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Editorial
Special Issue: Climate change and adaptation
The most prestigious scientific meeting of the meteorology community of
Hungary, the so-called Meteorological Scientific Days, has been organized since
1975. The 44th Meteorological Scientific Days of this series were organized by
the Climatology subcommittee of the Meteorological Scientific Committee of
the Hungarian Academy of Sciences in November 2018, and focused on one of
the major challenges of the 21st century, namely, climate change issues. The
importance of this topic is emphasized by the fact that climate change related
research was revisited after the previous (36th) meeting in 2010.
Altogether 21 oral presentations and 11 posters represented the various
research results accomplished in Hungary. They covered the detection of climate
change signals on the basis of measurements, the climate modeling efforts using
different regional and mesoscale models, and the climate change related impacts
in various sectors, e.g., agriculture, hydrology and water management, urban
environment, human health issues, tourism, energy production. This special
issue includes scientific papers from all these major subtopics. First, Lakatos et
al. analyze the precipitation measurements on sub-daily scale. Since extreme
conditions especially affect the different socio-economic sectors, they focus on
the 60-minute extreme rainfall in Hungary, and discuss the results received for
the various return periods using fitted General Extreme Value distribution. Their
results are the most relevant in the planning and operating demands of drainage
and sewerage systems. Then, the study of Kis et al. evaluates regional climate
model simulations from the EURO-CORDEX database. They analyze
temperature and precipitation projections for the plain areas of Serbia and
Hungary for the 21st century using three different RCP scenarios: a very
optimistic (RCP2.6), a moderately optimistic (RCP4.5), and a pessimistic
(RCP8.5) scenario. The multi-model comparison clearly concludes that warmer
conditions tend to occur if greater radiative forcing change is assumed. The
obtained results for precipitation suggest similar changes in the cases of the
different RCP scenarios, namely, a clear decreasing trend for July, and overall
wetter conditions for the rest of the year.
The third paper was written by Zsebeházi and Szépszó, they selected one
specific regional climate model, i.e., ALADIN-Climate, being run at the
Hungarian Meteorological Service, and downscaled the simulations for
mesoscale resolution (using the SURFEX model) in order to evaluate urban
climatic effects for Budapest. The simulation results for 2001–2010 show that
I

SURFEX simulation overestimates the air temperature (at the standard 2 m
measuring height) throughout the year in spite of the too cold driving ALADINClimate simulation. The evaluation concludes that the strength of the urban heat
island effect is slightly underestimated in summer and overestimated in the rest
of the year.
Finally, the last publication of the Special Issue focuses on one of the
impact studies related to climate change. More specfically, Pokovai et al.
present a deterministic biogeochemical model to estimate the possible effects of
climate change on agro-ecosystems. This study concludes that regional climate
change in Hungary is likely to negatively affect the spring sown crops; and even
though the predicted yield losses may be prevented if irrigation is properly
organized or sowing is shifted earlier, the role of winter crops is likely to
become more important in Hungary in the future.
The organizing committee of the 44th Meteorological Scientific Days
appreciates the valuable scientific work of all the authors of this Special Issue;
and thanks the Journal IDŐJÁRÁS for the opportunity to publish the results in
this Special Issue and the anonymous reviewers for their efforts and suggestions
to improve the published papers.
Rita Pongrácz
Guest Editor
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Return values of 60-minute extreme rainfall for Hungary
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*Corresponding Author e-mail: lakatos.m@met.hu
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Abstract⎯ The rainfall intensity for various return periods are commonly used for
hydrological design. In this study, we focus on rare, short-term, 60-minute precipitation
extremes and related return values which are one of the relevant durations in the planning
and operating demands of drainage and sewerage systems in Hungary. Time series of
60-minute yearly maxima were analyzed at 96 meteorological stations. To estimate the
return values for a given return period, the General Extreme Value (GEV) distribution
was fit to the yearly maxima. The GEV fit and also the Gumbel fit (GEV Type I.) were
tested. According to the goodness of fit test results, both GEV and Gumbel distributions,
are adequate choices. The return values for 2, 4, 5, 10, 20, and 50 year return periods are
illustrated on maps, and together with their 95% confidence intervals, are listed in tables
for selected stations. The maps of return values demonstrate that the spatial patterns of the
return values are similar, although the enhancing effect of orography can be explored in
the Transdanubia region and in the North Hungarian Range. As the return period is
increasing, so the range of the confidence are widening as it is expected.
Key-words: extreme precipitation, rainfall intensity, GEV, return level

1. Introduction
In recent decades, an increasing number of studies have reported about the presence
of signicant positive trends in precipitation extremes in Europe (e.g., Alexander et
al., 2006; Klein Tank and Konnen, 2003; Moberg et al., 2006; Zolina et al., 2009).
The observed more frequent heavy precipitation events are also consistent with
increasing amounts of water vapor in the atmosphere due to global warming (Allen
and Ingram, 2002; Willett et al., 2008). The warming climate induces increasing
frequency of extreme precipitation in some region. Signicant trends in
precipitation extremes over Europe have been found since the middle of the 20th
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century in earlier regional studies for Northern Europe (Groisman et al., 2005), the
UK (Fowler and Kilsby, 2003), the Mediterranean region (Pujol et al., 2007), and
western and eastern parts of the Czech Republic (Kysely, 2009) and Poland
(Łupikasza et al., 2010). E.J.M. van den Besselaar and co-authors (Besselaar et al,
2013) showed that despite the considerable decadal variability, 5-, 10-, and 20-year
events of 1-day and 5-day precipitation amounts for the rst 20 years in the period
1951-2010 became more common in the analyzed 60 years for the daily
precipitation series from the European Climate Assessment and Dataset (ECA&D,
http://www.ecad.eu) project (Klein Tank et al., 2002; Klok and Klein Tank, 2008).
Considering the precipitation changes in Hungary, the decrease of the
yearly precipitation sum is not remarkable, it is 3% from 1901 to 2019. From the
beginning of the 1990s, precipitation has been increasing both on annual and
seasonal scales, however, this rise is not significant. Recent years have been
dominated by extremes. The magnitude of the change in precipitation intensity
(mm/day) is about 1.3 mm/day in the countrywide average. The number of days
with daily sum above 20 mm increased by 1 day in the period 1901-2019.
Estimation of precipitation extremes are essential for the planning of
important infrastructure, such as water control systems, reservoirs, dams, and
urban runoff. The rainfall intensity for various return periods are commonly
used for hydrological design (Hailegeorgis, et al., 2013). The Hungarian
Meteorological Service provides climate services on return periods of short-term
precipitation (10 min, 20 min, 30 min, 60 min, 180 min) to the authorities
responsible for roads, railways, hydrological and urban planning. The return
period is the average time between the occurrences of extremes of a specified
size. The return period of extremely high values of short-term rainfall has
shortened in recent years in Hungary, as it is shown in a case study for the PécsPogány meteorological station (Lakatos and Hoffmann, 2019). Lakatos and
Hoffmann (2019) also published the intensity-duration-frequency (IDF) curves
for the Pécs-Pogány station. The IDF curves are commonly used in planning to
describe the return period associated with a given rainfall event. Earlier studies
of the short-term precipitation intensity covered the period 1967–1990, when the
rainfall was registered by ombrographs (Váradi and Nemes, 1992). The return
values (or design values) for different return period were estimated by Váradi
and Nemes for 26 stations in Hungary. Gayer and Ligetvári (2006) refer to
results of Váradi and Nemes as an exemplary work in the municipal water
management planning in Hungary. High intensity, short-term showers, typically
1 hour or less, occasionally up to 3 hours has the greatest impact on the urban
environment (Gayer and Ligetvári, 2006). Due to the recent and projected
climate change, existing design criteria for infrastructure should be revised as it
is pointed out in Varga et al., 2016.
In this study, we focus on rare, short-term, hourly, namely 60-minute
precipitation extremes and related return values which are relevant in the
planning and operating demands of drainage and sewerage systems in Hungary.
144

2. Data
The focus area is Hungary. Automatic weather stations replaced the
ombrographs in many places in Hungary, particularly from the late 1990s. As a
result of automatization, 22-year-long 10 minutes data series are available to
analyze the behavior of the sub-daily precipitation for Hungary from 1998. The
10-minute sums of precipitation are stored in the digital meteorological database
of the Hungarian Meteorological Service. The 10-minute data was used to derive
all the 60-minute rainfall sums which are used in this study. Then the yearly
maxima of the 60-minute rainfall were computed for each station to apply
extreme value analysis. Time series of yearly maxima were analyzed at 96
meteorological stations in this paper (Fig. 1). The analysis performed here
covers almost the complete automatic weather station network in Hungary.
Stations with lot of missing data and with shorter time series were excluded
from this study. Time series of the yearly maxima have been quality controlled,
and their temporal homogeneity were checked using the MASH (Szentimrey,
1999) method before applying extreme value analysis. The MASH method is an
internationally well-known homogenization procedure, one of the best
performing methods according to the benchmarking test executed in the COST
(European Cooperation in Science and Technology) Action ES060: advances in
homogenization methods of climate series: an integrated approach (HOME)
(Venema et al., 2012). Erroneous data and inhomogeneities may severely affect
the extremes. Therefore, great care must be taken during the decision making on
inclusion or exclusion of the erroneous data, as sometimes it is difficult to
distinguish the extremes and outliers.

