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Abstract—The analysis of profiles of temperature (7) with regard to the effective radius
(re) of cloud particles shows the vertical distribution of the effective particle size in clouds.
The profiles are computed and constructed from satellite retrieved data and show
graphically the distribution of the cloud particle size focused on convective clouds and
convective storms subsequently. This special technique of severe storm analysis and
forecasting, developed by Rosenfeld et al. (1998), has been tested in several countries
around the world. Forecasting and predicting dangerous phenomena such as hailstorms or
tornadoes that occur in severe storms is the main objective of this technique. This
nowcasting tool is now also being tested in Central Europe for the first time. The basic
description of the theory is presented in this paper including the results of our research,
which confirms application of the theory in Central Europe in severe storm nowcasting.
One typical severe and one nonsevere storm event in the Czech Republic and their vicinity
are selected and described to show the main difference of 7-re profiles in distinguishing of
severe weather forecast. Furthermore, this paper discusses the possible benefits of this
method for the Czech Weather Service, because it clearly reveals severe storm development
in the monitored area.

Key-words: T-re profiles, severe storm, cloud particles, satellite observation, storm
nowecasting
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1. Introduction

Severe convective storms occur over Central Europe mostly in the warm season,
and in some regions their reports become more frequent every year (Holzer, 2001;
Horvdth and Geresdi, 2003; Tolasz et al., 2007; Dotzek et al., 2009). The
accompanying phenomena of convective storms represent a big hazard, and it is
evident that Europeans are affected by severe convective weather hazards as well
(Doswel, 2014).

Every year, tornadoes are detected in Central Europe (Dotzek, 2003). There
is a clear increase in tornado frequency from the past to present (Brazdil et al.,
2012). The highest frequency of tornado reports in the Czech Republic is in the
summer half of the year (June-August): 65.7%. Tornado may cause serious
regional or local damage or even number of casualties. These events connected to
convective storms have also hit densely populated regions in the past few years,
and thus increased their threat (Doswel, 2014).

It is very important to consider the possible impacts on severe weather events
such as thunderstorms and tornadoes as the climate on Earth changes (e.g.,
Brooks, 2012). A CAPE increase is expected in the future from climate model
simulations, which will lead to more frequent environments favorable for severe
storm occurrence (Brooks,2012). Local increases in heavy rain (Field et al., 2012)
and severe tornadoes (Doswel, 2014) are expected in the future, larger hail
reaching the ground may also be expected (Brooks, 2012).

It is essential to be able to forecast the possible occurrence and impact of
severe weather events. Severe storms must be identified as early as possible to the
timely warning issued before the storm hits populated areas. Nowcasting tools
play a major role in this matter. Different nowcasting and forecasting methods
based on satellite and radar data are used in different countries and a lot of them
are under further development. The main feature (and also the main “problem”
for the forecasting) of convective storms, however, is their rapid development,
small scale, and short life. These features were not so easy to track (Shigiang and
Zhemin, 2001) using the first generation geostationary satellites 15 years ago.
Now, that modern geostationary satellites and radar observations are used,
tracking is much easier. Recent multi-spectral satellite capabilities in meteorology
(GOES and MSG) can be used to identify the start of glaciation in elevating cloud
tops, to augment the techniques by Roberts and Rutledge (2003). In addition, the
sounding capabilities of both satellites can be used to monitor changes in
precipitable water and thermodynamic stability (CAPE and CIN) in cloud-free
areas prior to storm initiation, and within the near-surface inflow to existing
storms (http://www.ssec.wisc.edu/~rabin/paper/eumetsat/paper2 eumetsat.doc).

Current storm nowcasting in the Czech Republic is mostly based on radar
and satellite data (both are available every five minutes). Available weather radar
data used in Central Europe, e.g., http://radar.bourky.cz/ (2015), reveal only
precipitating clouds as they occur. Such data are not able to analyze the pre-storm
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environment and cannot provide any specific information as to what dangerous
phenomena can occur (if large or small hail or tornadoes). Weather model output
refers to a specific time of input data and do not respond to the ongoing
atmospheric processes. For nowcasting, they provide only little information.
Thus, it is very useful to supplement it with a tool which is able to analyze the
above mentioned pre-storm environment and to provide any specification in the
field of developing storms before the current systems are able to identify them.
Such a tool would provide more time for a forecaster to issue any relevant warning
or specific forecast of severe and hazardous weather.

These microphysical characteristics of the pre-storm environment of clouds
can now be gained by analyzing the profiles of temperature and the size of cloud
particles as introduced by Rosenfeld and Lensky (1998). These profiles express
the effective cloud particle radius (re) and temperature (7) (Rosenfeld and Lensky,
1998; Rosenfeld et al., 2008), and they indirectly reveal the updraft strength.

A nowecasting tool based on 7-re profiles has been tested for the Central
European region for the first time, and it is expected to improve forecasters’ skills.
On the basis of good results in several testing processes, it is expected to be
confirmed as a new simple auxiliary forecasting tool in the region of Central
Europe as well as in the field of dangerous weather event forecasting and other
meteorological applications. Its simplicity lies in the use of Meteosat
geostationary data in the frame of MSG_RGB software provided by its developer
1. M. Lensky which was developed especially for the view of T-re profiles. The
documentation of the software was provided by its developer Lensky in 2009. The
main aim of this study is to improve accuracy of severe storm nowcasting so that
damage and serious injuries are prevented and life protection is strengthened in
Central Europe.

Section 2 describes the origin and basic principles of the applied method,
Section 3 mentions the procedure of processing the data. The following part then
introduces the profiles of severe and nonsevere situations and conveys more
profound analysis of typical severe and nonsevere situations. Setion 4 compares
the collected data from both situation types.

2. Method

Rosenfeld and Lensky introduced the technique of T-re profiles (T - particle
temperature, re - particle effective radius) in forecasting severe storms and their
accompanying dangerous phenomena such as hail and tornadoes (Rosenfeld and
Lensky, 2008). This technique was used in different projects (Rosenfeld et al.,
2006; Rosenfeld et al., 2008), and tests were carried out and verified (Lensky and
Rosenfeld, 2006) in several countries (namely Israel, California, Texas, Brazil,
and in Africa) with different satellites providing 3.9 or 3.7 um spectral
information. MSG (Meteosat Second Generation) geostationary satellite data
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were previously used in 7-re profiles testing in the Mediterranean Sea area
(Lensky and Shiff, 2007). In addition, other applications of the MSG data in the
conditions of Central Europe were applied (Pfeifer et al., 2010). MSG data enable
to track the evolution of the effective radius of cloud particles with the cloud top
temperature by the 7-re method also in Central Europe. The geostationary satellite
MSG provides data scanned from a stable position, which is more useful for the
continuous tracking of images compared to polar orbiting satellites. It was decided
not to test the data from the polar orbiting satellite due to their irregular time
resolution in our territory. There is no need to recalculate MSG data for any other
satellite position, which is another big advantage compared to polar orbiting
satellites. Another benefit is the frequency of cloud scanning, which is five
minutes in the rapid scan mode. MSG has some other advantages for cloud
observation such as 12 spectral channels or a higher resolution of images (as good
as 1 km). In the region of Central Europe the resolution is lower, approximately
3 km, which is a lower resolution compared to polar orbiting satellites. With the
new generation of Meteosat satellites, the resolution will be higher. To analyze the
cloud top temperature and the effective radius of cloud particles in this work, the
MSG geostationary satellite data and generated 7-re profiles are applied for the
area of Central Europe. The most advantageous procedure is to start the analysis
with first convective clouds and track their evolution in consecutive MSG images
before they become severe.

2.1. T-re profile principles

The method of T-re (Rosenfeld et al., 2008) profiles was designed to reveal the
microphysical characteristic (Rosenfeld et al., 2008) of severe storm clouds
influenced by updraft speed (Rosenfeld et al., 2008). Microphysical vertical
profile as a function of temperature or height inside clouds may be explained as
follows. Initially, cloud droplets at the bottom of a cloud grow by water vapor
diffusion processes, followed by the second zone of collision-coalescence situated
above. In the third stage, the droplets have already reached sizes large enough to
enable internal precipitation processes. The fourth zone is mixed phase where ice
and water coexist and further enhance the growth of droplet efficiency and the
droplets grow even faster. The upper glaciated stage, where all the droplets are
frozen, is situated above the level of —38 °C (Rosenfeld et al., 2008). Each zone
has a different slope of the percentile line in 7-re diagrams, which enables their
identification (Martins et al., 2007). A more profound interpretation of
microphysical layers in clouds and the above mentioned features is provided by
Lensky and Rosenfeld (2005).

We will focus on the 7-re profile as a graphical tool to reveal the severity of
a developing storm (either in one type of airmass or in the vicinity of frontal
boundaries) before it reaches the severe stage. Selecting a group of cells
intentionally at different stages of development for the creation of 7-re profiles
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indirectly helps to determine the updraft strength inside clouds and to estimate the
storm severity subsequently. The vertical updraft speed in clouds is the main
factor in distinguishing between stratiform and convective cloud types. In
stratiform clouds, the ascending air speed is low, so the cloud particles usually
grow to larger sizes at lower levels compared to the situation in deep convective
clouds. Conversely, in convective clouds, particles have to overcome the above
mentioned updraft strength to fall out of the cloud to become precipitation (Tokay
and Short, 1996). In addition, severe convective storms always produce hazardous
weather events, such as tornadoes, hail, damaging wind, and so forth (Jurkovic et
al., 2015). Such events occur in convective systems entirely due to the updraft
motion (Jurkovic et al., 2015). Cloud particle size is related to the updraft strength
inside convective clouds or storms which are developing within the target area.
Thus, the particle size indirectly represents the severity of developing storms. The
role of the updraft strength in the formation of severe weather can be explained as
follows. The higher speed of the updraft delays the growth of cloud particles to
larger sizes and postpones their glaciation. In other words, when there is a strong
updraft in a cloud, particles do not have enough time to grow to larger sizes
because they ascend through the cloud very quickly upwards. 7-re profiles
obtained and computed from satellite data by the MSG_RGB software indirectly
reflect the updraft speed in rapidly growing convective clouds. In the case of
vigorous convection, these profiles usually show only small particles near the
cloud tops of relevant cumulonimbus clouds compared to nonsevere cases.
Typical profiles of severe and nonsevere storms in maritime and continental
conditions are provided by Rosenfeld et al. (2008).

The MSG _RGB software provides multispectral information on MSG
channels for generating 7-re profiles. The 3.9 um reflectance determinates the
cloud particles size in generated profiles. Smaller cloud particles are revealed by
a larger 3.9 um reflectance. According to some studies, it has been shown that
smaller crystals are really effective reflectors near 3.9 um (e.g., Melani et al.,
2003). The major hypothesis assumes that such detection of cloud cells with the
enhanced 3.9 um reflectivity due to small cloud particles discloses rapidly
developing thunderstorms with a high updraft speed inside clouds.

The T-re analysis tool performs all calculations automatically as it was
developed to generate T-re profiles in a graphical form without any additional
calculations. Its main goal is to provide such graphical output that enables quick
reaction to the severity of a developing storm. Unfortunately, the software cannot
reduce the number of lines in profiles. Nevertheless, the 7-7e method was designed
to be as easy and fast as possible.

Because of the 3.9 um channel features (Setvdk, 1989), the method is limited
to daytime hours only, when solar illumination is available. This limitation is also
mentioned by Jurkovic et al. (2015). This aspect poses the major deficiency of
this tool, because many convective storms keep developing after sunset. After
personal communication with Prof. D. Rosenfeld in 2015 concerning the issues of
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T-re profile method, the limit for solar zenith angle was set to be 65°. In addition,
there is no possibility to show country borders in the background of an image for
better orientation in the satellite image, which is another disadvantage of the T-re
method in MSG_RGB software.

In addition, in a recently published study (Sporre et al., 2014) from another
European region, 7-re profiles were also used to find cloud particle sizes. This
paper focuses on analyzing aerosol effects on convective clouds. However, the
detected cloud drop size range corresponded to our data. Zipori et al. (2015) have
recently used the same technique with the MSG_RGB program (Lensky and
Rosenfeld, 2008) and the satellite data of Meteosat-9 in their study of the effect of
aerosol sources on cloud particle size and glaciation temperature. Jurkovic et al.
(2015) used the MSG 3.9 um reflectivity for generating the profiles of cloud
effective radius and temperature (7-re) to describe severe storms characteristics
over Central Europe. They applied Rosenfeld and Lensky's (1998) methodology
in Hungary, Germany, Austria, and other countries. Rosenfeld et al. (2013)
employed the theory of 7T-re profiles (Rosenfeld and Lensky, 2008) in the study of
cloud microstructure. The vertical evolution of cloud microstructure using the
above mentioned methodology was also used in warm rain onset height and
aerosol optical depth research (Zhu et al. 2015). They mentioned some basic rules
concerning T-re profiles, which are also used in our paper. Zheng and Rosenfeld
(2015) studied the updraft speed in convective clouds according to Rosenfeld et
al. (2014) and Zheng et al. (2015) in another project.

3. Data from T-re profiles

The principles described above were tested on data from the warm part (from May
to August) of the years 2005-2013 for the Czech Republic and its vicinity on
archive data provided by EUMETSAT. Subsequently, another test was realized
on real-time data of the years 2012-2013 for days, when intensive accompanying
phenomena of convective storms were expected (forecasted) or reported (for
archive data). These data were selected according to the severity of storms; the
severity criteria were mainly based on the European Severe Weather Database
(ESWD) (http://www.eswd.eu/) operated by the ESSL (European Severe Storms
Laboratory). In general, ESWD provides a clear description of severe weather
events online (http://www.eswd.eu/cgi-bin/eswd.cgi?action=showdefinitions
&lang=en_0) and the list of severe weather event reports online. Similarly,
Jurkovic et al. (2015) define the warm part of the year as May-September.

52 situations with strong convection or rain occurrence were analyzed. While
33 of those were accompanied by severe attendant phenomena, 17 situations may
be classified as nonsevere. From all severe situations, 24 hit the Czech Republic.
Subsequently, after detailed analysis of the selected severe and nonsevere
situations, a table of tracked values of the T-re profiles was compiled (Table 1)
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and is provided in Section 5. The values of tracked features mentioned below can
be simply gained from the numerical listing of temperatures (in 1 °C steps) and
the radii related for each percentile line depicted in the 7-re profile. This is very
useful for further computations. Graphically the values could be acquired from
the generated 7-re profiles, which is possible due to the good resolution of the 7-
re profiles. As a matter of fact, 7/ or 7Tg are the breaking points of the 15th
percentile line in the profile, i.e., the vertical coordinate of the 15th percentile line,
which makes them easy to recognize in the gained 7-re profiles. This can mostly
be used to make a quick reaction to the severity of a storm.

An analysis of the severe situation data is shown in Figs. /a-f based on
satellite data obtained from the EUMETSAT archive and the MSG reception
station (situated in the Dept. of Atmospheric Physic, the Faculty of Mathematics
and Physics, Charles University, Prague) and processed in the MSG RGB
software (Lensky, 2009). An analysis of the nonsevere situation data is shown in
Fig. 2, which is based on the Severe Storm product. Section Four provides
information about collecting the data, 7able I in Section Five summarizes the
typical features of re, Tl, Tg, and so forth, of selected situations, and Table 2
provides their statistical processing.
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Fig. Ia. Analysis of the situation for 1457 UTC, June 12, 2010

Fig. 1b. The same as Fig. Ia but for 1512 UTC, June 12, 2010

Fig. Ic. The same as Fig. la but for 1542 UTC, June 12, 2010

Re (um) — cloud particle radius
T (°C) — temperature of cloud particle

Color lines (black to magenta) in profiles express the 5th to 100th percentiles of effective
particle radius in the interval of 1 °C.
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Fig. 1d. The same as Fig. la but for 1557 UTC, June 12, 2010

Fig. le. The same as Fig. la but for 1612 UTC. June 12, 2010

Fig. If. The same as Fig. Ia but for 1627 UTC. June 12, 2010

Re (um) — cloud particle radius ; T (°C) — temperature of cloud particle

rb (um) — cloud particle radius range near the cloud base

rl (um) — cloud particle radius near the top of the lower linear part of the profile

rg (um) — temperature of the glaciation phase bottom

Tbh (°C) — cloud particle temperature near the cloud base

71 (°C) — temperature of the top of the lower linear part of the profile, it mostly represents the top of
the layer in which the particles grow mostly by diffusional or coalescence growth

Tg (°C) — temperature of the glaciation phase bottom, from this layer, all particles are expected to
be frozen, it is the top of the mixed phase layer

Color lines (black to magenta) in profiles express the Sth to 100th percentiles of effective particle
radius in the interval of 1 °C.

217



Fig. 2. Analysis of the situation for 1400 UTC. May 23, 2013 — nonsevere profile.
Color lines (black to magenta) in profiles are expressing Sth to 100th percentiles of
effective particle radius in the interval of 1 °C.

4. T-re profiles in the territory of Central Europe

As already mentioned above, two groups of convective situations (severe and
nonsevere) were studied. The areas of convective clouds either moving to Central
Europe or developing there were determined, and the satellite images generated
from the MSG data were compared. These images were analyzed in a time interval
when the solar zenith angle of the Sun was greater than 65°. Within that time
period, the reflected sunlight in the 3.9 um channel was sufficient. In these areas
and times, the 7-re analysis was done, and the data from the saved images were
subsequently processed. Afterwards, a forecast of the severity of a storm based on
the 7-re profile shapes and gained values was given immediately as the profiles
revealed severe features. Later, it was compared to weather reports and radar
observations. A case study was selected from each group to be analyzed in a
greater detail for the Central European region. Dangerous phenomena in the
severe case and the typical T-re features are described.

4.1. Comparison of severe and nonsevere situations

This Chapter introduces the T-re profiles of one severe and one nonsevere
situation to show their mutual differences. However, it is clear that the
temperatures and particle sizes do not match exactly the values which were
received from the profiles in other countries (Rosenfeld et al., 2008), because
Central European conditions are partly different. For example, cloud base
temperatures are usually lower in Central Europe in the warm season, and cloud
particles near the cloud base are slightly larger compared to profiles derived, for
example, from the USA. For this reason we decided to test this method in the
European environment, and we tried to get specific 7-re shapes for this region.
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The shape and position of percentile lines in profiles are the main features of
profiles, which can help us to decide if the storm is prone to grow to a severe or
nonsevere storm.

In this case, a nonsevere situation means that thunderstorms developed
without dangerous accompanied phenomena are classified according to ESWD.
The situation represents the threshold state for nonsevere/severe situations. Other
weaker or less intensive storms revealed even shallower 7-re profiles with larger
particles at lower levels and cloud tops which did not reach significantly higher
levels, i.e., over 6 km, are typically nonsevere profiles.

4.1.1. Case study of June 12, 2010: the severe situation

This situation was chosen as a case study due to the occurrence of a supercell with
large hail, heavy rain, and strong wind. It is a typical severe storm with dangerous
attendant phenomena. Furthermore, Figs. 1.a-f clearly show gradual evolution of
T-re profiles in Central Europe from 1457 UTC to 1627 UTC after they became
severe. Cloud particles grow very slowly to larger sizes, when coalescence and
mixing of liquid water with ice particles continues.

A low pressure area moving to the southeast was affecting Central Europe,
the temperature maxima in the Czech Republic were about 26 °C. After 1500
UTC, massive Cbs were observed, and thunderstorms developed in the Czech
Republic. In southern Bohemia, a supercell formed where a rotation of the cloud
system was observed from the ground by witnesses, and a funnel cloud was
reported. After 1700 UTC, hail and heavy rain occurred. The hail diameter was
about 3 cm. Severe wind gusts were reported after 1800 UTC, followed by heavy
precipitation in south of Moravia. After 2000 UTC, other wind gusts were
reported in southern Moravia. Strong wind was observed after 1800 UTC in
Austria and it was followed by a heavy rain. The wind speed in the squall line was
25 m/s (ESWD).

The analysis of cloud areas in Fig. /a shows very small particles (less than
15 pum in radius) up to about —20 °C in clouds according to 7-re profiles. This
indicates a strong updraft in the lower part of these clouds, namely in area 1
showing a long and nearly linear lower part of the profile which indicates the
possibility of a severe weather occurrence (Rosenfeld et al., 2008). This is
confirmed by a hail report from South Bohemia and other dangerous phenomena
in the vicinity (ESWD). The profiles in Figs. la-1f are similar to the profiles
gained by Rosenfeld et al. (2008), when hail and other severe weather events were
documented. As early as 1457 UTC, cloudiness with a strong updraft above
Austria (Fig. la — area 1) is revealed by the 7-re analysis. The profile starts at
9 °C and 6 um. This indicates the cloud base temperature (75) to be 9 °C and the
effective radius of cloud base particles (rb) to be 6 um, which is in agreement
with Rosenfeld et al., (2008) and other authors (Rosenfeld and Lensky, 1998). The
top of the zone of coalescence (77 - temperature of the lower linear part of the
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profile, it mostly represents the top of the layer in which the particles grow mostly
by the diffusional or coalescence processes) only reaches —8 °C with a cloud
particles’ radius at that level (#/ - cloud particle radius near the top of the lower
linear part of the profile) of 8 um, but the mixed phase zone steeply reaches the
Tg (temperature of the glaciation zone bottom) of —28 °C and rg (radius at 7g -
temperature of the glaciation phase bottom) of 18 um. This level indicates the full
development of the ice phase inside the cloud and the top of a deep mixed phase.
In such clouds, the precipitation is mostly formed by snow particles and hail.
Later, the updraft becomes even stronger and fills a vertically higher area. Its
extent is from 9 °C (7b) at the cloud base to the level of —16 °C (77). The particle
radius at the cloud base (rb) is 6 um and r/ (particle radius at 77) is 8 um. The
particles rise in updraft so quickly that they do not have enough time to grow to
larger sizes before reaching that level. The top of the mixed phase zone reaches
the level of Tg of —40 °C with rg of 34 um. The difference between 7/ and Tg is
equal to 24 °C, which is quite large. For a high severity storm, the difference is
supposed to be as small as possible. Later, the coalescence zone reaches higher
levels, and the difference between 77 and Tg decreases to only 7 °C. This indicates
that the severity of the developing storm rises. After 1500 UTC, larger particles
in T-re profiles appear, and the slope of profiles is not as steep as in the case
described above. The regeneration of updrafts (and 7-re profiles severity) to the
previously mentioned values occurs at about 1600 UTC (Fig. If— area 1) but after
1700 UTC, the clouds are filled with larger particles, and the updrafts weaken
again.

