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Abstract—The effect of soil hydraulic properties on formation of severe thunderstorms 
was investigated by a mesoscale numerical model (Penn State -  NCAR MM5). A 
comparative case study was made to analyze, how two different sets of soil hydrophysical 
properties, which refer to the same soil texture, affect the convective available potential 
energy (CAPE), updraft velocity, and precipitation field.

It was found that MM5 simulates adequately the formation and development of severe 
convective storms. Results of the numerical experiments also show that application of the 
Hungarian soil hydraulic properties results in formation of more intensive thunderstorm 
with shorter lifetime than the application of the soil hydraulic properties of the USA. It 
is shown that application of these site specific soil parameters is important, especially 
for correct simulation of processes at the meso-y scale (2-20 km). Further tests are 
needed to quantify and understand the interrelationships between soil processes and 
storm events.

Key-words-, severe convective storms, soil hydrophysical properties, MM5, Hungary

1. Introduction

Convection refers primarily to atmospheric motions in the vertical direction. The 
fuel for rising air parcel is the heat energy contained in it. This heat energy can 
be derived from Earth’s surface as sensible heat and from the release of latent 
heat of condensation and latent heat of fusion. Rising bubbles of hot air, often
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called thermals, form cumulus clouds in a relatively stable air mass. Rising of 
thermals in an unstable atmosphere form thunderstorms, which produce heavy 
rain and hail accompanied by lightning, thunder, and gusty winds. Recently, 
much more attention is paid to these atmospheric phenomena also in Hungary, 
because of the caused floods (Horváth, 2005a) and wind damages (Horváth, 
2004, 2005b).

Thunderstorms and convective rainfall are investigated by radar 
observation (e.g., Bringi et al., 1986; Holler et al., 1994), radiosonde networks 
(e.g., Findell and Eltahir, 2003a, 2003b), surface observations (e.g., Eltahir and 
Pal, 1996), instrumented airplanes (e.g., Sinkevich and Lawson, 2005; Lawson 
and Cooper, 1990), and by using numerical models (e.g., Schar et al., 1999; 
Chen and Dudhia, 2001).

The processes result in formation of severe convective storms are affected 
by characteristics of both the atmosphere and the land surface. The 
atmospheric influence is significant via triggering, instability, and interaction 
between the cloud and environmental air. Storms and precipitation can be 
triggered by both the upper air disturbances (e.g., Benjamin and Carlson, 1986; 
Lanicci et al., 1987; Findell and Eltahir, 2003c) and the boundary wind 
convergence (e.g., Pielke et al., 1991a, 1991b; Avissar and Liu, 1996). Effect 
on entrainment upon convection and convective precipitation has been 
analyzed in many aspects (e.g., Clarke, 1990; Betts, 1992; Betts et al., 1994). 
The effect of atmosphere near to the surface on convection and convective 
precipitation has also been studied. Importance of correct calculation of 
equivalent potential temperature near to the surface was proved by Eltahir and 
Pal (1996), Crook (1996), Früh and Wirth (2002). Numbers of papers have 
been published also about land-surface effects on cloud formation. Pielke 
(2001) discussed and showed the sensitivity of cumulus convective rainfall to 
the land-surface energy and moisture budgets. The energy and moisture 
budgets of land-surface are determined by both the land use and the hydraulic 
properties of soil-vegetation system. The effect of land use and landscape 
heterogeneity upon cumulus convection was studied by Segal et al. (1989), 
Rabin et al. (1990), Chang and Wetzel (1991), Li and Avissar (1994), Chen and 
Avissar (1994a). The relationship between the Bowen ratio and the deep 
cumulus convection was discussed by Segal et al. (1995). Similar discussions 
but focusing on the available moisture in the soil-vegetation system is 
presented by Segal et al. (1989), Chen and Avissar (1994b), Grasso (2000), 
Pan et al. (1996).

The purpose of this study is to analyze the sensitivity of convective storms 
to hydraulic properties of soil-vegetation system. Hydraulic properties of soil- 
vegetation system are affected by soil hydrophysical properties (Acs, 2005). Soil 
hydrophysical properties depend strongly upon soil texture (Clapp and 
Hornberger, 1978; van Genuchten, 1980). In meteorological applications, it is 
assumed that soil texture does not depend upon geographical location (e.g.,
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Molders, 1999; Molders and Riihaak, 2002; Schadler, 1990). Nevertheless, this 
assumption is doubted by the number of researchers. Note that Hodnett and 
Tomasella (2002) showed, that there is remarkable difference between the 
characteristics of the same soil texture in the case of temperate and that of 
tropical soils. The purpose of this study is to prove the sensitivity of formation 
of convective clouds on soil characteristics by a comparative analysis. In the 
case study, a convective storm event occurred on April 18, 2005, in the north­
eastern part of Hungary (in the vicinity of the settlement Tiszaroff) was 
investigated. Simulations were made by using both the USA and Hungarian soil 
data by the Penn State-NCAR MM5 modeling system (fifth-generation meso- 
scale model). The results obtained are also compared to the surface accumulated 
precipitation data.

2. Model description

2.1. General characteristics o f the MM5 model system

The numerical simulations were made by Version 3 of the MM5 (NCAR-PSU 
Mesoscale Model) (Dudhia, 1993). In the model, a terrain-following sigma 
coordinate system is applied. The predictive variables are: pressure 
perturbation, the three momentum components, temperature, specific humidity, 
and the mixing ratio of the different type of hydrometeors (cloud water, cloud 
ice, rain, snow, and graupel particles). For this study, the model is integrated 
with horizontal resolutions of 6 km, and with 26 vertical levels. The partial 
differential equations system is solved by using a relaxation lateral boundary 
condition and a radiation upper boundary condition.

2.2. Convection and cloud physics parameterization

Grell’s scheme (Grell et al., 1994) is applied for parameterization of 
convection based on rate of destabilization or quasi-equilibrium, simple 
single-cloud scheme with updraft and downdraft fluxes and compensating 
motion determining heating/moistening profile. Explicit bulk microphysical 
scheme with five different types of hydrometeors was used to simulate the 
formation of cloud and precipitation elements (Reisner et al., 1998). The 
hydrometeors are: cloud water, cloud ice, rain, snow, and graupel particles. 
Collision coalescence process between different type of hydrometeors, 
furthermore, diffusion of vapor, freezing of liquid elements, and melting of 
ice particles were simulated. Equation of conservation was not only solved 
for the mixing ratios of hydrometeors but for the number concentration of 
cloud ice as well.
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2.3. PBL scheme and land-surface model

The planetary boundary layer (PBL) is described by the non-local PBL scheme 
based on Troen and Mahrt (1986). Compared with other non-local or high-order 
closure schemes, this PBL scheme proved to be more efficient, because it needs 
less computer capacity. Land-surface processes are simulated by OSU LSM 
(Oregon State University Land-surface Model). It is based on the coupling of 
Penman’s potential evaporation approach {Penman, 1948) modified by 
atmospheric stratification effect {Mahrt and Ek, 1984), the multi-layer soil 
model {Mahrt and Pan, 1984), and the single-layer canopy model {Pan and 
Mahrt, 1987). Actual evapotranspiration is simulated by using the so-called (3- 
approach based on the moisture availability concept: (3 depends upon both the 
land-surface and the atmospheric characteristics (see Eqs. (15) and (13) in 
papers of Chen and Dudhia (2001) and Chen et al. (1996), respectively). 
Canopy resistance is formulated after Jarvis (1976) using relative stomatal 
conductivity formulae of Noilhan and Planton (1989). Atmospheric 
stratification is simulated by applying the Monin-Obukhov similarity theory 
{Oncley and Dudhia, 1995). Recently, as in our simulations too, surface 
exchange coefficients for heat and moisture are given by using lookup tables. 
Surface skin temperature (Tskin) of combined vegetation-ground layer is 
calculated by a linearized surface energy balance equation (see, for instance, Eq. 
(4) of Sridhar et al., 2002). This simple equation has to be solved by numeric 
iteration technique for the implicit relationships between Tshn and surface energy 
balance components. Soil moisture and temperature are calculated by Richards’ 
and heat flow equations, respectively. A more extensive description of these 
processes can be found, for instance, in papers of Chen and Dudhia (2001) and 
Sridhar et al. (2002).

3. Data and numerical experiments

3.1. The synoptic situation

Initial condition fields applied for numerical experiments are obtained from the 
ECMWF analysis and surface and upper air observations. ECMWF analysis of 
basic state variables (temperature, humidity, wind, geodynamical height) on 
mandatory levels up to 100 hPa at 12:00 UTC on April 18, 2005 are considered 
as first guess data. Surface synoptic information and some sounding data are 
smoothed to the first guess using Cressman scheme. Boundary conditions are 
given by the ECMWF forecasts. According to data, the initial surface (1st soil 
layer) soil moisture field can be characterized as relatively dry.

The weather of the investigated day was determined by a slowly moving 
cyclone with center situated above the eastern part of the Carpathian Basin. In

2 2 4



lower layers of the cyclone (850 hPa) moist and warm air mass was drifted 
above the basin, meanwhile on higher levels (500 hPa) cold advection occurred, 
causing convective instability. During afternoon several thunderstorms were 
formed, and some of them caused flash floods in the mountains of the north­
eastern regions of Hungary. During the day many convective storms were also 
observed over the plane regions. Detailed description of the synoptic situation is 
presented by Horváth (2005a).

Because the storms were formed both over flat and mountainous regions, 
this case offers a good opportunity to investigate how the soil hydrophysical 
characteristics affect the cloud formation at different geographical conditions.

3.2. Land-surface characteristics and parameter specification

The region, where the formation and development of the thunderstorms was 
investigated, is a relatively flat area along the river Tisza. According to the 
MM5 dataset, the vegetation characteristics in this region for April are as 
follows: The vegetation type is “cultivations”, the green vegetation fraction is 
0.6-0.7, the minimal stomatal resistance is 40 s m , the albedo is 0.19, the 
roughness length is 0.075 m. The leaf area index (LAI) is prescribed, but the 
vegetation fraction is estimated on the basis of NDVI (Normalized Difference 
Vegetation Index). Details concerning the specification of vegetation parameters 
are described in the work of Chen and Dudhia (2001).

According to the soil data set of the MM5 model, clay loam is the 
prevailing soil texture in the region investigated. It has to be noted that there are 
also sandy loam patches here. Soil hydrophysical properties (saturated soil 
moisture content 6S, saturated soil water retention Ts, saturated water 
conductivity Ks, pore size distribution index b, field capacity soil moisture 
content Of, and wilting point soil moisture content 0W) referring to all 12 soil 
textures are given in Table 1. Of course, these parameters refer to the soil 
characteristics of the USA. The same parameters were determined for Hungarian 
soils using the works of Nemes (2003) and Fodor and Rajkai (2005). The 
corresponding soil hydrophysical properties are presented in Table 2.