Fig. 1. Automatic weather stations used in this study. Additional statistics are shown for
the labeled stations.
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3. Methods
The objective of our analyses is to estimate the amount of rainfall falling at a
given point for a fixed duration (60 minutes in our case) and a given return
period. To estimate the return values for a given return period, the extreme value
theory and relating statistical methods have to be applied. Extremes can be
found in the tails of the probability distribution. An introduction to extreme
value theory can be found in many publications, for example in Coles (2001)
and Katz (2002).
In recent years, two statistical approaches are frequently used in modeling
extreme rainfall events: the model of annual maxima (block maxima) and the
peaks over threshold (POT) model (Coles, 2001). The most common approach
in modeling extremes involves fitting a statistical model to the annual extremes
in a time series of data. The classical POT model denes a threshold and
considers all events with intensity higher than this threshold. The block maxima
are usually modeled by a Gumbel or a generalized extreme value (GEV)
distribution (Katz et al., 2002), while the POT is modeled by the generalized
Pareto distribution (Katz et al., 2002; Coles, 2001). Despite its advantages, the
POT model is much less applied in the analysis of hydrological extremes
(Madsen et al., 1997). The World Meteorological Organization (WMO) report
entitled “Statistical Distributions for Flood Frequency Analysis” (Cunnane,
1989) provides a review of probability distributions of extreme values and
methods for estimation of their parameters. Other WMO source in this topic is
the “Guidelines on Analysis of extremes in a changing climate in support of
informed decisions for adaptation” (Klein Tank, 2009).
The GEV distribution was introduced by Jenkinson (Jenkinson, 1955). It
describes the three types of extreme value distributions for block maxima of any
variable (Coles, 2001). The distribution of the block maxima converges to a
GEV distribution G(x) while the record length approaches infinity. The threeparameter GEV distribution can be defined in the form
ܩሺߤ ;ݔ, ߪ, ߦሻ = ݁ ݔ൜െ ቂ1 + ߦ ቀ

௫ିఓ
ఙ

ቁቃ

ିଵ/క

ൠ,

(1)

where µ is the location, σ is the scale, and ξ is the shape parameter. Note that σ
and 1 + ξ(x-μ)/σ must be greater than zero. Depending on ξ, the G(x) converges
to one of three types: Type I (Gumbel) (ξ = 0), Type II (Fréchet) (ξ > 0), and
Type III (Weibull) (ξ < 0). Thereby the shape parameter determines whether the
fitted distribution will have a finite lower bound, a finite upper bound, or no
bound. In the unbounded case, the shape parameter has value zero, and the GEV
distribution becomes the well-known Gumbel distribution (Gumbel, 1958),
which have been used extensively in hydrology, meteorology, and engineering.
The Gumbel/Type 1 distribution have been applied in hydrology to model oods
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and extreme rainfalls (Chow et al., 1988; Stedinger et al., 1993). According to
several studies, extreme 24-hour precipitations follow Type II distribution
(heavy upper tail; ξ > 0) (Wilks, 1993; Koutsoyiannis and Baloutsos, 2000; Katz
et al. 2002; Coles and Pericchi, 2003; Coles et al., 2003; Koutsoyiannis, 2004).
Fréchet distribution represents the lowest risk for technological architecture, as
design values are higher than for Type I (Gumbel) and Type III (Weibull).
From the fitted extreme value distribution, we can estimate the return value
which is defined as a value that is expected to be equaled or exceeded on
average once in every time interval T (return period), with a probability of
p= 1/T. Therefore, the return values (z) can be calculated from the Eq.(1) by
inverting the GEV distribution in the case of a stationary climate (Matyasovszky,
2002):
����� �. = ��ln(����) + �
����� ��. = �(������ + �)
����� ���. = ��(����)�� + �.

(2)

The POT method was applied by Lakatos and Matyasovszky for 10-minute
precipitations measured at Baja meteorological station. Pareto distribution was
fitted to 10-minute sums of rainfalls above a specified threshold to estimate the
distribution of extreme values (Lakatos and Matyasovszky, 2004).
In accordance with the recent practice of the Hungarian Meteorological
Service, the GEV distribution is fitted to the time series of annual
maxima/minima. The data are stored in the digital meteorological database, and
functions to estimate the different return values are implemented and operated
within the digital database. These functions are based on the procedure that was
published by Tibor Faragó (Faragó, 1989; Faragó et al., 1989; Faragó and
Katz, 1990). The return values pertaining to predefined return periods (2, 4, 5,
10, 20, 50, 100, and 200 years) are computed and displayed for various
meteorological elements, e.g., for the short-term precipitation sum (10-, 20-, 30-,
60-, and 180-minute).
In this paper GEV distribution was fit to yearly maximum series of 60minute rainfall measured at 96 automatic weather stations (AWS) in the period
of 1998–2019 first. Moreover, the Gumbel fit was tested. The second step was
the computation of the return values for 2, 4, 5, 10, 20, 50 years together with
their 95% confidence intervals. Maximum-likelihood method was used to
estimate µ location, σ scale, and ξ shape parameters of the GEV distribution
(Prescott and Walden, 1980). The distribution fit and the computation of the
return values and the 95% confidence intervals were executed by applying the R
statistical software (R Core Team, 2012). The return values are illustrated on
maps. The results of the distribution fit and the bounds of the confidence
intervals are presented in tables for 10 selected meteorological stations.
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4. Results and discussion
Return value can be interpreted as the value that is expected to be equal or
exceeded on average once in every return period (T), or with probability p=1/T
in any given year. The T= 2, 4, 5, 10, 20, and 50-year return values of the 60
minutes rainfall can be seen on the maps in Figs. 2-7 for Hungary. The GEV
distribution were fitted to the 60-minute yearly maxima at the 96 measuring
sites, and the return values were then derived. Return values calculated for
return periods frequently used in engineering practice are ccalculated on the
maps. For instance, the intensity of a 60-minute event which would be exceeded
once every 2 years, on average, is shown in Fig. 2. The maps of return values
demonstrate that the longer the return period the greater the pertaining return
value. The spatial patterns of the return values are similar on each map. The
enhancing effect of orography can be explored in the Transdanubia region and in
the North Hungarian Range, although it is not pronounced. It often occurs that
hills and mountains enhance the moving air masses, and the largest intensity can
be experienced afterwards under the mountains. On the maps greater values
appear also in plain regions, typically in the southeast. The reason for this
pattern is that short-duration high-intensity rainfalls happen mainly through
local convective cells, which have similar physical properties less respective of
geographical location. Occasionally, intensive rainstorms evolve during fast
moving cold fronts, and sometimes the storms structured in squall-line and cause
extreme rainfall in a very short time interval.

Fig. 2. 2-year return values of the 60-minute rainfall.

148

Fig. 3. 4-year return values of the 60-minute rainfall.

Fig. 4. 5-year return values of the 60-minute rainfall.

Fig. 5. 10-year return values of the 60-minute rainfall.
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Fig. 6. 20-year return values of the 60-minute rainfall.

Fig. 7. 50-year return values of the 60-minute rainfall.

Over the years, the GEV distribution has become a widely used model in
extreme value analysis. Although it is essential to draw attention to the fact that
the GEV distribution is simply a model, our observational series and associated
statistics do not precisely follow the theory. The GEV fit procedure resulted in
the µ (location), σ (scale), and ξ (shape) parameters of the asymptotic probability
distribution function. Depending on the value of the ξ parameter, the extremes
will converge to the Gumbel (ξ=0), Fréchet (ξ > 0), or Weibull (ξ < 0) types.
According to our analysis, the ξ parameter is under -0.1, at about one fourth
(27%) of the stations resulting the upper bound, and ξ is above 0.1 at 42 % of the
stations resulting the lower bound in the extreme value distribution. Table 1
contains these three parameters (µ, σ, ξ) for 10 selected stations from the 96 in
total, equally covering the territory of Hungary. Possibly the ξ parameter varies
according to the dominating precipitation systems and orographic effects. The
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larger positive ξ values appear at stations located chiefly in the western and
southern part of Hungary which is under the influence of the Atlantic and
Mediterranean climate respectively. The largest ξ value appears at observation
stations operating in rural areas of the capital.

