resolution of 0.25° in longitude and latitude (or 0.22° on the rotated pole grid 
typical for many RCMs) covering the period from 1950.

Fig. 1. Meteorological stations of ECA&D database.

The RCMs were corrected on the monthly scale. In the first step for each 
RCM grid point, the nearest E-OBS grid points were found. The differences of 
control run of RCM models and E-OBS database (applying reference period 
1961-2000) were calculated for each month individually. Found differences 
were used for correcting the RCM outputs. It has been calculated for more than
14,000 grid points.

Considering the Central European area (Czech Republic (CR), Slovakia 
(SK), North-East Austria (AT)), the calculations were carried out with the 10 km 
resolution ALADIN/CZ RCM (Fig. 2). The regional climate model ALADIN - 
Climate/CZ is an adaptation of ALADIN numerical weather prediction model, 
version CY28T3. Within the EU FP6 project CECILIA, it was coupled with the 
GCM ARPEGE to provide a projection of future climate in two time slices, 2021— 
2050 and 2071-2100, according to the IPCC A IB emission scenario. Its 
description can be found, e.g., in Farda et al. (2007) or Farda et al. (2010). 
Before the analysis of the future climate, the model data were corrected, in daily



step, according to validation results carried out for the period 1961-2000. For this 
purpose (comparison with “truth”), the so-called technical series were 
recalculated from station data in the positions of grid points of the model 
(ALADIN-Climate/CZ grid at 10 km horizontal resolution, for the details about 
the method see, e.g., Stepanek et al., 201 la). All input station observations were 
quality controlled, homogenized in daily scale, and gaps in data were filled (for 
more information about the preprocessing of station data please refer to Stepanek 
et al., 2011b, 2013). According to the relationship between the RCM outputs and 
the recalculated station data (technical series for the grid points), outputs of A1B 
scenario integrations of the future climate were corrected applying an approach of 
Deque et al. (2007) that is based on a variable correction using individual 
percentiles. The model outputs are fully compatible with the station (measured) 
data. As mentioned above, these data were processed at daily scale, from which 
final monthly values were then calculated. All data processing was performed by 
ProClimDB database software for processing of climatology datasets (free 
download is possible from www.climahom.eu).

CECILIA ALADIN-CLIMATE CZ dom ain

0 300 600 900 1200 1500 1800 2100 2400 2700

Fig. 2. Integration area with orography and used grid points details of model ALADIN- 
Climate/CZ as used in EC FP6 CECILIA project.

Owing to the higher density station network used for the correction, this 
dataset is expected to be subject of smaller interpolation error than E-OBS 
(Hofstra et al., 2010).

The continentality index is calculated as a function of annual temperature 
anomaly divided by the sine of latitude to compensate for seasonal differences in 
radiation. The Gorzynsky index is most commonly used in Europe. It is 
computed by the equation:
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( 1 )

where A is the mean annual anomaly of temperature in °C, and 6 is the latitude in 
degree. According to Gorczynsky (1922), the expression of A=12sind? corresponds 
well with observation over the ocean. The 1.7 constant is calculated from the 
assumption that Verchojansk, in eastern Siberia, is representative of 100% 
continentality (Mikolaskova, 2009). Based on the equation, the continentality can 
be divided into three categories: transitional maritime {k=0 to 33%), continental 
(£=33 to 66%), and extreme continental (£=67 to 100%) Gorczynsky (1922).

Conrad and Poliak (1950) found that the Gorczynsky approach gives 
negative values, which does not have physical meaning in some particular 
locations (e.g., Thorshvan at Faeroe Islands), hence they modified the equation 
with taking into account boundary conditions. The Conrad continentality index 
can be calculated by the equation:

(2)

If the index value is 0, the climate is no longer influenced by continental 
surface, and if the value is 100, the climate is no longer influenced by maritime 
air masses (Mikolaskova, 2009). This index reaches better results in lower 
latitudes (e.g., 0), but its results are invalid in latitudes higher than 80.

The Pan-European domain originally designed for the ENSEMBLES project 
{van der Linden and Mitchell, 2009) is divided into seven regions for 
investigating the spatial differences of ENSEMBLES predicted annual 
temperature anomaly and continentality. The chosen regions are Southern Europe 
(1), Western Europe (2), Great Britain (3), Scandinavia (4), Central Europe (5), 
South-Eastern Europe (6), and Eastern Europe (7) represented in Fig. 3.

Fig. 3. Regions o f ENSEMBLES domain: 1. South Europe, 2. Western Europe, 3. Great 
Britain, 4. Scandinavia, 5. Central Europe, 6. South-East Europe, and 7. East-Europe.
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3. Results

3.1. Temperature anomaly

Table 2 shows the predicted mean annual temperature anomaly in the different 
regions in the 2021-2050 and 2071-2100 periods. The mean values denote that 
the temperature range increases eastward and toward the center of South Europe 
in both time periods. Increasing the distance from the Atlantic Ocean increases 
the temperature anomaly toward the east direction. The larger anomaly in South 
Europe can be explained with the topography, which modifies the intensity and 
depth of penetration of maritime influences. This block of wet maritime airmass 
is combined with rise of aridity which increases the temperature anomaly 
(Dirscoll and Yee Fong, 1992).

Table 2. Predicted mean annual temperature amplitudes Tmea„ in 2021-2050 (top) and 
2071-2100 (bottom) for the defined regions: South Europe (1), Western Europe (2), Great 
Britain (3), Scandinavia (4), Central Europe (5), South-East Europe (6), East-Europe (7)

Temperature amplitude in 2021- 2050

Region ARPEGE CNRM DM1 ICTP KNMI MPI SMHCI
T* mean T1 mean T1 mean TM mean Tmean TA mean T1 mean

1 18.8 18.8 18.3 19.0 19.0 19.1 19.4
2 18.3 18.5 18.0 17.9 18.0 18.0 17.8
3 13.0 13.2 12.7 13.0 12.9 12.8 12.6
4 22.6 22.9 22.7 23.1 23.1 22.6 22.7
5 22.0 21.9 21.8 21.3 21.4 21.2 21.0
6 22.7 22.6 21.5 21.4 21.4 21.4 21.3
7 26.4 26.2 25.5 24.7 24.9 24.5 24.4

Temperature amplitude in 2071- 2100

Region ARPEGE CNRM DMI ICTP KNMI MPI SMHCI
T1 mean T1 mean T1 mean T-* mean T* mean T* mean T1 mean

1 20.4 20.5 20.0 20.7 20.8 21.0 21.1
2 20.0 20.9 19.4 18.3 18.7 18.1 18.1
3 13.1 13.8 13.0 12.9 12.9 12.6 12.4
4 21.2 21.7 21.2 21.5 21.5 21.2 20.5
5 23.3 24.6 22.6 21.0 21.6 20.6 20.7
6 24.7 24.9 23.1 22.2 22.5 22.4 22.5
7 27.4 27.7 25.8 24.7 25.1 24.1 24.2
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In 2021-2050, the spread among the predicted mean annual temperature 
anomalies are smaller than 0.3 in the Western Europe, Great-Britain, and 
Scandinavia regions (Table 3a). In the other regions, differences appear between 
ARPEGE and ECHAM5-r3 driven RCMs results, respectively. The temperature 
range values are higher for RCMs forced by ARPEGE except in South Europe. 
The ECEIAM5 driver is coupled ocean-atmosphere GCM, while ARPEGE is 
forced by the SST and sea-ice conditions of ERA40 (Deque personal discussion) 
with added delta monthly anomaly from HadCM3 GCM {Deque, 2007). The 
sea-ice extension is overestimated by HadCM3_ref, while it is underestimated 
by ECHAM5. Large-scale circulation in ECHAM5 is too zonal which transports 
the cool and moist air from the North Atlantic in summer {Kjellstrom et al., 
2011), and warm air is advected from the North Atlantic into the Baltic Sea 
region in winter combined with reduction of sea-ice albedo {Meier et al., 2011). 
This too strong influence of the Atlantic Ocean on the surface temperature also 
contributes to the climate of the Central European regions, where it reduces the 
continental influences {Plavcova and Kysely, 2011). The variability of the 
models is the largest in Scandinavia, which can also contribute to the SST and 
sea-ice condition caused natural variability.