It is obvious that there are remarkable differences between the USA and 
Hungarian parameters. Let us take a look to the values of pore size distribution 
index b. For finer soil textures in the USA, b values are larger than the 
corresponding Hungarian b values. Clay loam soil texture is of interest to us. pF- 
curves (lo g ^cm  H20)| as the function of relative/scaled soil moisture content) 
and soil water conductivity functions for the USA and Hungarian clay loam are 
presented in Fig. 1. The figure shows, that there are large differences between the 
USA and Hungarian KfF) functions. The Hungarian K{ F) is about 2 orders of 
magnitude larger than the USA K(lF), independently of the value of ¥  (Fig. lb).
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Table 1. USA soil parameters used in the MM5 model. Symbols: 6s = saturated 
soil moisture content, *Fs = saturated soil water retention, Ks = saturated water 
conductivity, b = pore size distribution index, 6/ = field capacity soil moisture 
content, and 6„ = wilting point soil moisture content

Soil texture 0S (m3 m 3) V s(  m) Ks (m s '1) b 0f( m3 m 3) 0„ (m3 m 3)

Sand 0.339 0.069 4.60 10 5 2.79 0.236 0.010

Loamy sand 0.421 0.036 1.41 10 5 4.26 0.283 0.028

Sandy loam 0.434 0.141 5.23 10 6 4.74 0.312 0.047

Silt loam 0.476 0.759 2.81 10 6 5.33 0.360 0.084

Silt 0.476 0.759 2.81 -10 6 5.33 0.360 0.084

Loam 0.439 0.355 3.38 10 6 5.25 0.329 0.066

Sandy clay loam 0.404 0.135 4.45 •10'6 6.66 0.314 0.067

Silty clay loam 0.464 0.617 2.04 -10 6 8.72 0.387 0.120

Clay loam 0.465 0.263 2.45 -10'6 8.17 0.382 0.103

Sandy clay 0.406 0.098 7.22 -10 6 10.73 0.338 0.100

Silty clay 0.468 0.324 1.34 -10 6 10.39 0.404 0.126

Clay 0.468 0.468 9.74 10 7 11.55 0.412 • 0.138

Table 2. Hungarian soil parameters used in the MM5 model. Symbols: 0:, = saturated soil 
moisture content, ¥5, = saturated soil water retention, Ks = saturated water conductivity, 
b = pore size distribution index, Qj= field capacity soil moisture content, and 8W = wilting 
point soil moisture content

Soil texture Os (ni3 m 3) t 's  (m) Ks (m s ’) h 0f{ m3 m 3) Ow (m3 m 3)

Sand 0.409 0.420 3.26 10 5 1.14 0.189 0.001

Loamy sand 0.414 0.450 2.52 10s 2.43 0.233 0.017

Sandy loam 0.425 0.610 1.14 10 5 3.97 0.283 0.099

Silt loam 0.458 1.010 2.73 •10'6 4.33 0.333 0.068

Silt 0.464 3.190 2.00 1 O'6 3.54 0.328 0.072

Loam 0.424 1.530 4.58 ■10'6 4.06 0.296 0.064

Sandy clay loam 0.430 0.340 7.98 ■10'6 5.18 0.311 0.063

Silty clay loam 0.436 5.680 6.20 1 O'7 4.18 0.338 0.093

Clay loam 0.430 4.170 3.05 ■10'6 4.05 0.306 0.083

Sandy clay 0.500 0.890 4.58 ■10'6 3.58 0.340 0.055

Silty clay 0.453 1 1.760 1.05 •10'6 4.06 0.340 0.113

Clay 0.499 14.930 8.00 1 O'7 3.97 0.378 0.130
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0.01 0 21 0.41 0 61 0.81 4.3 3.7 3.1 2.5 1.9 1.3 0.7 0 1

Scaled water content pF value

Fig. I . Soil water retention (given as pF value) as a function of scaled water content (a), 
and soil water conductivity curves of clay loam for the USA and Hungarian soil data (b). 
Symbols: HU(vG) = Hungarian soil data, van Genuchten's (1980) parameterization, 
HU(CH) = Hungarian soil data, Clapp and Hornberger’s (1978) parameterization, and 
NA(CH) = USA soil data, Clapp and Hornberger's (1978) parameterization.

3.3. Numerical experiments

Since the differences between the USA and Hungarian soil parameters are rather 
large, numerical experiments are performed for both the USA and Hungarian 
soil parameters. Although some observations show that the soil texture applied 
in the MM5 data set is not appropriate for use in Hungary, only soil 
hydrophysical parameters were changed, the area distribution of soil texture was 
not modified. In the following, results obtained using USA soil parameters will 
be briefly referred to as US results, and results obtained using Hungarian soil 
parameters will be briefly referred to as HU results.

4. Validation, comparison, and discussion

4.1. Validation o f the simulated 24 hours precipitation fields

Predicted field of the 24 hours accumulated precipitation is presented in Fig. 2b. 
The calculated data agree well with observations, which were created from rain 
gauge network 06:00 UTC observations on April 19, 2005 (Fig. 2a). 
Thunderstorms moved from northeast to southwest left significant “tracks”. 
Most of the precipitation measured on the eastern part of Hungary fell between 
12:00 and 18:00 UTC on April 18 allowing comparison of modeled and 
observed precipitation data. The precipitation track starting from the north­
eastern part of Hungary can be well identified on the simulated field (Fig. 2b). A 
weaker precipitation field (denoted by P3 in Fig. 2b) in the southeast region of 
Hungary can be identified as part of a south-eastern track. The north-eastern
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precipitation system (denoted by PI in Fig. 2b) was forced by mountains, 
therefore, it was much heavier than the thunderstorms in the south-eastern track 
(denoted by P3 in Fig. 2b). In the middle of the track, near to the region of the 
Tisza Lake, thunderstorms were formed and moved over the flat areas of the 
Great Hungarian Plain (denoted by P2 in Fig. 2b). In this region, the influence 
of soil hydrophysical properties upon the evolution of thunderstorms is not 
suppressed by mountains forced convection. Note that MM5 reproduced not 
only the formation and development of thunderstorms on the Great Hungarian 
Plain, but also the flash flood event {Horváth, 2005a) in the mountainous area 
(denoted by P4 in Fig. 2b).

16E 18E 20E 22E

48N

46N

Fig. 2. Observed 24 hours cumulated precipitation measured at 06:00 UTC on April 19, 
2005 (up), and the same field simulated by the MM5 model (down). The straight line 
indicates the position of the vertical cross section displayed in Fig. 7. The symbols PI, 
P2, P3, and P4 denote different precipitation systems. On the east of the river Danube, the 
precipitation fell mostly between 12:00 and 18:00 UTC of April 18. The calculation was 
made by using the USA soil data.
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4.2. Comparison o f surface available energy fields

The surface available energy, Ae (latent plus sensible heat flux) is an important 
forcing factor in evolution of thunderstorms. It affects their intensity and 
dynamics. Areal distribution of Ae at 18:00 UTC for the US and HU cases is 
shown in Fig. 3. While in the HU case Ae is generally negative (about from -10 
to -50 W m 2), in the US case positive Ae values (up to 50 W m 2) are prevailing. 
This difference can explain why new convective clouds are formed in the US 
case at 18:00 UTC, and why the thunderstorms start to be dissipated in the HU 
case at the same time. These results show that thunderstorm dynamics in the US 
and HU cases are rather different.

16E 18E 20E 22E

Fig. 3. Computed surface available energy fields obtained by the MM5 modeling system 
using the USA (a) and Hungarian (b) soil parameters at 18:00 UTC.
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The fields of convective available potential energy (CAPE) are analyzed to 
investigate the convective energy of thunderstorm. Fig. 4 shows that there are no 
significant differences between the US and HU CAPE fields at the beginning of 
the integration time (15:00 UTC). In both cases, larger CAPE values (the highest 
values are between 500-700 J k g 1) could be found in the eastern part of 
Hungary (close to the river Tisza), than in the mountainous region of north 
Hungary. This shows that the development of thunderstorms above the walley of 
the river Tisza was more affected by the value of CAPE than above the 
mountainous region, where the presence of hills contributes to the formation of 
intensive thunderstorms.

4.3. Comparison o f  convective  ava ilab le  p o ten tia l energy fie ld s

Fig. 4. Calculated convective available potential energy fields obtained by using the USA 
(up) and Hungarian (down) soil parameters at 15:00 UTC.
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Although the difference between the CAPE fields of the HU and US cases 
was negligible at the beginning of the calculation, by the end of the integration, 
differences between the US and HU CAPE fields becomes more significant. While 
in the HU case the energy has already been used up by thunderstorms (Fig. 5b) 
by the end of the simulation, in the US case high CAPE values of 500 J kg"1 
(Fig. 5a) could be observed over a large region. This also unequivocally shows, 
that the thunderstorms in the HU case are more intensive and developing faster 
than the ones in the US case.
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The transfer of heat and vapor between the surface and the convective clouds 
occurs in the planetary boundary layer (PBL). One of its important 
characteristics is the vertical velocity (w) at the level of 925 hPa (about 100 m 
above the surface level). Fig. 6 shows the vertical velocity fields (w) values for 
both the US and HU cases at 17:00 UTC. While negative values mean 
descending motion, positive values represent ascending motion. In the US case, 
the boundary line between the ascending and descending regions is going from 
northwest to southeast. In spite of this, in the HU case the same boundary line is 
going from southwest to northeast. The thunderstorm in the HU case is much 
closer to Tiszaroff, than the thunderstorm in the US case. While this difference 
is remarkably considerable at meso-y scale (2-20 km) (see Orlanski, 1975), it is 
negligible at meso-(3 scale.

4.4. C om parison o f  vertica l ve lo c ity  f ie ld s  a t 925 hPa height

Fig. 6. Vertical velocity fields at the 925 hPa level obtained by using the USA (a) and 
Hungarian (b) soil parameters at 17:00 UTC. The continuous and dashed lines mean 
upward and downward direction, respectively. The vertical velocity components are 
given in cm s

4.5. Comparison o f vertical velocities in clouds

Two dimensional representation of vertical velocities in clouds (wCl) along the 
line presented in Fig. 2b at 16:00 UTC for both US and HU cases is shown in 
Fig. 7. Two updraft regions could be recognized. The first region, going from 
southwest to northeast is in the vicinity of Tiszaroff. The second one is close to 
Tiszalok. The first region seems to be more intensive comparing to the second 
one. The largest velocity is about 4 m s”1. (It has to be noted, that the updraft 
velocity in the real thunderstorm must have been about 10 m s”1 in about a few 
km wide region. The much smaller calculated updraft velocity is the consequence 
of the crude horizontal resolution of 6 km.) While in the US case, the region 
where the updraft velocity is larger than 4 m s”1 is located in a shallow layer
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between 600-560 hPa, in the HU case the same region is in a deeper layer 
between 700-480 hPa. It is also obvious, that the thunderstorm close to 
Tiszaroff is deeper and more intensive in the HU case than in the US case.

Fig. 7. Simulated vertical velocity fields along the line indicated in Fig. 2b using the USA 
(a) and Hungarian (b) soil parameters at 16:00 UTC. The positions of the settlements 
mentioned in the text are denoted in the figures. The direction of the cross-section is also 
shown. Dotted lines denote the isolines for vertical velocity component in cm s Solid 
lines denote the potential temperature.

Fig. 8. 15 minutes cumulated precipitation fields obtained by the MM5 modeling system 
at 18:00 UTC using the USA (a) and Hungarian (b) soil parameters.

4.6. Comparison ofprecipitation fields at 18:00 UTC

The change of the soil hydrophysical characteristics also affects the precipitation 
field. Simulated fields of 15 minutes accumulated precipitation at 18:00 UTC for 
the US and HU case are presented in Fig. 8. It is noticeable, that precipitation is 
somewhat more intensive for the HU than for the US case. This is valid not only 
for the region close to Tiszaroff but also for the region close to Tiszalok.
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5 . Conclusions

In this study, the impact of soil hydrophysical properties upon the formation and 
development of severe convective storms is investigated. Analysis is performed 
modeling a convective storm event on April 18, 2005, in the vicinity of the 
settlement Tiszaroff. The Penn State — NCAR MM5 modeling system was used 
to make the numerical simulation. The calculation was made by both USA and 
Hungarian soil data. The sensitivity of the formation and development of the 
thunderstorms to soil hydrophysical characteristics was investigated by 
comparison of the results of the US and HU runs. The simulation results were 
also compared with observations. The results obtained can be summarized as 
follows:

• The MM5 is an appropriate tool for modeling severe convective 
storms. Simulated precipitation fields agree well with observations in 
meso-P scale. Unfortunately, no observation database is available to 
make the comparison in meso-y scale.