Table 1. The µ (location), σ (scale), and ξ (shape) parameters of the GEV distribution and
the p-values that are the outputs of the goodness of fit tests for GEV (p_value_KS) and
Gumbel (p_value_C and p_value_A) distribution for selected stations
µ

σ

ξ

p_value_KS

p_value_C

p_value_A

Szombathely

18.44

5.67

0.15

0.934

0.458

0.322

Nagykanizsa

19.29

4.08

0.28

0.988

0.272

0.198

Győr-Likócs

16.56

3.02

0.53

0.998

0.270

0.207

Siófok

20.33

6.60

-0.21

0.890

0.804

0.695

Paks
BudapestLőrinc
Baja

21.08

6.77

-0.37

0.934

0.717

0.524

19.12

8.00

0.44

0.944

0.237

0.166

21.13

8.53

0.02

0.756

0.169

0.146

Miskolc

20.04

7.01

0.06

0.861

0.754

0.645

Szeged

19.69

9.28

-0.06

0.931

0.836

0.718

Debrecen

20.22

6.67

0.14

0.871

0.697

0.704

It is necessary to check if the GEV model fits to the series. Various tests
can be used for this purpose. We applied the Kolmogorov–Smirnov test which is
a nonparametric test to compare our samples with the GEV probability
distribution (Stephens, 1970). The Gumbel distribution is frequently used in
hydrological applications to estimate the extremes. Therefore, the Type I.
(Gumbel) distribution has been checked too. The Cramer-von Mises and
Anderson-Darling tests for Gumbel distribution function proposed by Chen and
Balakrishnan (1995) was applied to check the Gumbel fit (Anderson and
Darling, 1954;. Stephens, 1986; Marsaglia, 2004). The null hypothesis is that
the GEV is an appropriate model in the case of Kolmogorov-Smirnov test, and
the Gumbel model is appropriate in the case of Cramer-von Mises and
Anderson-Darling tests. We reject the null hypothesis at level α if the p-value is
smaller than α (usually 0.05 or 0.01), otherwise we fail to reject the null
hypothesis at level α. The p-values resulted in the goodness of fit tests are listed
in Table 1. for 10 selected stations. The higher p-values represents greater
strength of evidence in support of the null hypothesis. The p_value_KS
(Kolmogorov-Smirnov test) describes the measure of the evidence of the GEV
fit, while the p_value_C (Cramer-von Mises test) and the p_value_A (AndersonDarling test) describe the evidence of the Gumbel fit.
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Although smaller sizes of data record may hide the appropriateness of GEV
distribution, in our case it fits adequately to the 22-year-long records for each
station. The Gumbel model was considered suitable for all station at all reasonable
significance level using Cramer-von Mises and Anderson-Darling tests.
Having the parameters of the GEV distribution, the return values and related
95% confidence intervals were computed. The 2-year, 5-year, 10-year, 20-year,
and 50-year return levels together with the lower bound and upper bound of the
interval where the return level lies in with p=0.95 probability can be found in
Table 2. As the time interval is increasing, the range of the confidence are
widening. For the 5-year return period (which is the usual time interval for
designing the sewerage system in urban environment) the estimated return values
are between 23.5 mm and 36.1 mm, but the lowest upper bound of the 95%
confidence intervals is 28.7 mm (Table 2). In the case of the 50-year return
period, the largest return values turned out to be at Győr-Likócs and BudapestLőrinc stations, where the ξ is a large positive value (see Table 1.). The
confidence interval is extremely expanded in the case of the 50-year return level
at Budapest-Lőrinc, whicht is a rural station in the capital. The return levels for
very long return periods tends to enlarge the error due to inaccurate estimates of
the shape parameters which describe the tails of a distribution. Generally, the
confidence of the return levels decreases rapidly, when the return period is about
two times longer than the length of the data series (Klein Tank et al., 2009).

Table 2. The return values of the 60-minute rainfall with the lower bound and the upper
bound of the 95% confidence interval (mm)
2-year

5-year

10-year

20-year

50-year

Szombathely 17.5 20.6 23.7 22.6 28.0 33.4 25.3 33.7 42.2 26.6 39.8 53.0 26.1 48.8 71.6
Nagykanizsa 18.5 20.9 23.2 22.2 26.9 31.7 24.0 32.2 40.4 24.5 38.3 52.2 22.4 48.5 74.5
Győr-Likócs 15.7 17.8 19.8 18.3 23.5 28.7 18.1 29.7 41.2 13.9 38.4 62.9

3.2 59.3 115.4

Siófok

19.3 22.7 26.1 25.1 28.8 32.5 27.8 32.1 36.4 29.2 34.9 40.6 29.3 37.8 46.3

Paks

19.7 23.4 27.1 25.7 28.9 32.1 28.4 31.5 34.5 29.3 33.3 37.4 28.8 35.1 41.5

BudapestLőrinc

17.1 22.3 27.5 24.2 36.1 48.0 25.4 49.8 74.3 19.6 68.1 116.5

Baja

19.8 24.3 28.7 27.5 34.1 40.7 31.4 40.8 50.1 33.7 47.2 60.7 34.4 55.7 77.0

Miskolc

18.5 22.6 26.8 25.2 31.1 37.0 28.0 37.0 45.9 28.4 42.9 57.4 25.2 51.0 76.8

Szeged

17.8 23.0 28.2 26.5 33.0 39.4 30.3 39.2 48.0 31.5 44.8 58.2 29.6 51.8 73.9

Debrecen

18.7 22.7 26.8 25.1 31.3 37.6 27.6 37.8 48.0 27.4 44.7 61.9 22.6 54.6 86.7
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6.5 108.5 210.6