The predicted change values are calculated by differences between the 
model predicted future {TM) and E-OBS measured present {TE) mean 
temperature anomalies. These values are negative in both RCMs in Scandinavia 
and in the ECEIAM5 driven RCMs in Central and East Europe too, respectively. 
These negative values mean that the climate will be more balanced in the future 
than in the present. ARPEGE has the largest positive differences in South-East 
Europe due to the increasing drought resulted from underestimating the 
precipitation in summer (Gibelin and Deque, 2003; Deque, 2007).

Compared with the 2021-2050 term, the mean annual temperature spread 
among the models increases in each regions in the 2071-2100 time period. Its 
largest value is 1.5 in Central Europe and the smallest is in Scandinavia region 
{Table 3b). In Central Europe, the mean annual temperature range increases in 
ARPEGE driven RCMs and diminishes in ECHAM5 forced ones except KNM1 
compared with the 2021-2050 period. Moreover, the boundaries of the anomaly 
become slantwise to south-west north-east direction (not shown).

The mean annual temperature anomalies are also larger in RCMs forced with 
ARPEGE except in South Europe. CNRM has the largest mean annual 
temperature anomalies and the highest predicted change in Central, South-East, 
and East Europe. SME1CI results the smallest mean annual temperature anomaly 
except in South Europe and Scandinavia. The variability of the models increases 
in each region in time with exception of Scandinavia area (not shown). Its value is 
higher in both time period due to the higher natural variability of the ECHAM5 
forced RCMs (denoted by -r3). Because SSTs and sea-ice conditions are 
significant 'red noise' components {Hasselmann, 1976; Rowell and Zwiers, 1999),
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the reduction of model variability in time refers to the fact that the signal (global 
wanning) to noise (natural variability) is greater than in the former period.

In the most regions, the predicted change values increase with time (not 
shown). CNRM has the largest change values except in the Scandinavia area.

Table 3a. The spread of the simulated temperature amplitude of the models in 2021-2050 
for the regions defined in Table 2

Spread of simulated temperature amplitude 2025-2050

1 2 3 4 5 6 7

ARPEGE 18.8 18.3 13 22.6 22 22.7 26.4
CNRM 18.8 18.5 13.2 22.9 21.9 22.6 26.2
DM I 18.3 18 12.7 22.7 21.8 21.5 25.5
1CTP 19 17.9 13 23.1 21.3 21.4 24.7
KNMI 19 18 12.9 23.1 21.4 21.4 24.9
MPI 19.1 18 12.8 22.6 21.2 21.4 24.5
SMHCI 19.4 17.8 12.6 22.7 21 21.3 24.4
mean 18.91 18.07 12.88 22.81 21.51 21.75 25.22
spread 0.33 0.24 0.20 0.21 0.38 0.61 0.81

Table 3b. The spread of the simulated temperature amplitude of the models in 2071-2100 
for the regions defined in Table 2

Spread of simulated temperature amplitude 2070-2100

1 2 3 4 5 6 7

ARPEGE 20.4 20 13.1 21.2 23.3 24.7 27.4
CNRM 20.5 20.9 13.8 21.7 24.6 24.9 27.7
DMI 20 19.4 13 21.2 22.6 23.1 25.8
ICTP 20.7 18.3 12.9 21.5 21 22.2 24.7
KNMI 20.8 18.7 12.9 21.5 21.6 22.5 25.1
MPI 21 18.1 12.6 21.2 20.6 22.4 24.1
SMHCI 21.1 18.1 12.4 20.5 20.7 22.5 24.2
mean 20.64 19.07 12.95 21.25 22.05 23.18 25.57
spread 0.37 1.07 0.44 0.38 1.50 1.13 1.46
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3.2. Gorczynsky index

The predicted mean Gorczynsky continentality indexes (Eq. (1)) in the 2021- 
2051 and 2071-2100 time slices are demonstrated in Table 4. According to the 
Gorczynsky index, the boundary of transitional maritime and continental climate 
is 33%. This boundary is near meridional in East Europe and against with 
Mikolaskova, 2009 results. Its direction is eastward in South-East and South 
Europe, respectively, in the 2021—2050 time slice (Fig. 4). The differences 
between the ARPEGE and ECHAM5 driven model predicted indexes are 
analogous with the temperature amplitude ones.

In the 2021-2050 period, the climate is continental in South East and East 
Europe according to each model. The spread among the model results is smaller 
than 0.5 in Great Britain and Scandinavia, while it is greater than 1.0 in South 
East and East Europe (Table 5a).

The predicted change values are also negative in Scandinavia in case of 
each model and in Central and East Europe, respectively, in case of ECHAM5 
forced RCMs (Fig. 4). The SMCHI has negative difference value in each region 
except for South- and South-East Europe, respectively, which relates with its 
smallest temperature anomaly values.

Correlating with temperature anomaly change, the Gorczynsky index 
depicts a sharp changing in the 2071-2100 period, where the continental 
climate slopes toward the north-east south-west direction. The continental 
climate recedes toward the southern direction in Scandinavia area, but 
increases in South and South-East Europe in both model cases. With 
exception of the Scandinavia area, index value increases in RCMs which are 
forced with ARPEGE compared to the former period. In case of ECHAM5 
driven RCMs, it decreases in more regions. The continentality rises in Central 
Europe only according to KNMI among ECHAM5 driven RCMs. In Central 
Europe, the continental climate predominates according to CNRM only where 
the index mean value is 34.5. CNRM has the largest mean annual temperature 
anomaly and the largest predicted change value in Central Europe in this 
period. Christensen et al, (2008) found that CNRM ALADIN has the largest 
positive temperature and negative precipitation biases from E-OBS observed 
data in Central European region compared with DMI, ICTP, KNMI, MPI, and 
SMHCI, when the RCMs were forced with ERA40. The spread among the 
model results is also the smallest in Scandinavia and Great Britain and the 
largest in South East and East Europe (Table 5b). The predicted change 
tendency is also analogous with the change of temperature range.
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Table 4. Space d ifferences o f  the p red ic ted  m ean G o rczynsky  index Gmea„ in 2 0 2 1 -2 0 5 0
(top) and 2 0 7 1 -2 1 0 0  (bottom ) for the  reg io n s  defined  in Table 2

Gorczynsky index in 2021-2050

Region ARPEGE
Gmeun

CNRM
Gmean

DMI
Gmean

ICTP
Gmean

KNMI
(*mean

MPI
Gmean

SMHCI
Gmean

1 28.4 28.5 27.1 29.1 29.1 29.2 29.9
2 21.5 21.8 20.8 20.6 20.6 20.6 20.2
3 7.1 7.5 6.6 7.0 7.0 6.7 6.4
4 22.8 23.2 22.9 23.6 23.7 22.8 22.8
5 28.7 28.4 28.1 27.2 27.2 26.9 26.3
6 37.2 36.7 34.0 33.8 33.8 33.7 33.6
7 39.2 38.8 37.2 35.3 35.7 34.9 34.6