• The parameters (CAPE, w at 925 hPa level, wcu and precipitation 
field) characterizing the thunderstorms are sensitive to changes of soil 
hydrophysical properties (¥ 5, Ks, b, 6S, 0/, 0W). Differences are 
particularly obvious in meso-y scale.

• Both the intensivity and life time of the thunderstorms depends on the 
soil hydrophysical properties. Application of Hungarian soil 
characteristics results in formation of deeper thunderstorms with 
shorter life time. This difference in the dynamics could be related to the 
different amount o f the accumulated precipitation. In the case of the 
HU run, the calculated accumulated precipitation was significantly 
larger than that of in the case of the US run. Due to absence of the data 
in meso-y scale, we were not able to verify this difference.

Obviously, further tests are needed. For example, we should have to prove that it 
is more favorable to use site specific soil parameters than anything else (in this 
case USA parameters are taken), not only for modeling of land surface processes 
but also for modeling of severe convective storms. This validation experiment is 
a task for future.
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Abstract—Surface energy and carbon balance components are calculated in the vicinity 
of Debrecen (Hungary) using extended Thornthwaite’s bucket model. Soil water content 
prediction module of the model is tested and verified against measured data of the Agro- 
meteorological Observatory of the University of Debrecen in the period 1972-1992. 
Energy and carbon balance components estimated are not verified because of the missing 
direct measurements.

The annual course of components, sensitivity of components to field capacity soil 
water content changes, and statistical relationships between some energy, water, and 
carbon balance components are discussed. Among the results it is worth mentioning the 
sensitive coupling between field capacity water content, actual evapotranspiration, and 
net ecosystem exchange. Results obtained are useful in describing Debrecen’s regional 
climate.

Key-words, bucket model; energy-, water- and carbon balance; net ecosystem exchange; 
field capacity, Debrecen

1. Introduction

The Agrometeorological Observatory of the University of Debrecen is an 
agrometeorological site where a long time series of measured soil water content 
data is also available. These data combined with long term measurements of 
relevant meteorological elements, such as global radiation (Rs) or sunshine
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duration, air temperature (T), and precipitation (P) enable us to get an insight 
into the climatology of energy and carbon balance components of the region.

Debrecen’s climate and other environmental characteristics have been 
analyzed by Justyák and Tar (1994) using simple data processing. The analysis 
has been based on measured quantities during the 20th century. A more 
extensive analysis using different empirical approaches for estimating surface 
energy balance components was done by Szász (2002). In these calculations the 
quantities were diagnostically estimated using measured soil water content data 
from the period 1964-1993. Recently, a diagnostic analysis using micro- 
meteorological methods has been performed by Acs et al. (2005). This approach 
used not only soil water content but also ground surface temperature data. The 
calculations referred to period 1974-1986. Soil water content data are used for 
verifying the model. According to the results, there are many limitations in 
estimating energy balance components.

Monthly mean values of energy balance components can be estimated 
using the bucket method of Thornthwaite (1948), avoiding enormous data 
processing and all limitations arising from the need to scale up the outputs in 
time and space. Besides, Thomthwaite’s model can be simply extended for 
estimating actual evapotranspiration and carbon balance components of soil- 
vegetation system.

On the basis of all these, the aim of this study is to analyze the energy and 
carbon balance components from climatological point of view. In doing so, we 
focus on

• verifying the model using long term measurements of soil water content,

• analyzing annual course o f energy and carbon balance components,

• testing the sensitivity of energy and carbon balance components to field 
capacity soil water content changes, and

• analyzing the statistical relationship between the energy, water, and 
carbon balance components.

In the following, these points are separately discussed after presenting the 
measurement site, the model, and the data used. At the end, basic conclusions 
are drawn. 2

2. Measurement site

The Agrometeorological Observatory of the University of Debrecen was 
established in 1962 at Hajduhat (47°37’N, 21°36’E; 112 m asl). In the last 40 
years period, both main climatic elements and the soil water content were 
systematically measured. This long time series of soil water content data is the
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unique characteristic of the Observatory. The history of the Observatory and 
description of the measurements performed are given in Szász (2002).

The climate of Hajdúhát can be characterized as a temperate rainy climate 
with continental features. The annual mean temperature is 10.1°C, while mean 
annual precipitation sum is 550 mm. The water table is at a depth of 10 m. The 
soil type is lime covered with black loam (chernozem). The vegetation is short­
cut natural grass.

3. Model and data

3.1. Inputs and outputs o f  the model

The input data are as follows: monthly precipitation (P), air temperature (T), 
sunshine duration (SSD) and NDVI (normalized difference vegetation index), 
initial soil water content (0 ,m), geographical latitude and longitude, albedo, and 
soil hydro-physical properties. Precipitation and temperature refer to the period 
1953-2003, NDVI (Bartholy et al., 2004) and sunshine duration data refer to 
periods 1982—2000, 1971—2000, respectively. It is supposed that surface albedo 
changes from month to month, but there are no inter-annual changes. Soil hydro­
physical properties are taken from Acs et al. (2005). The outputs are as follows: 
soil water content (0), potential evapotranspiration (PET), actual evapo- 
transpiration (AET) or latent heat flux (LE), water surplus (S), water lack (D), soil 
respiration (SR), net primary productivity (NPP), net ecosystem exchange (NEE), 
radiation balance (Rn), sensible heat flux (H), and ground heat flux (G) (Fig. I).

Fig. I. Inputs and outputs of the extended Thornthwaite’s bucket model. Symbols: P = 
precipitation, 7 = air temperature, SSD = sunshine duration, NDVI= normalized difference 
vegetation index, &ini = initial value of soil water content, PET = potential evapotran­
spiration, AET= actual evapotranspiration, LE = actual latent heat flux, 5'=water surplus, 
D = water demand, 0  = soil water content, SR = soil respiration, NPP = net primary 
productivity, NEE = net ecosystem exchange, 7?„ = net radiation flux, H=  sensible heat 
flux, and G = soil heat flux at the soil surface.
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Thomthwaite’s bucket model (Thornthwaite, 1948) is extended by 
subroutines for calculating carbon and energy balance components of soil- 
vegetation system. Soil respiration is calculated according to Peng et al. (1998), 
while NPP after Maisongrande et al. (1995). The energy balance is calculated 
according to Drucza and Acs (2006).

3.2. Bucket model

The most simple soil water content prediction model is the bucket model. 
Bucket is represented by 1 m deep soil column of 1 m2 surface which is filled by 
precipitation and depleted by AET  and surface runoff. There is no water 
exchange between the column and the surrounding soil. Soil texture in the 
column is constant, that is, it has no horizontal and vertical changes.

3.3. Actual evapotranspiration

AET depends upon both the atmospheric conditions and 0 . Atmospheric 
conditions affect PET, while the effect of 0  is taken into account using the so- 
called /? approach. The [3 function changes between 0 and 1, and it describes the 
dependence between the ratio AET/PET and 0 , that is

# f  =  A 6 > ) .  ( i )

There are several methods to calculate both PET and [3. In this study, PET 
is calculated after Thornthwaite (1948), while [3 after Mintz and Walker (1993).

3.3.1. Thornthwaite’s parameterization o f  PET

Thomthwaite’s method (1948) for parameterizing PET (mm month-1) requires 
as input only monthly mean air temperature. A newer version of it is proposed 
by McKenny and Rosenberg ( 1993). It is as follows:

( 2)

where L, is the average daytime length in hours for the z'th month, N, is the 
number of days in the z'th month, and T, is the monthly mean air temperature 
(°C) for the zth month. /  is the thermal index calculated as:

and

(3)
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(4)a = 6.75• 10-7 • 73 -7.71 • 10-5 12 +1.792 10"2 - /  + 0.49239.

AE T  s dimensions are equal to PET  s dimensions. In energy balance 
calculations, LE (MJ m"2 month"1) is used instead of AET (mm month"1).

3.3.2 Mintz and Walker’s parameterization o f /3

Among many parameterizations of (3, Mintz and Walker's (1993) parameteri­
zation is used:

(5)

where 0 W is the value of 0  at the wilting point and 0 /  is the one at the field 
capacity.

3.4. Carbon balance

3.4.1. Soil respiration

Annual sum of soil respiration is parameterized after Peng et al. (1998):

SR = 7.641 • g0 0 2 9 2 . p 0171 - AET0423', (6)

where P is the annual sum of precipitation, AET is the actual evapotranspiration, 
T is the mean annual air temperature (°C). Note that all relevant climatic 
elements are taken into account. Monthly sums of SR (10-3 kg C m 2 month-1) are 
estimated after Raich et al. (1991) taking the effect of monthly mean air 
temperature and soil water content into account.

3.4.2. Net primary productivity

NPP is parameterized after Maisongrande et al. (1995):

NPP = e Rg -0.5- NDVI -( \ -r(T)) ,  (7)

where s is the photosynthetic efficiency (1(T3 kg MJ-1), Rg is the monthly sum 
of global radiation (MJ m-2 month-1), and r( T) is the respiration of the vegetation 
expressed as a fraction of NPP. e varies markedly, it depends upon vegetation 
type and geographical location. In this case, a constant value of 0.55-10-3 kg M r1 
is used.
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3.5. Numerical scheme

Among many numerical schemes, a 2nd order implicit scheme was chosen. The 
set of equations is as follows:

where

that is

(8)

(9)

( 10)

( 1 1 )

Euler-method has been used in every starting month. To stabilize the scheme, 0, 
has been averaged with new 0  in every time step, so 0  is in the next time step 
recalculated as:

4. Results

Analysis is performed according to the points given in the introduction. Firstly, 
the performance of the bucket model is verified using measured 0  data from the 
Agrometeorological Observatory of the University of Debrecen, in the period 
1972-1992. Then the annual course of simulated energy and carbon balance 
components is analyzed. Sensitivity of SR and NEE to 0 /  changes is also 
discussed. Lastly, statistical relationships between carbon and water balance 
components in the growing season are considered.

4.1. Verification

Temporal variation of measured and simulated 0  values obtained by the 
extended Thomthwaite’s bucket model is presented in Fig. 2a. Agreement 
between simulated and measured 0  values is acceptable. According to the 
results, 0  values obtained by Thornthwaite’s method are generally higher than
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the measured ones. Overestimation is especially obvious in the spring. 
Correlation coefficient obtained is about 0.8.

1972 1974 1976 1978 1980 1982 1984 1986 1988 1990 1992 

Time (years)

Jan Feb Mar Apr May Jun Jul. Aug Sep Oct Nov Dec 
Months

Fig. 2. Temporal variation of simulated and measured 0  obtained by the extended 
Thornthwaite’s bucket model in the time period 1972-1992 (a). Long term mean annual 
course of simulated and measured 0  and its standard deviations (b).

Comparison of measured and simulated long term (1972-1992) mean annual 
course of 0  and its standard deviation are presented in Fig. 2b. Simulated values 
are in the scattering region of measured values 0 mea-  omea < QThonn < 0 "'''" + ame'\ 
except from February to May. 0 ,w " -  tr77'""" < < &Thornl + arhorm relationship
is also valid excepting spring. It should be said that difference between 
measured maximum and minimum 0  values changes between 120-260 mm m '. 
For modelled 0  values this range is between 80-210 mm m_l.