The return levels, or design values are often expressed in terms of rainfall
intensity (mm/h) rather than rainfall depth (mm) over a certain duration in
construction engineering. The latter has been chosen here, because this is what is
actually measured at the meteorological stations.
5. Conclusion
This study focused on the short-term precipitation that is essential for
hydrological planning. Hourly, namely 60-minute maximum precipitation series
were analyzed from 96 stations operated by the Hungarian Metrological Service.
The return values are widely used parameters in planning, for example in
construction of drainage systems. The return value can be determined as a value
that is expected to occur on average once during the return period. To give an
estimation for return values, the general extreme value distribution fitting is an
adequate procedure. The 60-minute yearly maxima follow the GEV distribution
and also the Gumbel fit suits to the sample series from all 96 stations. The
spatial patterns of the return values for 2, 4, 5, 10, 20, 50 years coming from the
GEV fit are similar. The influence of the orographic effect turns up in the
Transdanubia region and in the territory of the North Hungarian Range, although
greater values appear also in the plain regions in the southeastern part of
Hungary. The 95% confidence intervals were computed to illustrate the
uncertainty of the rainfall estimates to various return periods. Naturally, as the
return period is increasing the range of the confidence are widening.
The methodology introduced here can be applied in the future for the
renewing of the existing design criteria for infrastructure. The uncertainty can be
decreased with using longer data series for estimation of the parameters of the
GEV distribution. The series of automatic measurements can be lengthened for
about a dozen of stations by the measurements rescued from the ombrograph
registering papers after eliminating the inhomogeneity caused by the different
sampling. Estimation of areal precipitation return levels by applying regional
GEV distribution (Stedinger et al., 1993) is one of the possible directions of the
continuation of our examinations. The methodology for estimating extreme areal
precipitation by shifting the station-based precipitation to areal precipitation
from the grid-based (Dyrrdal et al., 2016) also an option to consider.
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Abstract⎯ This study is focusing on the projected temperature and precipitation changes
in the plain areas of Serbia and Hungary. The simulated changes are calculated for two
future time periods (namely, 2021‒2050 and 2069‒2098) on a monthly scale, and they are
compared to the 1971‒2000 reference period. In order to estimate the uncertainties
deriving from different sources, 10 RCM simulations driven by different GCMs, and
three RCP scenarios (RCP2.6, RCP4.5, and RCP8.5) were taken into account. According
to the obtained results, higher temperature values are likely to occur in the future, and
warmer conditions tend to occur if greater radiative forcing change is assumed. In the
case of precipitation, larger variability emerges, but for July, a clear decreasing trend is
projected, especially in the case of RCP8.5; while from October to June an increase is
projected by most of the RCM simulations. Rainfall variability index shows that the
number of dry years will be 5–20 from 30-year time series in the mid-century, and
slightly less in the late-century. Extreme dry conditions will tend to occur in 2–12 years
overall during 30-year future time periods in the northern plain subregions, and somewhat
more frequently in the southern subregions (i.e., in Serbia). The obtained results do not
show substantial differences depending on the RCP scenarios, since the scenario plays a
less important role in the overall uncertainty of climatic projections compared to the
model physics and parameterizations or the internal climatic variability.
Key-words: precipitation, temperature, RVI, Hungary, Serbia, lowland, EURO-CORDEX
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1. Introduction
The present study contributes to the Pannon Basin Experiment (PannEx), which
is an international initiative, under the umbrella of the Global Energy and Water
Exchanges project (GEWEX), which is a part of the World Climate Research
Programme (WRCP). PannEx aims to better understand the components of the
Earth climate system, the regional climate conditions in the Pannonian Basin,
their driving forces, and interactions and feedbacks between the surface and the
atmosphere (Ceglar et al., 2018). Researchers, who are interested in the PannEx
initiative, cover a wide range of scientific expertise, including climatology,
meteorology, urban geography, agronomy, air quality, sustainable development,
water management, and education in general. The most important issues related
to these topics were summarized by Lakatos et al. (2018). Particularly, we are
focusing on the projections of climatic conditions in the plain areas of the
Pannonian Basin within the framework of a bilateral project between Serbia and
Hungary. The bilateral projects are especially encouraged by the PannEx,
because they facilitate the cooperation between researchers from different
scientific areas and different countries of the Pannonian region. Therefore, the
effects of climate change and anthropogenic activities on the environment can
be investigated by applying an integrated and multi-disciplinary approach. For
example, in order to estimate the surface energy budget components of the
Pannonian Basin above different surfaces, micrometeorological measurements
were completed in typical vineyards around Zagreb and Keszthely in the
framework of a bilateral Croatian-Hungarian project (Weidinger et al., 2019).
The area around Zagreb was also investigated by Prtenjak et al. (2018) who
applied the Weather Research and Forecasting (WRF) high-resolution numerical
model (Skamarock et al., 2008) on a meso-scale to analyze the downslope wind
induced fog events in the region. Another subregion within the Pannonian Basin,
namely, the Budapest agglomeration area, and more specifically the urban heat
island effect of Budapest was addressed by using WRF simulations by Göndöcs
et al. (2017).
Here, we focus on the projected climate conditions in Serbia and Hungary,
especially in the plain areas, using up-to-date regional climate model (RCM)
simulations embedded in global climate model (GCM) simulations for the new
Representative Concentration Pathways (RCP) scenarios, namely, RCP2.6,
RCP4.5, and RCP8.5 (Moss et al., 2010; van Vuuren et al., 2011). One of our
goals is to evaluate the differences between the scenarios, so we selected the
above-mentioned three available RCPs, as they cover quite a wide range
considering the radiative forcing change relative to the pre-industrial era.
RCP2.6 represents the mitigation scenario aiming to limit the global temperature
increase to 2 °C. RCP4.5 assumes a decrease in overall energy demands and
especially in fossil fuel use, but an increase in renewable and nuclear energy
use. The most pessimistic scenario is RCP8.5 with high greenhouse gas
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emissions, high population, and modest technological change. The ultimate goal
of this study is to compare the regional temperature and precipitation projections
for these different scenarios, in addition, we also aim to evaluate the
uncertainties of projections due to the different possible sources, i.e., applied
models, internal climatic variability, and scenarios.
Jacob et al. (2014) analyzed the projected mean changes of temperature
and precipitation on a European scale. They concluded that a significant
warming of 1‒4.5 °C (RCP4.5) or 2.5‒5.5 °C (RCP8.5) is likely to occur with
regional differences. Considering precipitation conditions, dry spells were
projected to become longer in Central Europe, contrary to this, a decrease in the
length of extended dry spells is likely to occur in some parts of Scandinavia.
Nevertheless, heavy precipitation was generally projected to increase throughout
the European continent with the exception of Southern Europe in summer.
Because of the projected warming trend, several consequences are likely to
emerge, e.g., less snowfall is projected in the future. Specifically, Frei et al.
(2018) investigated the occurrence of snowfall in the Alps, using a 14-member
ensemble of simulations applying different combinations of GCMs and RCMs.
They found that the projected mean decrease of snowfall between September
and May is 25% in the case of RCP4.5 based on the multi-model ensemble, or
even 45% in the case of RCP8.5. Furthermore, even less snowfall (by at least
80%) will occur in the low-elevated regions.
We aim to specify the future warming trends on a finer scale focusing on
the Pannonian region within the European continent using 10 RCM simulations
driven by different GCMs. Pieczka et al. (2018) also focused on the future
climate of the Pannonian Basin, but they used only a specific RCM, namely the
RegCM4 model (Elguindi et al., 2011), whereas we use other RCMs as well.
Validation results showed that RegCM4 simulations overestimated summer
temperature by 2.9 °C on average, while the bias did not exceed 1 °C in the rest
of the year (Pieczka et al., 2019).
In order to assess uncertainty due to the different physical
parameterizations, it is advisable to analyze as many model simulations as
possible (this is limited by the availability of simulations), especially in the case
of impact studies or in the case of decision-making support studies. However, in
order to reduce the required computing time, impact modelers prefer to use one
single climate simulation that represents the robust changes projected by an
ensemble of climate simulations. Therefore, as a compromise, Dalelane et al.
(2018) investigated simulations provided by EURO-CORDEX (Giorgi et al.,
2009) to reduce the number of the ensemble members and found that a reduction
from 15 to 7 members leads to a > 90% remaining spread of the climatic
variables. Such reduction is important, as on the one hand, it helps to keep the
ensemble manageable for impact modeling; and on the other hand, the reduced
ensemble still covers almost the entire range of climate change uncertainty.
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First, data and methods used in the current study are presented in the next
section, then, the validation results are shown. After that, the projected
temperature and precipitation changes are discussed in details, focusing on the
uncertainty due to the RCM simulations and the applied RCP scenarios. Finally,
the conclusions are drawn.
2. Data and methods
In the case of climate change studies, the first step is validation when the
reliability of RCM simulations is evaluated for the present/historical period. For
this purpose, it is important to define a reference dataset, to which the
present/historical simulations can be compared. In our study, the CARPATCLIM
database (Szalai et al., 2013) was chosen as a reference, since it covers the area
of our interest (44°‒50° N; 17°‒27° E), and it is publicly available.
CARPATCLIM contains homogenized (by using the MASH software;
Szentimrey, 2007; Bihari and Szentimrey, 2013) meteorological variables and
indices for 1961‒2010, interpolated (by using the MISH software; Szentimrey
and Bihari, 2006; Bihari and Szentimrey, 2013) to a 0.1° horizontal grid.
After validation, future climatic conditions are compared to the
present/historical period on the basis of RCM simulations. In the present study,
10 RCM experiments were selected (Table 1); all of them were carried out in the
framework of the CORDEX initiative (Giorgi et al., 2009) of the WCRP.
CORDEX defined 14 domains, from which the entire European continent is
covered by EURO-CORDEX (Jacob et al., 2014). Altogether 23 different
RCMs and 12 GCMs were used in EURO-CORDEX simulations with different
resolutions (http://is-enes-data.github.io/CORDEX_status.html). To choose the
RCM simulations for this study, our selection criteria are as follows: (i) the
RCM domain covers Hungary and Serbia with 0.11° horizontal resolution, (ii)
the RCM simulation encompasses at least the 1970‒2098 time period, (iii)
historical and three different future (i.e. for RCP2.6, RCP4.5, and RCP8.5
scenarios (Moss et al., 2010; van Vuuren et al., 2011)) simulations are available.

Table 1. List of the RCM simulations and their driving GCMs used in the present study
GCM ↓ / RCM →

RCA4

RACMO22E

ICHEC-EC-EARTH

X

X

CNRM-CERFACSCNRM-CM5
X

MOHC-HadGEM2-ES

X

ALARO-0

X
X (versions r1
and r2)

X

CCLM4-8-17
X

X

MPI-M-MPI-ESM-LR

160

REMO2009

Considering the selected simulations for this study, four different GCMs
provided the necessary initial and boundary conditions. The main components of
the GCMs are summarized in Table 2, and their main characteristics can be
briefly summarized as follows:
•

The ICHEC-EC-EARTH model (http://www.ec-earth.org/) is developed as
a part of a European consortium. This model is based on the seasonal
forecasting system of ECMWF. It can be used as a classical climate model
and as an Earth System Model also (by adding atmospheric chemistry,
aerosols, ocean bio-geo-chemistry, dynamic vegetation, and Greenland ice
sheet).

•

CNRM-CERFACS-CNRM-CM5 is an Earth System Model (Voldoire et
al., 2013), which is based on the coupling of several models. It is a
developed version of the CNRM-CM3, which can reproduce well the largescale circulation, the Asian monsoon, and the Arctic sea ice cover.
However, it also has some deficiencies, e.g., underestimation of the tropical
sea surface temperature, overestimation of precipitation, or weak southern
ocean circulation. The model’s horizontal resolution is 1.4° in the
atmosphere and 1° in the ocean.

•

MPI-M-MPI-ESM-LR (Giorgetta et al., 2013) is based on the coupled
GCMs, namely, the ECHAM6 atmospheric submodel and the MPIOM
ocean submodel. Other subsystem models (for land and vegetation as well
as marine geochemistry) are also included in MPI-M-MPI-ESM-LR.