Gorczy nsky index in 2071-2100

Region ARPEGE CNRM DMI ICTP KNMI MPI SMHCI
Gmean Gmean Gmean Gmean (*mean Gmean Gm ean

1 32.6 32.7 31.6 33.3 33.8 34.1 34.6
2 25.5 27.3 24.0 21.3 22.3 21.1 21.0
3 7.5 8.9 7.1 6.8 6.8 6.3 5.9
4 20.1 21.0 20.0 20.4 20.6 20.0 18.7
5 31.5 34.5 30.1 26.2 27.8 25.5 25.7
6 42.0 42.5 38.1 35.8 36.5 36.3 36.7
7 41.6 42.2 38.0 35.3 36.3 34.0 34.3

2021-2050 2071-2100 2021-2050 2071-2100

Fig. 4. Predicted changes of Gorczynsky indexes (a) CNRM, (b) DMI, (c) KNMI, (d) 
MPI, (e) SMHIRCA, (f) ICTP, and (g) ARPEGE.

525



T able  5a. The sp read  o f  th e  s im u la ted  G orczynsky  index o f  th e  m odels in 2 0 2 1 -2 0 5 0  for
th e  reg ions defined in Table 2

Spread of simulated Gorczynsky index 2025-2050

1 2 3 4 5 6 7
ARPEGE 28.4 21.5 7.1 22.8 28.7 37.2 39.2
CNRM 28.5 21.8 7.5 23.2 28.4 36.7 38.8
DMI 27.1 20.8 6.6 22.9 28.1 34 37.2
ICTP 29.1 20.6 7 23.6 27.2 33.8 35.3
KNMI 29.1 20.6 7 23.7 27.2 33.8 35.7
MP1 29.2 20.6 6.7 22.8 26.9 33.7 34.9
SMHC1 29.9 20.2 6.4 22.8 26.3 33.6 34.6
mean 28.75 20.87 6.9 23.11 27.54 34.68 36.52
spread 0.88 0.56 0.36 0.39 0.87 1.55 1.88

Table 5b. The spread of the simulated Gorczynsky index of the models in 2071-2100 for 
the regions defined in Table 2

Spread of simulated Gorczynsky index 2070-2100

1 2 3 4 5 6 7

ARPEGE 32.6 25.5 7.5 20.1 31.5 42 41.6
CNRM 32.7 27.3 8.9 21 34.5 42.5 42.2
DMI 31.6 24 7.1 20 30.1 38.1 38
ICTP 33.3 21.3 6.8 20.4 26.2 35.8 35.3
KNMI 33.8 22.3 6.8 20.6 27.8 36.5 36.3
MPI 34.1 21.1 6.3 20 25.5 36.3 34
SMHCI 34.6 21 5.9 18.7 25.7 36.7 34.3
mean 33.24 23.21 7.04 20.11 28.75 38.27 37.38
spread 1.02 2.46 0.96 0.72 3.04 2.81 3.36

3.3. Conrad index

The mean Conrad index value is smaller than the Gorczynsky one in South, 
South-East, and East-Europe, respectively, according to each model (Table 6). 
The difference between the two indexes is the largest in Great-Britain due to the 
denominator and the smallest in East-Europe in the 2021-2050 period. In the 
2071-2100 period, larger continental influence is predicted by the Conrad index 
than by the Gorczynsky in Scandinavia area, while the difference between the
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two index is the smallest in Central Europe according to ARPEGE driven and in 
East-Europe according to ECHAM5 driven RCMs, respectively. The predicted 
change of the Gorczynsky index is larger than the predicted change of the 
Conrad index in almost each region in both time periods (Fig. 5).

The distinction among the different GCM driven model results is analogous 
with the differences in the case of the temperature anomaly. The change of the 
Conrad index value in time is the same than in the case of the Gorczynsky index. 
Similarly to the Gorczynsky index, the largest Conrad index values are predicted 
by CNRM in Central, South-East and East Europe, respectively, in 2071-2100. 
The change of the modeled and measured difference values in time and the 
spread of the model results (Table 7) are also analogous with the Gorczynsky 
index ones.

Table 6. Space differences of the predicted mean Conrad index Cmea„ in 2021-2050 (top) 
and 2071-2100 (bottom) for the regions defined in Table 2

Conrad index in 2021-2050

Region ARPEGE CNRM DM1 ICTP KNMI MPI SMHCI
( mean c mean c'-m ean c'-mean c'-m ean ('-m ean r'-m ean

1 27.2 27.2 26.1 27.7 27.8 27.8 28.4
2 22.7 23.0 22.1 21.9 22.0 22.0 21.6
3 10.7 11.0 10.2 10.6 10.6 10.3 10.0
4 26.3 26.7 26.4 27.1 27.1 26.3 26.3
5 29.4 29.1 28.9 28.0 28.1 27.8 27.3
6 34.9 34.6 32.3 32.1 32.1 32.0 31.9
7 38.4 38.1 36.7 35.0 35.4 34.7 34.4

Conrad index in 2071-2100

Region ARPEGE CNRM DMI ICTP KNMI MPI SMHCI
r mean c'-m ean c mean c mean c'—mean (-mean c'-m ean

1 30.7 30.8 29.8 31.3 31.7 32.0 32.3
2 26.2 27.9 24.9 22.5 23.5 22.4 22.3
3 11.0 12.3 10.7 10.4 10.5 9.9 9.6
4 23.8 24.6 23.7 24.0 24.2 23.7 22.4
5 31.9 34.5 30.6 27.2 28.6 26.5 26.7
6 39.1 39.5 35.7 33.7 34.4 34.2 34.5
7 40.6 41.1 37.4 35.0 35.9 33.8 34.14
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2021-2050 2071-2100 2021-2050 2071-2100

Fig. 5. Predicted changes of the Conrad indexes (a) CNRM, (b) DMI, (c) KNMI, (d) MPI, 
(e) SMHIRCA, (f) ICTP, and (g) ARPEGE.

3.4. Central Europe

The continentality in Central Europe is detailed by the ALADIN-Cli mate/CZ 
(hereinafter referred to as CHMI) model with higher (10 km) horizontal 
resolution. The model has same dynamical core as CNRM, but they differ 
significantly in their physical package (Skalak et al., 2008). Its physical package 
is detailed in Farda et al. (2010). CHMI is run in CECILIA domain which 
focuses on the Czech Republic and its vicinity. The results of simulated and 
observed Gorczynsky and Conrad indexes are presented in Figs. 6 and 7, 
respectively. Table 8 shows the mean value and predicted change value of 
temperature amplitude, Gorczynsky index, and Conrad index, respectively in the 
2021-2050 and 2071-2100 periods.
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Table 7. The spread of the simulated Conrad index of the models in 2021-2050 (top) and
in 2071-2100 (bottom) for the regions defined in Table 2

Spread of simulated Conrad index 2025-2050

1 2 3 4 5 6 7

ARPEGE 27.2 22.7 10.7 26.3 29.4 34.9 38.4
CNRM 27.2 23 11 26.7 29.1 34.6 38.1
DMI 26.1 22.1 10.2 26.4 28.9 32.3 36.7
ICTP 27.7 21.9 10.6 27.1 28 32.1 35
KNMI 27.8 22 10.6 27.1 28.1 32.1 35.4
MP1 27.8 22 10.3 26.3 27.8 32 34.7
SMHCI 28.4 21.6 10 26.3 27.3 31.9 34.4
mean 27.45 22.18 10.48 26.6 28.37 32.84 36.1
spread 0.72 0.48 0.33 0.36 0.76 1.31 1.64