4.2. Energy and carbon budget components

Long term (1971-2003) mean annual course of energy balance components is 
presented in Fig. 3a. Rn changes between -90 and +380 MJ m 2 month-1, LE
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between 0 and 270 MJ m 2 month while H between -80 and +150 MJ m 2 month 
LE is the highest in June because of the precipitation maximum, while it 
almost vanishes in January, when it amounts only 2 MJ m 2 month-1. H  is quite 
high in April (about 110 MJ m-2 month '), but it is the highest in August (about 
150 MJ m-2 month-1). Note that in October it is still positive (air is warmed by 
ground surface), but in November it is already negative. March is the month 
when the effect of the cold winter is over. Then air is usually warmer than the 
ground surface. Surface is wet (J3 ~ 1) but still cold because Rn<LE. This is 
obvious from the Bowen-ratio value, which is ~2.0 in this time period. In 
October, the Bowen-ratio is more than 0.5, which is also a high value for 
continental conditions. This is caused by macro-circulation effect, which 
appears regularly in the period September-October. This period is popularly 
called as ‘indian summer’. G is negative in winter months and positive in 
summer months. Its annual sum is zero.

( * * )  400

§ 300
co ,—.
E 5  200o c o  o
S E 100  

S ~E
2 1 0>. 1—'TO
•  -100c

1U

-200

□  R n
□  L E
■  H
■  G

M onths

M o nths

Fig 3. (a) Long term (1971—2003) mean annual course of radiation balance (R„), latent 
heat flux (LE), sensible heat flux (H), and ground heat flux (G). (b) Long term (1982- 
2000) mean annual course of net primary productivity (NPP), soil respiration (SR), and 
net ecosystem exchange (NEE).

Long term (1982-2000) mean annual course of carbon balance 
components is presented in Fig. 3b. NPP and SR have similar courses, but 
their relation to each other is variable. This is reflected in NEE values. NPP is
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the highest in July (77-10 3 kg C m-2 month-1) and the lowest in December 
(4-10 'kg C m 2month '). SR is the highest in May (68-10 3 kg C m-2month-1). 
In November it amounts 14-10-3kg C m-2month-1. Note that NEE is negative in 
the period November-April, while it is positive in the period May-October.

4.3. Sensitivity analysis

Since 0 /is  an important parameter (Acs, 2005; Acs et al., 2005) which depends 
upon soil type and climatic conditions, it is important to know how much it 
influences the energy and carbon balance components. The sensitivity analysis 
is performed by increasing/decreasing the Qf by ±10 percent with respect to its 
<9/ value ( 0 /  = 0.36 m3 m-3), which is used in verification tests. These 0 / 
changes are not big, in reality 0 / values can be scattered by about -45-+15% . 
Runs performed by 0/=O.36 m3 m-3 will be called as ‘reference’ runs.

(a)

O a,o> c 
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£ £

( b )
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Fig. 4. Annual course of relative difference of energy balance (a) and carbon balance (b) 
components for 0 f = 0 /  -0.1 -0/.

Annual course of relative differences of energy balance components for 
0 /  = 0 / -O .T 0 /  is presented in Fig. 4a. Deviations are small from January to 
May because of high 0  values (see Fig. 2b). In the period June-September, 
when evapotranspiration is higher than precipitation, 0  becomes important. 
Since 0  is lower than Qr, LE obtained is also lower than LEr. Deviations of H  in
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some cases, however, exceed 10 percent as in June and July. In the autumn and 
winter periods, when AET  is lower than P, relative deviations are small.

The same, but for carbon balance components, is presented in Fig. 4b. 
Relative deviations of SR follow the annual course of 0. From January to April, 
relative deviations of SR with respect to SRr are over 5 percent. From May to 
August, relative deviations are negative, in June and July they amount about -10 
percent. In autumn, relative deviations are small. Nevertheless, deviations of 
NEE are higher and even reversed to deviations of SR. For positive deviations of 
SR, NEE deviations are negative and vice versa. In extreme cases, as in April, 
May, and June, NEE deviations amount about -40, +100 and +60 percent, 
respectively. NEE changes are bigger, because NEE values are lower than SR 
and/or NPP values.

Annual course of relative deviations of energy and carbon balance 
components for 0j=  0 /  + 0 .1 0 /  is presented in Fig. 5a and Fig. 5b, respectively. 
Relative deviations in absolute value are about the same as in the former case 
but, courses are opposite. Note that high relative deviations of NEE are high 
again. Summarizing: 10 percent changes in absolute value of 0 /  resulted about 
5-10 and 50-100 percent changes in absolute values of LEr and NEEr, 
respectively.

(«)

* e.
<5 m
o a, <v c o o c a.
2  E,a> o

-10

-15

1 1
Jan. Feb . Mar Apr. May. Ju L* 4 s |j Oct. Nov. Dec.

(b)

o m
o Ia> c o o c a. 
2  E .0) o 
It « 
 ̂ *

EC

140

120
100
80

60

40

20
0

-20
-40

-60

1 .

Jan. FeEc MeJ I'J | May. Jun. Jul. Aug. Sep . Oct. Nov. Dec.1 _____ _______

□ Rn
□ H
■ LE
■ G

□ NPP 
b SR 
■ NEE

2 4 8
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4.4. Statistical relationships between carbon balance components and 
environmental factors in the growing season

The period March—November will be called as growing season (GSj. This time 
period is interesting because of the activity of both the soil and vegetation. In 
this period carbon balance components are significantly changing. There is a 
strong relationship between SR and H  (see Fig. 6a). The correlation coefficient 
is 0.91. SR values are scattered between 300-450 10~3 kg C m 2 GS 1 and sensible 
heat flux changes between 300-1150 MJ m 2 GS V Relationship between NEE 
and 0  is presented in Fig. 6b. The correlation coefficient is -0.76, that is, NEE 
increases by decreasing of 0. NEE changes between 16 and 160 10 3 kg C m 2 GS 1. 
Somewhat stronger relationship exists also between NEE and H  (see Fig. 6c). 
The correlation coefficient is 0.8, that is, NEE increases by increasing H.

0 200 400 600 800 1000 1200

(a) Sensible heat flux (MJ m'2 GS"1)

150 170 190 210 230 250 270 290

✓  ■ v Modelled soil w ater content (mm m 1)

0 200 400 600 800 1000 1200

(c) Sensib le heat flux (MJ m 2 G S 1)

Fig. 6. Statistical relationship between (a) the soil respiration and sensible heat flux, (b) 
the net ecosystem exchange and precipitation, (c) the net ecosystem exchange and 
sensible heat flux in the growing season.

5. Conclusions

An extended Thomthwaite’s bucket model is applied for estimating surface 
energy and carbon balance components in the vicinity of Debrecen. Soil water 
prediction module of the model is verified using measured 0  data from the 
Agrometeorological Observatory of the University of Debrecen, in the period
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1972-1992. There are no verification tests referring to energy and carbon 
balance components because of the missing direct measurements. Long term 
mean annual course of energy and carbon balance components is analyzed as 
well. The sensitivity of NEE  to Qf  changes and statistical relationships between 
energy and carbon balance components in the growing season are considered too.

It is shown that energy balance components are quite influenced in the 
period September—October (this period is popularly called as ‘indian summer’). 
In this period Peczely's (1961) 12th macro-circulation pattern type is dominating. 
It is also shown that AET  and carbon balance components are strongly coupled. 
Since AET  is strongly determined by Qf, SR and/or NEE are also sensitive to the 
changes of Qf. In some cases sensitivity of NEE to 0 / could be extremely high. 
Note that 0/is a roughly estimated parameter (Acs, 2005). Of course, NEE depends 
not only upon Qf, but also upon e. In our case e is taken to be 0.55 1(T3 kg MJ '. 
NEE values obtained should be treated with caution, because both e and Qf are 
quite unknown and variable parameters. The model applied does not use any 
upscaling procedure. Area and time variability of environmental conditions is 
only implicitly represented by the input data. Thus, model outputs are area and 
monthly averages, just as the inputs.
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Abstract—Despite the fact that a large number of papers have dealt with the causes of 
reed die-back, little attention has been paid to the probable effect of environmental 
factors. Fragmentation is an early sign of die-back and is associated with a considerable 
change in the environment, particularly in the intensity of radiation. In the present study 
the relationship between radiation and stomatal conductivity was examined in reeds 
growing in non-fragmented and fragmented stands on the northern shore of Lake Balaton 
(Hungary). Hourly measurements were made on the adaxial and abaxial leaf surfaces 
at every leaf storey of selected shoots on sampling days with the same solar angle in 
June 1999.

The greater exposure of the fragmented stands to radiation would have been expected 
to lead to enhanced stomatal conductivity, as plants standing in the lake did not suffer 
from water deficiency, but this was not the case. The conductivity of plants in the 
fragmented stand was found to be around 20% lower than that of reeds in a non- 
fragmented stand, though the direction of the change differed on the two surfaces of the 
leaves. An intense reduction in conductivity was observed on the adaxial surface and a 
more moderate increase on the abaxial surface. This discrepancy was greatest at dawn 
and at a high solar angle. This is thought to be due to adaptation to the stress caused by 
changes in the environment -  more intensive radiation penetration, higher air 
temperature, reduced humidity -  to which the plants in fragmented stands are exposed. 
Decreased conductivity of fragmented plants results in reduced C02 uptake and probably 
less carbon assimilation as well. This might be one of the reasons leading to reed 
deterioration of fragmented stands.

A comprehensive analysis of the microclimate of reeds growing in non-fragmented 
and fragmented stands will be essential if a more detailed picture is to be obtained of 
changes in stomatal conductivity.
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1. Introduction

Reeds, one of the most frequent aquatic plants in the Balaton region, play an 
important role in maintaining the quality of the lake water. The die-back of reeds 
has become a major problem in the Balaton area in recent decades. In spite of 
the considerable efforts that have been made to discover the possible reasons for 
reed decline, the results so far have been modest. It is frequently observed in 
nature that reedbeds undergo changes in water supply from time to time, 
becoming temporarily dry or completely inundated with water. However, 
fragmentation, rather than the continuous variability in the water level, may be 
the first sign of reed decline. Observations on the die-back of reed stands were 
published earlier by Van der Putten (1997) for reedbeds in central and eastern 
Europe, and by Erdei et al. (2001) for reedbeds in the lake Balaton area. An 
unusual extent of reed decline, exceeding anything previously recorded, was 
also observed by Fogli et al. (2002) in the Sub-Mediterranean region. Ostendorp 
et al. (2003) attempted to explain the causes of the deterioration of reed stands 
from 41 lakeshores in central Europe and concluded that lake eutrophication 
cannot be regarded as the general reason for reed die-back in eastern Europe.

In 1998 the number o f fragmented reedbeds isolated from the main stands 
increased dramatically in Lake Balaton, so tests were made in summer 1999 to 
determine the difference in radiation intensity compared with that reaching 
untouched reedbeds and to investigate how fragmented reedbeds, which 
represent the first symptom of reed die-back, adapt to changes in radiation 
intensity and related changes in stomatal conductivity. This latter parameter 
provides direct information on the evapotranspiration of plants standing in 
water, which is determined solely by the radiation intensity. The results of these 
observations could contribute to a better understanding of the complex process 
of reed die-back, and particularly of its relationship to environmental changes. 2

2. Materials and methods

Observations on the radiation intensity in nonfragmented reed stands in Lake 
Balaton and in fragmented but still viable reedbeds separated from the main 
stand were carried out in the neighborhood of Balatonfuzfo in June 1999, 
together with measurements of stomatal activity. The choice of sampling date 
and place was justified by the increasing number of fragmented reedbeds. At the 
beginning of the experiment four treatments were distinguished. Reedbeds with 
a nonfragmented canopy were taken as the control (designated as E), while 
fragments separated from the main stand were classified on the basis of the 
shoot number. The smallest fragments contained 25-50 shoots, the next category 
contained around 100 shoots, and the third group consisted of 130-150 shoots. 
However, as the three groups gave similar responses to the radiation parameters
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tested, this classification proved unnecessary, so all the fragments were 
considered as a single treatment (designated as B).