•

HadGEM2-ES is an Earth System Model (Collins et al., 2011), developed
from the HadGEM1. The atmospheric component has 38 vertical layers,
and it has a horizontal resolution of 1.25° × 1.875° in latitude and
longitude, respectively. A large-scale hydrology module has also been
introduced into HadGEM2. Considering aerosols, eight species are
available in HadGEM2, from which nitrate (only if tropospheric chemistry
is used), fossil-fuel organic carbon, and biogenic aerosols are new.
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Table 2. The applied submodels in the GCMs used in this study
ICHEC-EC-EARTH

CNRMCERFACSCNRM-CM5

MPI-MMPI-ESMLR

MOHCHadGEM2ES

Atmospheric
circulation
model

ECMWF's atmospheric
circulation model IFS
(https://www.ecmwf.int/en/
publications/ifs-documentation),
cycle 36r4, including the land
surface model H-Tessel
(Balsamo et al., 2009)

ARPEGE-Climate
(Déque et al.,
1994)

ECHAM6
(Roeckner et
al., 2006)

HadAM3
(Pope et al.,
2000)

Ocean
model

NEMO3.6, including the
Louvain-la-Neuve Sea Ice
Model (LIM3)
(Rousset et al., 2015)

NEMO (Gurvan
et al., 2017)

MPIOM
(Jungclaus et
al., 2013)

NEMO
(Gurvan et
al., 2017)

Ocean biogeochemistry
component

PISCES v2
(Aumont et al., 2015)

HAMOCC5
(MaierReimer et al.,
2005)

diatHadOCC
(Totterdell,
2019)

Dynamical
vegetation
model

LPJ-GUESS v4 (Smith et al.,
2001; Lindeskog et al., 2013)

JSBACH
(Raddatz et
al., 2007)

TRIFFID
(Cox, 2001)

Atmosphere
composition
and aerosol
model

TM5 (Huijnen et al., 2010)

Ice sheet
model

PISM 0.7
(Winkelmann et al., 2011)

UKCA
(Morgenstein
et al., 2009)
GELATO (SalasMélia, 2002)

Oceanatmospheric
fluxes

SURFEX
(Masson et al.,
2013)

River
routing and
water
discharge
from rivers
to the ocean

TRIP (Oki & Sud,
1998; Oki et al.,
1999)

TRIP (Oki &
Sud, 1998;
Oki et al.,
1999)

Landsurface

ISBA (Noilhan
and Mahfouf,
1996)

MOSES II
(Essery et
al., 2001)
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For the current study, the following five RCMs were selected from the 23
different RCMs used in EURO-CORDEX. In the next lines we give a short
overview about them.
•

The RCA4 model (Kupiainen et al., 2014) was developed from RCA3
(Samuelsson et al., 2011). One of the main important developments is that
the former overestimation of soil-heat transfer was reduced by the inclusion
of soil carbon. Furthermore, the Kain-Fritsch convection scheme (Kain,
2004) has been updated, so the model distinguishes the shallow and deep
convection processes.

•

The RACMO22E model is built on the ECMWF physics package merging
into the dynamical kernel of HIRLAM (Undén et al., 2002). The model
takes into account more soil layers, and it includes a surface runoff scheme.
The leaf area index (LAI) also plays an important role, especially in the
surface energy budget. The model applies parametric formulations to treat
the ice surfaces (van Meijgaard et al., 2008).

•

The REMO model was developed from the Europa-Model (EM) numerical
weather prognostic model by adding dynamical core and physics. It uses a
terrain-following hybrid coordinate system. The vertical structure
encompasses 20 levels, as in the case of EM model. The vertical fluxes are
treated implicitly (Jacob and Podzun, 1997).

•

The CCLM4-8-17 model is based on the non-hydrostatic Local Model
(LM) developed by the German Meteorological Service. The model uses
direct coupled components, such as TERRA (surface and soil model) or
Flake (fresh-water lake model); whereas ART modul is used for
representing chemistry and aerosols (Schättler et al., 2019).

•

The ALADIN limited area model was developed from the ARPEGE GCM
and the ECMWF Integrated Forecasting System (IFS). The ALARO
physics parameterization package, which is suitable to run at convectionpermitting fine resolution, was coupled to the ALADIN model (www.eurocordex.be/meteo/view/en/29038078-ALARO-0+model.html). ALARO uses
the Modular Multiscale Microphysics and Transport (MMMT)
microphysics scheme that improves the representation of convective
precipitation for Europe as validation analysis showed (Giot et al., 2016).

Our study primarily focuses on the plain areas in Hungary and Serbia. Hence,
we defined five subregions within the analyzed domain (Fig. 1). Three of them
(NHU, CHU, SHU) are located mainly in Hungary, representing the north-centralsouth regions; the other two (NSR, SSR) are in the northern parts of Serbia
(Table 3). Each subregion contains 70 grid cells, covering about ~7800 km2.
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Fig. 1. Topography map of the target area. The selected subregions are indicated by boxes and
their abbreviations.

Table 3. List of the five subregions, which are analyzed in the present study, indicating
their abbreviations and geographical coordinates
Region

Northern latitude

Eastern longitude

NHU (Northern Hungarian Plain)

47.6°‒48.2°

21.5°‒22.4°

CHU (Central Hungarian Plain)

46.8°‒47.4°

20.2°‒21.1°

SHU (Southern Hungarian Plain)

46.3°‒46.9°

19.1°‒20.0°

NSR (Northern Serbian Plain)

45.2°‒45.8°

19.6°‒20.5°

SSR (Southern Serbian Plain)

44.2°‒44.8°

20.5°‒21.4°

Two meteorological variables, namely, daily mean temperature and daily
precipitation total are investigated in this study. The analysis focuses on three
time periods: the historical time period (1971‒2000), the middle of the 21st
century (2021‒2050), and the end of the 21st century (2069‒2098, since some of
the RCM simulations do not include the last two years, 2099 and 2100, due to
the lack of driving GCM data; however, this selected period can be considered
as representing 2071–2100 since a couple of years’ shift does not change the
climate change signal on a century scale). The projected changes are calculated
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for these three 30-year time slices, for all the five subregions in the case of all
RCP scenarios using all RCM simulations selected for this study, hence, a
comprehensive comparison analysis is completed.
From the agricultural point of view, the projection of drought conditions is
especially important in the plain areas. Therefore, the rainfall variability index
(RVI; Gocic and Trajkovic, 2013) is also calculated in this study beside the
changes of monthly mean temperature values and the relative changes of
monthly precipitation totals. RVI is calculated by the following formula:
ܴܸ= ܫ

 ିೌ
௦

,

where i is the index of the year, P is the annual precipitation total, Pa is the
average annual precipitation total, and s is the standard deviation of annual
precipitation totals in the 1971‒2000 reference period.

3. Results and discussion
3.1. Validation (historical experiments versus reference data)
First of all, validation results are analyzed using Taylor-diagrams (Taylor,
2001), for which monthly mean precipitation totals and monthly mean
temperature values were calculated for the five subregions, based on the
CARPATCLIM datasets as well as all the 10 historical RCM simulations
individually. Thus, the reproduction of the mean annual cycle in the RCM
simulations can be evaluated against the CARPATCLIM data for the time
period 1971–2000.
In the case of temperature, no substantial differences can be recognized
between the subregions, so only one example is presented here, namely, the
CHU subregion (Fig. 2). We can conclude that all the RCM simulations perform
well, as the correlation coefficient is above 0.95 in every case, and all the
symbols, indicating the individual RCM simulations, are close to the reference
black point, which represents CARPATCLIM data. A small difference occurs in
relation with the driving GCM: the two least well-performing RCM simulations
were both driven by the CNRM-CERFACS-CNRM-CM5 (indicated by triangles
in Fig. 2). It can also be seen that the driving GCM of the best overall
performing RCM simulations was the MPI-M-MPI-ESM-LR (indicated by
diamonds in Fig. 2).
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Fig. 2. Taylor-diagram for the CHU subregion, based on temperature data (1971‒2000).
Different driving GCMs are marked with different symbols; each simulation is indicated by a
unique color. The black point indicates the reference (CARPATCLIM).

Considering precipitation, validation results show a less successful
reproduction of the mean annual cycle compared to temperature. Results are
somewhat better in the Hungarian subregions than in the Serbian subregions,
where correlation coefficients are generally closer to zero or even negative
(Fig. 3) implying very different simulated annual cycle compared to the
reference. In spite of that, the CNRM-CERFACS-CNRM-CM5 driven RCM
simulations are the least successful in reproducing the reference temperature
cycle, this GCM provides the necessary initial and boundary conditions to the
overall best performing RCM simulation (CNRM/RACMO) in the case of
precipitation. This validation result supports the finding that one cannot choose
solely a specific model, which can be considered as the best model from all
possible aspects (e.g., Jacob et al., 2007; Torma, 2019). For example, one model
is good in the simulation of temperature values, while another model performs
more reliably the annual cycle of precipitation, and a third one is capable to
simulate extreme values better. In the present case, the effects of different
GCMs cannot be separated clearly, as their performances are different
considering the different subregions.
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Fig. 3. Taylor-diagrams for the five subregions (NHU, CHU, SHU, NSR, SSR) based on
precipitation data (1971‒2000). Different driving GCMs are marked with different symbols;
each simulation is indicated by a unique color. The black point indicates the reference
(CARPATCLIM).