Spread of simulated Conrad index 2070-2100

1 2 3 4 5 6 7

ARPEGE 30.7 26.2 11 23.8 31.9 39.1 40.6

CNRM 30.8 27.9 12.3 24.6 34.5 39.5 41.1

DMI 29.8 24.9 10.7 23.7 30.6 35.7 37.4

ICTP 31.3 22.5 10.4 24 27.2 33.7 35

KNMI 31.7 23.5 10.5 24.2 28.6 34.4 35.9

MPI 32 22.4 9.9 23.7 26.5 34.2 33.8

SMHCI 32.3 22.3 9.6 22.4 26.7 34.5 34.14

mean 31.22 24.24 10.62 23.77 29.42 35.87 36.84
spread 0.86 2.17 0.87 0.68 3.02 2.42 2.98

1961-2000 2021-2050

Fig. 6. ALADIN/CZ simulated and higher resolution observed Gorczynsky index in 
CECILIA domain.
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1961-2000 2021-2050

Fig. 7. ALADIN/CZ simulated and higher resolution observed Conrad index in CECILIA 
domain.

Table 8. The mean value and predicted changes of annual temperature amplitude, 
Gorczynsky and Conrad continentality indexes, respectively, predicted by the ALADIN- 
Climate/CZ model for the near and far future time slices, respectively

ALADIN-CLIMATE/CZ
2021-2050 2071-2100

T m e a n T M-T £ T m e a n T m ~ T e

Temperature amplitude 21.3 -0.3 22.8 1.2
Gorczynsky index 27.6 -0.7 31.1 2.7
Conrad index 28.3 -0.6 31.4 2.4

Comparing the CHMI and ENSEMBLES model results, the differences are 
the smallest between CHMI and ICTP or KNMI values in 2021-2050, while in 
the further period the distinction is the smallest between the ARPEGE and 
CHMI predicted continentality indexes. The predicted change value is negative 
in the near and positive in the far future, respectively, like in the DM1 case. 
Based on the mean Gorczynsky index, the climate will be transitional maritime 
according to CHMI in Central Europe, which agrees with the other 
ENSEMBLES model results with the exception of the CNRM prediction to the 
2071-2100 time slice.
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The differences between the CNRM and CHMI predicted mean 
continentality values is 0.8 in the case of both indexes in the near future time 
slice, while the differences between the Gorczynsky and Conrad indexes are 3.4 
and 3.1, respectively, in the far future period. Some factors which could be 
responsible for these differences are the large/small integrated area, higher/lower 
resolution, and the differences between the models. CHMI results positive 
precipitation bias due to high accumulation of snow in Central Europe during 
late winter and early spring in both of the 50 km and 10 km resolution cases 
(Farda et al., 2007; Skalak et al., 2008). This wetter feature of precipitation field 
corresponds well to the negative bias in winter and spring mean temperature. 
Furthermore, Farda et al. (2007) found that the smaller domain size enhances 
the precipitation due to the unrealistic generation of vertical velocity in the 
coupling zone of the model which affects directly even the interior of the rather 
limited domain.

4. D isc u ss io n

4.1. Effect o f drivers

We found that the drivers have a significant effect on the spread of results. 
According to the ECHAM5 driven RCMs, the Atlantic Ocean has a strong 
influence on the surface temperature due to the too zonal large-scale circulation 
and underestimated sea-ice condition of the ECHAM5-r3 GCM. Thanks to this 
phenomenon, smaller continentality indexes were predicted by the ECHAM5 
driven RCMs than the ARPEGE forced ones in each regions except in South- 
Europe in both time periods.

4.2. Effect o f model resolution

The higher resolution model provided finer details of the simulated field, but the 
resolution differences did not play dominant role in the difference from other 
RCM results. Small differences were found between the results of ARPEGE 
50 km and CNRM 25 km resolution models. The finer resolution ALADIN- 
Climate/CZ resulted similar results like ITCP or KNMI in the nearer future, 
while its results were closer to the ARPEGE simulation in the far future case. 
The CHMI simulated mean continentality indexes decreased compared to the 
observed values in the 2021-2050 time period, while increased in the far future 
slice. The differences between the CNRM and CHMI results probably come 
from the positive wet bias of CHMI, which is persistent when smaller domain is 
used.
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4.3. Impacts on continentality

Two different continentality indexes (Gorczynsky and Conrad, respectively) 
were calculated in function of annual temperature anomaly and sinus function of 
latitude. The mean annual temperature range rises with increasing distance from 
the ocean and with increasing aridity. Both continentality indexes strongly 
depend on the annual temperature range, and their spatial differences are well 
correlated with the space differences of temperature anomaly. The largest 
continental effect in South-Europe came from the block of maritime airmass 
caused by the Pyrenees. The continentality indexes decreased with time only in 
Scandinavia region. This phenomenon can be explained with the assumption of 
the melting of sea-ice which causes larger SST. Despite the fact that the 
maximum internal variability of RCMs is in the South-East European region 
(Sanchez-Gomez, E. et al., 2009), the largest model variability was in the 
Scandinavia region in each model case. This maximum variability affected by 
the natural variability is caused by SST and sea-ice condition.

5. Conclusion

The future continental climate is simulated by applying two different 
continentality indexes: the Gorczynsky and Conrad, respectively. Both of them 
indicate the continentality as a function of the annual mean temperature anomaly 
and a sinus function of the latitude angle. The largest difference between their 
index values is caused by the boundary condition which is applied in the Conrad 
approach to avoid the insensible negative continentality values in lower 
latitudes. In our simulation, the isoline flows near meridionally only in East- 
Europe, and it flows to eastward direction in South-East and South Europe, 
respectively. The greatest change with time slice in isoline direction is in 
Scandinavia, where the climate becomes more balanced maritime despite the 
resulted larger model variability.

The core message of our research is whether Central Europe becomes more 
continental or maritime according to the A1B RCM scenarios in the 21st 
century?

The climate of Central Europe is predicted to be transitional maritime 
according to the mean Gorczynsky index of RCMs with exception of CNRM in 
the further time slice. This result might be explained by the experience that 
CNRM overestimates the monthly maximum temperature and underestimates 
the precipitation in Central Europe. The simulated continental influence will 
diminish compared to the observed state according to the ECHAM5 driven 
RCMs in Central Europe in both time slices. Although the boundary of maritime 
and continental climate run along east Austria, south-east Czech Republic, and 
mid-Slovakia according to the CHMI detailed Gorczynsky index, its mean value 
is below the continental boundary.
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Abstract—This paper focuses on the climatic conditions of the Hemád Valley with the 
purpose of exploring on what level the utilization of wind and solar energy is advanced or 
detained in the micro-region. For determination of wind and solar energy potential, an 
automatic weather station was mounted in the Hungarian section of the Hemád Valley 
located on a small hill 500 meters west from the settlement of Hidasnémeti.

Available long-term surface global radiation data do not represent our study area on 
regional scale. For this reason, daily global radiation datasets of the nearest weather 
station, the airport of Kosice has been used for the analyses. Diurnal and annual variation 
and spatial pattern of global radiation have been examined by combination of statistical 
analyses and geo-information/GIS methods.