Area 2 in Fig. If (east of Germany, west of the Czech Republic) shows a
coalescence zone from 0 °C and an »b of 7 pm to —20 °C and 13 pm. The mixed
phase continues up to the level of =33 °C with an rg of 38 um. The vertical extent
of the small particle zone is shallow, and particles grow fast to larger sizes. This
profile thus provides information about a weaker updraft and, according to some
of the following images from later hours, it did not reach larger intensity. No
severe weather events were reported from that area.

The cloud base temperature (Fig. le —area3) was 12 °Candrb 3 pm at 1612
UTC. The coalescence zone reaches the level of =26 °C with / 17 pm. The top of
the mixed phase zone is then detected at —38 °C level with rg 29 um. Such a
profile corresponds to a strong updraft. Later, at about 1700 UTC, that strong
updraft rises to the level of —40 °C with g of 15 pum. At least large hail may be
predicted with the help of this cloud profile. Particles of such a small radius at this
height reveal a significantly severe updraft inside clouds.

4.1.2. Case study of 23May 2013: the nonsevere situation

There are no severe weather reports in ESWD for the May 23rd, 2013. There were
thunderstorms observed in the northeast of the Czech Republic according to
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professional weather station reports. The weather was influenced by the low
pressure area.

Since the morning hours, stronger updrafts in the lower part of clouds have
been revealed by T-re profiles. Cloud base temperature is about 3 °C, and the
radius of particles is 6 pm. The coalescence zone reaches the level of —27 °C with
rel2 pm. Later the radius grows to 22 um. The cloud base temperature changes
to -8 °C, and the particle radius changes to 7 um. A radius of 15 pm is reached at
the level of =20 °C. The profiles have nearly linear shape in some parts, but they
are bent down to larger particles (to the right side of the profile). Fig. 2 shows the
cloud base temperature at about 4 °C, and the radius of particles at 9 um. The
cloud top reaches —29 °C with particle radius 23 pm. The lower linear part of the
profile (coalescence zone) reaches the level of —16 °C with particle radius 14 pm.
The cloud tops do not reach any significant height. A fully glaciated zone with
small particles typical of severe situations is not developed. The profiles confirm
only a nonsevere convection in the observed region.

5. Results

The data for the analysis are stated in Tables I and 2, and their description follows
in the text. Table I is sorted by the following accompanying events of storms,
providing the data of analyzed situations:

TOR - tornado (1)

GR — hail )

+RA — heavy rain (3)

FC —funnel cloud (4)

NONSEVERE (5

Consider tornado being the most intensive (dangerous) accompanying event
of a storm expressing its intensity, number 1 was assigned as the most intensive
case decreasing to number 4 (see Figs. 3 and 5). The intensity decreases from
tornado (1) through hail (2) and heavy rain (3) to funnel cloud (4) as mentioned
above with respect to the danger for human and infrastructure. The nonsevere
category is represented by the number (5).

The description (intensity) of each event (size of hail, length of funnel cloud
and so forth) is mentioned in Table I if it was provided by sources (ESWD).
Additional information about the date and place of the event is stated together with
the time of the forecast of the severe event. This forecast was made according to the
analyzed profiles. The analyzed features of the 7-re profiles in Table I are provided
as follows: re (um), re base (um), re top (um), 7/ (°C), Tg (°C), T14 um (°C).

221



L= 98 AR 3 ¢ €S LTl w>g ey ) 2AS 9 010T hgunf
S¢- 1r - S 9 i 2] Ll 0( ST e ey o a 9 010 hgunf
L= 1€ 0T 02 ¢ NEP ol 0t €1 Lo g0 ey O ZO 9 010T guwr
6= S& - S: 9 1€-9 Ll 0181 us ([-¢ rey I3 £9] d 9 0loz U
0i- 8¢ T I8 L NZ-L 0790 001 *ye un g Tey o Id S €0z ARN
S BB Al i € [14 5 4 Ontt 0¢ €1 Mg unun ¢ ey H tZ0 S €0z ARy
6(- 8¢ T e B i, e S L0 00T *ye JUnod o pncpo; 0¢ WO gy O D Id ¢ €1z LAy
S¢- Te T 2 9 €9 S LO 001 kye usg ey  9oq O d ¢ zoz'rhey
8- o T 4 9 19 S'80 00 [ kye wo ¢-7 ey O d ¢ Toz'ikey
- 8¢ e s ¢ e T 0C81 wo ¢°7 Ty ) a S T O0T' ey
0z- €e- T 8: L L LiZ1 00§T-0(¥1 wo ¢z ey v+ D ‘Id S Luz o AeN
0z- € T 8 L L LiZ1 00LT-0C¥I wo g [y YA 09 mer v+ O a S LIT 0 AeN
8- 0 e % S NS Lyl g6l Vi+ o a S 11T 0. ey
LE e " 07 L L ral ) 0¢LT uncid ¢ profa 95 0 WO g TRy O o tZo S OouT L:AwN
L- e Um0 07 8 w8 LrLO 00ST-OCTT wo ¢°( Tey O tZ0 S 0UTTIAuN
a- 0 O B 9 €9 0'Zl 0¢C1 un g rey i tZ0 ¥ clz (zdy
0¢- 0 ng- 9: 9 €9 LoTT 00NT & ye Juwiunite i v AL £ZO & €.0C 521e
S¢- 08 az- 07 9 -9 (Al 0¢91 unL ey yH AOL 11 L 0.0T €T
0¢- o0g- T 0r L WL [ 0091 1uo ¢ rer ‘yped wog s uny g% AOL A L 0.0T €T
Sl- 8 az- 07 L 6 QRD)ivEl 6( Sl pedunye - ¢ 10 AOL ZO 9 110z zuyf
8- W T b e L refa ) 0191 wsepyupdugex wg-¢ 14 AD ADL a 9 9cozTunf
1S 1 N g 9 9 ol | 0ssT wo e cydw 0og XUy ] =€ 00 AD ANL a S LO(T ‘9; KB\
g~ €& 5 14 3nd G CL LYET ungrIEey Fd ADL A S 90(T 9! Aey

S o Ny o O U1 S U3 | S . PR ) G | SR L S\
) Qo () AM _“V W““Uw (unf Ammw M._U%. % euHwo Pyl yupuz gue e { }

wijzr 31 I ; 7 ol imp Pyl Jm puiny Ao WOAT] Lnunoyy yruopy i

o i JO )Sed 0] Jrauiy

wne[ put M..N nN..N 2.4 J) s21]eA @Du%ﬁm:.ﬂ P 1e s 1011 212 ASSTIOU 'SJUHAD DY) 1OM 219,95 119)K Va—OM” T 9r [

222



a- 0-
81- 1¢-  81-
ve- el
st (e 0
w w-
s1- (¢ T-
ST gem g
woose o
0z- $€- 8-
a- 1w
- te- g
e te s
(-t 0i-

Do) () )
wipr L 1

8¢ 8 8[-8 2
or 0T 0i-0L HZD
oy 6 0ro6 HzZo
0¢ 8 (Voy 2
oy 8 0r-8 00¢ T *=ye unc g ¢} prof ¢4 g od HZ)
33 L TlL PeEL 009([-0CH1 punig o} profd %0 od bl
33 L SeL 0¢80 0¢91 pun I3 ) profd %G od T
313 L ££-9 vl 000 *eye I+ A+V-HZD
33 9 §e9 LT60 0col W ¢=¢ [18Y O HzZo
8¢ IT 811l (414! LZ91 PUNOIL 0} |MO]) % Y WO § I )] qo (I
33 L gL vl 0coc g3 1
1313 L geL (G331} 0C8T qo qZ)
T L | ——— {1 A S T
) G O ) o
doy isng J10Cad euawcuayd yuepuimy
i $N)HIIF 1ep EClliTe]
Y " Jo15833 104 Joauly,

profo aunf-_ g
wer ARy VY +
[rev-¥"5
PELIOY: YC T,

Jqen- 1
aduzL] A
o1 1ndi 3 2A0]5 - TIAS

[UBULIDE - (]

pueod Id

BLISNY -V

SHANERY [DZ) - [[ZD

L ElczonIng
O €10g L unf
¢ 10T Tl SN
{1107 ‘grady

STONE NS 2091981 ON]

¢ 110z2°6 iny
1 €ltz6 Inf
G €10 prunf
110T ‘1€ SN
¢ 010z ‘¢l Ay
L 607° Inf

L LOCT'6 g
L LOCT6 g
L LOCZ 6 Inf

1A Arunc) yuoyy ne([

(penunuco) 1 27 12,

223



The values of b (cloud particle radius near the cloud base), 7/ (cloud particle
radius near the top of the lower linear part of the profile), rg (temperature of the
glaciation phase bottom), 75b (cloud particle temperature near the cloud base), 7/
(temperature of the top of the lower linear part of the profile), and Tg (temperature
of the glaciation phase bottom) are graphically shown in Fig. /fto be understood
better. From here, these temperatures and radii abbreviations are used in the text
for faster and better orientation.

The cloud base particle radius provides information about the starting point
of the evolution of clouds. The smaller the cloud base particle radius is, the more
severe event can be expected (Rosenfeld et al., 2008), considering other cloud
features such as 7/, Tg, etc., as confirmed in Table 2. For example, in situations
with tornado occurrence, the cloud base particle radius was 6.1+£0.9 pm, 7.0+0.0,
with heavy rain, and 8.8+0.8 um in nonsevere cases.

On the other hand, the particle radius at the cloud top provides information
about the size of particles in the highest part of the cloud. It helps to uncover the
intensity of updrafts reaching the cloud top. Smaller particles near the cloud top
indicate stronger updrafts pervading through the whole cloud cell. Large particles
near the cloud top indicate a weakening updraft at higher levels.

The temperature at the top of the lower linear part of the profile and the
temperature of the glaciation phase bottom provide information about the severity
of a developing storm in middle altitudes. The lower these temperatures are, the
more intensive phenomena are to be expected. A similar rule can be set up on the
base of the difference between 7/ and 7g. With the decreasing value of that
temperature difference we can expect more extreme events developing in the
storm as shown in Table 2.

Finally, the temperature of the level where particles reach the radius of
14 pm is the precipitation threshold temperature. With the decreasing temperature
of the level of 14 um particle radii, stronger updraft is indicated inside the cloud.
Indirectly, it may be deduced that a more severe storm will develop (see Table 2).
Additionally, the knowledge of the cloud base temperature indirectly helps the
improvement of the convection and precipitation (Zhu et al., 2014) forecasts. It
helps to reveal the top of boundary layer and the water vapor mixing ratio, which
helps to calculate CAPE more accurately (Zhu et al., 2014).
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Table 2. Statistical values: mean, standard deviation, median, mode, 10% percentile, and 90%
percentile for the following characteristics: re at the cloud base, re at the cloud top, 7/, Tg, and
T14um, the difference of 7/ and Tg all split by weather events. Zeros mean that no appropriate
value was found, a blank space was not calculated as explained in Section 5.1.

EVENT STATISTICS re base TI (°C) Tg (°C) T14um TI-Tg
(um) C0) C0)
TOR MEAN + SD 6.1+0.9 -25.1+6.1 -374+58 -245+6.8 123+4.1
TOR MEDIAN 6 -26.5 -38 -26.5 11.5
TOR MODE 6 -28 -38 -28 10
TOR 10 % PERC. 5.4 -31.5 —43.8 -31.5 8.5
TOR 90 % PERC. 7 -18.5 =30 -15 18
GR MEAN + SD 6.5+1.3 -22.8+£6.7 -355+4.1 -237+£47 12.7£6.5
GR MEDIAN 6 =25 -38 =25 12
GR MODE 7 -25 -38 =27 8
GR 10 % PERC. 5 -30 40 -28 6
GR 90 % PERC. 7 -12 =31 -17 23
+RA MEAN + SD 7+0 —20+0 -33+0 -22+0 13+0
+RA MEDIAN 7 =20 -33 =22 13
+RA MODE 0 0 0 0 0
+RA 10 % PERC. 7 -20 =33 -22 13
+RA 90 % PERC. 7 -20 -33 -22 13
FC MEAN + SD 73+0.5 —-19.7+£56 325425 -20.7+42 14+4
FC MEDIAN 7 -22 -32.5 -22 14
FC MODE 7 0 0 0 0
FC 10 % PERC. 7 -24.4 -34.5 -24.4 10.8
FC 90 % PERC. 7 -14 -30.5 -16.4 17.2
NONSEVERE MEAN + SD 88+0.8 —-17.5+4.6 -305+£05 -19.8+52 11.5+1.5
NONSEVERE MEDIAN 8.5 -19 -30.5 21 11.5
NONSEVERE MODE 8 0 0 0 0
NONSEVERE 10 % PERC. 8 -21.4 -30.9 —24.7 10.3
NONSEVERE 90 % PERC. 9.7 -12.4 -30.1 -13.8 12.7

GR — hail; TOR — tornado; +RA — heavy rain; FC — funnel cloud

As can be expected, Table 1 shows that no single value (as 7/, Tg, etc.) can
provide any relevant and complete information about the severity of a developing
storm. However, it can show values from which the storm can be predicted to
become severe, but there is no strict boundary in values between individual severe
event values in Table 1. This confirms that we need to analyze the 7-re profile as
a whole to see all connections above and under a specific value in the profile.
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Better information about threshold values between individual severe events
is provided with statistically processed data (mean values and standard deviations)
in Table 2.

Table 2 also provides some basic statistical quantities that were applied to
the values of re base (um), 71 (°C), Tg (°C), T14um (°C), and TI-Tg (°C). The
quantities are mean, standard deviation (SD), median, mode, 10% percentile, and
90% percentile for each severe weather event. They are presented in Table 2.

The analysis of the statistical quantities showed that there is a good transition
value of re base, Tl, Tg, and T14um, which would clearly distinguish severe and
nonsevere situations. Moreover, these features may distinguish different severe
accompanying phenomena in most cases. However, it is still faster and easier to
analyze the gained 7-re profiles as an image without any calculations. Some basic
features of severe and nonsevere 7-re profiles gained from Tables I and 2 are
mentioned in the Section 6.

Not every nonsevere situation is mentioned in 7ables 1 and 2, because the
values of tracked features are always typically nonsevere. Nonsevere situations,
especially those with rain and without thunderstorms which could potentially
form a new “non-thunderstorm” category were also analyzed, but the values of
their tracked features cannot be included in the statistical analysis for the
nonsevere category. These values were not in our focus. In addition, they would
shift the gained statistical severe/nonsevere threshold results closer to the “non-
thunderstorm” values, i.e., far from the desired threshold values. Furthermore,
these values would enlarge the standard deviation of the tracked values in the
nonsevere category, which would cause false alarm cases.

5.1. Nonsevere situations

Nonsevere situations, still significant in terms of convection, which were included in
the statistics can be considered a threshold state between nonsevere and severe
situations. There were thunderstorms without any severe accompanying phenomena
observed. The definitely non-thunderstorm convective situations have only a small
vertical extent with cloud tops typically below 6 km, and particles grow to larger
sizes in the coalescence zone at lower levels rather than in the cases presented here.
As the analysis reveals, in nonsevere (threshold) situations the coalescence zone to
(T1) does not usually reach the —20 °C level as it can be seen in Table 2. There are
mostly large particles in the coalescence growth zone with a radius of about 15 pm.
Near the level of —20 °C or lower (towards the ground), the particles start to enlarge
their sizes quickly. The coalescence in nonsevere situations has a larger effect
compared to the severe situation. Slower updrafts allow particles grow to larger sizes
as they stay in a relatively thin area in contrast to severe situations. A radius of about
30 um is usually reached near the temperature of about —30 °C. The particles freeze
heterogeneously, and their sizes enlarge quickly in this zone. Cloud bases very often
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develop between temperatures of 10 °C and 0 °C, with the highest frequency
between temperatures of 5 °C and 0 °C.

Nonsevere thunderstorms with large Cbs can reach a level of —40 °C. The
analyzed profiles show a noticeable bent shape, and there is no linear part of the
graph.

It is important to remember that the large extent of the updraft zone and low
temperatures near cloud tops indicate hail or other severe attendant phenomena.
Even if there were a strong updraft in clouds which did not reach very low
temperatures, severe storms would not develop.

In the situation where only rain was observed, even the values mentioned
above are not reached, and the profiles are shaped towards larger particles at lower
temperatures (to the right side).

The following threshold values between nonsevere and severe storms were
found: re base 8.8 £ 0.8 um, 7/ —-17.5 = 4.6 °C, Tg —30.5 = 0.5 °C, and T14um
—19.8 £5.2 °C (Table 2). The high values of standard deviations are caused by the
situation on July 20th, 2013, which is included in the statistics. This is a typical
nonsevere situation with higher tracked temperatures, which causes the enlargement
of the standard deviation. The situations with smaller e base and lower temperatures
(T1, Tg, T14um) are prone to grow into storms with severe attendant phenomena.
Estimating the difference of 7/ and 7g for the nonsevere cases is absolutely
irrelevant, because the glaciation phase with 7g value mostly did not develop.

5.2. Severe situations

T-re profiles of severe situations (convective storms with dangerous attendant
phenomena) reach much higher levels than in the case of nonsevere situations.
The profiles are steeper in the thicker zone, mostly in their lower part, with this
zone being frequently linear or nearly linear as the updraft pushes the particles
higher with a high speed. A radius of 14 pm is mostly reached by the level of
—20 °C or above, when the clouds include ice particles. The particles do not grow
fast because they do not stay in the coalescence zone for a long time. When the
ice particles are small at a level of around —40 °C, it indicates vigorously growing
cells with a strong updraft inside. Cloud droplets freeze homogenously there, and
the radius is usually less than 35 pm in this zone. Cloud particles with radii less
than 14 pm often fill the zone of the temperature difference of 30 °C or more.

In the case of 2-3 c¢m hail occurrence, a particle radius of 9 um was observed
up to the level of —22 °C. In the case of 3 cm hail and 20 mm/h rain, a radius of
14 um was identified at a level of about —28 °C. With larger hail (4 cm), the radius
of 14 pm reached a level of about —30 °C.

Table 2 shows the mean values and standard deviations of tracked features for
different severe storms with various attendant phenomena. It clearly shows that the
re base decreases with increasing the severity of the accompanying phenomena of
a storm, and the same is valid for the mentioned temperatures 77, 7g, and 714 um.
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The illustrative interpretation is depicted in boxplots, in Figs. 3a-d.

Fig. 3a. Boxplots of re base (um) for different attendant phenomena of storms. Decrease
of re base with an increase in the attendant phenomena severity represented by the different
group of attendant phenomena. Number 1 was assigned to the most intensive case (tornado)
decreasing to number 5 (nonsevere) as explained in Section 5. The case of heavy rain (3) is not
included because only one case was recorded. The bottom of the box of re base represents the
value of the 1st quartile, the middle dark line in the box with the red triangle is the median, the
violet rectangle inside each box is the mean, and the top of each box is the 3st quartile value.
The bottom and top of each whisker are the 10% and 90% percentiles, and the green and blue
dots are the maximum and minimum, respectively. In the values of the mean for tracked
features depicted by the box profiles, a clear decrease in tracked size with increasing severity
of storms can be seen.

Fig. 3b. The same as Fig. 3a but for 7/ (°C) for different attendant phenomena of storms.
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Fig. 3c. The same as Fig. 3a but for Tg (°C) for different attendant phenomena of storms.

Fig. 3d. The same as Fig. 3a but for T14um (°C) for different attendant phenomena of
storms

The difference of 7/ and Tg as presented in 7able 2 decreases with an
increase in storm severity. In cases with funnel cloud occurrence, the difference
was 14 £ 4 °C, in heavy rain cases 13 = 0 °C, in hail cases 12.7 £ 6.5 °C, and in
tornadic cases 12.3 + 4.1 °C.

Furthermore, correlation analysis was performed. It represents a statistical
method which describes the relationship between two variables. The first step was
the compilation of the correlation matrix (7able 3), which includes the correlation
coefficients of all the couples of variables, here the tracked features of 7-re profiles
(re base, Tl, Tg, T14um). In this case, correlation represents the mutual relationship
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between two tracked features. The level of correlation is influenced by the value of
the correlation coefficient R that attains values from —1 to +1. There is no
relationship between the studied variables if the value of R equals 0. A positive
value close to +1 represents direct proportion (a positive correlation), —1 on the
other hand represents indirect proportion (a negative correlation). Taking into
account our results where all the values of R were higher than 0.92 (Fig. 4), a
significant positive linear correlation for tracked features was found.

Table 3. Correlation coefficients (R) of all couples of tracked features (re base, TI, Tg,
T14um). The values of correlation coefficient represent significant linear correlation of all
tracked features, because all the values are close to 1.

re base
(um) TICC) Tg(C) Tid4um (°C)
re base (um) 1.00
TI (°C) 0.92 1.00
Tg (°C) 0.93 1.00 1.00
T14um (°C) 0.92 0.97 0.98 1.00

Fig. 4. Coefficient of determination (R?) of re base and other tracked features of T-re
profiles (71, Tg, T14um).
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The correlation matrix (Table 3) provides the correlation coefficients (R) for
all couples of tracked features (re base, Tl, Tg, T14um). All couples are in
significant linear correlation, since R is higher than 0.92 for all. The determination
coefficients confirm that the line equation confidence level is higher than 84%.
Linear coefficients are statistically significant at the significance level 0.05.

Fig. 4 shows the linear correlation of all couples of tracked features where
the horizontal axis represents one feature and the vertical axis represents the other
feature for each couple. Their correlation is provided by the equation of the line
and R?represents the suitability of the model.

The knowledge of linear correlation for tracked features of 7-re profiles
allows us to find a model of correlation for those features. On the basis of the
results, the model can only provide a simple mathematical forecast, but it cannot
result in certainty. That trend predicts next evolution of features according to the
previous evolution. Every mathematical forecast has its own confidence level,
which represents the reliability of that forecast. The confidence level (Table 4) is
expressed by the determination coefficient (R?) that attains values from 0 to 1,
where 1 means 100% confidence. The determination coefficient (R?) of our data
was always equal to more than 0.84; thus, the confidence level of the model of the
regression function is always higher than 84%.