The effect of radiation on the stomatal conductivity of reeds in the 
vegetative phase of development, with an average of 4-10 leaf layers, was 
recorded on consecutive days in order to eliminate the modifying effect of 
differences in the solar angle on the relationship between radiation and stomatal 
conductivity. The investigation of this relationship was favored by the 
development of fragmented reedbeds, as it allowed the effect of two levels of 
radiation intensity to be observed simultaneously.

In 1999 a number of cloudy days occurred after June 20, so days were 
chosen that were uniformly overcast, which meant that there were no great 
fluctuations in radiation intensity. The completely overcast, “average” sampling 
day produced from observations made over several days in late June had no 
previous equal in the literature, except as an explanation for deviations in 
stomatal activity for brief periods on otherwise bright days. The diurnal 
variation in stomatal conductance is illustrated by the data of hourly sampling 
with three repetitions. Parallel with diurnal variation investigations, in contrast 
to the usual measurements of stomatal conductivity, made on a single, well- 
illuminated leaf layer, in some cases the present measurement was extended to 
include all the leaf layers and the conductivity was recorded on both the upper 
(,g„) and the lower (gi) epidermis (vertical profiles). According to Larcher (2001), 
the conductivity of the whole leaf (g) can be determined on the analogy of 
parallel-connected resistances (the reciprocal of conductivity) on the two sides of 
the leaf. The mean value for each shoot was calculated from the conductivity of 
all the leaves (series-connected). In vertical profile investigations, in contrast to 
daily variation, the number of repetitions was ensured not by multiple samplings 
on a single leaf layer but by measurements on all the leaf layers on the shoot 
(Erdei et al., 2001). Beside the average values, the coefficient of variation (CV, 
%), and the standard deviation relative to the mean were included in the analysis.

The measurement of radiation was carried out simultaneously with that of 
stomatal conductivity using a quantum sensor used for the determination of 
photosynthetically active radiation (PAR, pmol s ' m 2). The number of repetitions 
was the same as in stomatal conductance. The instrument employed was a 
DELTA T AP4 transient porometer containing sensors for recording both 
radiation and stomatal conductivity.

3. Results

3.1. Relationship between the radiation and stomatal conductivity

In addition to biological traits, the stomatal conductivity (reciprocal of stomatal 
resistance) is determined primarily by environmental factors: by the water
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supplies, representing the hygric component, and by radiation, which provides 
energy. In the case of reeds standing in water, radiation becomes the primary 
determinant of stomatal conductivity. The radiation opens the pore in the 
morning. Later on, when the water is not limiting factor, the higher the radiation 
intensity, the more opened the stomata. The other abiotic meteorological 
elements, such as air temperature, air humidity, wind characteristics also affect 
the movement of the stomata. We have got much less information about the 
influence, mainly the mechanism of the biotic factors on stomatal behavior. 
Earlier study on maize showed that diseased plants have higher surface 
temperature (“fewer”) resulted of an increased stomatal resistance referring to 
decaying the water balance of healthy plants (Anda, 1993, 1994). Every factor, 
biotic or abiotic that increases the stomatal resistance, reduces the input of C 02 
and damages the process of photosynthesis. These disturbances may effect 
negatively the final production of plants independently on their species, age or 
phenological phase. In the time of our measurements both the fragmented and 
nonfragmented reed stands were free from biotic stresses.

The conductivity of healthy and fragmented reedbeds responded differently 
to variations in radiation intensity (Fig. 1). In reedbeds with nonfragmented 
canopy, PAR intensity in excess of 1500 pmol m 2 s ' was rarely recorded. 
Fragmented reedbeds, however, were more open to the environment, so higher 
PAR values were observed, which also allowed examinations to be made over a 
wider radiation range. For reedbeds with a nonfragmented canopy, the upward 
slope of the curve describing the relationship between light and stomatal 
conductivity was steeper above a radiation level of 400 pmol nT2 s 1 (morning 
hours) than for fragmented reedbeds, indicating that in a nonfragmented stand 
the plants responded to unit increase in radiation intensity by greater stomatal 
opening. The beginning of stomata closure was at 400 pmol m 2 s ' light 
intensity in the time of our experiment.
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Fig. 1. Relation in photosynthetically active radiation (PAR) and stomatal conductance 
(g) of fragmented reed canopy. S  denotes values for nonfragmented reed stands, F 
denotes values in the fragmented patches. The number of measurements is 24.



The radiation environment of small isolated reedbeds was modified 
considerably. They received more uniform radiation, but were more exposed to 
wind and waves than plants within a nonfragmented stand. The modification in 
the environment and microclimate (radiation penetration, inside air temperature 
and air humidity, wind) as the result of fragmentation may act as a stress factor, 
especially at the beginning of the acclimatization period, and may also influence 
the stomatal conductivity.

Diurnal changes in the stomatal conductivity of nonfragmented reed 
canopies and fragmented reedbeds in Lake Balaton on bright days were reported 
by Erdei et al. (1998). In agreement with earlier results by this author, the 
maximum conductivity occurred in both types of reedbeds at around 11 a.m., 
shortly before the maximum value of radiation (PAR = 600-700 pmol nT2 s~'). 
After a transitional decline, possibly associated with stomatal closure at around 
noon (Anda and Boldizsár, 2005), there was a further, more moderate increase at 
radiation values in excess of PAR = 1500 pmol nT2 s_1.

No difference was observed in the mean stomatal conductivity of each 
shoot in fragmented reedbeds with different shoot numbers (density). The mean 
leaf conductivity (recorded on the adaxial and abaxial surfaces) in the 
fragmented groups decreased by 21% compared with the healthy stand. In 
fragmented treatments the increase in coefficient of variation was 10%. At low 
solar angle the difference between the two treatments was less pronounced 
(13%) (Fig. 2). The greater radiation reaching the plants in the more open 
fragmented stands, which were also more exposed to the wind, while the water 
supplies were unchanged, would have been expected to cause an increase in 
stomatal conductivity, while in reality the opposite was observed, probably due 
to the radical change in the plant environment in the fragmented stands, which 
can be assumed to be less favorable to the plants than a nonfragmented reedbed. 
Earlier studies on other plant species demonstrated that environmental stress, 
whether biotic (fungus, insects, viruses, bacteria) or abiotic (lack of N-fertilizer, 
water shortage) led to an increase in stomatal resistance (Anda and Löké, 1997), 
i.e., to a reduction in stomatal conductivity.

In fragmented reed difference occurs not only in the magnitude of adaxial 
and abaxial conductivity, but also in the direction of modification compared 
with the average value for plants within a reedbed. The reduction in mean 
conductivity per shoot on the adaxial leaf surface of reed stands was extremely 
large in the early morning and late afternoon, being around 42-49%. At the 
same time the conductivity on the abaxial surface of reed stand leaves rose by 
14.7-32% (Fig. 3). The stomata of the lower epidermis also exhibited greater 
sensitivity at low solar angle. It should be noted, that this rise in conductivity on 
the abaxial surface of fragmented reeds was only observed for all leaf zones at 
certain radiation intensities. One such solar angle was immediately after sunrise 
at PAR = 15-20 pmol m 2 s_l, when the difference between the fragmented 
stands and healthy reedbeds was as much as 150-200%. At high solar angle,
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with PAR values of 1200-1600 pmol m 2 s the increase in stomatal conductivity 
was also substantial (152-173%). At other solar angles there was always one 
leaf zone in the vertical profile, where the abaxial conductivity of the 
fragmented reed did not follow the trend for the shoot as a whole.
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Fig. 2. Vertical profiles of the leaf stomatal conductance (g) at low (PAR = 20 pmol m 2 s ', 
leaf temperature = 17.7°C) and high solar radiations (PAR = 495 pmol m 2 s leaf 
temperature = 23.4°C). S  denotes the values for healthy stand and F is for the fragmented 
reeds, n denotes the number of measurements.

According to earlier observations on the effect of changes in the radiation 
environment, which can be expected to have been modified in the case of 
fragmented reeds, factors causing short-term changes deserve the greatest 
attention. These deviations in radiation induce an acclimatization response in the 
plants, e.g., a change in leaf thickness, the occurrence of biochemical reactions, 
or simply a change in leaf movement, etc. (Larcher, 2001). Considering the 
exceptional sensitivity of the stomata to environmental factors, the greater leaf 
movement caused by the wind in more open stand and the resulting increase in 
exposure may be sufficient to cause a modification in the stomatal movement.

2 5 6



The higher mean value calculated from the abaxial conductivity recorded 
for each leaf zone on the shoots of fragmented reeds was characteristic in 94.7% 
of the total investigations.

In the shoots of healthy reedbeds an increase in conductivity was observed 
on the abaxial surface compared with the adaxial surface in 43.7% of the cases, 
though this difference was generally very slight during the day. Even 
considering the great variability of stomatal conductivity, this difference is 
noteworthy. The fact, that these changes are masked in some cases in mean 
stomatal conductivity values, can be explained by the high level of uncertainty 
caused by point sampling errors. According to Pearcy et al. (1991), the 
measuring error of observations on stomatal activity using a porometer may be 
as much as 30% or more.
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Fig. 3. Vertical profiles of the stomatal conductance on the lower (gi) and upper (gu) 
epidermis. In the time of sunrise PAR is 15-50 pmol s 1 m 2 and leaf temperature is 17.8-18 °C. 
In the solar noon PAR is 1300-1530 pmol s“1 n f2 and the leaf temperature is 23.4-25 °C. 
n denotes the number of measurements.
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Irrespective of the plant species, studies on stomatal activity are generally 
carried out on bright, clear days due to the difficulties encountered during the 
measurements. Results obtained for healthy and fragmented reedbeds in Lake 
Balaton were reported by Erdei et al. (1998). Due to the variability of the 
weather, however, it may also be necessary to investigate the stomatal activity 
when the weather is overcast. This is not possible for all types of cloud cover. In 
the present study days were chosen, when the cloud cover ensured relatively 
uniform radiation, allowing the successful measurement of conductivity. The 
samples were taken at the end of June, during the period immediately following 
the bright sample days, at the same solar angle. In the early morning hours the 
reeds were wet, making them unsuitable for measurements, so the diurnal changes 
are illustrated using values recorded every hour between 10 am and 4 pm. As in 
the case of values calculated in clear weather, the hourly values are the mean of 
the conductivity measured on the abaxial and adaxial surfaces.

The stomatal conductivity values recorded on cloudy days were 
considerably lower than those measured on bright days {Fig. 4). The actual 
value is always determined by the radiation intensity {PAR), which fluctuated 
between 20 and 335 pmol n f 2 s~' during the observations. The measurements 
indicated that a PAR value of approx. 10-15 pmol nT2 s ' is required for the 
stomata to open, and the lowest conductivity that can be measured is around 25- 
30 pmol nT2 s"'. The change in the cloud cover is revealed by the apparently 
random stomatal conductivity values, which varied from hour to hour and, 
despite the low diurnal means 90.6 and 94.7 pmol m 2 s~' in nonfragmented reed 
canopy and fragmented plants, had a relatively high coefficient of variance {CV 
is 68%), half as much again as that found on bright days.

3.2. Stom atal conductiv ity  o f  reed s  on  sam pling days w ith even c lo u d  cover

Hours
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Fig. 4. Daily variation in the stomatal conductance of reed on overcast day. The mean of 
the measurements in nonfragmented reed stand (5) and fragmented treatment (F) were 
90.6 and 94.7 pmol s ' nT2, respectively. SD designates standard deviation.