Other important aim of the research is to describe the spatial characteristics of the 
wind energy potential related to orography in the Hemád Valley. Diurnal courses of 
different statistical parameters and the spatial pattern of wind speeds has been 
investigated on the base of our measured data. Since these data are not continuous, 
relationships between the diurnal average wind speeds of Kosice and Hidasnémeti were 
examined also. An attempt has been made to complete our diurnal average wind speed 
database by linear regression.

Finally, the social and economic conditions regarding solar and wind energy 
utilization are mentioned shortly in the paper.

Key-words: Hemád Valley, solar energy potential, wind profile, wind energy potential
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1. Introduction

The Department of Meteorology, University of Debrecen carried out the 
research of the climatic and social-economic conditions of Hemád Valley in the 
frame of a scientific project between 2009 and 2012. The aim was to find 
optimal area for wind and solar energy, as well as biomass utilization. Our 
purpose is to work out a model wherein the complex evaluation of natural and 
social-economic conditions and effects can result in a sustainable and out-of- 
conflict land use, after all. The results of the research will be useful to work out 
a regional improvement strategy based on the use of renewable energy sources 
to help local decision process. Most important results of investigations on wind 
and solar climate and energy are summarized in this paper. Local conditions can 
serve as a good base for further development of solar energy utilization in the 
region. Solar energy can be introduced in some new fields like ecologic and 
silvicultural applications. Our examinations have showed also that in spite of 
temporal fluctuations, utilization of wind energy in the study area can be 
expedient and effective, especially in the case of application of low starting 
speed wind turbines. Citizens' opinion about instruments of utilization of solar 
and wind energy is positive, and they are open for such initiatives. Well 
prepared projects can be successful and can contribute to the development of the 
economy of the region.

This research intends to focus on the climatological conditions of the 
Hernád Valley micro-region with the purpose of exploring on what level they 
advance or detain the utilization of solar and wind energy.

As a first step, the exploration of the climatological endowments of the 
selected area based on climatological observations was carried out. It made 
possible the calculation of indexes, which describe the connections between 
weather types and the amount of utilizable wind and solar energy on one hand, 
the elaboration of a model, that helps the allocation of wind turbines and 
refining of relations, as well as describes the variations of wind speeds with 
height; and selection of plants optimal for biomass production in a given micro­
region on the other hand. Social-economic studies focused on financial benefits 
and cost-efficiency indexes have been revealed, as well as social acceptance of 
renewable energy sources have been surveyed.

For determination of wind and solar energy potential, an automatic weather 
station was established in the Hungarian section of Hemád Valley on a small hill 
500 meters west from the settlement of Hidasnémeti at N 48°30’ and E 21°13’ at 
a height of 175 meters above sea level (Fig. 1). The automatic weather station 
was mounted on a 20-meter high measurement mast which was equipped with a 
wind direction sensor at a height of 10 meters and two anemometers at heights 
of 10 and 20 meters among other instruments.
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Fig. 1. Geographical situation of the meteorological measurements.

To survey the solar energy potential of the Hemad Valley, it is important to 
know the temporal and spatial pattern of global radiation of its region. It is 
determined by the Sun and the geometry of the relief; however, actual 
atmospheric conditions have an important effect on the amount of incoming 
solar radiation as well. Available surface global radiation data do not represents 
our study area on regional scale. For this reason, daily global radiation datasets 
of the nearest weather station, the airport of Kosice (48.667°N, 21.217°E, 231 m 
a.s.l.) have been used for the analyses.

Datasets have gone under statistic-climatological analyses, main statistic 
parameters have been determined, wind speed and direction frequency 
distributions have been prepared for both heights; hourly and diurnal average 
values of the parameter in the Heilman wind profile equation have been 
determined in the first stage of our wind climatological research. On this base, 
average diurnal courses and diurnal average wind speeds for levels higher than 
the measurements levels have been calculated, what is decisive from the aspect 
of the amount of potential wind energy. A statistic definition has been worked 
out for diurnal average specific wind power of a day of any period of time. Its 
comparative examination has been carried out as well.

However, the survey of wind potential of the Hemad Valley requires 
spatial extrapolation as well. The model used for this purpose is not our 
development, but there are not any examples for Hungarian adaptations of the 
WindSim 5.1 EV model yet. The model has a modular structure, and it generates 
the spatial distribution of average wind speeds influenced by orography in 
successive steps, what determines the prospective energy production of the 
chosen wind energy utilizing instrument practically. Turbulence parameters
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influenced by orography and spatial patterns of wind speeds weighted on the 
base of average wind direction distribution have been determined for the Hemad 
Valley using both the results of our measurements and the one-year-long dataset 
from the airport of Kosice, eventually. Wind potential maps can be generated for 
any heights up to 200 meters. They can help the selection of optimal sites for 
wind energy utilization.

2. Examination o f solar energy potential in the Hernád Valley

To determine the solar energy potential of the Hernád Valley the first step is to 
gain information on temporal and spatial pattern of global radiation of that 
region. Since there is not any Hungarian long-term surface radiation 
measurement stations in the environment of our study area, diurnal global 
radiation datasets of the nearest weather station, the airport of Kosice (Slovakia) 
have been used for the analyses.

Besides the pointwise measurements, ArcGIS geoinformation software has 
been used in order to analyze the spatial distribution of solar radiation in the 
Hernád Valley. In this case, the required input parameters have been determined 
using data measured there.

Changes in the global radiation are determined mainly by the geographical 
latitude. The other affecting factor is the air circulation having impact via 
cloudiness, amount of sunny hours and last but not least via transparency of the 
atmosphere (different air masses). Orography can also strongly modify the spatial 
and temporal pattern of global radiation. GIS programs are able to handle the surface 
characteristics with very high accuracy, but their weakness is that the meteorological 
conditions (cloudiness, water vapor content, etc.) are integrated indirectly using 
parameterizations (see Section 2.2).

Evaluation of global radiation data provides essential information for 
planning and economic analyses of solar energy utilization projects in the 
Hernád Valley. Examinations can be carried out for any point of the region by 
combination of statistical analyses and geoinformation methods.

2.1. Diurnal and annual courses o f global radiation

Diurnal and annual courses of global radiation have been examined using the 
one-year-long dataset of the weather station of the airport of Kosice, located 
25 km north from the settlement of Hidasnémeti. The raw database covers the 
period between May 2009 and April 2010, the hourly global radiation data are 
given in J/cm2 (1 J/cm2 = 2.778 W/m2 hour). In the followings, the unit of W/m2 
will be used. Global radiation has a nearly symmetric curve with a maximum in 
June-July during the year. The curve reaches its minimum in the winter period in 
December, when the maximum is 367 W/m2. There are higher maximal values 
in January and February, with 392 W/m2 and 483 W/m2, respectively. Values
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increase gradually in the spring reaching 714 W/m2 in March and even 
900 W/m2 in May. There is a gradual decrease in the autumn months, although 
values are a bit lower than in the spring: 739 W/m“ in September, while 
422 W/m2 in November. Highest values of global radiation occur in the 
afternoon, in the summer months with maxima over 800 W/m2 and average over 
435 W/m2 between 9 and 15 UTC. Annual course of global radiation has reached 
its maximum in July with 933 W/m2 during the studied period.

Diurnal curves show a symmetric distribution also with a maximum at 
noon independently from the seasons. Only the amplitudes of the curves are 
different according to the seasons (Fig. 2). Minima occur in December with 
143 W/m2. Intensities reach 21 W/m2 at 9 UTC in the morning and reach 64 
W/m2 by 15 UTC. Highest intensities occur at the summer solstice in June, when 
it reaches 609.3 W/m2 at noon, 202.7 W/m2 in the morning (6 UTC), and
109.7 W/m2 and late afternoon (18 UTC).