Table 4. Determination coefficient (R2) of all couples of tracked features (re base, TI, Tg,
T14um)

re base (nm) Tl (°C) Tg (°C)

TI (°C) 0.8494
Tg (°C) 0.8679 0.9982
T14um (°C) 0.8524 0.9446 0.9608

The revealed linear correlation of re base, TI, Tg, and T14um made it clear
that the mentioned temperature 7/4um decreases with the increasing severity of
the attendant phenomena of storms and a proportional decrease of 77 and 7g as
well as re base with the increasing severity of the attendant phenomena of storms.
This correlation analysis confirms previously specified rules of 7-re profiles in
severe weather analysis and forecasting (Rosenfeld et al., 2008). With the
increasing severity of weather events, the 7-re profiles actually shift to the left
side of the graph (to smaller re) and extend higher (to lower temperatures) (see
Fig. I and Fig. 2 to compare).
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The determination coefficients for all couples of tracked features were
calculated (7able 4). The value expresses in percent the reliability of the line
equation of two features. All the values exceed a value of 84%, thus the equation
describes the correlation between two features better than 84%.

The processed data are graphically presented in Fig. 4, which proves the
correlation of individual tracked features, their trend functions and confidence
level. Similarly, the trend functions for Figs. 5a-d were obtained. The graphs
reveal the correlation of individual tracked features and the severity of attendant
phenomena of a storm, trend function, and determination coefficient (R?), where
the confidence level of each model is greater than 90%.

Fig. 5a. Coefficient of determination of re base for different groups of attendant
phenomena of storms.

Consider re base as a mean of re base. Gaining high value of R (correlation coefficient)
expresses the linear correlation of re base and the intensity of storms represented by the
different group of attendant phenomena. The equation of the line (see the graph) describes
the data at the significance level of 90% what is represented by the value of the coefficient
of determination (R?) to be 0.9053.

According to the values gained from the graph and the equation of the line we can find the
storm severity. If, for example, the re base equals six, then the equation gives the stage of
a tornado, but this can also indicate other storm stages (TOR, GR, etc.). The only result is
that the storm stage could be a tornado. All other tracked features (77, Tg or T14um) have
to be evaluated as well.
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Fig. 5b. The same as Fig. 5a but for 7/ for different groups of attendant phenomena of
storms.

Consider 77 as a mean of 7/. A high value of R (correlation coefficient) expresses the linear
correlation of re base and the intensity of storms represented by the different group of
attendant phenomena. Significant linear correlation was found at the level of 95.8%.

Fig. 5c. The same as Fig. 5a but for Tg for different groups of attendant phenomena of
storms

Consider 7g as a mean of 7g. Gaining a high value of R (correlation coefficient) expresses
the linear correlation of re base and the intensity of storms represented by the different group
of attendant phenomena. Significant linear correlation was found at the level of 91.1%.
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Fig. 5d. The same as Fig. 5a but for T/4um and the intensity of attendant phenomena of
storms.

Consider T14um as a mean of T/4um. Gaining a high value of R (correlation coefficient)
expresses the linear correlation of re base and the intensity of storms represented by the
different group of attendant phenomena. Significant linear correlation was found at the
level of 98.9%.

Individual graphs and models of functions, regardless of the R? value' cannot
be considered as decisive. In addition, it was proved that one single tracked feature
cannot be used as a unique storm severity forecast element. All the tracked
features, the shape of the 7-re profile and its position and extent should be studied.
As it is demanding to gain all the tracked features, to find all their correlations,
and to find which variables support the model, it is also very difficult to assemble
a global model of the tracked features for making storm severity decisions. It
would probably also request more storm cases observation, which requires the
gathering of automated data.

The linear correlation of re base and the tracked temperatures allows us to
simplify the description of the 7-re profiles. In an ideal case, it is possible to divide
the individual part of a profile to individual lines defined by the temperatures 7/
and Tg (Fig. 1a-f). As a matter of fact, the profile is a non-ramp fiction due to the
vertical axis inversion, which corresponds to the real temperature decrease in the
atmosphere. As has already been mentioned, one of the severe storm signs is the
long linear (or nearly-linear) lower part of a T-re profile, rising to the breaking
point of 71.
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This analysis should be considered a demonstration in which the independent
dataset was used to test the previously derived relationships (Rosenfeld et al.,
2008) requested by Rosenfeld et al. (2008). It has confirmed the value of the
methodology for nowcasting of severe weather events.

Fig. 6 presents graphically the number of events reported (blue) and
forecasted (red) in a given hour. Nearly 30% of the reported cases occurred at 12—
14 UTC and nearly a similar percentage at 16—18 UTC. The prediction of a severe
event was mostly (45%) performed at 12—14 UTC, which is in good agreement
with severe weather occurrence, subsequently at 10—-12 UTC.

Fig. 6. Time distribution of reported (blue) and predicted (red) severe attendant phenomena
of storms.

The forecasting skill of the 7-re method was statistically evaluated (Fig. 7)
comparing the time of the reported event (i.e., not the time of the first occurrence
of the event) of the European Severe Weather Database and the time of our own
severe event forecast. We compared the time of forecast and the time of the report
of the event intentionally, because it is very complicated to estimate the time of
first occurrence of the event without any appropriate confirmed observation.
Fig. 7 graphically shows the most frequent time difference of the forecast of an
event before it was reported as discussed above. 68 percent of the predictions of
severe weather were performed about two hours before its report, which is a good
advantage for preventive measures. Jurkovic et al. (2015) found the ability of a T-re
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profile to reveal severe updrafts inside clouds 10-20 minutes in advance before
hail start to fall out of the clouds. For example, the formation of hailstone with a
size of 1 cm does not usually last longer than 1 hour.

Fig. 7. Numbers of severe weather events according to the time difference of predicted and
reported events (i.e., not the time of the first occurrence) as discussed in Section 5.2.
Large intervals can be the consequence of inaccuracy of the detection of the precipitation
type and amount on the ground.

Jurkovic et al. (2015) confirmed also that deep convective clouds which are
associated with greater updraft speed are filled by smaller particles with a re of 15—
20 um above the level of =30 °C and a re of 30 pm above the level of 40 °C. He
also stated the basic shapes of 7-re profiles and other features of severe storm clouds
in Europe (Jurkovic et al., 2015). Nonsevere storms on the other hand reveal a very
different dependence of particle size on temperature. Large particles (re more than
35 um) are frequently found below the level of —20 °C (Jurkovic et al., 2015).

There were no failed predictions of severe storms occurrence arising from
the background of the method. According to cloud microphysics rules which can
be depicted in gained profiles, failed predictions of severe storms cannot occur.
Some people may incorrectly forecast different severe cases from others.
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6. Discussion

It is apparently not possible to determine the absolute exact threshold values of 7'
and re between different severe phenomena. It is important to analyze the
thickness of the zone with small particles (less than 15 pm), the whole vertical
extent of cloud cells and the shape of profiles in all their parts as well as the
auxiliary values, such as 77, Tg and 714 um etc. The mean values of 77 and 714 um
followed by the mean values of re base and Tg presented in Table 2 for each
severe event could, on the other hand, are considered being a hint in distinguishing
of different severe attendant phenomena of developing storms. These satellite-
based predictors are considered to be at least as good as, for example, frequently
used atmospheric sounding predictors and are much more detailed in time and
space (Rosenfeld et al., 2008). They are able to vary in time, because they are
recalculated with every new satellite observation, which allows them to react to
actual cloud development. When applied to multispectral geostationary satellite
data, the 7-re method provides us with a typical storm signature before these
clouds are revealed by weather radar. Therefore, additional time to detect a severe
storm is provided, although with lesser spatial accuracy compared to weather
radars (Rosenfeld et al., 2008). In general, it can be concluded that the profiles in
Central Europe start at lower temperatures compared to those from the US
(approximately about 5-10 °C), and the values Tg and 77 are observed at higher
levels as well. The crucial point is that the cloud particle diameters are usually
about 3—5 um larger near the cloud base and again at higher levels compared to
those from the US. The differences can be due to different instruments and
resolution, not necessarily caused only due to physical features of air mass.

In some cases, the profiles indicate strong updrafts even during forenoon, but
the dangerous events are reported in the evening.

For all presented severe situations, the mean particle effective radius at the
cloud base is found to be between 6.0 and 7.3 um as presented in Table 2.
Tornadic situations, considered the most severe event, reveal the second highest
mean of particle effective radius at the cloud base, but the smallest median
together with hail and heavy rain cases. Small radii, about 6 um or even smaller
at the cloud base indicate a higher probability of tornado occurrence. There are
also clear indications that smaller 7/ and 7/4um indicate greater severity of an
event, the same for 7 can be said in most cases as well. All the severe situations
presented in Table I show smaller 7g and 77 difference in mean values (<2 °C)
than nonsevere situations (10 °C). Some specific connections similar to our
findings were stated by Sporre et al. (2014). They clearly mentioned that clouds
with greater vertical extent have higher precipitation rates compared to less
developed clouds. His study also confirms that meteorological parameters such as
atmospheric instability or cloud vertical extent affect the precipitation amount
measured on the ground more than aerosols.
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Presenting some statistically processed values provides threshold values as
well as other described rules of specified temperatures and their relationships, but
in some cases it does not describe the situation of 7-re profiles the best way.
Statistical values sometimes do not strictly differentiate between particular severe
events, because analyzed values (such as 7g or 77) are generalized too much. Thus,
it is crucial to analyze the 7-re profiles as a unique situation description, just
because every thunderstorm is unique with different 7-re values and also not
every tornado is the same. Human forecasters are much more successful at severe
weather forecasting compared to existing automated systems (Doswel, 2014), and
with help of other analysis tool they could be even better.

The method of severe storm intensity forecasting with the help of 7-re
profiles applied to the MSG satellite data in the region of Central Europe seems
to be apparently successful.

7. Conclusions

The basic principle of the presented theory is the analysis of cloud particle profiles
based on satellite observation in different spectral channels to help forecast and
identify a potentially dangerous storm. It is possible to generate 7-re profiles that
represent the microphysical composition of clouds with special software. The
analysis of archived satellite data selected according to dangerous weather reports
as well as real-time data from the MSG reception station was carried out, and the
applicability of these profiles were evaluated in Central Europe for the first time.
The nonsevere threshold situations were analyzed in order to confirm the potential
of this tool also for these non-threatening cases. 7-re profiles have proved to be a
useful tool for nowcasting during severe convective storm situations in this
region. However, different air mass types play a crucial role in the thermodynamic
condition above different areas. The profiles from Central Europe revealed, for
example, the shift in the temperature and size of cloud particles compared to
profiles from other continents, as mentioned in Section 4. Also 7/ and Tg values
were usually higher, which represents lower temperatures than in the profiles of
Rosenfeld et al. (2008).

The T-re method can help to reveal the areas apt to produce severe weather
phenomena mostly one or two hours in advance, sometimes even sooner,
analyzing cloudy areas from morning hours in days with expected intense
convection. It is a very simple software to use and quickly provides a
microphysical preview of clouds. This research revealed the fact that it is crucial
to see the whole profile with all of its features to be able to create a forecast of
severity for a developing storm. A stand-alone value such as 7/ or Tg without
knowing any other features of a T-re profile cannot provide complete and
exhaustive relevant information to use in forecasting. It can however provide an
initial impulse in distinguishing between severe and nonsevere cases, and in most
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cases, in distinguishing between particular severe cases. After familiarization with
a typical T-re profile for severe situations, a local forecaster should be able to use
it successfully to improve the severe weather nowcasting processes. With the help
of this nowcasting tool, specific and more accurate weather warnings for
particular areas can be issued to protect property or even lives.
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Abbreviation list

CAPE - convective available potential energy

CCN - cloud condensation nuclei

CIN - convective inhibition

dBZ - radar reflectivity scale

EPS — EUMETSAT Polar System

ESSL — European Severe Storms Laboratory

ESWD - European Severe Weather Database

GOES - Geostationary Operational Environmental Satellites
MSG — Meteosat Second Generation

NOAA — National Oceanic and Atmospheric Administration

NWP — numerical weather prediction

Re  —cloud particle effective radius

re base — cloud particle radius range near the cloud base

re top — cloud particle radius range near the cloud top

RGB - colored combination of satellite channels

RUC - rapid update cycle

SAFNWC- Satellite Application Facility on support to Nowcasting
T14um — temperature of the level when particles reach a radius of 14 pm
Tg  —temperature of the glaciation phase bottom

Tl  —temperature of the top of the lower linear part of the profile
T-re — T represents cloud top temperature, re means particles effective radius
USA — The United States of America

WV —water vapor
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Abstract—Dendrochronological studies have revealed several environmental signals of
many oak species supporting the suitability of these species for climate reconstruction
(Haneca et al. 2009). Despite the large number of studies, limited information is available
on the influence of climatic condition and soil moisture on the growth characteristics of
Turkey oak (Q. cerris). Although soil moisture is probably the most limiting factor on
growth of most oak species, relevant studies in Hungary primarily focused on the effect of
temperature and rainfall, and ignored the impact of soil moisture. The combined analysis
of climatic factors and soil moisture would reveal the importance of the influencing factors
and would point out the anatomical patterns and environmental signals of a given area. In
the current study, we analyzed the dendrochronological characteristics of a grove in
Western Hungary (Central Transdanubian Region), and correlated tree anatomical patterns
with the mean monthly temperatures, monthly precipitation totals, and modeled soil
moisture at five different depths. The grove is exposed to environmental stress due to the
local soil and climatic factors. Our findings indicate that the most pronounced
environmental signal stored in the oaks is the change of soil moisture that exposes a direct
impact on tree growth.

Key-words: Turkey oak, soil moisture, tree-ring width, early wood width, late wood width
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1. Introduction and aims
1.1. Background

One of the most notable feature of Earth’s climate is its variability, which has
been profoundly affecting the evolution of life, distribution, diversity, and health
of trees and forest composition. The natural global warming that followed the
Pleistocene glaciation is exacerbated by the increased concentration of
greenhouse gases (Smith et al., 2014) and exerts an increasing influence on
forests. According to most studies, climate of the Carpathian Basin likely becomes
drier and warmer in the very near future (Bartholy et al., 2008), which, besides
the increasing number of extreme events, envisages the increasing frequency of
droughts (Fiihrer et al., 2011a). The single known positive effect of warming
climate is the increasing growth rate of the warm-loving and drought-tolerant tree
species (Somogyi, 2007, 2008), however, this sole positive phenomena is likely
unable to counterweight for all the negative effects of global warming. With the
decreasing return period of drought, the occurrence of forest fire likely increases
(A1B emission scenario, Smith et al., 2014), while, similarly, the spreading of
fungi-originated diseases speeds up, insect and pest damages intensifies,
therefore, tree tissue structure alters, triggering the general deterioration of tree
health conditions (Madtyas et al. 2010; Klimo and Hager, 2001). The habitat of
less drought-tolerant species will be taken over by less productive species
((Fiihrer et al., 2011a), resulting in decreasing productivity and CO» uptake. In
Hungary, the decreasing areal distribution of beech and sessile oak, and
simultaneously, the spreading of Turkey oak is expected (Moricz et al., 2013).
The latter species makes up 11.2 percent of the forest stands of Hungary
(Miniszteri Tajékoztato, 2015). Nevertheless, wood quality and economical
significance of Turkey oak, due to its known growth disorders (e.g., frost cracks)
and imperfections, is lower than for other oak species (Molndr et al., 2007).
Hence, due to its spreading in the region, thorough understanding of its
dendrochronological features is indispensable. Climatic preferences and reactions
of common European oak species (e.g., Quercus robur, Quercus petreae, Quercus
pubescens, Quercus ilex etc.) are well known (Cufar et al., 2014; Haneca et al.,
2009), and studies on the topic have also been conducted in Hungary (Kern et al.,
2009). However, due to their similar structural composition, oak species pursue
different survival strategies and react for increasing drought frequency in a
different manner (Nardini and Tyree, 1999). Turkey oak has a homogeneous
dendrochronological character, and it is sensitive to climate changes, providing
valuable climatic signals (Nardini et al., 1999; Di Filippo et al., 2010, Stafasani
and Toromani, 2015). However, only regional data are available on the
temperature and rainfall demand and drought tolerance of Turkey oak in Hungary
(Babos, 1984; Szabados, 2008).
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Tree-ring width (TRW) is the most commonly analyzed proxy in
dendrochronological studies, which provides a general overview on tree growth.
Tree-ring width fundamentally determines the anatomical features and structure of
tree rings (Gasson, 1987; Rao et al., 1997; Leal et al., 2007; Gricar et al., 2013),
therefore, dendrochronological studies principally focus on TRW. Analyses of
latewood width (LWW) and earlywood width (EWW) (Eckstein et al., 1977; Weigl
et al., 2008), however, provide climatic signals of intra-annual resolution and
enable researchers to obtain accurate paleoclimatic reconstruction of higher
resolution. The aforementioned features are spatially heterogeneous, thus climatic
signals are profoundly influenced by regional characteristics and settings (Gricar
et al. 2013). Depth of groundwater table, soil moisture contents, slope, exposure,
hierarchical role in ecological associations all influence growth (Stokes and Smiley,
1968), hence adequate filtering of climatic signal errors is only representative, when
a sufficiently large number of specimens are sampled. In their European habitats,
including Hungary, oaks most influentially react on the changes of long-term
rainfall patterns. Growth of Turkey oak, depending on the water budget of the soil,
is most profoundly affected by fall and winter rainfall of the preceding season and
the early spring precipitation of the year of relevance (according to the authors’
former unpublished findings). In other areas, the role of spring and summer
precipitation (Szabados, 2008) were found to be the most influential factors, and
the impact of temperature, as a limiting factor, had a lesser importance (Haneca et
al., 2009). Water demand of trees is primarily delivered from soils (Fritts, 1976),
and many studies indicated that the growth of oak species is chiefly affected by
mean monthly soil moisture values rather than precipitation (Graiser, 1951,
Auchmoody and Smith, 1979). Yet, growth rate of selected species do not directly
correlate with soil moisture contents (Kwiaton and Wang, 2015).

In the current study, we hypothesized, that the studied anatomical features
directly indicate the plant available soil moisture totals at different depths, while
only indirectly reflected the rainfall totals. Hitherto, no studies in Hungary have
been conducted on the correlation between the growth characteristics of Turkey
oak and the corresponding soil moisture contents. If our hypotheses are proven,
implementation of the impact of various soil physical types on the growth
characteristics of Turkey oak should be anticipated in the future.

Many international studies are available on the reconstruction of drought
periods using tree-ring data (Woodhouse and Overpeck, 1998; Stahle et al., 2000),
therefore our studies may provide additional data for future analyses in this field.

To analyze the major anatomical patterns of Turkey oak, we studied a grove
developed on soils of poor water availability that was formed on gravelly parent
material. As groundwater table is located at greater depth than the longest roots,
the association is exposed to climatic changes (group of sensitive oaks), and trees
provide profound growth reactions on climatic changes.

The objective of the current study is the analysis of the anatomical patterns
of the trees of the investigated site, and the comparison of anatomical patterns

245



with local climatic and soil moisture patterns to answer the following questions:
Which climatic factors are responsible for tree growth? Which climatic signals
are reproducible by the analysis of the tree rings of Turkey oak? What type of
correlation can be identified between the anatomical pattern of Turkey oak and
the change of soil moisture?

1.2. Site description

The research site is located northwest of the city of Ajka, on the low rolling hills of
the Papa-Bakonyalja region (Ddoveényi, 2010) (Fig. I). The reason for selecting the
site is our preliminary knowledge and extensive studies on the geomorphology and
water conditions of the site (Babdk et al., 2013). A second intention for site
selection was the extremely slow growth rate of the Turkey oaks of the area,
indicating a major drought stress, periodically exerted on the specimens of the
grove.  The 1000-meter thick Creataceous limestone and the overlying
carbonaceous Eocene sequence of 2 to 250 meters in thickness (Sz6c Limestone
Formation) emerges to the surface as a horn in the vicinity of the Szék Lake (Bohn,
1983). These strata are overlain by younger Oligocene and Miocene gravelly
sediments (Csatka Formation) (Bikari, 1979). By damming the Csigere Creek, the
Széki Reservoir, covering an area of 68 hectars, was constructed in 1978. The
experimental site is located downstream from the dam in the upper part of valley
side, northeast of the town of Devecser (Fig. 1). Springs were revitalized here due
to the replenishment of the karst water system (Babdk et al., 2013) from the
adjacent areas. As the site is located on a ground approximately 5 to 8 meters above
the springs, the trees are unaffected by spring water and capillary water rise.

Fig. 1. Location of the study site.
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The study area belongs to the Papa-Bakonyalja forestry subregion (Bidlo et al.,
2006). The moderately cool and moderately wet area has an annual insolation of
1,960 hours, and it is characterized with a mean annual rainfall total of 650 mm
(Déovényi, 2010). Under the studied grove the typical genetic soil type is Leptosols
(Entisols in the soil taxonomy), while the physical soil type is loam with a high
concentration of coarse and gravelly fragments, characterized with unfavorable
hydrologic properties and poor drainage. Topsoil thickness in the studied area
ranges between 20 and 40 cm according to the AGROTOPO soil database
compiled by the Research Institute for Soil Science and Agricultural Chemistry
(RISSACQ).

According to the studies of Kovdcs et al. (2012), the area belongs to the
hornbeam-oak forest climatic zone, slowly transitioning to sessile oak — Turkey
oak climate. The dominant tree species of the study area is the Turkey oak,
however, along the Csigere Creek, black alder (4/nus glutinosa) is also commonly
found. The approximate mean age of the trees of the studied grove ranges between
110 and 120 years. The average trunk diameter is around 35 cm, while the average
height is about 22 meters. Turkey oak is a tree of Mediterranean origin, however,
it easily adapts to the extreme temperature and soil moisture fluctuations of
Hungary (Gencsi and Vancsura, 1992). Turkey oak is a ring-porous species that
rarely develops missing and false rings, hence it is an ideal candidate for
dendrochronological analyses (Schweingruber, 1993). During drought periods,
taproot provides water supply for the trees, while root hairs create a homogeneous
zone in the subsoil (Fiihrer et al., 2011b). The early wood vessels are relatively
large, usually organized in the multiple rows. Wide rays and longitudinal
parenchimas commonly characterize the xylem (Molnar et al., 2007).

2. Methods
2.1. Dendrochronological methods

Sampling was done in April, 2014, during which 16 trees were sampled with
random sampling (Speer 2011), and 31 drillings were used in our analyses.
Sampling was done with a Haglof Mora increment borer at breast height following
the methods of Jozsa (1988). Core samples were glued to sample holders and were
polished to 400 grits. The processed samples were digitalized at a resolution of
1200 dpi and were analyzed with Image] 1.48 software. Growth curve
standardization (removal) was carried out with ARSTAN (44.h3), autocorrelation
was minimized according to Cook (1985). Quality of the TRW, LWW, and EWW
chronology, prepared for the period of 1979 to 2013, was validated with Cofecha
(Holmes, 1983), during which mean sensitivity (MS) and expressed population
signals (EPS) were considered.