Kotlarski et al. (2014) discussed a validation analysis of the CORDEX
simulations (Giorgi et al., 2009) with the ERA-Interim driving data using the EOBS database (Haylock et al., 2008) as a reference. Overall temperature biases
were found to be smaller than 1.5 °C for the European continent, but in the case
of precipitation, larger (~ 40%) over- and underestimations can be seen. Torma
(2019) validated the EURO-CORDEX and MED-CORDEX projections for the
1989‒2008 time period using altogether nine ERA-Interim driven RCM
simulations. This study found that temperature bias is between ‒3 °C and +3 °C
in the Pannonian region. In the case of precipitation, the RCM-ensemble could
reproduce the annual cycle quite well in general, but with a more dominant
maximum in June.
For the validation of RVI, the CARPATCLIM database served as a
reference. The best agreement can be found in the SSR subregion, where there
were 15 dry years according to the CARPATCLIM, and all the RCMs simulated
the number of dry years between 13 and 17 (i.e., ±2 years compared to the
reference). The least agreement can be found in the NHU and SHU subregions,
where four RCMs simulated more or less dry years by at least 3 years compared
to the reference.
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3.2. The projected temperature and precipitation changes
Since the two most important climatic variables are temperature and
precipitation in terms of the agricultural activities being dominantly present in
the target regions, we continue the analysis with the projected monthly mean
temperature and precipitation changes for the five subregions taking into
account the three different RCP scenarios. The climatic variables were analyzed
together by evaluating the two-dimensional or bi-variate changes of the spatial
averages of the subregions (temperature changes are represented horizontally,
whereas precipitation changes appear vertically). In Fig. 4, two selected months
are shown, namely, January and July (because in the present climate, these are
the coldest and the warmest months of the year, respectively). The diagrams
summarize the predicted changes by the end of the 21st century on the basis of
the 10 individual RCM simulations. Results showing average bi-variate changes
reflect the uncertainty of projections due to the model physics. It can be clearly
seen that higher temperature values are very likely to occur in the future.
January (and overall the winter half year) will be wetter, especially in the
northern subregions, whereas July (and August) will tend to become drier,
especially in the case of RCP8.5. The projected temperature changes for RCP2.6
and RCP4.5 are closer to each other, while RCP8.5 induces the greatest regional
warming. This can be explained by the definition of the RCP scenarios
themselves: i.e., RCP8.5 indicates a radiative forcing change of 8.5 W/m2 by the
end of the 21st century compared to the pre-industrial era (whereas RCP2.6 and
RCP4.5 assumes only a change of 2.6 W/m2 and 4.5 W/m2, respectively). Since
temperature is highly correlated with radiation, the conclusion is
straightforward: the largest increase is projected in the case of RCP8.5. The
smaller overall difference between the other two scenarios can be expected,
because the difference between the assumed radiative forcing changes is smaller
between RCP2.6 and RCP4.5 than either between RCP2.6 and RCP8.5, or
between RCP4.5 and RCP8.5.
In the case of RCP2.6, the smallest multi-model average temperature
increase in January (1.88 °C) is projected for SHU (where the entire range from
all the 10 RCM simulations is 0.82‒3.41 °C), and the largest average warming
(1.92 °C) is only slightly greater than the smallest, and is predicted for the
neighboring subregions: NSR (where the entire range considering all the 10
RCM simulations is 0.80‒3.41 °C, quite similar to SHU) and CHU (where the
entire range considering all the 10 RCM simulations is 0.91‒3.68 °C, shifted
slightly by 0.1‒0.2 °C relative to NSR and SHU). Smaller overall warming is
projected for July, the projected temperature change is ~ 1 °C; the entire range
considering all the 10 RCM simulations and the five subregions is 0.07‒1.74 °C
implying a smaller variability of simulation results compared to January.
Partially due to the small variability and average values, the difference between
the subregions is quite small.
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Fig. 4. Projected changes of precipitation (y-axis) and temperature (x-axis) in the five
subregions according to the three RCP scenarios (represented by different colors) for the
2069‒2098 time period in January (left column) and July (right column) based on the 10
RCM simulations. The reference period is 1971‒2000.
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Taking into account the RCP4.5 scenario, the projected change based on
the multi-model mean for January is more than +2.5 °C in all the five
subregions; the greatest change on average (2.71 °C) is likely to occur in the
northernmost subregion, NHU (where the entire range considering all the 10
RCM simulations is 1.79‒3.82 °C). For July, an increase by ~ 2 °C on average is
projected, with the largest change on average (2.28 °C) for the southernmost
subregion, SSR (where the entire range considering all the 10 RCM simulations
is 1.55‒3.74 °C). According to the RCP8.5 scenario, temperature values in
January will be higher on average by at least 4.5 °C (in NHU it is 4.9 °C on
average and the entire range considering all the 10 RCM simulations is
2.73‒6.61 °C) compared to the historical time period. In the case of July, the
smallest change on average (4.15 °C) is projected for the northernmost
subregion, NHU (where the entire range considering all the 10 RCM simulations
is 3.11‒6.03 °C) and the greatest on average (4.83 °C) for the southernmost
subregion, SSR (where the entire range considering all the 10 RCM simulations
is 4.00‒6.59 °C). The projected monthly mean warming for the mid- and latecentury is compared in Fig. 5 (since the differences between the subregions are
small in projected temperature changes, diagrams show the overall spatial
averages), thus the different regional warming trends of the three scenarios can
be evaluated for all months. RCP8.5 induces continuous warming in all months;
most RCM simulations (at least 7 RCMs from the 10 RCMs in each month)
project even accelerating regional warming in the plain areas of Hungary and
Serbia. All the 10 RCM simulations predict such an increasing rate of warming
in May, July, August, and September. Contrary to this, the projected monthly
mean regional warming tends to slow down during the second half of the 21st
century in the case of the RCP4.5 scenario; all the 10 RCM simulations project
less warming between the middle and late 21st century in January, July, and
August than the estimated warming between the end of the 20th century and the
middle of the 21st century. However, an accelerating temperature increase is
projected for April, May, and November by at least half of the RCM
simulations. Moreover, many RCM simulations projects temperature decrease
during the second half of the 21st century in the case of the RCP2.6 scenario;
more specifically, at least half of the RCM simulations predicts such changes for
May, July, August, October, and November (the number of RCM simulations
with projected cooling during this coming 50 years is 7, 8, 5, 6, and 6,
respectively).
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Fig. 5. Projected monthly mean temperature changes averaged for the 5 subregions (ΔT)
using the three RCP scenarios (represented by different colors) for the 2069‒2098 and 2021–
2050 time periods based on the 10 RCM simulations. The reference period is 1971‒2000.

The projected mean precipitation changes show substantially higher
variability than temperature projections. January (which is currently one of the
driest months in the region) is very likely to become wetter, especially in the
northern subregions (i.e., NHU and CHU), where all of the 10 RCM simulations
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project increased precipitation by the end of the 21st century compared to the
reference period. However, some simulations project decreasing precipitation
monthly totals in the southern subregions, especially when the RCP8.5 scenario
is taken into account (e.g., the projected mean change in January is 22% on
average in NSR, and the entire range is between ‒17% and 64%). On the
contrary, a general decreasing trend is likely to occur in July according to the
most RCM simulations (except for the case of RCP2.6), but the uncertainty of
projections is quite high due to different parameterizations in RCMs. More
specifically, RACMO simulations (driven by either the HadGEM2, CNRM, or
EC-EARTH models) predict opposite, greater positive changes in July
precipitation for RCP4.5 and RCP2.6, whereas the projections of precipitation
for RCP8.5 imply either much less, or even negative changes by the end of the
21st century. Overall, we can conclude that the greater the assumed radiative
forcing change and the more southern the subregion is located, the more
pronounced the drying trend will be in July. So the greatest multi-model mean
monthly precipitation decrease (‒22%) is projected in the case of RCP8.5 for
SSR (where the entire range considering all the 10 RCM simulations is between
‒45% and 2%).
Fig. 6 shows the projected multi-model mean temperature and precipitation
changes by 2069‒2098 for all the 12 months for the five subregions, taking into
account the three RCP scenarios. As we already mentioned above, the
differences between RCP2.6 (indicated by diamonds) and RCP4.5 (indicated by
circles) is relatively small, about 1 °C, while RCP8.5 (indicated by squares) can
be distinguished more clearly from the other two scenarios (the difference
between RCP4.5 and RCP8.5 is about 2–3 °C). Considering temperature, solely
increasing trend occurs for all the monthly averages. The greatest increase,
5.16 °C, is projected for August in SSR – this is the only case when the
projected multi-model mean change exceeds 5 °C. Furthermore, the projected
regional warming exceeds 4 °C in January, February, July, August, and
September in all the five subregions in the case of RCP8.5. Similarly, greater
warming can be expected in mid- and late-summer, early-autumn, and mid- and
late-winter in the case of RCP4.5, while in the case of RCP2.6, the intra-annual
variation of the monthly mean projected warming values is substantially smaller.
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Fig. 6. Projected changes of precipitation (y-axis) and temperature (x-axis) in the five
subregions according to the three RCP scenarios (represented by different symbols) for the
2069‒2098 time period in the 12 months (different colors) based on the multi-model mean of
10 RCM simulations. The reference period is 1971‒2000.