Hours

Fig. 2. Diurnal course of hourly average global radiation (W/m2) at the weather station of 
Kosice during the 2009-2010 period.

Hourly values of global radiation are dependent on synoptic conditions 
which can change hour by hour significantly. Annual course of diurnal amounts 
of global radiation are presented in Table 1. It can be observed that values 
appear in 4 categories in the winter months, while they scatter in a much wider 
range in the summer period.
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Table 1. Relative frequency of diurnal amounts of monthly global radiation (%) at the 
weather station of Kosice of the 2009-2010 period

W/m2 Jan Feb Mar Apr May June July Aug Sept Oct Nov Dec

0-500 22.6 3.6 6.5 53.3 32.3
501-1100 51.6 39.3 3.3 3.3 35.5 26.7 54.8

1101-2200 25.8 46.4 16.1 10.0 3.2 6.7 6.5 6.7 29.0 13.3 12.9
2201-3300 10.7 29.0 16.7 6.5 6.7 3.2 6.5 10.0 19.4 6.7
3301A400 48.4 23.3 3.2 16.7 12.9 19.4 40.0 9.7
4401-5500 6.5 10.0 19.4 13.3 16.1 22.6 33.3
5501-6600 26.7 29.0 26.7 16.1 38.7 6.7
6601-7700 10.0 32.3 16.7 38.7 6.5
7701-8800 6.5 13.3 12.9

2.2. Examination o f the spatial pattern o f global radiation

On the base of point-like measurement data, high resolution radiation maps of 
the region have been elaborated using geoinformatic tools (Esri ArcGIS Solar 
radiation module). As the global radiation is determined by many factors, the 
module contains various setting options. One of the most important factors is 
the aspect and slope derived from the characteristics of the surface. This kind 
of information can be obtained from the input digital elevation model (DEM). 
The program recognizes the geographical latitude of the area even at the 
moment of loading the DEM, furthermore, the inclination angle of solar 
radiation can also be determined. The next step contains the time settings. 
The most important parameter is the sequence of the day in the given year. 
Based on this parameter, the inclination angel of the radiation, the way length 
of solar beam in the atmosphere, and the astronomical duration of sunshine 
can be determined. All these parameters of radiation presented above can be 
calculated exactly. In the following step, the input parameters refer to the 
atmospheric conditions like cloud cover, humidity, opacity, etc. Regarding 
these parameters in the module two, values can be adjusted, namely the 
proportion of diffuse radiation and the transmissivity of the atmosphere (r). 
The values of proportion of diffuse radiation was taken from the PVGIS 
dataset (http://re.jrc.ec.europa.eu). The parameterization of transmissivity is 
elaborated based on measured global radiation values. The monthly radiation 
values are classified in function of standard deviation (a) into three 
categories, namely M±o interval concerning situations with average radiation 
values, M+2a for situation with high values, and M-2o interval including the
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situation of low global radiation. In order to determine a monthly r parameter, 
an approximate r was determined for each category weighted with the number 
of cases of the given category. In this way, an empirical r parameter was 
calculated separately for each month (Bartók et al., 2011).

Introducing the DEM of the region, the proportion of diffuse radiation, and 
the empirical r parameter into the GIS Solar radiation module, high resolution 
global radiation maps were elaborated for different periods. Results regarding 
the period of May-August (warmest four months of the year) are presented in 
Fig. 3. Statistics of global radiation income (sum) of the region for the period 
between May and August are the following. The average is 501 kW/m2, the 
minimum is 438 kW/m2, the maximum is 563 kW/m2, and the empiric standard 
deviation is 11 kW/m2, respectively. The high resolution of the map makes it 
possible to evaluate radiation conditions of slopes of different expositions.

Evaluation of data of incoming global radiation provides essential 
information for planning and economic analyses of solar energy utilization 
projects planned in the Hernád Valley. Examinations like presented above can 
be carried out for any point of the region, where utilization of solar energy takes 
place by combination of statistical analyses and geoinformation methods. It is 
reasonable, since local features, especially orography, can modify the spatial and 
temporal pattern of global radiation remarkably.

Fig. 3. Total global radiation (W/m2) in the Hernäd Valley for the period between May and
August.
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Besides the wind climatological research, other important aim of the research 
program was to describe the spatial characteristics of the wind energy potential 
related to orography in the Hernad Valley.

The data logger mounted on the measurement mast carried out 
measurements in every 10 seconds and calculated averages for 10-minute 
intervals. Resolution of the anemometer was 0.1 m/s, while wind directions 
have been recorded with a resolution of 1°. Measurements lasted from April 
23, 2010 to April 27, 2012 with a time span of 24 month on the whole. 
Datasets had been tested before the statistical analyses and modeling. Time 
series have proved to be discontinuous due to rigorous weather conditions in 
the winter months. There have been lacks of data in December -  February in 
the winter of 2010-2011, and once in July 2010. Lacks of data have not been 
complemented by statistical methods. This way we have gained wind data for 
67% of the studied period.

3.1. Diurnal courses o f different statistical parameters o f wind speeds

Daily courses by 10-minute intervals of the average wind speeds, its 
standard deviation, variation coefficient, and the parameter in the Hellmann’s 
wind profile (Eq. (1)) for the 525 days represented with wind measurement data 
of the before mentioned measurement period have been calculated for both 
heights. Mean diurnal course of wind speeds are presented in Fig. 4. Its 
maximum occurs between 13 and 15 UTC at both heights, while minima occur 
before dawn (3-4 UTC), what is in accordance with the basic characteristics of 
the wind climate of Hungary. Diurnal fluctuation is 1.6 m/s at 10 meters and
1.4 m/s at 20 meters, what refers to less changeable nature wind speeds of the 
higher level. Differences in the averages of the two levels do not exceed 0.4 m/s, 
with smaller differences in the day. Averages for the whole period are 3.2 and
3.4 m/s, respectively. Diurnal courses of variation coefficients (standard 
deviation/ average) are presented in Fig. 5. According to this, variability 
decreases in the day, especially at 10 meters.

Measurements carried out at two heights makes the determination of the 
«■parameter possible in the equation of Hellmann:

3. Determination of wind energy potential in the Hernad Valley

v
kA.y ( 1 )

where vi stands for the wind speed measured at height h\, while v2 is the wind 
speed at height h2. The actual value of parameter a  is a function of the 
roughness of the surface and the equilibrium conditions of the air near the
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surface mainly. Due to the latter one it is temperature-dependent, therefore, it 
has a diurnal and seasonal course. Using a, wind speeds at higher levels can be 
estimated on the base of wind speeds measured at a given height.

m/s m/s
0.50
0.45

0.40
0.35
0.30
0.25

0.20
0.15

0.10
0.05
0.00

Fig. 4. 10-minute diurnal course of the average wind speeds and their differences.

Fig. 5. 10-minute diurnal course of the variation coefficient of wind speeds.
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„Momentary” values of parameter a have been calculated from 10-minute 
wind speed averages at 10 and 20 meters using Eq. (1) for each day first, then 
averages for the points of time have been calculated. Diurnal course of 
parameter a follows the diurnal course of differences in hourly average wind 
speeds between the 10 and 20 meters levels, namely its value is raised between 4 
and 6 in the dawn. Its average is 0.22, what is close to the value (0.25) proposed 
for calculations for the whole country (Dobi and Mika, 2007).