Mean monthly temperatures and precipitation totals were measured at the
Papa Weather Station, located about 20 km from the study site, were downloaded
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from the ftp.ncdc.noaa.gov server. Data were validated and corrected with the
annual precipitation data of the Hungarian Meteorological Service. Using the
meteorological data, forestry aridity index (FAI, Fiihrer, 2010; Fiihrer et al.,
2011a) was calculated for the studied period.

FAI =100 Doom

+P

V-vil Vi -vii R ( 1 )

where Ty is the mean temperature of the months of July and August, Py.yiris
the rainfall total of the months of May, June, and July, and Pyyuris the rainfall
total of the months of July and August.

Linear correlations were then analyzed for all climatic, soil moisture, and
anatomical datasets.

2.2. Soil moisture calculations

Using the aforementioned temperature and rainfall data, Thornthwaite potential
evapotranspiration (Thornthwaite, 1948) was calculated according to Eq. (2):

Fo=t6 LY (100

P 12 30 \ 7 )
where L is the mean length of daylight during the given month, N is the number
of days in the month of relevance, 7, is the mean monthly temperature, while / is
the annual heat index, the sum of the monthly heat indices 7, and a was calculated
according to Eq. (3):

a=(6.75-107P)(7.71-1052)+(1.792-10-21)+0,.49239 . 3)

The annual heat index / was calculated as follows:
T 1.514
=Y
2%

Using the annual evapotranspiration and precipitation data, soil moisture
content was modeled for the entire 35-year period with Hydrus-1D (v.4.16.0110).
The initial time step was 1 month, thus 420 time variable records were entered to
the model. The maximum number of iteration was set to 100. For the hydraulic
model we used the Van Genuchten-Mualem model with hysteresis, with an initial
drying curve. Residual water content 6, was adjusted to 0.0737 m®> m~, while the
saturated moisture content was set to 0.43 m® m~. The van Genuchten parameter

4)
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of o was adjusted to 0.0019, while » and the saturated hydraulic conductivity (Kj)
were set to 1.31 and 9.05 mm d!, respectively. The upper boundary condition
(BC) was set to atmospheric BC with surface runoff, while for the lower BC, free
drainage was selected. For the time variable BCs monthly precipitation and
evaporation totals were used, and interception was not considered in the
calculations. As Thornthwaite’s equation calculates potential evapotranspiration,
we ignored transpiration through the trees, with the exception of indicating the
presence of root collar in the entire modeled soil profile with a root density of
100/mm.

Based on our field experience, a homogenous loamy soil profile of 60 cm
depth was used in the model. The initial volumetric moisture content was set to
0.25 m* m™ at the surface, and it gradually increased with depth to 0.35 m* m~to
the bottom of the profile (60 cm). Soil moisture was modeled at depths of 4, 10,
20, 30, and 58 cm. Output model data were then correlated with tree anatomical
parameters.

3. Results
3.1. Climatic changes

The overall tendency of the monthly precipitation totals indicate a decreasing
trend for the period 1979-2013 for the study area (7able I). Precipitation decrease
is more pronounced for the months of November and December, however, a
noticeable drop is observable during April and the summer months, during which
water availability is crucial for tree growth. Slight increase in monthly rainfall
totals is observable only in February, March, May, and September. Mean monthly
temperatures, with the exceptions of September and December, indicate an
increasing trend. Warming is the most pronounced during the summer months.
The combined rainfall and temperature data clearly indicate the increasing
aridification of the climate in the study area.

The FAI pattern acts similarly to the temporal aridification pattern of the area
(Fig. 2). The FAI time series clearly indicates the arid periods of the late 1980s
and early 1990s (=D9), the early 2000s (=D20), and the post-2010 (=D21) drought
periods of the area. F'A[ is sensitive to the alteration of the arid and humid periods.
The mean value of the FAI for the entire studied period was 6.82. Noticeably,
during the dry periods, the mean value sometimes is exceed by twofold, reaching
an index value of more than 13 and lasts for an excessively long time. The typical
value of the index ranges between 4 and 6 during the more humid periods. The
highest value of the F/A/ during the study period reached 14.17, its minimum was
3.3 with a standard deviation of 2.76. The overall temporal tendency indicated an
increasing trend (Fig. 2).
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Table 1. Slope of the linear regression line of the monthly rainfall totals (Pslope) and the
mean monthly temperatures (Tslope) measured at the Papa weather station between 1979
and 2013

Y Pslope  Tslope
1 -0.138 0.052
2 0.024
3
4 —0.284 0.060
5 0.036
6
7
8 -0.133 0.043
9
10
11
12 —0.593
winter -0.254 0.018
spring - 0.034
summer —0.493 0.057

autumn - 0.026
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Fig. 2. Time series of the FA4/ values, based on the meteorological data of the Papa weather
station.
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3.2. Soil moisture (SM) variability over the study period

The average soil moisture positively correlates with the month of the active
vegetative period, and shows a relatively high correlation with January and
February, however, we found no correlation with December. The highest
correlation between SM and growth was found for spring and summer, especially
for May and June, the months of the most intense LW formation.

As it was expected, the largest modeled soil moisture fluctuations and
standard deviations were observed at a depth of 4 cm (Fig. 3). As shallow topsoil
plays a very limited role in the physiological activity of large trees and is
profoundly affected by drying up or rapid replenishment (Echeverria et al., 2001;
Hegediis et al., 2015), we ignored this modeled soil moisture data in our analyses.
The amplitude and deviation of the SM data decreased with increasing depth,
ranging between 0.27 and 0.33 m* m~ below the depth of 20 cm. The periodical
(monthly) SM fluctuations, generated by rainfall and evaporation variability, were
hardly detectable below 20 cm. The modeled SM extremes (maxima and minima)
at greater depths were shifted by up to a year compared to the values detected at
a depth of 4 cm. However, unlike the climatic data, no long-term linear trend is
observable for the temporal changes of SM data (Table 2).
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Fig. 3. Modeled volumetric soil moisture contents for the period 1979-2013 for five
different depths (depths are shown in cm in the legend).
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Table 2. Slope of the linear regression line of the soil moisture data at the five modeled
depths between 1979 and 2013

Depth (cm) Slope

4 —0.00039
10 —0.00021
20 —0.00009
30 —0.00002
58 —0.00018

3.3. Anatomical patterns of the studied trees

The oldest studied Turkey oaks of the experimental site reach an age of 110—
120 years. During sampling, all trees were healthy, however, almost all trees were
affected by frost cracks. Additionally, a considerable amount of methane has
accumulated on the border of the hardwood and the sapwood, which was released
in all cases during coring. Among the studied anatomical features, the earlywood
and latewood form the tree-ring. Over the studied period, the tree growth and the
increase of the EWW, LWW, and TRW were extremely low, compared to habitats
of better water conditions (7able 3). Commonly, only a row of EW vessels was
formed over the beginning of the growth season, therefore the EWW corresponds
with the transversal width of the vessels. The deviation of the EWW was the
lowest, and according to its size, this anatomical feature is the least influential (on
average in 38%) in the structure of the tree ring. The only exception is the arid
period during the early 2000s (from 2002 to 2004), when the width of the EW
slightly exceeded that of the LW (Fig. 4). LW, on average, influences the TRW
in 62%, and its width, similarly to the EWW is extremely low. A very strong linear
correlation exists between the EWW and LWW with a coefficient of 0.998 closely
correlating with the TRW.

Table 3. Statistical data of the studied anatomical features (MIN = minimum, MAX =
maximum, AVERAGE = mean, STDEV = standard deviation)

EWW LWW TRW
MIN 0.304 0.329 0.677
MAX 0.493 1.135 1.585
AVERAGE 0.415 0.717 1.132
STDEV 0.042 0.209 0.243
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Fig. 4. Non-standardized EWW, LWW, and TRW chronology of the studied trees.

3.4. Correlation between the anatomical patterns and the climatic and SM data

At a probability level of p = 5% we only showed and analyzed correlations where
correlations exceeded » = 0.33. The similar temporal behavior of EWW, LWW,
and TRW showed a strong correlation with the measured climatic and modeled
SM time series. The growth of the studied oaks was fundamentally influenced by
monthly rainfall totals, while it was almost independent from mean monthly
temperatures. Rainfall during fall of the preceding year, especially for September,
showed a strong correlation with all anatomical patterns. Winter precipitation
only showed correlation with the EW. Spring precipitation had a lower correlation
with the anatomical patterns than the fall precipitation of the preceding year. Mean
June temperatures exert a strong negative effect on growth rate. Despite the
abundant literature on the importance of May precipitation (e.g., Haneca et al.
2009; Gricar et al., 2013) on plant growth, correlations with the anatomical
patterns found in the current study just fell below the threshold » = 0.33.

For the depth of 10 cm (SM10) the SM from January to August influenced
growth rate of the studied grove, with a highest correlation with the spring months.
Correlation was also found between the winter months and SM10, however, this
is likely influenced by the moisture conditions of January and February (Table 4).
Among the soil moisture values for a depth of 20 cm (SM20), the spring, summer
and fall SM values influenced the growth rate positively. For the depth of 20 cm
(SM20), the months from May to October impacted most intensely the growth rate
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of the trees. SM30 positively correlated with the months from May to October,
and if entire seasons are considered, with summer and fall. For the SM values
modeled for a depth of 58 cm, no correlation was found with the anatomical
patterns. In accordance with the aforementioned time shift, the highest correlation
was found for growth rate with winter SM4, spring SM10, summer and fall SM20,
and fall SM30 data. The average soil moisture for the entire profile positively
correlated with the entire studied period (from January to October), including the
months of January and February. Nevertheless, we found no correlation between
the SM of the antecedent year and the anatomical patterns. Correlation coefficients
between the F/AI and the anatomical parameters ranged between 0.45 and 0.49.

4. Discussion

The aridification trend in Hungary has been widely published by many authors
(e.g., Matyas et al., 2010; Kovdcs et al., 2012), and it is supported by the linear
correlation trends of the rainfall and temperature data observed in Papa between
1979 and 2013. The aridification tendency is in accordance with the long-term
changes of FA/ that was already documented by Fiihrer (2010) and Fiihrer et al.,
(2011a). FAI values are derived from the climatic data of the most intensely
warming and aridifying months. The mean F'4/ value of 6.82 for the entire studied
period positions the area into the zone of the forest climate that is characterized
by sessile oak and Turkey oak. This finding is in a good correspondence with the
findings of Kovdcs et al. (2012), although it is found in the upper portion of this
forest climate zone (FAI =6.001-7.250). It is also notable, that the FA/ many
times exceeded the lower boundary of the forest steppe climate that lacks climate-
indicator tree species, or, in extreme cases, is characterized by the complete
absence of trees (Fiihrer, 2010). Trees of the studied grove were capable to
tolerate these relatively short, maximum 4-year periods, as FA/ is only interpreted
as the climatic average of decadal periods. The changes of F/A/ values are clearly
reflected in the LWW, EWW, and TRW values. Such arid periods are likely
undesired for tree growth, as, besides rainfall, no additional water source (e.g.,
spring water) is available for their physiological functioning (Somogyi, 2007,
2008). Aridification may result in gradual decrease in growth rate or health
disorders and deterioration (Csdka et al., 2009).
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Apparently, no direct correlation was found between surface climate and soil
moisture data as SM is shifted in time compared to surface climatic patterns, with
a simultaneous attenuation of extreme values. At greater depths, SM changes
occur with significant lag (e.g., Mahmood and Hubbard, 2007; Venkatesh et al.,
2011), explained by the complex buffering and balancing capacity of soils. This
process may prove favorable for trees, as they may take up water from both the
shallower and deeper soil profiles. As the drying up of the deeper soil horizons is
delayed, it may supply water for trees during the dry periods, while water is taken
up from the shallow subsurface horizons over the rainy periods. This quasi-
idealistic approach is shaded by the large spatial and temporal heterogeneity of
SM. Additionally, different tree species take up water from various depths, i.e.,
their rhizosphere intrudes to different depths (Montagnoli et al., 2012). Species-
specific analyses of rhizosphere depths have been carried out for a limited number
of tree species and solely under artificial conditions (Grossiord et al., 2014). For
Hungary, Fiihrer et al. (2011b) provided detailed information on the general
properties, of the rhizosphere and water demand of adult Turkey oaks. The rate of
water uptake depends on the root density of the rhizosphere, physical soil
properties and water potential (Nobel, 1991; Bréda et al. 1995). Additionally, due
to the phenomena of hydraulic lift, SM may be transported from the moist lower
soil horizons to the upper and drier soil horizons via the non-suberised radicles,
whose Casparian strips are not formed yet (Caldwell et al., 1998; Jackson et al.,
2000; Zapater et al., 2011).

Because of the elevated age of the studied trees, their juvenile growth
anomalies are commonly excluded from the analyses (Norgler, 1981). The early-
season frosts may form the so-called frost cracks (Butin and Shigo, 1981) that
directly do not affect tree health, but rather influence wood and timber quality.
Presumably, methane-producing bacteria enter into the wood through these
cracks. Nonetheless, the source of the methane generation is still subject of
debates, some authors explain the process with the anoxic decomposition of the
tree interior (Covey et al., 2012), while others believe that methane is taken up via
the roots from the soil (Fender et al., 2013). During sampling, no sign of interior
rot was found in the studied trees, therefore, in the absence of saturated moisture
contents and organic matter, no methane generation is likely in the studied oaks.
Complete understanding of the process is preferred, as the presence of methane,
having 29 times higher forcing on climate than CO», and its subsequent emittance
into the atmosphere intensifies the global greenhouse effect (Rice et al., 2010).
Consequently, due to their enlarged ecological amplitude, methane emission of
Turkey oak may contribute to the increased greenhouse gas emission in the future.

The reduced growth rate of oaks with increasing age, which was removed
from the analyzed samples, is not a climatic signal but rather a species-specific
genetic nature. Tree growth was extremely slow over the study period, even
compared to other test sites of higher water availability for the same period (from
1979 to 2013) indicated by lower-than-average TRW, EWW, and LWW values
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(according to the authors’ former unpublished findings). In extreme cases (Fig 4,
D20), the width of the EW exceeded that of the LW, indicating extremely arid
conditions. Due to the effect of extreme weather patterns, other diseases and pests
may further diminish growth rate, however, these biotic factors, due to insufficient
data accessibility, are unavailable for direct modeling and encoded in tree
structure in a combined manner with climatic markers. The extremely close
correlation among the EWW, LWW, and TRW corresponds with the findings of
Gasson (1987), Rao et al. (1997), and Leal et al. (2007), according to which, TRW
fundamentally determines the anatomical structure of oaks. The authors’ former
unpublished findings disproved these results for oaks that were provided with
excess water due to the adjacent springs. EWW and LWW are formed over
different times of the growth period (Schweingruber, 1993), therefore, the TRW
stores different environmental signals as the sum of the EWW and LWW.

In the current study, we found close correlations among EWW, LWW, and
TRW, indicating a very similar temporal pattern. This similarity encumbers their
correlation with the environmental variables, and the explanation of the
anatomical parameters and relation to physiological activities, thus decreasing
their temporal resolution.

Many authors have already indicated the primary role of rainfall, and the
secondary role of temperature on oak growth (Haneca et al., 2009). Fall
precipitation, and especially rainfall totals of the previous September positively
correlates with EWW, and this correlation was inherited to the TRW. Exclusively
for the EWW, correlation was found with the winter precipitation totals.
Formation of the EW vessels at certain areas may occur at the end of the growth
season, or in the case of embolism, at the beginning of the growth period, or may
be renewed by prior to bud burst (Lembourgeois et al., 2004). 1t is widely known
that even prior to bud burst and the photosynthetically active period, ring-pore
trees develop their EW vessels (Wareing, 1951; Aloni, 1995), therefore,
carbohydrates, essential for cell-formation, are allocated from the preserves of the
preceding year. In case of oak species, fall is the primary period for the
development and storage of sugar and starch (Lacointe, 2000, Barbaroux and
Bréda, 2002). Aloni (1991) further corroborates this fact, as he pointed out that
auxin, essential for activation of the cambium, accumulates during the growth
period of the previous year. Therefore, compounds and hormones, vital for cell
development, are readily available before bud burst. Accordingly, the width of
EW is primarily influenced by the climatic conditions and water budget of the
previous fall and winter (Orcel et al., 1992; Santini et al., 1994; Nola, 1996).
Additionally, vessel lumen area also impacts EW width, while lumen area changes
as a function of available moisture. Moreover, commonly close correlation exists
between the lumen area of the vessels of EW and LW (Nola, 1996; Tardif, 1996;
Lembourgeois et al., 2004). According to Lembourgeois et al. (2004), plant
available and uptaken moisture is utilized for the mobilization of carbohydrates.
Sass-Klaassen et al. (2011) claims the complete lack of EW formation of Q. robur
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before bud burst, although these findings have not been verified for neither Q.
robur nor Q. cerris by other studies. Our findings are clearly interpretable based
on the aforementioned results, although, to identify the exact period of EW
formation, multi-year sampling and monitoring is inevitable.

Due to the occasional two-stepped EW formation, signals contained by the
EWW may differ in time. Due to the close correlations among the EWW, LWW, and
TRW, explanation of this temporal difference is challenging. Nonetheless, all three
parameters bear strong, climatic signals of the previous year. Seemingly, due to the
environmental stress, trees prepare themselves for the next growth season, and may
store and allocate a sufficient amount of carbohydrate for the growth of the
subsequent year (Bréda and Granier, 1996). This process is likely positively
influenced by the water supply of the moderately aridifying months. The low
correlation with May precipitation is associated with LW development, since EW
formation is terminated by this time. Oddly, neither negative, nor positive
correlations were observed between the precipitation totals of the driest summer
months and anatomical parameters, but it is explainable by the complexity of tree
growth, as physiology far exceeds simple correlations (4nning et al., 2013).

Due to the aridification of the area, moisture availability in the soils is highly
variable in time. In areas of favorable water availability, SM shortage affects water
availability in a delayed manner, and soil water potential should approach the
permanent wilting point to exert a significant physiological effect on plants to
generate distinct signals in the TRW (Fritts, 1952).

According to Meyer (2002), SM plays an important role in the germination
of seedlings, and its impact is clearly observable in adult white oaks (Quercus
alba). With the formation of EW, tree-ring generation is complete in 38% before
the bud burst, indicating only a slight difference from Quercus petreae, where
43% was measured by Bréda and Granier (1996) and more than 30% by Hinckley
and Lasoie (1981). Therefore, in theory, the impact of SM of the previous growth
season on EW and TRW is 38%. During transpiration, plant available water of the
capillary pores is taken up (Nemani and Running, 1989) that principally influences
the leaf, and to a lesser degree, the TRW development (Bréda and Granier, 1996),
but overall it supports the entire biomass of the tree (Legg et al., 1979). The
triggering factor of transpiration is canopy that develops simultaneously with the
LW, therefore, the post-bud-burst (late spring and early summer) SM correlations
may also be interpreted for LW. Based on our findings, it is obvious, that with
increasing time, SM located at greater depths is taken up by the trees. In
accordance with the conclusions of Chen et al. (2008), with decreasing moisture
income in the topsoil, SM shortage and water uptake extends to greater depths
over elongated dry spells. During late spring and summer, roots transport water,
necessary for LW development and maintenance of physiological activities from
greater depths. However, no significant correlation was found with SM58, which
is explained by the time-shift of SM with increasing depth. Yet, mean SM of the
entire profile does not provide sufficient information on the better understanding
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of the anatomical patterns of the studied trees, as SM correlations at different depth
are blurred this way. Correlations between SM and anatomical patterns are further
refined by Riedacker (1976), according to whom, root growth is positively
influenced by available SM, nutrients, but negatively affected by low soil
temperatures. At adequate soil temperatures, root growth remain continuous over
the fall months, therefore correlation with fall SM is possible.

5. Conclusion

According to our results, the study area has become increasingly dry over the
studied period from 1979 to 2013, and the sessile oak-Turkey oak forest climate
gradually changes to forest steppe climate. Climatic signals of the D9, D20, and
D21, typical for forested grasslands, were persistently dominant. However, the
desiccation of soils was undetectable in the model, likely due to the replenishment
of soils from the excess moisture of the cooling and more humid months. The
excess moisture of the months with increased precipitations and the slightly
warming mean temperatures (e.g., March and September) counteract for the water
shortage of the intensively aridifying months (e.g., January, April, June, July,
August, and November). Moving to greater depths in the modeled soil, a
pronounced delay was observable in terms of the impact of SM with a simultaneous
decrease in SM amplitudes. Furthermore, D20 and D21 influenced all anatomical
features and SM in all depths and correlated with weather data and FAI.

Due to the poor soil conditions and climatic aridification, the studied trees
have developed sensitivity to environmental changes, hence they bear pronounced
climatic signals. Nonetheless, anatomical features, due to their almost identical
patterns, hold similar signals that make the interpretation of the observed
correlations more challenging.

According to our model-based results, SM influences anatomical patterns
most significantly among all the studied meteorological and pedological factors.
Modeled SM impact was clearly detectable to a depth of 30 cm, while poor
correlation was found with SM58, which is likely explained by the time-delay of
SM at greater depths.

The direct impact of rainfall on growth was less pronounced during the
growth season than in the preceding September. In contrary to former results, we
found a poor correlation between May precipitation totals and growth rate. With
the exception of June, correlation between mean monthly temperatures and
growth rate were less than » = 0.33, therefore, they are not shown in Table 3. Mean
June temperature adversely influenced growth rate with » = —-0.367, —0.373, and
—0.377 for EWW, LWW, and TRW, respectively.
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Abstract— Seasonal progression of common reed (Phragmites australis) growth has
been described by leaf area index (LA/), a key variable of crop growth, during two
consecutive seasons at the Kis-Balaton wetland (KBW) in Hungary. The key objective of
this study was to quantify the morphometric variability of L4/ among common reed beds
while distinguishing between established plant canopies with standing water (SR) and
without water cover (DR). Seasonal mean LA/ of plants with unlimited access to water
was 3.21+0.36 and 2.66+0.34 for 2014 and 2015, respectively, while that of plants
growing without water cover was 1.11+0.22 and 0.89+0.19. Common reed may be more
sensitive to the presence or lack of continuous water cover than to variable weather
conditions. Weekly LA/ curves with two different water supplies as a function of growing
degree day (GDD) were conducted to estimate the timing of peak L4/ Modeling the sums
of seasonal evapotranspiration (E7) of swamp reed in SR showed only slight increases
(56.3 mm and 50.8 mm) in 2014 and 2015, respectively. Total ET showed significant
variation between both seasons, with the 2015 sum of ET being almost twice that of 2014.
The findings of this study improve our knowledge about the growth of common reed LA/
under variable weather conditions and water cover. The response of a plant, including LAZ,
to varying environments, may illuminate a course of action in wetland conservation
programs. In addition, estimates of LA/ based on meteorological variables might serve as
useful inputs for different £7" and growth models.