Unlike the results obtained on bright days, no differences in stomatal 
conductivity were observed on dull days between the healthy and fragmented 
reedbeds.

4. Discussion and conclusions

The radiation sensitivity of the stomata during the vegetative phase of 
development differs in healthy and fragmented reedbeds. Reeds in a healthy 
stand responded to an increase in unit radiation intensity during the morning 
hours with greater conductivity. Fragmented reedbeds, which were completely 
open to the elements, were less sensitive to radiation, probably because they had 
become acclimatized to radiation stress. Stomatal closure followed by renewed 
stomatal opening was only observed occasionally in fragmented stands at a very 
high level of radiation. Light intensity measurement within nonfragmented stand 
was never higher than 1500 pmol m-2 s“1 in June 1999.

The daily mean leaf conductivity (recorded on the adaxial and abaxial 
surfaces) in the fragmented groups decreased by 21 % compared with the healthy 
stand. In fragmented treatments the increase in coefficient of variation was 10%. 
This result was unexpected. For fragmented stands more exposed to radiation, 
the conductivity should theoretically increase for plants standing in the lake, 
where water supplies are not a limiting factor. This unexpected phenomenon can 
probably be attributed to a radical change in the microclimate of the surrounding 
fragmented stands. For reeds previously growing in a nonfragmented stand, 
fragmentation inevitably results in intense abiotic stress. In the time of our 
measurements the fragmented reed was free from biotic stresses.

The direction of difference in stomatal conductivity in fragmented reedbeds 
differed on the abaxial and adaxial leaf surfaces. While a reduction in 
conductivity was recorded on the adaxial leaf surface of plants in fragmented 
stands, an increase was measured on the abaxial surface, compared with plants 
in nonfragmented stands. At dawn, at low rates of radiation, and at noon, when 
the radiation was intense, this was true of all the leaf zones. In the intermediate 
hours changes of opposite sign were observed for some leaf storeys. In daily 
averages the decreased conductivity of fragmented plants could result reduced 
C02 uptake and carbon assimilation. Among others, disturbance of process of 
photosynthesis might be one of the reasons leading to reed deterioration of 
fragmented stands. Our sample day was in the beginning of reed vegetation 
period (end of June) showing moderate problems in stomatal behavior. Later on 
this inconvenience intensified in fragmented reed patches, mainly in the 
following season, ending with complete die-back of plants.

As expected, the mean stomatal conductivity on a sampling day with even 
cloud cover in late June was lower than in bright weather, with a high 
coefficient of variance. On cloudy days fragmentation had no influence on 
trends in the stomatal conductivity of reeds.
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The causes of reed die-back in Lake Balaton, which has been detected for 
some time, are extremely complex. Many scientists attribute the die-back to the 
simultaneous appearance of a number of unfavorable factors. The present paper 
was not designed to investigate all the causes, but attempted to shed light on the 
enhanced sensitivity of fragmented reeds to radiation. The results suggest that 
complex analysis involving not only radiation but also other factors in the 
microclimate will be required if we are to understand the changes in stomatal 
conductivity observed in fragmented reedbeds.
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Abstract—This study is a segment of complex wind energy examinations, which uses 
statistical methods to analyze the daily mean specific wind power of a month in the 
period between 1991 and 2000 on seven Hungarian meteorological stations. The 
properties of monthly average specific wind power can be examined by the definite 
integral of an approximation function fitting the hourly average of the cubes of wind 
speed. Certain properties of the approximation function will be analyzed in this paper, 
mainly its periodicity that may offer implications about the daily course of wind energy. 
Relations of periodicity of daily course with weather situations are also investigated. 
Thus, we outline a statistical, stochastic-climatologic model, which could be utilized by 
energetic systems management in producing electricity from wind energy.

Key-words: average specific wind power, trigonometric polynomials, relative amount of 
approximation, suddenness and periodicity of the approximation function, 
weather situations

/. Introduction

In a given term consisting of days (e.g., month, season), the daily average specific 
wind power is estimated with the definite integral (area under the curve) of a 
trigonometric polynomial matching the hourly averages of the cubes of wind 
speeds. In this way, the dependence on the number of measurement times is 
eliminated, on the other hand, we can investigate the daily courses of wind 
power: they are the 24-hour and the 12-hour periods in the case of the first two 
members of trigonometric polynomials. As it is known, the temporal alternation 
of potential wind power is extremely inconvenient for the operation of electricity, 
for the power loss must be substituted from other sources. The greatest daily 
difference may exceed 80% in Germany (Strobl, 2006). For electric energy 
production those days are advantageous, when the daily (24-hour) course of
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hourly average wind speed cubes is a simple one with only a single maximum. 
Days, when the second wave (12-hour period) is random, always have simple 
daily course with a single maximum. Accordingly, our investigations are applied 
primarily to the 12-hour period. Only the relationship with the weather situations 
of the always present whole day period is analyzed in detail.

2. Objective and database

The paper discusses a segment of a complex examination, the objective of which 
is to reveal the inter-dependence of parameters in wind energy in order to 
outline a statistical, stochastic climatologic model that may be useful in 
everyday wind energy utilization.

Specific wind power (P / , in W m'2), is defined as the kinetic energy of the
air mass passing through a unit of vertical area in a unit of time. We can 
calculate it at any given time with the formula

where v is the velocity of wind, p  is the air density. There are two options to 
determine the specific wind power of an extended period: either we substitute 
for the average speed of the period or we add wind power values defined at 
individual discrete points in time within the period in question. The second 
option is obviously more realistic. It is problematic, though, that in this case the 
sum depends on the number of measurement times, as different values are 
obtained when calculated from wind speeds measured in every hour, in every 
ten minutes, or at the so called terminal points each day. Although averaging 
might reduce the dependence on the number of measurement points, it cannot 
entirely eliminate the problem.

There is a theoretical solution to eliminate this dependence. When the area 
under the curve of the function describing daily variation in the cubes of wind 
speeds is multiplied by p H , the exact value of every daily specific wind power 
is obtained. We must use numerical integration, as the necessary function is not 
analytic on a usual day. We may attempt to determine the average specific wind 
power falling on a period consisting of days, for instance month, season, or year 
with an appropriate approximation function.

Hourly wind speed data of ten Hungarian meteorological observatories in 
the period from 1991 to 2000 required for the energetic examination were 
provided by the Hungarian Meteorological Service. Fig. 1 shows the geographical 
location of the stations. The weather stations in Debrecen, Békéscsaba, Miskolc, 
and Győr, which are not restricted to wind speed examinations, were relocated 
(at least once) in the period from 1991 to 2000 of the comprehensive study. The 
relocation did not caused substantial change in the latitudes or longitudes of any
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stations concerned, however, increased the elevation in Miskolc and the 
anemometer height in Békéscsaba. Both heights were changed minimally in 
Győr. In Debrecen the station relocation caused no significant changes in basic 
wind statistics as earlier studies showed (Tar and Kircsi, 2001), unlike Győr, 
where significant changes can be shown by a simple homogeneity test of the 
wind data. The reason for this is probably the different environment of the new 
location. Hence, only the data of those stations are applied, where monthly data 
series can be regarded homogeneous from January 1991 to December 2001. 
Thus, anemometric conditions can be considered constant in the following 
stations: Debrecen, Szeged, Budapest, Pécs, Keszthely, Szombathely, and 
Kékestető. Table 1 shows the exact geographical coordinates of the 
observatories and the height of the wind-gauge above the ground level. We will 
distinguish lowland (Debrecen, Szeged and Budapest), non-lowland (Pécs, 
Keszthely, and Szombathely), and mountainous (Kékestető) stations.
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Fig. 1. Geographical locations of the meteorological observatories comprising the whole 
database.

Table 1. Geographical coordinates (tp: latitude, X: longitude, h: elevation) of the 
observatories comprising the processed database, and anemometer altitudes (ha)

Observatory <P X h(m) M m )
1991--2000

Kékestető 47°52’ 20°01’ 1011 26
non-lowland

Szombathely 47°I6’ 16°38’ 219 9
Keszthely 46°46’ I7°I4’ 117 15
Pécs 46°00’ 18°14’ 201 10

lowland
Budapest-Lőrinc 47°27’ 19°13’ 130 12
Szeged 46°15’ 20°06’ 83 9
Debrecen 47°30’ 21°38’ 111 10
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3. Determining monthly average specific wind power 
with an approximation function

Properties of the monthly average specific wind power can be described with the 
definite integral (area under the curve) of proportional trigonometric polynomial 
matching the hourly averages of the cubes of wind velocities. An index number 
for the approximation of the above function is defined, and its spatial variation is 
analyzed. The conclusions concerning the daily course of wind energy are drawn 
from the discussion of the suddenness and its relation with the weather situation 
in the daily and 12-hour waves of the approximation function.

3. L The method

Wind velocities at discrete measurement times for each day of a specific period 
are given. The dependence on the number of measurement times is eliminated if 
a continuous approximation function is found, and the area under its curve can 
be determined by analytic integration.

Specific wind power falling on a day of a period of time on average is 
defined as half of the air density multiplied by the area under a function curve 
that approximates the daily course of the averages of wind speed cubes by 
measurement time.

The approximation function is

It contains the first two members of a Fourier series consisting of 
trigonometric polynomials, where N  is the number of daily measurement times, 
andx = 0, 1, 2,..., N - 1. The so-called residual variance describes the correctness 
of the approximation or fitting:

4  = 4 - 1 - 0 .5A2 , (3)

2 2where s0 = sn , thus, the square of the deviation is

Am = ( a 2m + b 2m)U2, (4)

which is the amplitude of the wave m (Dobosi and Felmery, 1971). It is obvious, 
though, that sm depends on the size of the data, and thus, it is not applicable for 
comparison in this case. For that purpose, the parameter determining the relative 
amount of approximation is used:
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s0m — (5)4

4
which might be considered as independent value, thus, it depends not on the 
magnitude of wind velocities, and it needs not to be corrected for anemometer
altitude. sm values are obviously reduced as the number of approximating poly-

2 2nomials is increased. Let us assume the opposite, when sm&s0 , that is s0m&0. 
If, however, approximation with Eq. (2) is “perfect”, then s,h~ 0, that is s0m~ 1. 
The closer the s0m falls to 1, the better the approximation function fits the average 
(Tar and Kircsi, 2001; Tar et al., 2002).

The primitive of Eq. (2) is

( 6)

where a m = ■ Consequently, if we use the time series of the averages of
wind speed cubes by measurement times to determine coefficients am and bm, 
the average specific wind power falling on a day in the period (Pfmc/) is

Pfmd =  ~  [^2 ( N  - l ) - F 2 (0)],

where
Tga=F2( N - \ ) - F 2(0) (7)

is the area under the curve. The definite integral gives the area under the curve 
in units determined by the values of x, which depends on the number of 
measurement times chosen to specify in a day. This fact must be taken into 
consideration when comparing calculated values.

In the following sections the time series of average wind power falling on a 
day of a month is described, i.e., the method described above is applied for all 
the months in the period between 1991 and 2000 at all of the seven stations.

3.2. Fit o f  the approximation function

First the spatial variation of the dimension defined by Eq. (5) is analyzed. Table 2 
contains the most important statistical properties of this parameter. The averages 
show that the approximation was the best in Szeged and Debrecen, while it was 
the worst in Keszthely and Pécs. The variability of the parameter, which is 
indicated by the range, i.e., the difference between the extremities, or by the 
variation coefficient, appears in the reverse sequence of the previous series in 
general. Maximum values mainly occur in the spring and summer months, but

265



never in autumn or winter, while the minimum values appear only in winter. The 
correlation coefficients between s02 and the mean monthly wind velocity [v] are 
also calculated, as it is might be assumed that the goodness-of-fit depends on 
this velocity. The respective threshold values for significance levels of 0.05 and 
0.10 are |ro.os| ~ 0.1793, and |r0.iol ~ 0.1509 assuming the element number to be 
n « 120. The next to the last row in the table shows that stochastic relationship 
exists everywhere at least on the 0.05 significance level, except for Kekesteto.