As it was mentioned before, a is temperature dependent via equilibrium 
conditions of the atmosphere. It means that low temperatures near the ground 
(atmospheric stability) leads to high values of a, while high temperatures close 
to the surface (atmospheric instability) cause low values of a (Radies, 2003). Its 
values are higher in the night according to other studies also (Tar, 2004, 2007), 
but its diurnal case is more regular than in our case: it can be considered as 
constant with a fluctuation of ±0.05 from 21 to 6 UTC, while it decreases from 6 
to 12-13 UTC and starts increasing later in the day. Fig. 6 shows a different 
diurnal course which could not be explained yet. It might be caused by the effect 
of orography or asymmetry of our data base (less winter days), or even data 
error cannot be excluded. To solve the problem, further examinations are 
required into this issue.

More regular diurnal course can be approached using hourly averages of 
the parameter. In such case, hourly average wind speeds for 10 and 20 meters 
have to be determined. After that, hourly average wind speeds for higher levels 
can be calculated with a better chance by Eq. (1). Diurnal course of hourly 
averages of wind speeds at heights of 20, 40, 60, and 80 meters have been 
calculated from 10-meter averages using the hourly values of the parameter. 
Results are presented in Fig. 5 as well.

Comparison of values measured at 20 meters and values calculated for that 
height by the before mentioned method provide some information about the 
error of the Hellmann model. It can be seen that calculated values are higher by 
0.1-0.4 m/s in each hour (0.2 m/s on average), what is 6.2% of the diurnal mean 
value (3.2 m/s). Higher differences occur between 1 and 7 UTC.

According to other authors and our previous examinations carried out in 
different parts of Hungary (Kircsi and Tar, 2008; Tar, 2009), there is a change 
in the average diurnal course of wind speeds at a height between 60 and 80 
meters. Diurnal course is similar to that presented in Fig. 4 at lower heights: it 
has a strong maximum at 13-14 UTC and a minimum in the night. At the same 
time there is an expressed minimum over that level in the early afternoon. 
Consequently, there have to be a so-called inflexion height, where diurnal 
course of (average) wind speeds is random. This hypothesis has been justified 
by statistical analyses. The inflexion height can be found at 50 meters at the 
weather stations examined so far (Tar, 2009). Unfortunately, inflexion height 
cannot be identified in Fig. 6. The reason for this requires further studies as 
well.
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Fig. 6. Hourly average diurnal courses of the wind speeds measured and calculated for 
different heights and average diurnal course of the Hellmann exponent (a).

3.2. Examination o f the spatial pattern o f wind speeds

Speed of the air flowing over a solid surface is effected by internal and external 
friction, orography roughness of the surface, and artificial surface obstacles 
among other forces. In the case of regions with complex surface, models based 
on CFD analyses are used in engineering most frequently for revealing spatial 
patterns of wind speeds.

For wind potential survey of the Hemad Valley, the EV version of 
WindSim 5.1 software developed by the Norwegian VECTOR AS has been 
used. It is a wind farm planning tool based on computational fluid dynamic 
(CFD) simulations of wind flows over complex terrain. The core of the software 
pack is the PHOENICS software, which finite volume code based on solving the 
incompressible Reynolds-averaged Navier-Stokes equations (RANS) together 
with a two-equation turbulence model (k-epsilon turbulence model) (Castro et 
al., 2003; Lopez et al., 2007). This method favored due to their robustness and 
low computational costs.

The Reynolds averaged Navier-Stokes equations are used to simulate the 
turbulent flow field in the following way:
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c o n t in u i ty  ( / =  1 ,2 ,3 ) :

( 2 )

Reynolds-averaged Navier-Stokes equation (/= 1,2,3):

where u t represents the velocity component, p is the density, p is the pressure, 
p is the dynamic viscosity, and t is the time.

The software approaches the nonlinear dynamic equations describing mass-, 
momentum-, and energy transport by iteration.

The model has a modular structure and it approaches the spatial distribution 
of average wind speeds influenced by orography in several steps determining the 
prospective energy production of the chosen wind energy utilizing instruments 
practically.

The base of the running of the WindSim model is a digital terrain model. 
The digital terrain model used in our research has been derived from the SRTM 
(Shuttle Radar Topography Mission) database. It has been completed by an 
international consortium led by NGA (National Geospatial-Intelligence Agency) 
and NASA in February 2000 (Farr et al., 2007). Elevation datasets of the SRTM 
database contain buildings, forests, and other roughness elements besides 
orography. For this reason, a roughness height homogeneous in space was given 
for the running of WindSim model. Roughness increasing effects of surface 
cover has not been considered in any other forms.

Before the wind climatological examinations, it had been presumable that 
the valley of the river has a strong effect on air movements in the study area. 
Northern-northeastern and the opposite southern-southeastern wind directions 
are the most frequent in the upper part of the Hemad Valley near the Hungarian- 
Slovakian border. Highest wind energy content belongs to these directions as 
well; therefore, they are the most important for establishment of wind energy 
utilization in the region. Turbulence intensity calculated on the base of standard 
deviation of wind speeds reaches its maximum when winds blow from the 135° 
SE and 270° W wind direction sectors.

Windenergy potential maps of the Hemad Valley have been generated 
using WindSim model for 3 heights above the surface (50, 80, and 110 meters). 
The numeric model has run with a grid number limited in space. The model area 
expands to 40 km N, E, S, and W from the measurement mast, so it spreads into 
the Slovakian part of the Hemad Valley. All orographic elements that have an 
impact on air movements have been taken into consideration from the Eperjes-
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Tokaj Mountains on the east side, the ridges over 1,000 meters of the Slovak 
Ore Mountains in the northwest, the basin of Kosice and the Hemad Valley 
(Kircsi, 2011; Birdne Kircsi et al., 2011).

Verification of the result maps has not been carried out yet, estimations are 
not justified, but they can already be used for identification of areas suitable for 
wind energy utilization.

On the base of spatial distribution of wind speeds of the height of 50 meters 
it is visible {Fig. 7a) that the low laying basin of Kosice and the Hungarian 
section of the Hemad Valley is in wind shadow, so it is moderately windy. 
Annual average wind speeds exceed 5 m/s in the region of highest mountain 
ridges only. Irrespectively of this, the lower part of the Hemad Valley south of 
the settlement of Encs and the western side of the valley rising toward the 
Cserehat hills seems to be suitable for wind energy utilization. Highest wind 
speeds can be found over the peaks near Hejce and Vilmany.

Wind maps generated for heights of 80 and 110 meters are quite similar 
{Figs. 7b and 7c), however, wind speed averages have not increased remarkably 
parallel with the height. The Hemad Valley is not the windiest region of 
Hungary, anyway. Wind potential in the study area makes possible to establish 
wind turbines with an axis height of about 100 meters at least.

О______10 20_____30 Kilometers

Fig  7. Modeled spatial distribution of wind speeds (m/s) 50 m (a), 80 m (b), and 
110 meters (c) above the surface.
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3.3. Relationships between the diurnal average wind speeds o f Kosice and
Hidasnémeti

Diurnal average wind speed data of the airport of Kosice for the studied period 
can be found at http://ncdc.noaa.gov/oa/ncdc.html, so they can be compared to 
our data measured at Hidasnémeti. It is a question anyway whether they are 
accurate or not. Accuracy of the wind speed datasets available at the homepage 
have been tested by comparison of base statistics of them and the purchased 
dataset. Our examinations have proved that they are data from the same weather 
station {Tar, 2012).