Key-words: common reed, weather impacts, growing degree day, lead area index
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1. Introduction

Common reed (Phragmites australis (Cav.) Trin. ex Steud.) is a cosmopolitan
perennial vascular plant that occupies a wide range of climatic habitats, and is
known as the most common wetland plant (Lambertini et al., 2008). In the
Northern hemisphere, common reed occurs at latitudes between 70° N and the
tropics (Clevering and Lissner, 1999). Differences in the length of common
reed’s growing seasons witnessed at different latitudes may be a relatively
simple evolutionary adjustment based on temperature (Clevering et al., 2001).
Among other stressors such as salinity, nutrient supply, cold or other severe or
extreme weather conditions, one of the main ecological stressors in common
reed stands that affects its growth capacity is water level (Bresciani et al., 2011,
Engloner, 2009).

Leaf area index (LA[), a key-variable for plant growth, is defined as half the
total green leaf surface area per unit ground surface, and is a useful measure of
seasonal canopy dynamics (Savoy and Macay, 2015). Leaf properties should be
used as indicators of vegetation activity of the biosphere-atmosphere continuum
(Burba and Verma, 2001). The period of activity of macrohyte vegetation can be
typified by the seasonal pattern of green leaf area (Burba et al., 1999). The LAI
approach that allows plant growth to be monitored also has limitations
associated with the time interval (10-14 days or longer) between plant sample
collections (Brenner and Ham, 1999).

Size of the foliage area not only affects plant productivity but almost all
characteristics related to the extent of evapotranspiration (E7T) (Burba and
Verma, 2001). Wetland-to-wetland differences in leaf area cause large variations
in canopy ET, because one determinant of E7 is biological control by
manipulating the size of foliage (i.e., transpiration) area (Pedescoll et al., 2013).

A concept used worldwide, growing degree days (GDD), is based upon the
assumption that below a minimum (base) temperature (7,), plant physiological
processes are suspended (McMaster and Wilhelm, 1997). Irmak et al. (2013)
suggested 7 °C for common reed 7, when calculating GDD for Nebraska, USA.

Zonation of emergent plants is the result of their adaptation to complete
flooding and extended dry periods (Sorrell et al., 2000). The phenotypic
plasticity of common reed allows it to modify its morphological response by
changing the photosynthetic area (Clevering and Lissner, 1999) hence its
importance and link to LA/

Morphological analyses of common reed canopies growing at different water
depths frequently provide contradictory results (Engloner, 2009) most likely due to
differences in observation sites and methods applied. Our area of investigation, the
Carpathian Basin, is expected to have drought and floods creating extreme weather
conditions with variable inter- and intra-annual temperature and precipitation
events. Changeable weather makes the study site worthy of an LA/ investigation,
where summers may display either arid or humid conditions.
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There is extremely scant literature that has examined the impact of water
cover on common reed leaf expansion. Measurements related to a wetland’s LA/
are still uncommon, because they involve complex and time-consuming
processes. To fill this gap, the primary goal of this study was to estimate LA/
values by using easily accessible meteorological elements. Over a two-year
period, two different water covers were studied, equivalent to two seasons in
each year. Different models are in use to estimate wetland £7, where the most
important input related to plant growth is LAl (WETSIM: Poiani and Johnson,
1993; TSEB: Kustas and Norman, 1999). The second objective of the present
investigation was to parametrize LA/ seasonal variation as an input of these
models. Ultimately, we wanted to feature a distinct common reed-specific
distribution curve throughout the growing season that was closely related to
plant development. Poor analysis of the seasonal change in LA/ may cause
serious inaccuracies in estimating vegetation productivity and transpiration due
to the close link between leaf size and carbon fluxes (Ryu et al., 2008). Our
results are important for further understanding of wetlands’ characteristics, and
for protecting their ecological function worldwide.

2. Materials and methods
2.1. Studly site

Lake Balaton (surface area: 596 km?, average depth: 3.25 m, water volume:
1.98 km®) is a vulnerable shallow freshwater lake in Hungary, closely connected
to the Kis-Balaton wetland (KBW), which serves as a filter for the lake.
Artificial water reservoirs were also constructed, establishing the Kis-Balaton
Water Protection System (KBWPS). As part of a two-step project, Hidvégi Pond
(52 km?, water retention time 30 days) and a part of Fenéki Pond (FP) (16 km?,
water retention period 90 days) started to function in 1985 and 1992,
respectively (7Tatrai et al., 2000).

The sample site, FP [geographical position: 46°39'N; 17°12'E; mean
elevation 104.5 m (max.: 106 m, min.: 103 m) above Baltic Sea level] is located
on the south-west side of Lake Balaton (Fig. /), 7.75km far from the
Meteorological Research Station of Keszthely. An average water depth of
0.4-0.6 m is maintained at about one-third of the study area (16 km?). The
remaining part of FP has no constant water cover and only residual water
puddles may appear temporarily. The estimated area covered by residual water
is less than 1%.

The characteristic soil is organic (peat), formed by excess moisture from
groundwater and precipitation, and the shoreline is anchored, allowing it to
dissipate erosive forces (Istvanovics, 1994).
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Fig. 1. Map of the Kis-Balaton wetland (KBWS: framed leftward graph) of Hungary,
showing the location of Fenéki Pond, FP (study area — bordered by a continuous line)
with sampling sites for dryland (DR) and water-covered (SR) common reed stands along
the embankment (dam). Hidvégi Pond is highlighted by a dotted line. River Zala is the
largest inflow of watershed, and is denoted by a thick line.

2.2. Macrophytes of sample site

Based on on-site macrophyte composition and cover observations (Adnda et al.,
2014), the dominant emergent macrophytes at FP were common reed, cattail
(Typha angustifolia, Typha latifolia), and sedge (Carex acutiformis, Carex elata,
Carex riparia) accounting for about 70% of the canopy cover. The average ratio
of the open water surface was only 6% in the long-term (about 30 years). Other
minor plant categories, such as shrubs (Salix cinerea, Salix alba), tree patches
(Salix fragilis, Alnus glutinosa, Populus tremula), or grassland (dominant
species: Festuca rupicola, Arrhenatherum elatior, Alopecurus pratensis) were
also identified with much less than 10% cover (4dnda et al., 2014). Common
reed was used as the sample plant in our study as it accounted for more than
50% of the macrophyte vegetation cover of FP.

2.3. Weather with meteorological and related ET observations

Meteorological observations were carried out on the northern edge of KBW, at
the Meteorological Research Station of Keszthely (latitude: 46°44', longitude:
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17°14', elevation: 124 m above Baltic Sea level) with a QLC-50 (Vaisala,
Helsinki, Finland) automatic climatic station equipped with a CM-3
pyranometer sensor (Kipp & Zonen Corp., Delft, the Netherlands). The
combined sensors for air temperature (7,) and relative humidity (RH)
measurements were placed at 2m above the soil surface. Signals from
meteorological sensors were collected every 2 s, and 10-min means were logged
by the climatic station.

The climate of the study site is temperate continental with an annual mean
long-term (1871-2014) T, of 10.5 °C showing a monthly minimum of —1.1 °C in
January and reaching a maximum of 21.1 °C in July. The annual mean
precipitation (P) is 673.3+137.9 mm with fairly large monthly variation. The
monthly mean P varies between 32.7 mm and 76.1 mm in the driest January and
wettest July, respectively. The rainfall distribution at KBW shows a special
character and is concentrated between May and July, contributing to over half of
the yearly sum. Yearly precipitation is highly variable due to characteristics of
the Carpathian Basin.

The 2014 and 2015 seasons were warm with a 7, of 0.5 (P(T<=t)=0.349)
and 0.9°C (P(T<=t) =0.048) higher than its long-term mean (7able I).

Table 1. Mean monthly air temperatures (7,,) and monthly precipitation sums (P) for the
study seasons. Data were calculated for the time period 1971-2000

Apr May Jun Jul Aug Sep Oct
T. [°C] 1971-2000 10.5 15.7 18.7 20.5 20.1 15.7 10.3
P [mm] 1971-2000 50.5 59.6 78.5 73.5 65.1 57.1 49.0
T.[°C] 2014 12.3 14.7 18.9 21.2 19.1 16.1 12.7
P [mm] 2014 58.6 76.5 59.7 113.1 148.1 159.7 68.3
T, [°C] 2015 10.8 15.6 19.5 22.9 22.6 16.6 9.7
P [mm] 2015 4.0 102.3 20.9 60.9 70.3 62.9 151.6

Climatic norms of 1971-2000 were applied for comparison, and the P of
both experimental seasons was contrasted. In the wetter year, 2014, the rainfall
sum during the vegetation season was 44.8% (P(T<=t =0.035) higher than the
long-term average. By contrast, the growing season was dry in 2015, with 8.7%
(P(T<=t)=0.794) less than long-term mean sum of rainfall. However, the
summer of 2015 was even drier, and the lack of rain water until September 1
was 17.9% lower than the climatic norm. The 156 mm monthly precipitation in
October raised the seasonal mean precipitation of 2015, which might be
considered to be less decisive for common reed development. Interannual
variation in monthly mean 75, was large in July, +1.0 and +1.7 °C higher than the
long-term average in 2014 and 2015, respectively, corresponding to the most
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sensitive period of common reed growth patterns. In September 2014, serious
flooding events occurred which increased the surface water level in part of the
studied area (Fig. 2). The FP water level rose from 0.6—0.7 m in April to 1-1.5 m in
September. At the same time, the area of our second (dry) sample site remained
dry, without any surface water cover.
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Fig. 2. Seasonal trend of standing water level measured on-site of SR relative to surface
(0 cm) during the two seasons. In DR there was no standing water in both summers.

On the basis of six years of on-site observations, the E7 of the reed bed was
modeled using an earlier tested empirical approach for warm seasons (4Anda et
al.,2014):

ET=0.142R,+ 0.2117,— 0.042RH + 0.134LAI + 1.082, 1)

where R, is the net radiation.

This model works on a daily basis. In this study, weekly E7 sums were
presented for two water levels, i.e., common reed standing in water (SR) and
plants without water cover (DR).

2.4. Plant observations

In the present study, we distinguished a priori two different stand morphotypes
(treatments) of common reed as the dominant macrophyte of FP:
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— Plants standing in water, where evaporation from the water body would be
limited only by available energy under the given surface and atmospheric
conditions. These plants were grown in swampland areas (swamp-reed, or
SR).

— Plants of dryland conditions (dry-reed, or DR), located at the foot of land
sloping down to FP, where the latent heat, including evaporation, would be
limited due to shortcomings in soil moisture.

Measurements of weekly LAl (dimensionless: size of green leaf area [m?]
above unit ground surface [m?]) were used to estimate vegetation growth. After
the plants emerged, leaf area was measured on 10 randomly chosen sample
shoots every week using a portable automatic planimeter (LI-3000A, LI-COR
Inc., Lincoln, NE, USA). Shoots that were selected were characteristic of the
whole canopy plant stand within each water treatment. After manually counting
shoot density from five subplots with an area of 0.25 m? within the wetland for
each treatment, LAl was expressed every week. L4l measurements started when
it was approximately 0.1-0.3 (day of year, DOY ~100), similar to earlier studies
on common reed growth patterns (Irmak et al., 2013, Burba et al., 1999).

The LAI values were regressed against daily cumulative GDD. When
calculating GDD for common reed, we used 7 °C as the base temperature 7o,
because the on-site observed temperature for common reed emergence coincided
with 7 °C in the first half of April:

GDD=Y(T.Ty), 2

in which both temperatures, 7, and 7y, were considered on a daily basis.
2.5. Statistics

To compare the impacts of two water levels, a two-tailed #-test was used. Two-
way analysis of variance (ANOVA/t-test) was performed to examine the impact
of seasons and water cover on LA/. Differences were considered to be
significant at o = 0.05.

Multiple stepwise regression analysis was used to assess the influence of
meteorological variables on LAI. To compare measured and simulated (based on
meteorological variables) LAI, a linear regression (y=a+bx) was used
(measured LAl data as dependent variable y, simulated LA/ as independent
variable x). The accuracy of the estimate was considered to be acceptable when
the slope forced through the origin of the regression (1:1 line) was not
significantly different from 1. All tests were carried out with SPSS Statistics
version 17.0 software (IBM Corp., New York, USA).
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3. Results
3.1. Impact of meteorological elements on LAl

Among the weekly-based meteorological variables, 7., RH, and P were
included in the analysis (7able 2). In both seasons, T, influenced LA/ the most (» =
0.78—-0.9), irrespective of water supply. In 2014, only a mild correlation was found
between LA/ and P (r = 0.45—0.46). In 2015, the r values for P were 0.00—0.01 in
both water supplies, when water shortage (summer drought) occurred. Irrespective
of the season, a weak negative correlation was demonstrated for RH in both water
levels ranging from » = 0.00 to —0.14. A high positive correlation was observed
between the LAIs of the two water supplies (»=0.99—-0.99 for both water supplies).
The probability levels are presented in Table 2.

Table 2. Correlation coefficients (r) for weekly mean leaf area index, LA/ in dryland
region (DR) and common reed stand with water cover (SR) during a two-season (2014—
2015) study. 7,: weekly mean air temperature; RH: weekly mean relative humidity; P:
weekly precipitation sum. Number of observations was 27 in 2014 and 32 in 2015 for
each correlation

Season T.[°C] RH [%] P [mm]

DR-2014 0.783™"  -0.036 0.448"
SR-2014 0.778™"  -0.060 0.456"
DR-2015  0.9™ -0.009 —0.004
SR-2015 0.904™  0.005 0.011

* Marginally significant correlation [r|>0.1, p<0.01
** Marginally significant correlation [r[[>0.1, p<0.001
** Significant correlation |r|[>0.4, p<0.0001

3.2. Growth curve for LAl

There was a gradual increase in weekly LA until peak LA/ and then a decline
throughout both growing seasons associated with plant biological characteristics
and meteorological conditions (Fig. 3). Irrespective of the year and water
supply, leaves started to expand in April (DOY: 90-93), and exhibited an
increasing trend with longer periods of solar radiation until the end of July
(DOY: 200-205) corresponding to the most intense growth of common reed
(Fig. 3). Thereafter, LAl decreased parallel to the decline in radiation throughout
the remainder of the growing season (DOY:290-294). The length of the
growing season was about one week longer in 2014 than in 2015 (data not
shown).
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Fig. 3. Seasonal pattern of weekly mean leaf area index, LA/, in two growing seasons
(2014 and 2015). DR and SR represent common reed without water cover and crops
standing in water, respectively.

Weekly mean LA/ in 2014 ranged from 0.1 to 0.3 at the beginning and at
the end of the growing season, reaching 1.79 and 5.19 in DR and SR,
respectively (Fig. 3). However, the initial and final LA/ values remained similar
for 2015, and the peak values were 1.50 for DR and 4.49 for SR. At both sites,
maximum LA[ peaked in the last 10 days of July, irrespective of seasonal
weather. Seasonal means of common reed LA/ with unlimited access to water
were 3.214+0.36 and 2.66+0.34 for 2014 and 2015, respectively. The LAl of
plants in DR were 1.11+0.22 and 0.89+0.19 for the same time period.
Maximum average LA/ of SR was 4.84 for the two growing seasons and was
higher than the mean LA/ of both seasons for DR, namely 1.64.

The response of common reed LA/ to changing water level in the two
seasons was similar: water shortage significantly decreased seasonal mean LA/
by 99.7% (P(T<=t)=0.0001) and 97.2% (P(T<=t =0.0001) in 2014 and 2015,
respectively. In the wet 2014 season, seasonal mean LAl was 21.1%
(P(T<=t)=0.140) and 18.7% (P(T<=t)=0.032) higher in DR and SR,
respectively, than in the dry 2015 season.

There are two basic factors that affect LA/, the size of the green leaf area
per shoot and the shoot density. The impact of weather on seasonal mean leaf
area per shoot was less pronounced, as only a 2.3% (P(7T<=t)=0.366) and 6.5%
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(P(T<=t =0.003) increment in favor of wet 2014 was observed for SR and DR,
respectively. In contrast, the effect of water cover was at least two-fold higher
and the average leaf area per shoot in SR and DR was 12.2% (P(T<=¢)=0.0001)
and 16.4% (P(T<=t)=0.0001) higher in 2014 and 2015, respectively. Based on
a two-season average, the mean shoot density for DR and SR stands was
22+8.21 and 58+21.64 shoot m™2. No significant differences in shoot density
between both seasons were observed [DR: (P(7T<=t)=0.735); SR:
(P(T<=t =0.697)]. The lack of water cover resulted in a 90.5%
(P(T<=t=0.012) and 90.9% (P(T<=t)=0.020) decrease in average shoot
density in the 2014 and 2015 growing seasons, respectively.

The maximum number of leaves on culms was 11.6+3.0, 13.6+2.33,
12+2.45 and 14.4+3.44 in DR (2014), SR (2014), DR (2015) and SR (2015),
respectively, during flowering. The number of leaves per shoot was not strongly
linked to season or water supply. This latter parameter tended to increase in
approximately two leaf layers (P(7<=t¢)=0.129 and P(T<=¢)=0.061 in 2014
and 2015, respectively) in SR stands. The change in the number of leaves
between the seasons was also not significant (SR: P(7<=t)=0.541; DR:
P(T<=1)=0.648).

Changes in seasonal LA/ trends were plotted as a function of GDD (Fig. 4).
Although the best fit was a three-degree polynomial in all treatments, the trend
of the curves was impacted by different water supply levels, irrespective of the
season (Fig. 5).
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Fig. 4. Cumulative growing degree day, GDD (base temperature of 7°C) for common

reed at the Kis-Balaton wetland, Hungary during the 2014 and 2015 growing seasons.
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Fig. 5. Seasonal variation in weekly mean LA/ for common reed as a function of growing
degree days, GDD in 2014 and 2015. DR and SR represent common reed without water
cover and crops standing in water, respectively.

In 2014, the cumulative GDD value was 1990 °C, whereas it was 2112 °C
at the end of October in 2015 (Fig. 4). GDD curves were concurrent until the
end of July. LAI curves for common reed in SR and DR zones were developed
as a function of GDD (Fig. 5). Although the slopes and intercepts of the
treatments that were studied differed, every curve followed a lowest applicable
third-degree polynomial function with high R? and similar data scatter. The time
at which peak LA/ appeared (DOY: 200-210) was close to other DOY values in
each water level. During peak LAI, a 300—400 °C higher GDD was measured in
the warmer 2015 than in the 2014 season.
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3.3. Estimation of common reed evaporation based on LAI measurements

The daily ET rates presented an obvious seasonal pattern. In 2014, daily mean
ET rates averaged 4.2 and 4.5 mm day!, with a range of 0.2 to 8.1 and 0.4 to
8.5 mm day ! for DR and SR, respectively. A moderate increase was observed in
2015 when daily ET rate means were 4.8 and 5.1 mm day!, with a range of
0.2-8.7 and 0.4-9.1 mm day!, for DR and SR, respectively.

Based on weekly LAl measurements, seasonal variations in weekly ET
totals were plotted (Fig. 6). In both growing seasons, weekly £7 sums followed
the pattern of LA/ and solar radiation. E7 sums increased from about 13—15 mm
week ! in April to a peak magnitude of about 5060 mm week ' during July,
and then decreased to below 1618 mm week ' during October.
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Fig. 6. Model results of weekly evapotranspiration (£7) sums for the 2014 and 2015
seasons. ET-DR and ET-SR represent common reed £E7 without water cover and crops
standing in water, respectively.
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Deviations of daily ET rates between seasons and water supply levels were
highly significant. In the warm 2015 season, daily mean E7 rates were larger than
the ET rates of the previous wet season of 2014, with 13.3% (P(T<=t)=0.0001) in
DR and 12.5% P(T<=t)=0.0001) in SR. The impact of changing water level was
less noticeable and only 6.9% (P(7<=¢)=0.004) and 5.5% (P(7T<=¢)=0.0001)
increases were modelled for 2014 and 2015, respectively.

4. Discussion
4.1. Impact of weather

In this study, LAl was strongly correlated with weekly mean 7., independently
of the presence of standing water: 0.9 °C higher seasonal mean 7, in 2015
caused 18.7% and 21% lower mean LA/ in SR and DR, respectively. Similar to
our investigation, an increase in 7, of 1.5 °C reduced the LA/ of common reed
by 27% when averaged across the growing season at Yangtze Estuary, China
(31°38'N, 121° 58 ' E) (Zhong et al., 2014).

Univariate ANOVA showed a significant effect of season
(P(T<=t)=0.008) and water level (P(T<=t =0.0001) on LAI, but there was no
interaction between both variables, i.e., season x water (P(7<=t)=0.193)
(Table 3).

Table 3. Univariate analysis of variance for weekly mean leaf area index, LA/, compared
to all treatments (2014 and 2015 seasons; two water supplies)

Source Type 111 Sum df Mean Square F Sig.
of Squares

Corrected Model 19.821* 3 6.607 81.444 .000
Intercept 77.028 1 77.028 949.499 .000
Season 157 1 157 9.326 .008
Water level 18.915 1 18.915 233.160 .000
Season x water level 150 1 150 1.845 193
Error 1.298 16 .081

Total 98.148 20

Corrected Total 21.119 19

@ R2=0.939 (Adjusted R2 = 0.927)

The quality of the influence, i.e., the correlation coefficient for P, was
negligible not only in plant stands with no limited access to water (SR), but in
the DR canopy as well. In 2014, multiple stepwise regression, in some cases,
including three candidate explanatory meteorological elements (7., RH, and P)
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in both SR and DR, produced more accurate results than a single correlation,
because LAl responded to other meteorological factors as well. The adjusted
coefficient of determination (+°) produced by SPSS was used to check the
model. In 2014, the best projections were those equations containing all
meteorological elements (7able 4). In the next season, probably due to a dry
summer, P and RH were excluded from the estimate. Stepwise regression
analysis indicated that irrespectively of season and water supply, 7, was the
driving force for LA/l growth at the study site.