Considering precipitation, Fig. 6 shows that most of the months will likely
become wetter by the end of the 21st century compared to the reference period
according to the multi-model average of the 10 RCM simulations. The greatest
increase (> 20%) is projected for January, February, and March in all the 5
subregions in the case of all the RCP scenarios. Also, quite high increase
(> 15%) is projected in the subregions for December, November, October, and
April (except for SHU). Overall, the greatest multi-model mean precipitation
change (+32%) is projected for CHU for March, in the case of RCP8.5. Drier
conditions are projected only for summer and early autumn, however, different
scenarios imply different overall results. A clear drying trend can be seen in July
(between ‒13 and ‒22%) and August (up to ‒17% in SSR) in the case of
RCP8.5, i.e., assuming high radiative forcing change. Drier conditions are likely
to occur in the southern regions even in June (the projected precipitation change
is ‒1% in NSR and ‒7% in SSR) and in September (the projected precipitation
change is ‒2% in SHU, –1% in NSR, and ‒5% in SSR). If RCP4.5 scenario is
taken into account the multi-model mean precipitation is projected to decrease
only in July in most subregions, the greatest change is projected for NHU (–4%)
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and SSR (–3%); however, the predicted mean drying trend is substantially less
than in the case of RCP8.5 due to the smaller projected decreases of the
individual RCM simulations for RCP4.5. In the case of the RCP2.6 scenario,
none of the months can be expected to become substantially drier in the future.
The spatial distribution of the multi-model mean projected temperature
changes by the end of the 21st century is presented in Fig. 7 for January and July
for the three RCP scenarios. As it can already be seen from the results of Figs. 4–6,
the greater radiative forcing change results in higher temperature-increase
regionally as well as globally (IPCC, 2013), which is quite evident from the
definition of the RCP scenarios. The patterns of the projected changes reflect
dominantly the topography of the domain in January, while a clear zonal structure
can be seen in the maps of multi-model mean warming for July, especially for
RCP4.5 and RCP8.5. In January, somewhat smaller temperature increase (< 3 °C)
is projected for the Carpathian Mountains compared to the plain areas in the case of
RCP4.5, while it is the opposite in the case of RCP8.5, namely, the highest
projected increase (> 5 °C) appears in the mountainous regions. In July, an eastwest difference will emerge in the case of RCP2.6, with slightly higher values in
the western parts of the domain. The patterns are different in the case of RCP4.5
and RCP8.5, namely, a north-south gradient appears with greater mean increase
(> 2 °C and > 4.5 °C, respectively) in the southern regions. The zonal gradient is
the highest for RCP8.5 when the overall warming is also greater.

Fig. 7. Projected changes of temperature according to the three RCP scenarios for 2069‒2098
relative to 1971‒2000 in January and July based on the multi-model mean of 10 RCM
simulations.
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As a consequence of these projected monthly mean temperature increases,
temperature-related extremes are expected to change. Specifically, warm
extremes (e.g., tropical nights with daily minimum temperature exceeding
20 °C) will occur more frequently and with a longer duration in the future,
whereas cold extremes (e.g., frost days with daily minimum temperature below
0 °C) are very likely to decrease by the late-century. The Pannonian Basin is
analyzed from this aspect by Pieczka et al. (2018), using one specific RCM
taking into account RCP4.5 and RCP8.5.
Considering the spatial distribution of precipitation in January and July for
the late-century, we can conclude that the greatest changes are projected in the
case of RCP8.5, and the differences between RCP2.6 and RCP4.5 are smaller
(Fig. 8). In January, multi-model mean precipitation increase exceeding 20% is
projected only for the western and northern parts of the domain in the case of
RCP2.6. The overall pattern is different from this in the case of RCP4.5, since at
least 20% increase is estimated for almost the whole territory of Hungary and
the eastern Carpathians. Finally, when taking into account the RCP8.5 scenario,
an increasing trend by 20‒30% is likely to occur over most parts of the domain
(except the northeastern and southern Carpathians); the projected change is
positive according to at least seven RCM simulations in almost the entire
domain. Contrary to this, a precipitation decrease is projected for July; this
drying trend is more pronounced in the southern part of the domain (i.e., the
predicted decrease can exceed 20%). The uncertainty originating from the
different RCM simulations is higher, which is indicated by the hatched areas
covering overall less part of the domain in July than in January. The multimodel mean of July precipitation change is much smaller for either RCP2.6 or
RCP4.5 than for RCP8.5, which is due to the fact that RCM simulations result in
increasing and decreasing precipitation trends more diversely, thus they
eliminate each other.
Since the greatest temperature and precipitation changes are projected by
the end of the 21st century for the RCP8.5 scenario, a more detailed analysis
based on the multi-model mean of the 10 RCM simulations is presented in Figs.
9‒12 for each month grouped by season. In the case of temperature, all the
RCMs simulate a clear increasing trend, i.e., only positive changes by the latecentury compared to the reference period. However, precipitation projections
show higher variability within the ensemble of RCM simulations, including
even different signs of changes (therefore, hatching on the precipitation maps
indicates where at least seven model-simulations agree in the sign of the
projected change with the change exceeding ±10%).
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Fig. 8. Projected changes of precipitation according to the three RCP scenarios for 2069‒2098
relative to 1971‒2000 in January and July based on the multi-model mean of 10 RCM
simulations. Hatched areas show where at least seven simulations indicated the same direction
of change, and the projected change was at least ±10%.

In summer, the multi-model mean warming is the most pronounced in
August, when the projected change can exceed 5 °C in the southern parts of the
domain (Fig. 9). Similar zonal pattern appears in July, the difference between
August and July is about 0.5 °C. The overall smallest temperature increase is
predicted for June, but a mean change of at least 3 °C is predicted even in the
northwesternmost parts of the domain (where the smallest increase appears).
Considering precipitation, Fig. 8 already shows the multi-model mean
decreasing trend projected for July, which can be larger than ‒20% in the
southern parts of the domain. August is projected to become also drier, however,
the multi-model mean change is closer to zero compared to July, and the
precipitation decrease is more robust in the southeastern part of the domain.
Contrary to these, a clear north-south difference can be recognized in June, i.e.,
there is an increasing trend in Austria, Slovakia, Ukraine, and Hungary, whereas
decreasing trend in Slovenia, Croatia, Serbia, and the most parts of Romania;
note that the uncertainty is quite high, as the multi-model mean precipitation
change is within the range of (–10%; 10%) with very few hatched areas (only
outside the Pannonian Basin in the plain areas south and east from the
Carpathian mountain ranges).
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Fig. 9. Projected changes of temperature and precipitation according to the RCP8.5 scenario
for 2069‒2098 relative to 1971‒2000 in the summer months based on the multi-model mean
of 10 RCM simulations. In the case of precipitation, hatched areas show where at least seven
models indicated the same direction of change, and the projected change was at least ±10%.

Topography-dependent warming is projected in winter (especially in January
and February), the projected multi-model mean temperature change by the end of
the 21st century is 4‒5.5 °C (3.5–4.5 °C in December) compared to the reference
period (Fig. 10). The greatest increase (> 5 °C) is projected in the Carpathians,
except for December, when somewhat smaller (> 4 °C) increase is projected for
the eastern parts of Hungary and Transylvania. In the case of winter precipitation,
the projected multi-model mean monthly changes imply wetter conditions,
moreover, most of the RCM simulations agree on the sign of the predicted change
in all the three winter months. The smallest change is projected for December; in
January and February the simulated change is at least 20% almost in the entire
domain. Considering both meteorological variables simultaneously, one can
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conclude that more precipitation is likely to occur in the future in winter, but the
rate of snow will be less due to the projected temperature-rise resulting in
important consequences from hydrological point of view (e.g., Kis et al., 2017b).

Fig. 10. Projected changes of temperature and precipitation according to the RCP8.5 scenario
for 2069‒2098 relative to 1971‒2000 in the winter months based on the multi-model mean of
10 RCM simulations. In the case of precipitation, hatched areas show where at least seven
models indicated the same direction of change, and the projected change was at least ±10%.

September is similar to the summer months: the multi-model mean
temperature increase shows a zonal pattern (with a warming of 3.5–4.5 °C) together
with an overall drying trend projected over the southern and mountainous parts of
the domain (Fig. 11). The simulated changes for October and November are more
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similar to the projected changes for winter, as an overall 10‒30% precipitation
increase is likely to occur (somewhat smaller change is projected for November
than for October), the estimated temperature increase is somewhat smaller (< 4 °C)
than for winter. Furthermore, the spatial variability within the domain is much
smaller than in the winter months.

Fig. 11. Projected changes of temperature and precipitation according to the RCP8.5 scenario
for 2069‒2098 relative to 1971‒2000 in the autumn months based on the multi-model mean
of 10 RCM simulations. In the case of precipitation, hatched areas show where at least seven
models indicated the same direction of change, and the projected change was at least ±10%.

The projected multi-model mean temperature changes for March, April,
and May are similar to January and February considering the spatial pattern (i.e.,
reflecting the topography of the domain), but the predicted values of spring
warming are not so high as in winter (Fig. 12). Precipitation is likely to increase
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in spring, especially in March (by ~ 30%±10%) with a high agreement in the
sign of projected changes. Positive changes are projected by fewer RCM
simulations in April, and even fewer in May, thus the multi-model projected
change of monthly mean precipitation is smaller in April, and even smaller in
May compared to March. The multi-model mean precipitation change even
shows a slight decrease in May at the southern border of the domain, since some
RCM simulations project drier conditions for the late-century compared to the
reference period, especially in the southern part of the domain.