Diurnal average wind speed datasets of Kosice have been downloaded from 
the before mentioned homepage for the period between April 1, 2010 and 
October 31, 2011, what means 579 days. Our measurements cover 525 days, 
data for 54 days is missing. An attempt has been made to complete the diurnal 
average wind speed database by regression for both heights. Figs. 8 and 9 show 
the relationships between the datasets available for both stations (525 days) with 
the two trend lines that fits best (they have the highest correlation index). 
Unfortunately, there is not any information on the height of the anemometer at 
the weather station of Kosice, but it is not important from the aspect of 
regression analyses. Linear trend has been selected for further analyses due to 
values of correlation index {R2). T-test has showed that linear correlation 
coefficients differ significantly from 0. The significant correlation coefficients 
enable the generation of diurnal mean wind speeds to Hidasnémeti from data of 
Kosice with the help of regression equations without measurements.

Hidasnémeti. 
10 m (m/s)

Fig. 8. Regression between datasets of diurnal average wind speeds of Kosice and 
Hidasnémeti at the height o f 10 meters.
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Hidasnémeti,
20 m (m/s)

13 -  -....... .................. ..........r

Fig. 9. Regression between datasets of diurnal average wind speeds of Kosice and 
Hidasnémeti at the height of 20 meters.

As a first step, datasets for 10 and 20 meters of Hidasnémeti have been 
reconstructed using regression equations y  = 0.8552x + 0.6297 and = 0.7545x 
+ 1.1975 (where x stands for datasets of Kosice), in order to determine the error 
of the regression model. Mean relative error at 10 meters is 6.6%, standard 
deviation is rather high (33.3%), therefore variation coefficient is also high 
(5.04). Mean relative error at 20 meters is 5.7%, standard deviation is 30%, and 
variation coefficient is 5.27. Mean relative error is positive in 63.8% and 59.2% 
of all cases at 10 and 20 meters, what means that the model overestimates.

The most important statistical characteristics of the measured and estimated 
diurnal average wind speeds are given in Table 2. Variability (standard 
deviation, variation coefficient) of estimated, modeled values is lower than that 
of measured ones. Values of extremities like range have changed: the latter one 
has decreased from 11.2 to 8.4 at 10 meters and from 9.2 to 7.4 at 20 meters. 
Values of skewness and kurtosis show that modeled datasets are more regular, 
as it can be seen in Fig. 10.

The modus of the measured and estimated data falls into the 2-3 m/s interval 
at both heights according to Fig. 10. There is a higher frequency of occurrence by 
3 and 2 % in the case of estimated data. It is visible as well, that frequency of 
values lower than the modus decreases at both heights, while frequency of values 
higher than the modus increases up to about the 6-7m/s interval together with the 
change of the coefficient of skewness (Table 2). However, homogeneity (%2) tests 
( Vince, 1975) have proved that measured and estimated values belong to the same 
distribution at both heights at a level of 99%.

More detailed results on the wind climatology of the study area can be 
found in Tar (201 la, b) and Tar et al. (2011).
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Table 2. The most important statistical characteristics of the measured and estimated by 
regression diurnal average wind speeds at Hidasnémeti

measured
10 in

estimated measured
20 m

estimated

average 3.2 3.2 3.4 3.4
standard deviation. 1.71 1.38 1.49 1.22
coefficient of variation 0.54 0.44 0.44 0.35
minimum 1.0 1.2 0.9 1.7
maximum 12.2 9.6 10.1 9.1
lower quartile 2.1 2.2 2.4 2.6
median 2.7 2.8 3.0 3.1
upper quartile 3.6 3.8 4.0 4.0
skewness 2.20 1.42 1.63 1.42
kurtosis 6.03 2.30 3.29 2.30

%  %

Fig. 10. Distribution of measured and estimated values of diurnal average wind speeds at 
10 and 20 m heights at Hidasnémeti.

4. Supplementary investigations (biomass, social aspects)

The local support and biomass potential in the Hernad Valley were also 
examinated, because they are essentials for the future establishment of the 
renewables in the area. Results of an own questionnaire attitude survey show
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that more than 80% of citizens (1,188 persons) questioned in 21 of the total 
30 settlements have heard about wind and solar energy. Majority of citizens 
interviewed consider wind turbines, low capacity wind generators, and solar 
panels as acceptable, morally supportable, and realizable. However, only 10 
% of citizens interviewed would tolerate a biomass burning power plant or a 
small heat generating power plant in their own settlement {Tóth, 2011; Tóth et 
al. 2012). Based on the estimations for biomass potential, about 125,000 tons 
of wood and herb biomass suitable for energy production is being produced 
annually in the study area after satisfying raw material and other demands. 
The estimated value of that mass is 4.4 billion forints, while bioenergy end 
products cost 7.8-8.6 billion forints. Approximately 75% of it remains in the 
region {Bal, 2012). All of these shows that not only solar and wind energy but 
bioenergy potential has also great importance in the Hernád Valley, but 
attitude of local inhabitants for bioenergy is not as positive as for the sun- and 
wind energy. Details of these results have already been published in another 
article.

5. Discussion

Solar energy potential of the Hemad Valley has been evaluated in the course of 
our examinations on the base of measured data by GIS tools. It can be stated that 
the region have significant solar energy potential with a total solar radiation 
income of 1204.8 kWh/m2 measured at the weather station of Kosice during the 
studied period, what can be even higher in areas of advantageous exposition. 
This endowment can serve as a good base for further development of solar 
energy utilization in the region. Solar energy can be introduced in some new 
fields like ecologic and silvicultural applications.

Northerly and the opposite southerly winds are the most frequent in the 
upper part of the Hemad Valley near the Hungarian-Slovakian border. Highest 
wind speeds belong to northern-northeastern and southern-southeastern 
directions. Turbulence intensity calculated on the base of standard deviation of 
wind speeds reaches its maximum when winds blow from the southeastern and 
western wind directions. Wind energy potential maps of the Hemad Valley have 
been generated for heights of 50, 80, and 110 meters show that the Hungarian 
section of the Hemad Valley lays in wind shadow of the bordering mountain 
ridges. In the case of the model, the annual mean wind speeds weighted by wind 
direction distribution reach 2.8-3 m/s and 3.5M- m/s in the northern and 
southern part of the Hungarian section of the Hemad Valley at heights of 50 and 
110 meters. Energy content of air flows is low (nearly 60 W/m2) at 50 meters. 
However, the lower part of the Hemad Valley, south of the settlement of Encs 
and the western side of the valley rising toward the Cserehat hills seem to be 
suitable for wind energy utilization. Highest wind speeds can be found over the
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ridges over 1,000 meters bordering the basin of Kosice and the peaks in the 
Eperjes-Tokaj Mountains on the east side of the valley.

On the base of wind measurements carried out in Hidasnémeti between 
April 23, 2010 and April 27, 2012 it can be stated, that wind potential of the 
year 2011 was far behind the Hungarian annual average. It has been found that 
the software pack used for the spatial extrapolation of wind speeds is suitable for 
surveying wind energy potential of the Hernád Valley and its broader 
environment, and for fulfilling the tasks of the project (Bíróné Kircsi and Vass, 
2011). Our examinations have showed that in spite of temporal fluctuations, 
utilization of wind energy in the study area can be expedient and effective, 
especially in the case of application of low starting speed wind turbines.

Not only solar and wind energy but bioenergy potential has also great 
importance in the Hernád Valley but the attitude of local inhabitants for 
bioenergy is not as positive as for the sun- and wind energy.
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