Table 4. Multiple stepwise regression models to predict leaf area index (LA[/) from
meteorological variables (7,: weekly mean air temperature; RH: weekly mean relative
humidity; P: weekly precipitation sum). Model fit was controlled by adjusted r*

Adjusted F Fsig. SE of Regression equation
R? coefficient

DR- 0.597 39.567  0.000 Const.=0.337 LAIpr=0.1217,-0.964

2014/1 7.=0.019
DR- 0.756 41.268 0.000 7,=0.759 LAIpr=0.118T7,0.011P-1.145
2014/2 P=0.403
DR- 0.790 33.669 0.000 7,=0.717 LAIpr=0.111T,+0.015P+0.021RH+0.521
2014/3 P=0.546
RH=0.247
SR- 0.589 38.26 0.000 Const.=0.988 LAIsz=0.349T,-2.645
2014/1 7.=0.056
SR- 0.755 41.141 0.000 Const.=0.773 LAIsz=0.3387,+0.033P-3.180
2014/2 7.=0.044
P=0.008
SR- 0.808 37.458 0.000 Const.=2.189 LAIsz=0.3167,+0.46P-0.073RH+2.539
2014/3 7.=0.039
P=0.008
RH=0.027
DR- 0.805 128.593  0.000 Const.=0.127 LAIpr=0.0837,—0.546
2015 7.=0.007
SR- 0.811 134390  0.000 Const.=0.355 LAIsz=0.237T,—~1.325
2015 7.~0.020

4.2. Common reed growth

In 2015, growth initiation was delayed by about one week compared to 2014,
due to lower spring temperatures. This may be one reason why the mean peak
LAI was also lower. Soetaert et al. (2004) found a pronounced effect of

278



postponing growth initiation (i.e., late timing of bud burst in spring) on common
reed growth characteristics, including LA/

The peak LAl was calculated from the inflection points of Fig. 5 as the
second derivative of the third-degree polynomial. Good agreement was found in
calculated and measured LA/ peaks (Fig. 7).
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Fig. 7. Comparison of measured (Fig. 3) and calculated peak LA/ using GDD concept
during the 2014 and 2015 study period. The four calculated peak LA/ are the inflection
points determined from the 2nd derivative of the third-degree polynomials of Fig. 5.

Peak LAl was followed by plant senescence, and LA/ values continued to
decline slightly until the end of October (GDD ~2000 °C). Based on slopes of
fitted least squared linear regression lines, there was significant variation in the
descending branch (leaf withering) of weekly LAl curves (Table 5). Different
slopes were found in the two growing seasons for each of the two water
supplies. On the basis of these slopes, the steepest curve was observed in SR
during 2014. Flooding during the fall of 2014 might have been the responsible
driver of intense LA/ decline in the SR canopy. In 2015, a more intense slope
was also observed for SR than for DR.
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Table 5. Linear regression equations (with slopes) of curves fitted to descendent branches
of leaf area index, LAl vs. growing degree day, GDD (2014-2015). Abbreviations DR
and SR are as in Table 2

Treatment Regression equation r

DR-2014 —0.0033x +2.1632 0.96
SR-2014 -0.014x +5.4377 0.97
DR-2015 —0.003x + 1.6331 0.97
SR-2015 —0.010x +4.5386 0.97

Irrespectively of the season, the LAI-GDD curves were not identical on
both sides of the graph, i.e., asymmetry was displayed, and the slopes of
descending branches (leaf withering) were steeper than the ascending slopes
(Fig. 5). The largest deviation in 2014 was associated with adverse
meteorological conditions, mainly in the SR canopy. This part of the wetland
was submerged in fall, and heavy storms and rough waves might have sped up
leaf degradation. In all other periods, the water level of SR was at a constant
height. In contrast, in the same time period, there was no water cover in DR.
Two different water supplies in this study reflected differences in common reed
LAI in wetland habitats due to changing water levels. Windham (1999) reported
that, within a marsh, there are variations in the rate of expansion of common
reed that are related to micro-site variations in water level.

Bresciani et al. (2011) found that water level is a driving factor for changes
in LAl by forcing an abundance of stems in common reed at the lakeshore of
Lake Garda, Italy. Russell and Kraaij (2008) found that common reed in wet
zones formed more shoots (i.e., greater shoot density) than in drier zones in a
South African estuarine lake system. In our study, the enhanced LA/ of SR in
both seasons is attributed to the constant (~0.5 m) water cover that induced
higher shoot density. Irrespectively of the season, about 90% (P(7<=¢)=0.012—
0.02) more shoots were counted in the SR stand (data not shown), similar to the
observations of Russell and Kraaij (2008) in South Africa and Coops et al.,
(2004) in the Netherlands for common reed stands with a 30—80 cm water depth.
However, there are also some studies that show higher shoot density for
common reed in dryland conditions (Engloner, 2004; Bodensteiner and Gabriel,
2003). Coops et al. (2004) investigated common reed expansion with fluctuating
water levels at freshwater Lake Volkerak-Zoommeer in the Netherlands. The
authors found that the best height of aboveground water level ranged between 25
and 40 cm, close to our standing water level. In our study, height of the water
cover increased by 1-1.5 m only temporarily due to flooding in September 2014,
which enhanced leaf withering (Fig. 3). Results of our study are comparable
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with those of Hudon et al. (2005) for Quebec, Canada, in which common reed
retreated when the water level in summer was higher than 50 cm.

A significant decline of 18.7% (P(T<=t)=0.032) was observed in mean
LAI of SR during 2015. At the same time, a 21.0% (P(T<=t)=0.140) decrease
in average LAl of DR stands was observed (Fig. 3). In the case of DR, warm
weather in 2015 did not further enhance the negative impact resulting from the
lack of water cover. Our investigations may be valid for shorter time periods
only, as common reed is a wetland’s macrophyte demanding fluctuating water
cover for a longer time period (Engloner, 2009).

There was rather sharp decrease in the maximum LA/ of DR due to limited
water. Declines for DR were 97.1% (P(T<=t)=0.0001) and 100%
(P(T<=t)=0.0001) for 2014 and 2015, respectively. When there was unlimited
access to water, a 14.4% difference (P(7<=t)=0.045) was found in seasonal
peak LA in favor of the humid season in 2014. Peak LA/ of the SR stand was
intermediate between the results of Zhou and Zhou (2009) and Herbst and
Kappen (1999) for reed wetland in northeast China (41° 08’ N) and Germany
(54° 06’ N), respectively. The maximum LA/ of the dryland reed stand was
much lower than that observed in the literature (close common reed peak LA/
results were published by Sun and Song (2008) for Sanjiang Plain, Northeast
China, 47°35'N), and it can be attributed to on-site lack of water cover that is not
a common and long-lasting occurrence in wetland habitats.

Using temporal variation in LA, we are able to derive the complete
seasonal progression of canopy growth dynamics. Thus, LA/ serves as a suitable
metric that quantifies seasonal patterns in plant development (Savoy and
Mackay, 2015).

4.3. Estimation of ET for common reed

An empirical £7 model developed using meteorological and a plant factor (LA)
was able to estimate differences in common reed E7 rates with altered water
supply with reasonable accuracy. Differences were noticed in total £7 when
both water supply and season were assessed. Modeling seasonal £7 sums of SR
showed only a slight increase of 56.3 mm and 50.8 mm in 2014 and 2015,
respectively. ET total showed significant variation between both seasons, with
the ET sum of 2015 being almost twice that of 2014 (118.8 mm in DR and
113.3 mm in SR). Changes in weather conditions might be responsible for
interannual E£7 variation. ET has long been known to vary due to meteorological
conditions (Drexler et al., 2008), mainly due to available energy.

The modeled 4.2-5.1 mm of daily mean ET rates for common reed at the
Kis-Balaton wetland in the current study shows a slightly higher value than the
4.3-4.4 mm daily mean ET rates reported by Irmak et al. (2013) for 2009 and
2010 and Lenters et al. (2011) for 2009 in Nebraska (40°17 ' N and 41°79 ' N) at
slightly lower latitudes than our study site. During 2014, due to extreme wet
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weather (and lower air temperatures), total £7 of 783—842 mm per season was
lower than the values reported by Anda et al. (2015) according to a 16-year
mean on-site £7 total of 807 mm.

5. Conclusions

Common reed LAl was negatively impacted by water limiting conditions,
irrespectively of the season. Despite the fact that plants with unlimited access to
water showed a similar seasonal trend in leaf growth with common reed
standing in water, a significant change in the size of LA/ was observed. In our
two-season study, common reed seemed to be more sensitive to the presence or
lack of continuous water cover than to variable seasonal weather conditions.

Comparison of the GDD-based estimates for peak LA/ with measured
values showed that the performance of a third-degree polynomial model was
acceptable to project maximum LA/ in two water supply levels. Peak LAJ was
projected between ~1000 °C (wet season) and ~1200 °C (dry season) GDD
values.

The larger the LA/ (stand density), the larger the ET rates (totals) observed
during the two-season monitoring period. In spite of abundant literature about
the impact of fluctuating water levels on E7 and biomass of common reed belts,
less information is available about changing architecture (LA/) of plants due to
variable water conditions. Ehrenfeld (2000) stressed the importance of structural
alteration of hydro-hygrophilous environments as one of the causes of wetland
degradation. Results of our study on common reed L4/ grown in both wet and
dry conditions may contribute to avoid this negative phenomenon of natural
wetlands. LA/ estimates based on meteorological variables may provide useful
inputs for E7 and growth models.

Acknowledgement: We thank our student Angéla Szanati for help in sampling at the Kis-Balaton
wetland.
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Abstract—Due to the projected climate change, the living territory of wild animals may be
reshaped in the future, some of the species may even suffer extinction. The aim of this research
is to make a comparative case study for the future predictions of the European terrestrial
mammals' vulnerability to the climate change, by using their current range area maps (on the
basis of The Atlas of the European Mammals). To characterize the climate indicators of the
animals, we use the annual means and/or extremes of four climatic parameters (daily mean
temperature, daily minimum temperature, daily maximum temperature, daily precipitation
sum) based on the gridded E-OBS dataset for 1961-1990. Then, we determine specific
percentiles of the climatic parameters for given species. The range area within the specific
climatic intervals formed by the selected percentile pairs are mapped for the recent past (1961—
1990), and also for the middle (2021-2050) and the end (2071-2100) of the 21st century using
the RACMO (Regional Atmospheric Climate Model) simulation for the SRES A1B scenario.
Our results suggest that, the optimal climatic requirements of the Pipistrellus pipistrellus may
decrease and shift northward until the end of the 21st century. Moreover, this anaysis based on
the climate indicator profile technique suggests a remarkable change in the habitats of all
studied European bat species, and their northward migration in order to find their optimal
conditions. As a result, from the recent past time period of 1961-1990, 63% of the studied
European bat species will probably suffer habitat decrease, while 30% are likely to experience
habitat increase, and 7% is projected to disappear by the end of the 21st century. Due to the
projected regional climate change in Europe, habitat loss and degradation are the greatest threats
to the studied bat species.

Key-words: mammals, bat species, temperature, precipitation, migration, ecology
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1. Introduction

The results of the ENSEMBLES project predictions concerning Europe suggest
that under the A1B medium-high emission scenario (Nakicenovic and Swart,
2000) without mitigation, yearly mean temperature may rise by 1-2 °C by 2021—
2050, and 1,54 °C by 2071-2100 relative to the baseline period 1961-1990 (van
der Linden and Mitchell, 2009). The greatest warming in both periods is likely to
occur in northeastern and southern parts of the continent. The projections indicate
large differences across Europe for yearly precipitation sum and both the overall
intensity and frequency of extreme precipitation events. In the northern areas, an
overall increase in precipitation is projected, whereas drying trend is likely to
occur in southern Europe (van der Linden and Mitchell, 2009).

Changing climate affects not only humans and, therefore, the urban
environment, but also the living conditions of wild animals. One of the most
important impacts of climate change may be that animals tend to occupy
geographical regions with climatic conditions, which become suitable to the
specific requirements of the given species. Therefore, local extinctions may arise
and populations may suffer fragmentation (e.g., Thomas et al.,2004; Peterson and
Williams, 2004; Pounds et al., 2006). The extinction and their survival in
unconnected populations may cause reduction of genetic variability and high
levels of inbreeding (Ezard and Travis, 2006).

The relationship between global warming and the response of the wildlife is
obviously strong (Williams et al., 2003). The analysis of geographical impacts of
climate change to wildlife is an increasingly popular research topic (Thomas et
al.,2004; Dios et al., 2009; Drégelyi-Kiss and Hufnagel, 2009, Chen et al., 2011,
Bartholy et al., 2012), however, the projections of future conditions are rarely
investigated due to the lack of suitable model simulation outputs and the complex
interdisciplinary methodology.

Climate is one of the abiotic factors, which controls primarily the range areas
of the wildlife. If the climate significantly changes in a particular region, it may
disturb the ecosystem and increase the chance of extinction. According to
Williams et al. (2007), under the SRES A2 scenario (Nakicenovic and Swart,
2000) assumptions, 12-39% of the Earth's terrestrial surface is likely to
experience significantly different climate conditions from the current climate.

Due to the anthropogenic activity, Europe is one of the most highly
fragmented continents of the globe. Consequently, only about 1% of the surface
area of the continent can be considered as wilderness, with the old-growth forests
of Scandinavia, Poland, and Russia (Jaeger et al., 2011). Landscape
fragmentations caused by roads, highways, and other artificial surfaces, have a
number of detrimental effects, i.e., reduction in size and persistence of wildlife
populations, and can provide great barriers to migrating animals (Hanski, 2005).
Species’ adaptation to current habitat fragmentation, and additionally to projected
future climate change is an essential ecological problem. The key to this issue is
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providing increased connectivity, which could be the most significant aspect of
mammal conservation in Europe (Temple and Terry, 2007).

Increasing temperature is estimated to cause significant loss of appropriate
environment of all regionally endemic animals. On a European scale, roughly
25% of the wild terrestrial mammals are endemic to the continent (Chen et al.,
2011). The species that are affected the most negatively by climate change are the
habitat specialists, and the species being less mobile. Species that live in
fragmented landscapes may also struggle with the negative impacts of climate
change, because they are not able to colonize the area (Chen et al., 2011).

According to Temple and Terry (2007), 15% of all wild European terrestrial
and marine species are threatened, and 9% are listed near threatened, furthermore,
1.3% are already regionally or globally extinct. Nowadays, the rate of species
extinctions worldwide is 100 to 1,000 times greater compared to the natural rate
and is rapidly accelerating (May et al., 1995). To moderate and delay the negative
impacts of climate change on species’ loss is both urgent and probably the most
important issue for ecological researchers (Bdtori et al., 2014).

In the regional ecosystems, bats are highly vulnerable to changing climate
(Burns et al., 2003; Rebelo et al., 2010), that is why they can be considered as
important indicator species, which may facilitate in identifying areas where
conservation efforts should focus on. For instance, a few recent studies (e.g.,
Rebelo et al., 2010, Prydatko et al., 2011; Sherwin et al., 2013) demonstrate how
the predicted climate change will affect the distribution of different bat species.
According to Petersen et al. (2014), in the past three decades, there has been a
significant increase in bat records in Iceland and the Faroes, which could probably
be linked to climate change. It has also been reported that the analyzed time period
of 2001-2010 was the warmest in the Faroes since 1890 (Cappelen, 2011).
Additionally, climate change may result in many other impacts on bat species
around the world. For example, a recent study by Luo et al. (2014) shows that
global warming is likely to alter the prey detection ability of echolocating bats.
This may affect the bat species’ community structure and their distribution, as
well as those of their insect prey.

The above mentioned studies all highlight the importance of this global issue
and the need for further research to understand the mechanisms of climate stress
to ecosystems. Such detailed analysis may help to minimize the negative impacts
of global warming to the wildife and ecosystems before it would be irreversible.

The aim of our research is to make a comparative study for the future
predictions of the European terrestrial mammals' vulnerability to the climate
change. In the current study, fine (25 km) resolution, bias-corrected outputs of the
RACMO (Regional Atmospheric Climate Model) simulation taking into account
the SRES A1B intermediate emission scenario are analyzed for the entire 21st
century. First, the data describing climatic conditions are identified for each
mammal species. Then, the values of the four climate variables are presented on
maps for the past (1961-1990), the middle (2021-2050), and the end (2071-2100)
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of the 21st century. Finally, changes in the future potential spatial status and size
of given species’ habitat are calculated.

2. Materials and methods
2.1. Data used in the analysis

Our analyses are based on the following databases: (1) The Atlas of European
Mammals (available from Societas Europaca Mammalogica) is used for defining
the range area of species. This database was compiled in 1999 (Mitchell-Jones et
al., 1999) and has been widely used as reference dataset. It separately contains
data for the pre-1970 and post-1970 presence of mammal species in Europe. (2)
To characterize the climate indicators of the animals, we use the 30 years means
of four climatic variables (daily mean temperature, daily minimum temperature,
daily maximum temperature, daily precipitation sum) based on the gridded E-
OBS dataset (Haylock et al., 2008) using 25 km horizontal resolution. This
database was compiled from quality controlled daily data of national
meteorological station networks. (3) For the future, predictions of the temperature
and precipitation for time periods 2021-2050 and 2071-2100 considering SRES
A1B (Nakicenovic and Swart, 2000) scenario, we use the bias-corrected outputs
of RACMO simulation (van Meijgaard et al., 2008), which was completed by
KNMI (Royal Netherlands Meteorological Institute) in the framework of the
ENSEMBLES project (van der Linden and Mitchell, 2009). Bias correction of
daily data was completed on the basis of monthly quantile matching technique
(Pongracz et al., 2014) for the time period of 1961-2100.

2.2. Species’ climate indicator profile

According to Vaughan et al. (2000) estimations, every endotherm has a thermal
neutral zone (TNZ), which covers the temperature tolerance range. Within the
species’ TNZ the organisms do not need to produce extra energy to keep itself
warm, neither cooling themselves. Therefore, minimum, maximum, and mean
temperatures were used as species’ climate indicator variables. In addition,
precipitation sum also influences the wild mammals by controlling their resource
availability (Hooper et al., 2005), that is why precipitation is also considered as
climate indicator variable.

Each European bat species was characterized by specific percentile pairs
related to the four climate describing variables (mean temperature, precipitation
sum, minimum temperature, maximum temperature) and the climatic values that
mostly cover the current spread of the species in Europe. The specific percentiles
were determined on the basis of the E-OBS datasets representing the observations
(Haylock et al., 2008), and using combined analysis of digitalized distribution
maps by The Atlas of European Mammals (Mitchell-Jones et al., 1999). We have
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evaluated the bat species in Europe by their climatic requirements. During this
process, on the basis of all the values of the climatic variables where the Atlas shows
the presence of the species, the empirical distribution is determined. From this
distribution, a ,,Jower” and an ,,upper” percentile can be selected using the step value
of 0.01 in the empirical cumulative relative frequency; i.e., the minimum value is
paired to the 1st, 2nd, ..., 100th percentiles; the 1st percentile is paired to the 2nd,
3rd, ..., 100th percentiles; ..., the 99th percentile is paired to the 100th percentile.
Thus, altogether 5050 (101-100/2) possible pairs are evaluated for each climatic
variable. For this purpose, specific percentile pairs were determined from the
following gridcell-based values of the climatic variables:

annual mean values of the daily mean temperature data averaged for 30 years;

e annual maximum values of the daily maximum temperature data averaged
for 30 years;

e annual minimum values of the daily minimum temperature data averaged for
30 years;

e annual sum values of the daily precipitation data averaged for 30 years.

Two percentiles were selected to form an interval, which were used to calculate
the number of gridcells according to the following criteria:

e A indicates the number of gridcells where particular species could live under
temperature and precipitation conditions, and it actually lives (located in the
area between the two percentile values, and it actually is included in the
Atlas).

e Bindicates the number of gridcells where particular species could live under
the temperature and precipitation conditions, but does not live (located in the
area between the two percentile values, but there is no recorded presence
according to the Atlas).

e (indicates the number of gridcells, where particular species could not live
under the actual temperature and precipitation conditions, but it actually lives
(the climatic value is not between the two percentiles, but there is a recorded
presence in the Atlas).

These criteria were analyzed for all possible pairwise selection of the "lower" and
"upper" percentiles (5050 percentile pairs), then, the value of O was calculated
using the following formula:

O=A4/(A+B+C) (1)

The final "lower" and "upper" percentiles were determined for each climatic
variable (mean temperature, precipitation sum, minimum temperature, maximum
temperature), where the procedure leads to the regional maximum value of Q. The
interval between these "lower" and "upper" percentiles describes the climatic
requirements of a given species.
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We prepared the index graphs for all the mammal species including the bat
species analyzed in this paper. The values of the four climatic variables (mean
temperature, precipitation sum, minimum temperature, maximum temperature)
were mapped for the recent past (1961-1990) and for two future time periods
(2021-2050, 2071-2100) based on the simulation outputs. Moreover, the
projected changes of the size and spatial status of the area (range) were also
mapped for the mid- and late-century.

2.3. Spatial scale of the analysis

The applied study area was limited by the simulation domain of RACMO, which
extends from 34°N to 74°N latitude, and from 11°W to 41°E longitude, this
includes western Europe, with the eastern borders of Finland, the Baltic states,
Poland, Slovakia, Hungary, Romania, Bulgaria, and European Turkey (Thrace)
forming the eastern border. Moreover, from the Atlantic, the Faroe Islands were
included, as were the Portuguese and Spanish islands of Macaronesia. In the
south, Malta was included. The range area maps were scaled to a fine (25 km)
horizontal resolution of the E-OBS climate data and the RACMO simulated data.

3. Results

This analysis based on the climate indicator profile technique enables us to
estimate the possible regional impacts of the projected climate change to the living
territory and conditions of the European bat species. These species have been
selected, because recent studies suggest that bat species are affected negatively by
climate change (Burns et al., 2003; Rebelo et al., 2010), and their responses have
been rarely studied.

Among the results, a methodological case study based on the simultaneous
analysis of the current range map from The Atlas of European Mammals and the
E-OBS observations database for 1961-1990 is analyzed here, through the
example of the common pipistrelle (Pipistrellus pipistrellus, Temminck, 1840).
The climate indicator maps for the mid-century (2021-2050) and the end of the
21st century (2071-2100) characterize the sensitivity of the estimated changes in
the habitat of species Pipistrellus pipistrellus, due to the projected regional
climate change in Europe. Then, using the current range maps from the Atlas of
European Mammals, changes in the future potential spatial status and size of 30
European bat species’ habitat were calculated. Moreover, we have determined the
most endangered wild European mammals for the entire 21st century, to be
focused for future action plans and protect these species. Such detailed analysis
may help to minimize these negative impacts of global warming.