Table 2. Essential statistical properties of the parameter s02 describing the goodness of 
approximation (v: monthly mean wind velocity)

Debrecen Szeged Budapest Pécs Keszthely Szombathely Kékestető
Mean 0.77 0.79 0.74 0.68 0.71 0.76 0.76
St.deviation 0.17 0.15 0.18 0.21 0.21 0.17 0.16
Maximum 0.98 0.96 0.95 0.96 0.95 0.96 0.97
Minimum 0.13 0.30 0.10 0.07 0.03 0.13 0.13
Range 0.85 0.66 0.85 0.89 0.92 0.83 0.84

Correlation
coefficient 0.2042 0.2408 0.2198 0.2086 0.1863 0.2960 0.1326
($02, v) 
>% 63.3 62.5 60.8 61.7 61.0 59.3 64.2

The last row of Table 2 lists the relative frequency in percentage of those 
parameter values S02 that exceed the average. It is the lowest at Szombathely and 
the highest at Kékestető, a frequency well beyond 50 percent.

There is no observable annual cycle in the appearance of elements 
exceeding the average due to the small number of cases. If, however, all seven 
stations are treated together, the values in March and April as well as those in 
September and October are beyond 10%, representing 43.7% in total. It is 
remarkable that minimums are found very close to 0 within the extreme values. 
The absolute minimum is 0.03 which occurred in December 2000 in Keszthely. 
The absolute maximum is 0.98 which occurred in August 1994 in Debrecen

3.3. Suddenness o f the approximation function

Fourier analysis calls the expected value of amplitudes expectancy (E):

To decide whether the period N/m of the m wave is random or real, the relation 
between Am amplitude and E expectancy is used. In the case when Am/ E  is 
large enough, the probability {p) of random order in the data is low, thus, it can
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be considered statistically real. In general, Amt E>  2 is acceptable (p = 0.05), but 
in the periodic analysis of time series of meteorological data the wave is 
considered real, when AmlE>  1.5 (/? = 0.17) is met {Koppány, 1978).

Table 3 shows that the daily wave must not be considered random in 80 to 
95% of the cases at the significance level of 0.05 and in 89.2 to 97.5% of the 
cases at the 0.17 significance level, as it was expected. More interesting is the 
suddenness of the 12-hour wave, where the ranges in the table are 11.7 to 25% 
and 29.2 to 57.5%, respectively.

Table 3. Percentages of the reality of the daily and 12-hour waves at significance levels of 
0.05 (A„,/E>2) and 0.17 ( A J E  >1.5)

% Debrecen Szeged Budapest Pécs Keszthely Szombathely Kékestető
A,/E> 2 95.0 92.5 95.0 80.0 88.3 94.2 91.7
A,/E> 1.5 97.5 95.8 95.8 89.2 92.5 97.5 95.0
A2/E> 2 12.5 24.2 11.7 25.0 12.5 17.5 17.5
A2/E> 1.5 40.0 50.0 38.3 57.5 36.7 40.8 29.2

Fig. 2. Monthly frequencies of the reality of the 12-hour wave (p = 0.17).

According to the Introduction, let us take a closer look at the annual 
variation of the non-random 12-hour waves at the 0.17 significance level. We 
will examine the monthly distribution of those cases, where A2/E  is greater 
than 1.5 according to station types. Fig. 2 shows the frequency of fulfilled 
conditions in percentage for every station types. It is clear from the figure that 
the condition is not realized in June at the lowland stations where the frequency 
raises above 10% in the autumn and winter months as well as in March. The 
maximum is in October while the secondary maximum occurs in February. The 
months for the annual maximum and secondary maximum are the same in the
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case of non-lowland stations, but the value of the primary maximum reduces in 
favor of June, when an approximately 6% high tertiary maximum occurs. In 
Kékestető the yearly course is simpler and smoother: there are two zero 
minimums in June and July, and a maximum of about 20% in January with large 
winter values.

We can see that the 12-hour wave of trigonometric polynomials fitted 
monthly on the average cubes o f the hourly wind velocities shows suddenness 
mainly in the late spring and summer months at the 0.17 significance level, 
while the frequency of its probable reality increases in the winter, early spring, 
and autumn months, that is for the major part of the year. Thus, we may expect 
significant daily alterations o f wind energy, its morning and afternoon 
minimums, as well as its daytime and night maximums (the other way round in 
the case of Kékestető). There is no circadian change of wind energy in those 
cases, where the 12-hour wave is random, for they are dominated by the daily 
cycle with a single maximum around midday. Fig. 3 illustrates the above, where 
the hourly average of measured cubes of wind speeds appear by months 
corresponding to the absolute extreme A2 / E ratios together with approximate 
values of waves 1 and 2. The column b of the figure clearly shows that at 
minimal A2tE  ratio the two waves practically coincide, i.e., the approximation 
slightly increases including the second random wave.

Fig. 4 shows daily differences in the cases of extreme values in observatory 
types, they indicate the deviation of the hourly average wind speed cubes from 
the daily maximum in percentage based on the approximate data. As it follows 
from the part a of Fig. 4, if the 12-hour wave is real, there is no great difference 
between the values of lowland and non-lowland stations. Maximums fall 
approximately between 65 and 70% on both station types. The daily difference 
is the lowest in Kékestető, where it raises above 40% only in the early afternoon. 
According to part b of the figure, in the case of a non-dominant, random 12-hour 
wave, the greatest differences from the daily maximums in the night are over 
70% in the average of lowland stations. In Kékestető the differences have a daily 
maximum over 65% around midday.

Assuming a 0.17 significance level, the frequency of advantageous days for 
electric energy production from wind is between approximately 43 and 70% in 
all the seven stations. Kékestető has the most of them with Keszthely, Budapest 
Debrecen, Szombathely, Szeged, and Pécs following in order. The cases when 
the daily wave dominates and is accompanied by random 12-hour waves, that is 
A\ /£>1.5 and A2t E< 1.5, have not yet been discussed. The number of these 
cases is expected to be relatively great. Their proportion (to the number of all 
months) by station types is 63.6% in lowland stations, 58.3% in non-lowland 
stations without Kékestető and 60.4% with it, while 61.8% in all of the seven 
stations together.
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Fig. 3. Examples for approximation with one and two waves of hourly averages of wind 
speed cubes (m3/s3) in the case of very strong (a) and very week (b) 12-hour periods.

Fig. 4. Deviation of the average of hourly wind speed cubes from daily maximums in the case 
of real (a) and random (b) 12-hour wave (from the extreme values of observatory types).

The most favorable days for the system administration are very likely those 
when there is no significant daily variation. Following from the above, the
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number of such days must be relatively small. The number of months where the 
daily average wind power shows neither the daily nor the 12-hour cycle on the 
0.17 significance level is altogether 17 days, which is only 2% in the period 
discussed here.

4. Relation o f the daily course with the weather situations

Next, we attempt to analyze the interrelation between the reality of the 12-hour 
period with the weather situations in detail, and to analyze it shortly in the case 
of daily period. The daily flow conditions with the Péczely’s macrosynoptic 
situations (Péczely, 1961, 1983) and with the Hess-Brezowsky macrocircula- 
tional types (Hess and Brezowsky, 1977) are described together with Puskás’ 
weather front types (Puskás and Nowinszky, 1996; Puskás, 2001). Then types, 
dominate at the seven observation stations in those months, which meet the 
condition A ^ lE > \ .5, is determined.

4.1. Relation between the 12-hour and daily period and Péczely’s macrosynoptic
conditions

Table 4 summarizes the codes, letter codes, and short descriptions of Péczely’s 
macrosynoptic types (Péczely, 1983). It is apparent that both meridional (MN, 
MS) and zonal (ZW, ZE) type-groups can be created, while central types cannot 
be grouped. It is also common to gather the types into cyclonic (CG: 1, 3, 4, 6, 
7, 13) and anticyclonic (AG: 2, 5, 8, 9, 10, 11, 12) type-groups.

Next, we examine which types and type-groups are dominant in those 
months when the average daily course of wind energy has real 12-hour 
periodicity {Aj! E>  1.5). Such dominance is measured with the occurrence of a 
given type or type-group in percent compared to the number of all occurrences 
in the month that fulfills the above condition. In Debrecen, for instance, the mCc 
type if the condition is met occurs on 171 days out of the 457 days within the 
whole period, thus, its relative frequency is 100T71/457 = 34.4%.

Fig. 5 displays the frequency of each type in the decade from 1991 to 2000 
(Károssy, 1993, 1998, 2001). The figure also shows that the days characterized 
by the zC (zonal-cyclonic) type in the months fulfilling the reality condition 
occur most frequently at the three station types. According to the figure, zC type 
is the second rarest condition in the period of our study, as well as in the period 
from 1971 to 2001 (2.2 and 3.1%, respectively). Its flow is typically directed 
from west to east, and for the most part it is characterized by windy and 
changeable weather. As the figure shows, average conditional frequencies do not 
significantly differ from each other at the lowland and non-lowland stations. On 
the other hand, the relative frequency at Kékestető rises above 40% only in the 
case of type zC. The rarest occurrence of the 12-hour period may be expected in
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the case of AB, AF, and C types: below 40% at the lowland and non-lowland 
stations, bellow 25% at Kekesteto.

Table 4. Codes, letter codes, and short descriptions of Peczely’s macrosynoptic types

Meridional directed types with northern current (MN type-group)
1 mCc Hungary lies in the rear of an east-European cyclone
2 AB anticyclone over the British Isles
3 CMc Hungary lies in the rear of a Mediterranean cyclone

Meridional directed types with southern current (MS type-group)
4 mCw Hungary lies in the fore part of a west-European cyclone
5 Ae anticyclone to the east of Hungary
6 CMw Hungary lies in the fore part of a Mediterranean cyclone

Zonal directed types with western current (ZW type-group)
7 zC zonal cyclone type
8 Aw anticyclone extending from the west
9 As anticyclone in the south of Hungary

Zonal directed types with eastern current (ZE ty pe-group)
10 An anticyclone in the north of Hungary
1 1 AF anticyclone over the Fennoscandinavian region

Central types
12 A anticyclone over the Carpathian Basin
13 C cyclone over the Carpathian Basin

□ frequency B Kekes, cond. freq.
□ non-lowland, mean cond. freq. ■ lo wla nd, mea n cond. freq.

m m jU
mCc AB CMc rnCw Ae CMw zC Aw As An AF A c 

____________________________ m.icrosynoptic types

Fig. 5. Frequencies of Peczely’s macrosynoptic types in percent of the total number of 
days of the period studied, and their conditional (A2IE> 1.5) frequency in the presence of 
real 12-hour periods.

Table 5 shows the frequency of individual macrosynoptic type-groups and 
their conditional frequency in the presence of 12-hour periods. It is clear that 
anticyclonic conditions (AG) occur twice as frequently as cyclonic ones, as well 
as there is a more than 10 percent dominance of meridional (MN + MS)
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conditions. According to the table, MS types occur most frequently at lowland 
stations, while types belonging to the ZW group occur most frequently at non­
lowland locations, if there is a real 12-hour periodicity. However, the absolute 
maximum is found at the ZE type-group in Debrecen. According to the same table, 
cyclonic (CG) and anticyclonic type-groups do not differ significantly in this 
respect; the greatest difference in their frequency (6.2%) was observable in Pécs.