Based on the current range map of the common pipistrelle, this species is
present in 4,216 grid cells in Europe (Fig. ). Its conservation status is ‘least
concern’ (Temple and Terry, 2007), nevertheless, it is protected in Hungary. The
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species is listed in Appendix III of the Bern Convention — i.e., Convention on the
Conservation of European Wildlife and Natural Habitats, 1979 —, and Appendix
II of the Bonn Convention — i.e., Convention on the Conservation of Migratory
Species of Wild Animals, 1979 (Battersby, 2005).

Fig. 1. The range map of Pipistrellus pipistrellus on the base of the Atlas of European
Mammals. Shaded area indicates the occurrence of the species.

Fig. 2 represents how the procedure leads to the regional maximum value of
the O, based on the systematic estimation process using the percentile pairs. The
four climate indicator variables together describe the optimal climatic
requirements of the Pipistrellus pipistrellus species. It can be seen from Fig. 2a
that the maximum Q value in case of the mean temperature climate variable is
28.5% (which is reached in case of using the 48th and 86th percentiles). The
maximum Q value in case of the precipitation sum presented in Fig. 2b is 38.3%
(when using the 82nd and 100th percentiles). Fig. 2c shows the maximum Q value
in case of the minimum temperature, which is 33.9% (when using the 61st and
86th percentiles). Finally, the maximum Q value in case of the maximum
temperature is 15.9% (when using the 1st and 77th percentiles) as shown in
Fig. 2d.
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Fig. 2. Graphs of Pipistrellus pipistrellus’ climate indicators, based on the observed annual
mean values of the four climate describing variables. The graphs refer to the upper and
lower percentiles on the horizontal axes. The values of O (expressed in %) are shown on
the vertical axis.

The maps based on the observed values of mean temperature (Fig. 3a),
minimum temperature (Fig. 3¢), maximum temperature (Fig. 3d), and
precipitation sum (Fig. 3b) together explain the current boundaries of the
European Pipistrellus pipistrellus. Colored areas show the following intervals of
the variables’ values on the maps:

a) for mean temperature: 5.7 °C — 13.5 °C (48th—86th percentiles),

b) for precipitation sum: 626 mm — 3347 mm (82nd-100th percentiles),
¢) for minimum temperature: —17.5 °C ——4.9 °C (61st-86th percentiles),
d) for maximum temperature: 18.5 °C — 35.0 °C (1st—77th percentiles).

The map based on the observed values of the maximum temperature shows
(Fig. 3d) the almost full optimal coverage in Europe for this species, because of
the wide interval of the values. Thus, analyzing the maps of all the four variables
provides an estimate of the animal’s current spread within Europe.
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Fig. 3. Individual maps of the climate indicators for Pipistrellus pipistrellus, based on the
observed annual values of the four climatic variables.

The model simulations for the periods 2021-2050 and 2071-2100 show a
northward shift of the optimal climatic conditions of the Pipistresilus pipistrellus
species, which is very likely due to global warming (Fig. 4).
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Fig. 4. Individual maps of the climate indicators for Pipistrellus pipistrellus, based on the
annual values of the four climatic variables for the simulated periods of 2021-2050 (a-d)
and 2071-2100 (e-h).
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Fig. 5. Composite maps of Pipistrellus pipistrellus’ climate indicators, based on the annual
values of the four climatic variables for the observation period of 1961-1990 (a), and for
simulated periods of 2021-2050 (b) and 2071-2100 (c).

Several shades are used on the composite maps (Fig. 5) of the Pipistrellus
pipistrellus species’ climate indicator areas, corresponding to how many variables
are within the optimal ranges in the given grid cells (0—4). The darkest shade
indicates the composite area, where each analyzed variables can be found within
the optimal range of the Pipistrellus pipistrellus in the given grid cell. Our
estimation, based on the composite maps of the Pipistrellus pipistrellus species
illustrates a fitting similarity of 81% between the current range area and the
composite climate indicator variables.
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The composite maps present a major northward shift and an overall decline of
the composite climate indicator area of the Pipistrellus pipistrellus species (Fig. 5d).
As can be seen in Table I, the composite climate indicator range will probably
decrease from 1,498,350 km? to 948,761 km? until the end of the 21st century, which
means 37% area decline, compared to the observed time period of 1961-1990.

Table 1. Comparison of the size of the composite range area of Pipistrellus pipistrellus,
based on the climate indicator values in different time slices

Observed Simulation Simulation

Climatic indicator variable 1961-1990 2021-2050 2071-2100
(km?*) (km?) (km?)

Mean temperature 4,667,650 4,891,376 4,275,980
Minimum temperature 3,414,878 4,112,801 4,625,866
Maximum temperature 6,844,172 5,495,416 3,493,743
Precipitation sum 2,409,654 2,040,029 2,428,300
Composite area 1,498,350 1,154,040 948,767

All the studied bat species have 8,551 grid cells together (shaded area in
Fig. 6), summarized from their current range maps. The greatest bat biodiversity
is located in western Europe and in the mountainous regions of Mediterranean and
temperate Europe (Fig. 6).

Fig. 6. The current composite range map considering all the 28 studied bat species, based on
the Atlas of European Mammals.
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The composite maps for the projected time periods 2021-2050 and 2071—
2100 indicate remarkable change in the spatial status and size of the studied
European bat species climate indicators. The composite range area will probably
shift to the Baltic region and to the mountainous regions of eastern Europe and
western Russia, considerably by the end of the 21st century (Fig. 7¢).

Our estimations suggest that, compared to the recent past time period of
1961-1990, 93% (N=26, where N is the number of the bat spices) of the studied
European bat species will suffer habitat decrease (Table 2), while 7% (N=2) are
likely to experience habitat increase till the mid-century (2021-2050).
Furthermore, compared to the recent past time period of 1961-1990, 96% (N=27)
of the studied European bat species are projected to suffer habitat decrease, while
4% (N=1) may disapear till the end of the 21st century (2071-2100).

Fig. 7. Size of the composite range area of all studied European bat species, based on the
climate indicator values for the past and future time slices.
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We have determined the most endangered European bat species by the
middle and also by the end of the 21st century to be focused for future action plans
and protecting these species. The results suggest that, from the studied 30 bat
species, Rhinolophus mehelyi’s optimal climatic conditions are projected to
disappear by 2071-2100. This species is narrowly distributed on the continent
nowadays, and is also present in relatively few grid cells. Consequently, it might
have narrower climatic niche.

Table 2. English and Latin name of all studied bat species and the projected habitat change
by the middle and the end of the 21st century (relative to the 1961-1990 reference period)

English name

Latin name

by 2021-2050

by 2071-2100

Barbastelle

Northern bat

Serotine

Schreibers’ bat
Bechstein's bat
Lesser mouse-eared bat
Brandt's bat
Long-fingered bat
Pond bat

Daubenton's bat
Geoftroy's bat
Greater mouse-eared bat
Whiskered bat
Natterer's bat
Leisler's bat

Noctule

Kuhl's pipistrelle
Nathusius' pipistrelle
Common pipistrelle
Savi's pipistrelle
Brown long-eared bat

Grey long-eared bat

Mediterranean horseshoe bat

Greater horseshoe bat
Lesser horseshoe bat
Mebhely's horseshoe bat
European free-tailed bat
Parti-coloured bat

Barbastella barbastellus
Eptesicus nilssonii
Eptesicus serotinus
Miniopterus schreibersii
Mpyotis bechsteinii
Myotis blythii

Myotis brandlti

Myotis capaccinii
Myotis dasycneme
Mpyotis daubentonii
Mpyotis emarginatus
Mpyotis myotis

Mpyotis mystacinus
Myotis nattereri
Nyctalus leisleri
Nyctalus noctula
Pipistrellus kuhlii
Pipistrellus nathusii
Pipistrellus pipistrellus
Pipistrellus savii
Plecotus auritus
Plecotus austriacus

Rhinolophus euryale

Rhinolophus ferrumequinum

Rhinolophus hipposideros
Rhinolophus mehelyi
Tadarida teniotis

Vespertilio murinus

decrease
decrease
decrease
decrease
decrease
decrease
increase
decrease
decrease
decrease
increase
decrease
decrease
decrease
decrease
decrease
decrease
decrease
decrease
decrease
decrease
decrease
decrease
decrease
decrease
decrease
decrease

decrease

decrease
decrease
decrease
decrease
decrease
decrease
decrease
decrease
decrease
decrease
decrease
decrease
decrease
decrease
decrease
decrease
decrease
decrease
decrease
decrease
decrease
decrease
decrease
decrease
decrease
disapear
decrease

decrease
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4. Discussion and conclusions

The purpose of this reasearch was to analyze the possible regional impacts
of the global warming to the living territory and conditions of the European bat
species. Our predictions, based on the climate indicator profile technique of the
30 studied European bat species are consistent with the analysis of Rebelo et al.
(2010) about these species’ rapid potential northward migration due to the
projected regional climate change during the 21st century. Furthermore, these
species may suffer decrease in their size of habitats and disappearance from their
current range areas. Estimations of Rebelo et al. (2010) were based on SRES
AI1FI, A2, B1, and B2 scenarios (Nakicenovic and Swart, 2000), our results
conclude similar projections even though they consider a different (A1B)
scenario. Consequently, all future scenarios predict reduction in European bat
species richness in Europe, compared to the current conditions. The northward
shift of the daily mean, minimum, and maximum temperature could imply a
significant change in habitats. Meanwhile, the projected precipitation change is
not likely to affect the possible migration of bat species in Europe. Other studies
mention signs about European bats having already suffered from the impacts of
regional climate change. For instance, due to response to warmer temperature
conditions in the past 15 years, the species Pipistrellus kuhlii’s range area has
expanded northwards (Sachanowicz et al., 2006), whereas in southern regions of
Spain, the parturition in Myotis myotis has occurred up to 6 months before the
expected birth period (/banez, 1997). As an overall result, habitat conditions are
likely to decrease in continental climate regions during the 21st century. Due to
the projected regional climate change in Europe, habitat loss and degradation is
the greatest threat to the studied bat species.
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Abstract—West Nile fever (WNF) is the most important mosquito-borne disease in several
countries of Europe. The annual phenology of the infection is mainly influenced by the
seasonal activity of mosquitoes and humans. Culicid mosquitoes, the main vectors of West
Nile virus prefer humid and warm conditions. This study was aimed at analyzing the West
Nile fever season in Greece, Hungary, Israel and the Palestinian territories, Italy, Romania,
and Serbia comparing the effect of ambient temperatures and precipitation sums on the case
number of the disease. The countries were divided into two main groups — Mediterranean
and continental — based on their climate. Epidemiological data of the European Centre for
Disease Prevention and Control and climatic data of the European Climate Assessment and
Dataset were used in the analysis. In each of the studied countries, positive correlations
(0.202 <1*<0.746; average: 0.531, SD: 0.23) were found between the monthly mean
temperature and WNF case numbers. In contrast, in each of the studied countries negative
correlations (~0.131<r*<-0.717; average: —0.360; SD: 0.25) were found between the
monthly precipitation sums and WNF case numbers. The mean monthly temperature in
months when WNF cases were observed ranged between 15.8-28.1 °C (SD: 4.73). The
case number weighted mean of the monthly temperature during the WNF-affected months
varied between 17.4 to 28.8 °C (SD: 4.40). West Nile fever seasons started in June or July at
18.9-24.0 °C mean monthly temperatures (average: 21.6 °C, SD: 1.65). The WNF season
ended in October or November at 18.7-5.3 °C mean monthly temperature regimes (average:
10.1 °C, SD: 5.43). The maximum lengths of the seasons were 3 to 5 months. WNF cases
mainly occur in the warm or hot summer continental, the hot and dry summer
Mediterranean, and the subtropical areas of Europe. The found different strength of impacts
of the precipitation sums on the WNF case numbers in the Mediterranean and temperate
climate countries in summer can be explained by the fact that while in humid temperate
regions mosquitoes can find their breeding habitats without extreme rainfall events, in the
Mediterranean countries, heavy rainfalls create suitable breeding habitat waters for
mosquitoes.

Key-words: West Nile fever, temperature, precipitation, Koppen-Geiger climate
classification
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1. Introduction

West Nile fever (WNF) is an important mosquito-borne infection in the temperate
regions of the Northern Hemisphere. The first WNF cases were detected in Europe
(Albania) in 1958. Notable outbreaks were recorded already in the 1960s, the 70s
and the 90s on the Old Continent (Bardos, 1959). Now, WNF is prevalent in the
entire Mediterranean region and the continental parts of East Europe (Hubdlek
and Halouzka, 1996), but it is also an emerging disease in North America and
North Africa. West Nile virus (WNV), the etiologic agent of WNF (Goldblum et
al., 1954) was first isolated in Uganda, in 1937 (Barzon et al., 2015; Kuno et al.,
1998). The virus is the member of Flaviviridae, belonging to the Japanese
encephalitis antigenic group of Flavivirus. Based on the glycoprotein envelope of
the virus, two major human pathogenic lineages were distinguished: Lineage-1
and Lineage-2 strains (Kemenesi et al., 2014; Pachler et al., 2014; Bakonyi et al.,
2006). In 20-30% of the cases, WNV causes flu-like symptoms after a 2 to
14-day latency period, although about 70-80% of the cases is asymptomatic, and
neurological symptoms appear in less than 1% of the cases. Individuals above the
age of 65 have higher risk for morbidity and neurological manifestations (Barzon
et al., 2015; Hayes et al., 2005). The most serious manifestation of the diseases is
the rare lethal encephalomyelitis in humans. The case fatality rate is about 10%
in the neurological infections (CDC, West Nile virus, Symptoms & Treatment).
The virus is transmitted by mosquitoes from avian hosts in most of cases.

The predominant vectors of WNV are different culicid mosquitoes
(Koopmans et al., 2007). Occasionally, WNF can be transmitted by milk to
breastfeeding babies or by organ transplantation (Sambri et al., 2013;
Sampathkumar, 2003). Imported human cases are also known from the literature
(Ilvanov et al., 1986; Draganescu et al., 1977). The most characteristic,
predominant mosquito vectors of WNV are the different Culex species (Hannoun
et al., 1964; Hubdlek et al., 1999; Kilpatrick et al., 2006; Kostyukov et al., 1986;
Szentpali-Gavallér,2014; Tsai et al., 1998; Work et al., 1955). Argasid and ixodid
ticks are vectors of WNV in Moldavia and Southern Russia (Lawrie et al., 2004;
Lvov et al., 2002). Several of the vertebrae hosts of WNV are migratory birds
(Erdélyi et al., 2006, 2007), but the virus was also isolated in mammals (Molndar
et al., 1975). Antibodies were detected from humans, wetland birds (including
wetland passerines), and other wild birds (e.g., migratory birds), chickens,
domestic mammals as, e.g., cattle and other domestic ruminants, dogs, horses,
game animals, and wild rodents. The normal cycle of the virus requires the
presence of a vertebrae host, which is mainly a bird and an ornithophilic mosquito
(or sometimes a hard tick) vector. It was found that two basic, bird-to-mosquito
(Hubdlek and Halouzka, 1999) and an alternative, bird-to-tick transmission cycles
exist in East Europe (Butenko et al., 1968; Chumakov et al., 1968).

Climatic factors have a major effect on the range and seasonal activity of
many arthropod vectors as ticks, sandfly species, and vector mosquitoes
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determining the seasonality and incidence of the transmitted diseases.
Mosquitoes, being poikilothermic organisms, are sensitive to the changes of
temperature conditions. Rising air temperature can influence positively each
elements of the WNF’s vector chain including the abundance and the activity of
the mosquito vectors, the viral replication rate of the virus, and the spatial range
of WNF (Reisen et al., 2006, Paz et al., 2013, Kinney et al., 2006; Kilpatrick et
al., 2008; Andrade et al., 2011). Reeves et al. (1994) and Reiter et al. (2001) found
that WNF abundance and incidence are influenced by several environmental
factors as heavy rains, irrigation, floods, dry and warm weather, unusually warm
weather. The occurrence and incidence of the disease are primarily the function
of the vector abundance. The virus is transmittable under very different climatic
conditions from the cold temperate regions to the tropics. Reisen et al. (2006)
proved that above-average summer temperatures in the United States resulted in
an increased incidence of WNF due higher transmission rate of the virus by a
Culex species to humans. The positive effect of increasing temperature on the
minimum transmission rate of WNV were showed also in a modeling study (Ruiz
et al., 2010). Higher ambient temperatures also shorten the generation time of
blood questing female mosquitoes and accelerate the evolution of the virus (Paz
et al., 2013; Kilpatrick et al., 2008; Meyer et al., 1990; Ruiz et al., 2010). Positive
correlations were observed between extreme high temperatures during heat-waves
and the outbreak intensities of human WNF epidemics in many cases (Dohm et
al., 2002; Cornel et al., 1993; Epstein, 2001; Pats et al., 2003; Paz, 2006). It is
also known that extreme hot temperature conditions can influence negatively the
survival of mosquitoes (Reisen, 1995) and the replication of WNYV in the vector
mosquito organisms (Reisen et al., 2006).

The ontogeny of mosquitoes requires a certain threshold temperature.
Experimental investigations reveal that there is a temperature limit of the infection
of Cx. pipiens mosquitoes with WNV (Dohm et al., 2002; Dohm and Turell,
2001): the ambient temperature limit is about 14 °C (Cornel et al. 1993). In a
laboratory experiment, Kilpatrick et al. (2008) confirmed that the transmission of
WNV is the exponential function of degree days. Elevated temperatures not only
promote the increase of the mosquito populations (Paz and Albersheim, 2008),
but shorten the full replication cycle of WNV in the infected mosquitoes (Jia et
al., 2007; Kunkel et al., 2006) and accelerate the transmission of WNV (Kilpatrick
et al., 2008).

The role of precipitation in the determination of the WNF season and
prevalence is more controversial (Moudy et al., 2007) than that of the ambient
temperature, and strongly depends on the climate of a certain region. At first
inspect, it seems to be obvious that higher summer precipitation sums promote the
population boom of mosquitoes providing more stable and extent aquatic habitats
for the vectors. In the USA, indeed, it was found that precipitation above average
can promote both the boom of mosquito populations and the above-average WNF
incidences (Soverow et al., 2009; Takeda et al., 2003). Under tropical savannah
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climate, where rainy and dry seasons alternate, the rainy season provide better
conditions for the population growth of mosquitoes (Campbell et al., 2002). In
Gibraltar, which area belongs to the Mediterranean climate region, WNF case
number starts to increase in late summer parallel with the increase of precipitation,
(Paz et al., 2013). In contrast, there are evidences that expressly heavy rainfalls
also can wash out the mosquito larvae from stagnant pools, channels, or even
technotelmata causing the elimination of a complete mosquito generation
(Shaman et al., 2002; Koenraadt et al., 2008). The role of the previous year’s
precipitation sums on the next year’s WNF case numbers is also controversial.
Higher precipitation sums in the previous year can either increase or decrease the
current year’s WNV transmission depending on the geographical location of the
certain subtropical areas (Paz and Semenza, 2013; Uejio et al., 2012; Ruiz et al.,
2010).

The aim of this study was the investigation of the influence of climatic
factors on WNF case numbers in three Mediterranean (Greece, Italy, Israel, and
the Palestinian Territories) and three continental climate countries (Hungary,
Serbia, and Romania).

It was hypothesized that temperature has positive effect on WNF case
numbers both in the Mediterranean and the temperate climate areas since
temperature has general positive effect on mosquito ontogeny and the replication
and transmission rate of the virus. Since under Mediterranean climate, summer is
the driest season and in general, the rainy seasons provide better conditions for
the population growth of mosquitoes, it was hypothesized that there is negative
correlation between precipitation sums and West Nile fever case numbers in the
Mediterranean countries. In contrast, it was also hypothesized that under
continental climate, this correlation can be weaker than in the Mediterranean. In
the continental parts of Europe, June can be the wettest month during the year
creating good breeding sites for mosquitoes.

2. Materials and methods
2.1. Data

The historical West Nile fever data were derived from the ECDC’s (European
Center for Disease Control and Prevention) database in monthly temporal
resolution (ECDC: West Nile fever historical data 2011-2015). Both probable and
confirmed cases were involved into the study. Data for Greece for 2015 and for
Serbia for 2010 are missing. Case numbers were not converted into incidence
values due to the relatively short studied period. The monthly precipitation sums
and monthly mean temperature values were gained from the KNMI Climate
Explorer (Klein Tank et al., 2002) of the European Climate Assessment and
Dataset (Haylock et al., 2008), and they were averaged according to the covering
grids of the NUTS3 regions where WNF cases occurred in 2011-2015. It means
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that the selected grids cover only the areas where West Nile fever occurred in the
given country in the period 2011-2015. Table 1 shows the employed covering
grids of the WNF case containing areas.

Table 1. Coordinates of the covering grids by countries (GR: Greece, HUN: Hungary, IT:
Italy, RO: Romania, ISR: Israel and the Palestinian territories, and SRB: Serbia). Note that
the selected covering grids are smaller than the total covering grids of the countries

Country N(©) E(°)

GR 38.00 to 41.50 20.25 to 25.50
HUN 45.75 t0 48.50  16.00 to 23.00
IT 44.251t046.50  6.75 to 13.50
RO 43.75t0 47.25 23.00 to 29.50
ISR 29.75t0 33.25 34.251t035.75
SRB 42.251t046.00 19.25t022.75

2.2. Statistics and plot

Multiple linear regression method was used. Only the seasonal cases were
involved into the study; the extra seasonal January, February, and December WNF
cases of 2011, 2012, and 2013 in Hungary were neglected in the analysis. Case
number data were involved in the study only if the monthly total or mean WNF
case value was above 0. Temperature values below 0°C were not plotted in the
diagrams due to the representation of the temperature and case number values on
a common (second) y-axis. Although in case of two countries, the WNF case
numbers of one-one year were missing from the database, the temperature and
precipitation values of these years were plotted in the diagrams.

The average temperature values during the WNF seasons were calculated
according to two different approaches:

1) The mean temperatures of the affected months when WNF cases occurred
were averaged based on the following equation:

Z?:l Tmonthly mean,i
T, = ZexTmon (M
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where T, is the mean temperature of the affected months, 7" yoniiy mean, i1S the mean
temperature of the ith month when WNF cases occurred, and # is the number of
months when WNF cases occurred.

2) The temperature values were weighted with the number of WNF cases in
each month when WNF cases occurred according to the following formula:

n
T = Yi=1(Tmonthly mean,iXNWNF monthly,i)
mw —

: 2

n
Zi=1 NwnNF monthly,i

where Ty is the weighted mean temperature of the affected months, Tronsiy mean, i
is the mean temperature of the ith month and the N wnF monduy, i 1S the number of
WNF cases in the ith month.

3. Results
3.1. Mediterranean countries
3.1.1. Greece

In Greece, the WNF season started in July (at 24.0 °C) and ended in October (at
14.9 °C). The highest cumulative case number was observed in August (55.52%
of the total). The majority (93.1%) of the cases occurred from July to August in
the period 2011-2014, when the mean temperature was 24.2 °C. In July and
August, the driest months during the period of 20112014, the mean precipitation
sum was 13.5 mm month™!, that is 27.6% of the monthly mean precipitation sum
(48.7 mm month ™). In Greece, the peak of the annual case number approximately
coincided with the annual temperature maximum and precipitation minimum
(Fig. 1).

The mean monthly temperature was 21.8 °C, the mean air temperature weighted
with the number of cases was 24.4 °C in the months of observations of the
autochthon cases (maximum: 26.1 °C, minimum: 13.1 °C). The maximum length
of the season was 3 months. The data of 2015 is missing. The maximum length of
the season was 4 months (excluding the imported cases; Fig. 2).

Based on the multiple regression analysis, strong negative correlation exists
between the mean monthly precipitation sums and the corresponding WNF case
numbers. In contrast, strong positive correlation was found between the mean
monthly temperatures and WNF case numbers in Greece (Table 2).
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Fig.l. The mean monthly case numbers compared to the run of the mean monthly
temperatures and the precipitation sums in Greece, 2011-2014.

Fig.2. The number of WNF cases in 2011 to 2014 in Greece and the run of the monthly
mean temperature averaged to the grid of the affected areas of the country. The WNF data
of 2015 is missing from the ECDC’s public historical database.
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Table 2. The results of the multiple regressions in case of Greece.

Correlation matrix Tmean Psum Case number

Trmean 1 -0.818 0.743
Psum - 1 -0.717
Case number — — 1

Multiple R*=0.5879
Adjusted multiple R*>=0.5055

3.1.2. Israel and the Palestinian territories

In Israel and the Palestinian territories, most of the WNF cases (the 83.74% of the
total) occurred in June, July, and August (Fig. 3). The WNF season started before
the warmest months in June (at 21.6 °C) and ended in October (at 18.75 °C). In
July and August during 2011-2015, in Israel and the Palestinian territories, the
mean precipitation sum was 0.2 mm month ™!, that is the 0.4% of the monthly mean
precipitation sum (42.7 mm month™!). The peak of the annual case number
coincided with the annual temperature maximum and the precipitation minimum
(Fig. 3).

The mean monthly temperature was 28.1 °C, the mean air temperature
weighted with the number of cases was 28.8 °C in the months of observations of
the autochthon cases (maximum: 30.4 °C, minimum: 23.1 °C). The maximum
length of the season was 3 months (Fig. 4).

According to the multiple regression analysis, moderate strong negative
correlation exists between the mean monthly precipitation sums and the
corresponding WNF case numbers. In contrast, strong positive correlation was
found between the mean monthly temperatures and WNF case numbers in Israel
and the Palestinian territories (Table 3).
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Fig.3. The mean monthly case numbers compared to the run of the mean monthly
temperatures and the precipitation sums in Israel and the Palestinian territories, 2011-2015.

Fig.4. The number of WNF cases from 2011 to 2015 in Israel and the Palestinian territories,
and the run of the monthly mean temperature averaged to the grid of the affected areas of
the country.
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Table 3. The results of the multiple regressions in case of Israel and the Palestinian

territories

Correlation matrix Tmean Psum Case number
Tmean 1 -0.885 0.746
[P - 1 -0.566
Case number — — 1
Multiple R>=0.5966
Adjusted multiple R*=0.507

3.1.3. Italy

In Italy, the WNF season started in August (at 22.3 °C) and ended in November
(at 8.6 °C). Most of the WNF cases (89.17%) occurred in August and September.
The peak of the annual case number (the 55.5% of the cases) was observed in
August. The first annual cases appeared in the warmest month and showed a clear
decreasing trend from July to November. In August and September during 2011—
2015 in Italy, the mean precipitation sum was 76.1 mm month™!, that is the 91.5%
of the monthly mean precipitation sum (83.2 mm month!). In Italy, the peak of
the annual case number immediately followed the annual temperature maximums
and coincided with the precipitation minimum (Fig. 5).

The mean monthly temperature was 15.8 °C, the mean air temperature
weighted with the number of cases was 18.5°C in the months of observations of
the autochthon cases (maximum: 22.8 °C, minimum: 6.3 °C). The maximum
length of the season was 3 months (Fig. 6).

According to the multiple regression analysis, moderate strong negative
correlation exists between the mean monthly precipitation sums and the
corresponding WNF case numbers. In contrast, strong positive correlation was
found between the mean monthly temperatures and WNF case numbers in Italy
(Table 4).
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Fig. 5. The mean monthly case numbers compared to the run of the mean monthly
temperatures and the precipitation sums in Italy, 2011-2015.

Fig. 6. The number of WNF cases from 2011 to 2015 in Italy, and the run of the monthly
mean temperature averaged to the grid of the affected areas of the country.
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Table 4. The results of the multiple regressions in case of Italy

Correlation matrix Tmean Psum Case Number

Trmean 1 -0.533 0.661
Psum - 1 -0.426
Case Number — — 1

Multiple R>=0.44444
adjusted multiple R?=0.3433

3.2. Continental countries
3.2.1. Hungary

In Hungary, the WNF season started in July (at 21.3 °C) and ended in November
(at 6.1 °C) excluding the imported cases. In 2011, only one imported case was
explored. From 2013, most of the cases were observed in September. In 2013 and
2014, each of the autochthon cases was recorded from August to October. The
64.5% of the total cases occurred in September. In August and September during
2011-2015 in Hungary, the mean precipitation sum was 51.6 mm month' that is
the 114.9% of the monthly mean precipitation sum (44.9 mm month™). In
Hungary, the peak of the annual case number followed the annual temperature
maximum and the precipitation minimum (Fig. 7).

The mean monthly temperature was 16.7 °C, the mean air temperature
weighted with the number of cases was 17.4°C in the months of observations of
the autochthon cases (maximum: 23.5 °C, minimum: 7.6 °C). The maximum
length of the season was 3 months (excluding the extra seasonal cases; Fig. &).

According to the multiple regression analysis, very weak negative correlations
exists between the mean monthly precipitation sums and the corresponding
autochthonous WNF case numbers. In contrast, weak positive correlation was
found between the mean monthly temperatures and WNF case numbers in
Hungary (Table 5).
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Fig. 7. The mean monthly case numbers compared to the run of the mean monthly
temperatures and the precipitation sums in Hungary, 2011-2015; *: extra seasonal cases.

Fig. 8. The number of WNF cases from 2011 to 2015 in Hungary, and the run of the
monthly mean temperature averaged to the grid of the affected areas of the country.
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Table 5. The results of the multiple regressions in case of Hungary.

Correlation matrix Tmean Pam Case Number

Thmean 1 0.181 0.202
Psum - 1 -0.131
Case Number — — 1

Multiple R*=0.0696
adjusted multiple R>=0

3.2.2. Serbia

In Serbia, the WNF season started in June and lasted to November. Most of the
WNF cases (87.8%) occurred in June, July, and August. The WNF season started
before the warmest months in June (at 18.9 °C) and ended in October (at 7.0 °C).
In June to August during 2012-2015 in Serbia, the mean precipitation sum was
49.1 mm month™!, that is the 79.8% of the monthly mean precipitation sum
(61.5 mm month™'). In Serbia, the peak of the annual case number preceded the
annual temperature maximum and the precipitation minimum (Fig. 9).

The mean monthly temperature was 17.3 °C, the mean air temperature
weighted with the number of cases was 19.5 °C in the months of observations of
the autochthon cases (maximum: 23.6 °C, minimum: 7.4 °C). The maximum
length of the season was 5 months (Fig. 10).

According to the multiple regression analysis, very weak negative correlation
was found between the mean monthly precipitation sums and the corresponding
WNF case numbers. In contrast, weak positive correlation was found between the
mean monthly temperatures and WNF case numbers in Serbia (7able 6).
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Fig. 9. The mean monthly case numbers compared to the run of the mean monthly
temperatures and the precipitation sums in Serbia, 2012-2015.

Fig. 10. The number of WNF cases from 2012 to 2015 in Serbia, and the run of the monthly
mean temperature averaged to the grid of the affected areas of the country. The WNF data
of 2011 is missing from the ECDC’s public historical database.
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Table 6. The results of the multiple regression analysis in case of Serbia

Correlation matrix Tmean Psum  WNF

Tmean 1 -0.289 0.317
Poum 1 —0.141
WNF - 1

Multiple R>=0.1031
Adjusted Multiple R>=0

3.2.3. Romania

In Romania, the WNF season started in July (at and 21.6 °C) ended in November
(at 5.3 °C). Most of the WNF cases (88.8%) occurred in August and September.
(Fig.10) of which 48.5% in August. The first cases appeared in the warmest
months and WNF season lasted from summer to the end of the vegetation season.
In August and September during 2011-2015 in Romania the mean precipitation
sum was 40.6 mm month™' that is the 88.0% of the monthly mean precipitation
sum (46.2 mm month™). In Romania, the peak of the annual case number occurred
after the annual temperature maximum and precipitation minimum (Fig. 11.)

The mean monthly temperature was 17.0 °C, the mean air temperature
weighted with the number of cases was 19.1 °C in the months of observations of
the autochthon cases (maximum: 22.9 °C, minimum: 5 °C). The maximum length
of the season was 3 months (Fig. 12).

According to the multiple regression analysis, very weak negative correlation
exists between the mean monthly precipitation sums and the corresponding WNF
case numbers. In contrast, moderate strong positive correlation was found
between the mean monthly temperatures and WNF case numbers in Romania
(Table 7).
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Fig.11. The mean monthly case numbers compared to the run of the mean monthly
temperatures and the precipitation sums in Romania, 2011-2015.

Fig.12. The number of WNF cases in 2011 to 2015 in Romania and the run of the monthly
mean temperature averaged to the grid of the affected areas of the country.
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Table 7. The results of the multiple regressions in case of Romania

Correlation matrix Tmean Psum Case

Trmean 1 0.573 0.522
Psum - 1 -0.183
Case — — 1

Multiple R*=0.6182
Adjusted multiple R*=0.5333

3.3. Comparisons

The mean monthly temperature in the months, when WNF cases were observed,
was between 15.8-28.1 °C (SD: 4.73). The case number weighted mean of the
monthly temperature during the WNF cases-related months ranged between 17.4
and 28.8 °C (SD: 4.40). West Nile fever seasons started in June or July in the
studied countries at 18.9-24.0 °C mean monthly temperatures (average: 21.6 °C,
SD: 1.65). The WNF season ended in October or November at 18.7-5.3 mean
monthly temperatures (average: 10.1 °C, SD: 5.43). The highest summarized case
numbers were observed in June (Serbia), August (Greece, Israecl and the
Palestinian territories, and Italy), or September (Hungary and Romania; Table 8).

In each of the studied countries positive correlations (0.202<r?<0.746;
average: 0.531, SD: 0.23) were found between the monthly mean temperature and
the WNF case number sums. In contrast, in each of the studied countries negative
correlations (—0.131>r>>-0.717; average: —0.360; SD: 0.25) were found between
the monthly precipitation sums and the WNF case number sums (7able 9).

Table 8. The mean temperature and the case-weighted temperature values under the months
when WNF occurred and the average monthly temperature values at the start and the end
of the seasons (GR: Greece, HUN: Hungary, IT: Italy, RO: Romania, ISR: Israel and the
Palestinian territories, and SRB: Serbia)

Country Tmean(°C) Tmean weighted (°C) Tswrt(°C) Tena (°C)

GR 21.8 24.4 24.0 14.9
HUN 16.7 17.4 213 6.1
IT 15.8 18.5 22.3 8.6
RO 17.0 19.1 21.6 53
ISR 28.1 28.8 21.6 18.7
SRB 17.3 19.5 18.9 7.0

320



Table 9. The regression coefficient according to the multiple regression results of the climatic
variables and the case number values of the identical months (GR: Greece, HUN: Hungary, IT:
Italy, RO: Romania, ISR: Israel and the Palestinian territories, and SRB: Serbia)

Country R? Tean (°C) x Case number R? Py, (mm) x Case number

GR 0.743 -0.717
HUN 0.202 —0.131
IT 0.661 —0.426
RO 0.522 —0.183
ISR 0.746 —0.566
SRB 0.317 —0.141

WNF cases mainly occur in the warm Mediterranean and the warm/hot
summer continental areas of Europe. The warm or hot summer continental (Dfa,
Dfb; e.g., the main part of Hungary) and the hot and dry summer Mediterranean
climate (Csa; e.g., the main part of Greece or the north part of Israel), or the
subtropical areas (Cfa; in the Mediterranean mountain ranges of Italy) are the
most frequent climates where WNF occur in Europe. WNF is missing from the
polar, alpine, and atlantic climate areas of the continent, excluding the maritime
temperate regions (Ctb; southern slopes of the Alps in Italy). In Levant, WNF
cases occur in hot summer Mediterranean (Csa); and warm semi-arid climates
(Bsh; according to the Koppen-Geiger climate classification system (Table 10).

Table 10. Climate zones of the areas where WNF occurred in the studied countries
according to the Koppen-Geiger climate classification system (BSh: warm semi-arid [hot
steppe] climate, Csa: warm Mediterranean climate, Cfa: subtropical climate, Cfb: oceanic
cimate, Dfa: hot summer continental climate, Dfb: warm summer continental climate; GR:
Greece, HUN: Hungary, IT: Italy, RO: Romania, ISR: Israel and the Palestinian territories,
and SRB: Serbia)

Country  Koppen-Geiger climate classification

GR Csa, (Cfa, Dfb)
HUN Dfb, (Dfa)

IT Dfa, Cfa, Cfb, (Csa)
RO Dfa, Dfb

ISR Csa, BSh
SRB Dfa, (Dfb)
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4. Discussion

Temperature, rainfall, and humidity predominate the occurrence, morbidity and
transmission dynamics of vector-borne diseases (Githeko et al., 2000; Gubler et
al., 2001; Gubler, 1998), which is especially true for mosquito-borne infections
(Reiter, 2001). Climate projections predict decreases in rainfall and temperature,
and such changes have the potential to increase the risk of arbovirus transmission
by increasing the distribution and abundance of vectors, and the length of
mosquito vector and arbovirus seasons (Russel, 1998). Whelan et al. (2003)
pointed out that rainfall is an important, positive risk indicator of mosquito
abundance and mosquito-borne arbovirus incidence. In contrast, it was found that
temperature and precipitation have different strength of impacts on the WNF case
numbers in the Mediterranean and temperate climate countries. In general,
monthly case number of WNF showed stronger correlations with the two climatic
variables in the Mediterranean countries than in the continentals: strong positive
correlations (Pearson’s correlation coefficients were between 0.6 and 0.7) were
found between the monthly mean temperatures and the WNF case numbers in the
Mediterranean and weak to moderate strong (Pearson’s correlation coefficients
were between 0.2 and 0.5) positive correlations in the continental climate
countries. Strong and moderately strong negative correlations (Pearson’s
correlation coefficients were between —0.7 and —0.4) were found between the
monthly sum of precipitation and the WNF case numbers in the Mediterranean
and very weak (Pearson’s correlation coefficients were —0.1) negative correlations
in the continental climate countries. These results are in accordance with the
observations that under summer arid Mediterranean, climatic conditions, the
positive effect of precipitation (mainly of heavy rainfalls) is more obvious and
expressed on mosquito populations (Paz and A/bersheim, 2008) than in the humid
temperate regions, where the mosquitoes can find their breeding habitats without
extreme rainfall events in summers (7rawinski et al., 2008).

Platonov et al. (2008) found that WNF incidence was higher in the years
with mild winter and hot summer. Rainy and cold summers, which occur in the
Atlantic coasts are not favorable for mosquitoes. A very similar correlation was
found in case of the distribution limiting factors of another Diptera vector group:
the climatic requirements of Phlebotomus species. Sandflies avoid the Atlantic
coasts of Western Europe due to the relatively cold, rainy summers, and only few
sandfly species — e.g., Phlebotomus perniciosus Newstead (1911) — can tolerate
the rainy summer climate of these areas (7rdjer et al., 2013). In Hungary, the
effect of floods on the case number of WNF and the effect of river regulation on
the mosquito abundance and diversity were demonstrated previously (Trdjer et
al., 2014; Trajer et al., 2015). The positive effect of temperature on the case
number is clear and well-interpretable based on the ecology of the main vector
Culex mosquitoes. Higher temperatures increase the mosquito activity and shorten
the ontogeny time. Using climate envelope modeling, Trdjer et al. (2014) found
that global warming can enhance the European range of WNF.
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As it was shown, the negative correlation between WNF case numbers and
precipitation sums with a varying regression coefficient was observed in each
country. This apparent contradiction between the findings of Whelan et al. (2003)
and the results of this study partly can be resolved by the hypothesis, that not the
higher mean precipitation itself, but the occasional heavy rainfalls can increase
the case number of WNF under certain, mainly Mediterranean climatic areas.
These occasional rainfalls do not increase significantly the summer mean
precipitation sums providing a misleading consequence, that precipitation is a
negative effector.

Summer drought has some potentially beneficial effects on mosquito
populations. Water level decrease of different standing waters (e.g., backwaters
and shallow lakes) during the dry period of summer may provide excellent
habitats for mosquito larvae (Shaman et al., 2002). Concerning even the 2 to 14
days latency, it can be concluded that low precipitation has no negative effect on
the monthly mean WNF case number. In the Mediterranean and continental parts
of Europe, summers are hot and dry excluding the westernmost part of the
Mediterranean basin and the highest elevations of the Mediterranean mountain
ranges. Nevertheless, the rapid evaporation of small and medium-sized waters in
summer may result in the desiccation of the potential mosquito breeding habitats.
Desiccating backwaters provide continuously warm mosquito larva habitats with
flourishing algal communities, which conditions are highly preferable for several
mosquito species. The desiccation of these larva habitats can explain the fact that
the season of WNF is no longer in warmer climate conditions than in the colder
parts of Europe. It is also known that the larvae of some mosquito species as Aedes
albopictus Skuse (1894) or Ochlerotatus sticticus Meigen (1838) can survive the
total desiccation of their habitats persisting in the wet mud of the former small
waters (Schdfer and Lundstrom, 2006). Eutrophication cause the bloom of
cyanobacteria and green algae, the accumulation of organic materials, while the
consequent depletion of the soluble oxygen content is highly detrimental for fish
predators. Algae and organic particles provide plentiful food for mosquito larvae,
which organisms gain the oxygen directly from the atmospheric air storage. Roehr
(2012) also found in the arid and semi-arid areas, where streams frequently dry
up in summer, that the decreased water flow and the consequently appearing small
waters provide ideal breeding habitats for mosquitoes. These facts can explain
why in continental areas the hot and dry summers facilitate the outbreak of certain
mosquito populations (Reisen, 1995). Shrinking water surfaces also can facilitate
the contacts between vector mosquito and host bird populations (Shaman et al.,
2005). As already was mentioned, Soverow et al. (2009) and Takeda et al. (2003)
found that in the USA, the average-exceeding precipitation conditions increase
the WNF incidences. We should accept the conclusion of Landesman et al.
(2007), that the effect of precipitation on mosquito populations and mosquito-
borne diseases depends on the ecology of the mosquito vectors, the geographic
location, and the characteristic climate of the area.
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Temperature and precipitation affect the case numbers of mosquito-borne
diseases in different ways. For example, the historical analysis of the effect of mean
monthly temperature values and monthly precipitation sums on the autochthonous
malaria cases of Hungary showed, that while temperature was the primary modulator
of the relative annual run of the disease, the absolute malaria case number still
depended on the summer precipitation patterns (7rdajer and Hammer, 2016). The
relatively late, mainly July and August onset of WNF remained a not completely
understood phenomenon. Although birds are the main hosts of the virus, and the
transmission of WNF from birds to humans requires a certain time through the
increasing population of the infected mosquitoes in summer, the latency of the
outbreak of the onset seems to be somewhat prolonged. It is known that, e.g., the
former autochthonous malaria season reached its peak in June following the late
spring-early summer boom of the potential mosquito populations in Hungary. It
should be added, that the main vectors of malaria and WNF are not the same. This is
an interesting outcome in the light of the observations that WNYV plausibly can persist
also in chronically infected vertebrates and hibernating female Culex mosquitoes
(Cornel et al., 1993; Nasci et al., 2001 and Taylor et al., 1956). This result is not
supported by the always changing regional distribution of the disease in Hungary
(Trdjer et al., 2014) and also in several parts of Europe, which partly can be the
consequence of the re-introduction of the virus by migratory birds as it was
hypothesized as an important determinant of the observed seasonality by Chunikhin
et al. (1973), Ernek et al. (1977). The more rapid decrease of the case number
compared to the mosquito activity may underline the role of human activity on the
run of the case number and the temperature-dependent transmission rate of WNV.

5. Conclusions

Based on the Koppen-Geiger climate classification system, the hot summer
continental and hot and dry summer Mediterranean climate zones are the most
suitable areas for the West Nile virus and its vectors. The range of WNV avoids
the boreal, oceanic, and mountainous climate zones of Europe. In contrast to the
prior expectations, in each of the studied countries, negative correlations were
found between the monthly precipitation sums and WNF case numbers. However,
it can be rather the consequence of the fact, that, rainy summers occur in the
Atlantic coasts of Europe, where summer temperatures are less than the activity
and developmental optimum of the mosquito vectors, than a direct negative
correlation between rainfall and case number. Although heavy rainfall events and
the consequent floods may have positive influence on the population size of
mosquitoes, in each of the studied countries, negative correlations were found
between WNF incidences and precipitation sums. The lengths of the main part of
the WNF seasons are similar and not clearly dependent on the geographical
position of a given country, but in fact, in Israel and the Palestinian territories, the
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WNF season starts two months earlier than in Hungary. It is plausible, that the
annual migration activity of birds and the activity of the mosquito vectors are also
strongly influenced by the length of the daytime hours.
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