Table 5. Frequency of individual Peczely’s macrosynoptic type-groups and their 
conditional (A 2!E> 1.5) frequency in the presence of real 12-hour periods

A 2IE> 1.5 MN MS ZW ZE CG AG

Frequency (%) 22.4 24.6 20.4 14.4 32.3 67.7
Conditional frequency (%)

Debrecen 62.9 52.9 56.0 65.7 58.5 59.5
Szeged 42.8 57.0 52.2 47.6 48.5 50.2
Budapest 36.6 43.3 39.4 34.9 39.0 38.0
Pécs 54.2 55.5 62.8 60.6 53.3 59.5
Keszthely 34.4 36.6 43.8 29.3 36.0 36.5
Szombathely 37.5 43.9 46.8 37.5 44.4 38.8
Kékes 25.1 35.3 30.5 26.1 30.8 28.2

Mean 41.9 46.4 47.4 43.1 44.4 44.4

As we can see in Table 3, the frequency of real daily wave is a long sight 
larger than the frequency of the 12-hour period. It is located between 80 and 
95% on the 0.05 significance level. So we can calculate with a great safety on 
the appearance of twenty four-hour period in all day. It follows from this, that 
the conditional frequencies of these do not differ from each other in the various 
macrosynoptic types and type-groups. For example, we find the next in the 
different type-groups: the maximum conditional frequency is in the type-group 
MN in the case of six observatories, the minimum conditional frequency is in 
the type-group MS in five observatories, there is no maximum or minimum 
value in the MS and ZW, or MN and ZE type-groups. So the extreme values are 
in the meridional groups. If only the cyclonic and anticyclonic groups are 
distinguished (see Table 5), we can find that the conditional frequencies are not 
differ each other significantly on the stations, namely the reality of the whole 
day wave is independent of these groups.

4.2. Relation between the 12-hour and daily period and the Hess—Brezowsky 
macro-circulational types

The classification of Hess-Brezowsky macrosynaptic weather types was made 
with regards to the circulation conditions of the Atlantic-European region and
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the directions of major frontal zones (Hess and Brezowsky, 1977). Altogether 29 
types (4 zonal, 7 mixed, and 18 meridional) are distinguished and an additional 
type is defined for the untypical fields. Table 6 lists the types and groups that 
can be formed from them according to Bardossy and Caspary (1990) and 
Bartholy (2005). We use the daily codes for the period in question from the 
work of Gerstengarbe and Werner (2006).

Due to the small size of our database, only the 10 groups distinguished by 
the main flow direction and three circulation types (zonal, mixed, meridional) 
were investigated. For easier identification the letters of the circulation types 
were appended to the beginning of the letter codes of the 10 groups in Table 6.

Table 6. List of Hess-Brezowsky major types (GWT)

Major type/groups (GWT) Main direction of the flow
A. zonal circulation (z)

West zW
B. mixed circulation (x)

Central European high xHM
Central European low xTM
Southwest xSW
Northwest xNW

C. meridional circulation (m)
East mE
South mS
Southeast mSE
North mN
Northeast mNE

In the next step, type-groups dominating in those months when the average 
daily course of the wind energy shows real 12-hour periodicity {A2 !E>\.5) 
were examined. Fig. 6 displays the frequency and conditional frequency of each 
type-group. According to the figure, there are not so much apparent orders as in 
the case of Peczely’s types. The figure leads us to the following conclusion: we 
can least (somewhat more than 30%) expect the occurrence of the real 12-hour 
period in the merdional type-group with northeastern main flow direction 
(indicated as mNE in the figure), while the period will occur most frequently 
(approximately 50%) in the also meridional, mSE type at the lowland stations.

The absolute maximum occur at the non-lowland stations with the mixed 
cyclonic type-group (xTM) -  almost 2/3 of such days have real 12-hour periods. 
It is flowed by the zonal west group (zW), where the proportion of real periods 
is 52%. The absolute minimum (12.5%) is in Kekesteto with the meridional NE 
main flow directional type-group (see above). It is followed by xTM, which is 
the absolute maximum and the maximum at the non-lowland stations.
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Fig. 6. Frequency of various Hess-Brezowsky macrosynoptic type-groups in per cent of 
the total number of days of the period studied and their conditional frequency in the 
presence of real 12-hour periods.

Table 7 contains the frequencies and conditional frequencies of the zonal 
group and that of the combined mixed and meridional groups. The dominance of 
the meridional type-group and the northern direction within it is obvious, while 
it is the anticyclonic group those duffers in the mixed type. The maximum 
relative frequency falls to Pécs, the minimal one is in Kékestető in all three 
groups. According to the averages of all stations, the real 12-hour period occurs 
most frequently in the zonal, while less frequently in the meridional type-group.

The investigation at the 0.05 significance level of reality of daily period 
shows, that the conditional frequencies reach 100% in the xTM circulation type 
in four observatories (three lowland stations and Kékestető) and in the mNE 
type in Debrecen. Investigation by type-groups we find that the maximum or its 
approximate values are in the mixed (x) group, and the minimum values are in 
the zonal (z) group.

Table 7. Frequency of various Hess-Brezowsky circulation type-groups and their 
conditional frequency in the presence of real twelve-hour periods

Ai/E>  1.5 Zonal Mixed Meridional
Frequency (%) 27.4 32.3 40.3

Conditional frequency (%)
Debrecen 44.7 36.6 39.3
Szeged 54.7 48.7 46.9
Budapest 39.0 39.8 36.9
Pécs 64.7 58.3 51.8
Keszthely 45.6 33.8 32.2
Szombathely 46.6 39.7 37.4
Kékes 29.6 28.2 29.6
Mean 46.4 40.7 39.2
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It is well known that frontal passages are accompanied by more or less marked 
changes in the weather that might be analyzed in details if the weather fronts are 
classified into different types and the weather characteristics of individual front 
types are discerned.

The classification of weather fronts may be based on various aspects. 
Berkes (1961) gave 22 front types for the area of Hungary based on detailed air 
mass analysis by the help of radio probe launches. The front almanac of the 
Hungarian Meteorological Service uses the same front types. Another, more 
accurate method of front analysis, which requires a very large database, is the 
examination of geopotential fields (Bartholy et al., 2006).

Front types based on complicated definitions are rather cumbersome to use 
in practice, therefore, a simpler front definition method that requires only basic 
meteorological expertise became necessary. Puskás and Nowinszky (1996) and 
Puskás (2001) have carried out the classification of fronts passing over Hungary 
by the help of the synoptic maps for the “Daily Meterorological Reports” of the 
Hungarian Meteoroligal Service as well as the recorded weather measurement 
data. Fig. 7 lists the 9 front types (tl-t9 ) they have distinguished.

4.3. R ela tion  betw een the 12-hour a n d  daily p e r io d  a n d  the w eather f r o n t  types

Fig. 7. Weather front types (tl—19) in Hungary.

Fig. 8 shows the frequency of front types in percent of days with frontal 
passage. It clearly shows that the most frequent front type is the on-coming cold 
front (tl) and the rarest type is the simultaneous stationary cold, warm, and 
occluded front (t9). Cold front types (tl and t2) occur altogether in 42.3%, warm
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fronts (t3 and t4) in 28.4%, and both fronts (t7 and t8, without occlusion) in 
18.3%, while occluded fronts (t8 , t6 and t9) occur in the 10.9% of the cases.

We have examined which front types are dominant in those months when 
the course of the average daily wind energy shows real 12-hour periodicity. Fig. 
8 also displays the conditional frequency of each type if the condition 
A2 /£>1.5 is met. This figure allows for some general conclusions to be drawn: 
there is always warm front (t3 or t7) present at each observation types when 
local maximums occur. Minimums are always observed in the presence of one 
of the occluded front types (t5, t6 or t9). The figure shows that real 12-hour 
periodicity on the whole scale occurs most frequently in the case of two warm 
front types (t3 and t4). The next probable cases are the approaching warm and 
cold fronts (t7), while it occurs least frequently in the case of the two occluded 
front types.

Fig. 8. Frequency of individual front types in percent of the number of days with frontal 
passage and their conditional frequency in the presence of real 12-hour periods.

If we consider only the days with and without frontal passage (cf. Table 8), 
we may see that the number o f days without fronts in the period of our study is 
more than double of the number of days with frontal passage.

Their conditional frequencies by observation stations and on the average 
hardly differ, the presence of real 12-hour periodicity is given. Except for 
Keszthely, this frequency for days with frontal passage is always higher by some 
tenth % and we find the maximal 3% difference in Szombathely.

The investigation at the 0.05 significance level of reality of daily period 
shows that the conditional frequencies reach 100% in the t9 type at Debrecen 
and Kékestető. On the other hand, the maximum values distribute evenly in 
types tl, t2, t4, t7, t8, and t9, namely they do not occur in types t3, t5, and t6. 
However, the minimum values are concentrated in t3 type, so the probability of 
the reality of the daily period is the least in this type. If only the days with and
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without fronts are distinguished, then the conditional probabilities do not differ 
each other significantly, namely the reality of the whole day wave is independent 
of such days.

Table 8. Frequency of days without and with frontal passage in percent of the total 
number of days of the period studied, and the conditional frequency of days with and 
without frontal passage in the presence of real 12-hour periods

A 1/E>1.5 Without fronts With fronts
Frequency (%) 68.7 31.3

Conditional frequency (%)
Debrecen 39.8 40.2
Szeged 49.6 49.7
Budapest 38.1 38.7
Pécs 57.3 58.0
Keszthely 36.4 36.3
Szombathely 30.4 33.4
Kékes 28.9 29.3
Mean 40.1 40.8

5. Conclusions

It can be shown by the aid of fitting trigonometric polynomials that the hourly 
average of wind speed cubes -  i.e., the hourly average specific wind power -  
follows one of three possible daily patterns. Single daily maximal and minimal 
value occur in the first case, while two daily maxima and minima appear in the 
second one. In the third case, there is no actual daily pattern, but the hourly 
values show random fluctuation. Seasonal distribution of the above cases may 
provide useful information for energetic systems management, when wind 
power is used to produce electricity:

• The 12-hour period mostly shows randomness in late spring and 
summer months, the reality of the first (24-hour) wave increases with 
the randomness of the second one in these months. Thus, we may rather 
safely assume that diurnal changes of wind energy will follow patterns 
that are favorable for energetic systems management in spring and 
summer. The number of most favorable days for the systems 
management, where there is no significant daily course at all, is few. 
The frequency of those months when average daily wind power shows 
neither diurnal nor 12-hour cycles, is only 2% in the period examined.

• In the majority of the observation stations, days that can be 
characterized as zC (zonal cyclonic) types according to Peczely’s 
classification are the most frequent in those months, where the hourly
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average wind power has real 12-hour period. Its flow is typical west to 
east, characterized mostly by steady wind and changeable weather. We 
may least expect the occurrence of 12-hour periods in the case of the 
AB, AF, and C types.

• 12-hour periods occur least frequently in the meridional northeast main 
flow direction type-group, while they will occur most frequently in 
zonal west and mixed cyclic type-groups in the case of Hess-Brezowsky 
classification.

• If we separate the days with or without frontal passage, we find that 
their frequency by observation stations and on the average hardly 
differs, the presence of real 12-hour periodicity is proven. Considering 
the front types, maximum always occurs in the presence of warm front 
at each stations, while minimum mostly occurs together with an 
occluded front type. Averages show that real 12-hour periodicity occurs 
most frequently with warm front types, together with approaching warm 
and cold fronts, but least frequently with the two occluded front types.
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