Fig. 12. Projected changes of temperature and precipitation according to the RCP8.5 scenario
for 2069‒2098 relative to 1971‒2000 in the spring months based on the multi-model mean of
10 RCM simulations. In the case of precipitation, hatched areas show where at least seven
models indicated the same direction of change, and the projected change was at least ±10%.
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On the basis of maps with multi-model mean changes, similar changes are
projected for the mid-century as for the late-century, but the temperature
increase is more moderate (1‒2 °C) and more homogeneous in space. In the case
of precipitation, an increase is projected for 2021–2050, except for July and
August, when decreasing trend is likely to occur, but with greater uncertainty
and smaller overall changes compared to the changes simulated for the
2069‒2098 time period.
In order to analyze the variability of precipitation changes in more details,
Fig. 13 shows each simulated monthly precipitation total in January and July
during the 30-year period at the end of the 21st century compared to the average
monthly total in the 1971‒2000 reference period. Results for the five
investigated subregions are quite similar to each other. Therefore, we only
present one example here, namely, the SHU subregion (located in the middle
among the five subregions regarding the north-south extension). In order to
illustrate uncertainty not only due to the climatic variability but also due to the
model physics and parameterizations, all the 10 RCM simulations are presented
(x-axis) in the diagrams taking into account the three different RCP scenarios
(indicated by different colors). The differences between the RCP scenarios are
not substantial, which can be explained by the fact that in the case of
precipitation, the role of the scenario is relatively low within the full uncertainty
range of simulations compared to the choice of the model or to the internal
variability (Hawkins and Sutton, 2011). Overall, it can be concluded that greater
inter-annual differences occur between the individual monthly anomalies in July
in some RCM simulations (e.g., the spread is especially wide in the case of
RCM simulations where EC-EARTH or HadGEM2 provide driving inputs to the
regional scale), because extremely high precipitation is simulated in a few years.
In the case of RCP8.5, according to four RCM simulations, more than 20 years
out of 30 will be drier in July compared to the reference period. In SSR, which is
the southernmost subregions among the five analyzed subregions, the same
conclusion can be made, but the number of these RCM simulations is six,
implying higher confidence in expecting drier Julies in the future. Three RCMs
simulated drier July conditions relative to the reference period for all the five
subregions at least 20 years out of 30 in the case of RCP8.5 (whereas only one
RCM simulated similarly for RCP2.6). When taking into account RCP4.5, none
of the RCM simulations resulted in drier Julies with such dominance in all the
five subregions, however, unlike other simulations, one RCM simulation (i.e.,
CNRM_RACMO) projects that at least 20 years out of 30 will be wetter in the
future in NHU and CHU (in general, wetter July conditions do not exceed the
half of all the 30 years in neither scenario or subregions).
Contrary to July, mainly wetter conditions are simulated for January
compared to the reference period; two RCM simulations project more monthly
precipitation totals in all the five subregions in at least 20 years out of 30,
namely, HadGEM2_RCA4 in the case of RCP4.5 and MPI-ESM_REMOr2 in
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the case of RCP8.5. Drier Januaries also occur in the simulations, but less
frequently compared to the wetter conditions relative to the reference period in
any of the subregions.

Fig. 13. Projected changes of monthly precipitation in January (top) and July (bottom)
according to the three RCP scenarios (indicated by different colors) for each year in
2069‒2098 (indicated by crosses) relative to the 1971‒2000 reference period based on the 10
individual RCM simulations (x-axis). Spatial averages for the SHU subregion are shown. The
RCM simulations are as follows: (1) CNRM_ALARO, (2) CNRM_RACMO,
(3) EC-EARTH_CCLM, (4) EC-EARTH_RACMO, (5) EC-EARTH_RCA4, (6) HadGEM2_RACMO, (7) HadGEM2_RCA4, (8) MPI-ESM_RCA4, (9) MPI-ESM_REMOr1,
(10) MPI-ESM_REMOr2.
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Finally, RVI is analyzed as a precipitation-related feature for the entire
year, it is calculated for the five subregions. If the RVI value is smaller than zero
for a given year that year is considered as a dry year; if the RVI value is less
than ‒2, it is considered as an extreme dry year. The projected RVI values for
the 2021‒2050 (x-axis) and 2069‒2098 (y-axis) time periods are shown in
Fig. 14 based on the 10 RCM simulations, taking into account the three RCP
scenarios (indicated by different colors). In order to facilitate the analysis, two
lines are drawn in the diagrams at 15 years indicating the half of the entire
simulation period. It can be clearly seen that in the future wetter years are likely
to occur. This is a quite straightforward consequence of the monthly changes
analyzed above, namely, decreasing trend is projected only for July and August,
whereas precipitation is likely to increase in the rest and most parts of the year,
so overall the annual average total will also increase. The difference between the
RCP scenarios is not so remarkable; it may be explained by the role of different
sources of uncertainty in the case of precipitation (as the choice of the scenario
is not the most important factor discussed by Hawkins and Sutton (2011)).
The number of extreme dry years is obviously smaller than the number of
dry years, and their distributions show a closer pattern in the diagrams. In the
case of the number of dry years, higher variability can be seen: in some RCM
simulations the number of years is close to 15 (which is the half of the
investigated time period), while in others, only 5 dry years out of 30 are
projected to occur in the future. Extreme dry conditions will tend to occur in 2–
12 years overall during 30-year future time periods in the northern plain
subregions (NHU, CHU, SHU), whereas more frequent extreme dry years are
likely to occur in the southern subregions (i.e., NSR, SSR). The RVI results for
the mid- and late-century are not substantially different implying only very
slight changes between these future periods.

183

Fig. 14. Projected number of dry and extreme dry years based on RVI 2021‒2050 (x-axis)
and 2069‒2098 (y-axis) in the five subregions according to the three RCP scenarios (indicated
by different colors) based on the 10 RCM simulations (indicated by diamonds).
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4. Conclusions
The projected temperature and precipitation changes are analyzed for the
Pannonian Basin, focusing on five subregions: the plain areas of Serbia and
Hungary in a north-south sequence. For the investigation, 10 RCM simulations
are used considering three different RCP scenarios, namely, the RCP2.6,
RCP4.5 and RCP8.5. Three time periods were analyzed, one historical
(1971‒2000) and two future time periods (2021‒2050, 2069‒2098). Since the
greater changes are likely to occur by the end of the 21st century, this time
period is presented and discussed in more details in this paper.
On the basis of the results shown here, it can be concluded that higher
temperature values can be expected in the plain areas of Serbia and Hungary
(and in the whole Pannonian Basin) in the future. The projected change by the
end of the 21st century is at least 3 °C in every month. Considering the spatial
pattern, zonal structure can be clearly recognized in summer, with greater
increase (> 4.5 °C) in the southern parts of the domain; while topography plays
the key role in winter, with higher values in the mountainous areas. The higher
the assumed radiative change in the scenario, the higher the simulated
temperature change, which is due to the strong relationship between the
radiative forcing and temperature.
Considering precipitation, a decrease is likely to occur in July and in
August; and also in June and in September in the southern subregions. In the rest
of the year, wetter conditions are projected for the end of the 21st century
compared to the end of the 20th century; the projected increase of precipitation
is ~ 20% when taking into account the RCP8.5 scenario.
To conclude, in general, warmer and wetter climatic conditions are likely to
occur in the plain areas of Serbia and Hungary in the future, but the amplitudes of
the projected changes depend on the applied RCP scenario. In the case of
temperature, the presented results are in good agreement with former analyzes (e.g.,
Bartholy et al., 2007), however, in the case of precipitation, some differences can
be seen, i.e. summer drying in not so evident, as former simulations showed
(Bartholy et al., 2007; Pongrácz et al., 2014; Kis et al., 2017a).
The obtained results can serve as key input in further impact studies (e.g.,
Pokovai et al., 2020) for the Pannonian region, thus, appropriate adaptation
strategies can be developed to cope with the future regional climatic changes.
Agriculture, water management and energy sector should take into account these
projected changes in long-term planning at regional and national scales.
It is important to note that the projection results for the different RCP
scenarios can be clearly distinguished in the case of temperature – as the
correlation between the radiative forcing (its change serves as the definition of
RCP scenarios) and temperature is quite high –, while in the case of
precipitation the differences among RCM results are often greater than those
among RCPs. This result is fostered by the conclusion of Hawkins and Sutton
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(2011), namely, the selected RCM plays a higher role in the uncertainty of the
projected precipitation change compared to the applied emission scenario,
furthermore, internal variability also shows greater effect generally than in the
case of temperature (von Trentini et al., 2019). Therefore, it is advisable to take
into account more RCM simulations for those studies, which aim to help
decision making, to cover the entire range of uncertainty. All in all, the further
improvements of both GCMs and RCMs are still a key issue in order to use as
reliable simulations as possible for getting relevant results in impact studies. For
this purpose non-hydrostatic approach (e.g. Sasaki et al., 2008; Lyra et al.,
2018) will probably provide a better reproduction of precipitation conditions.
Nevertheless, the main challenge due to the high internal variability of
precipitation still remains.
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Abstract⎯
⎯ Urbanized areas modify the local climate due to the physical properties and
morphology of surface objects. The urban impacts on local scale interact with the
regional climate resulting in an amplification of certain climate aspects in the cities (e.g.,
higher maximum air temperature), which may be further enhanced with climate change.
Regional climate models provide adequate tool for assessing the regional characteristics
of global changes, however, they are incapable for describing the local impacts, e.g., in
cities, due to their relatively low resolution (usually 10–25 km horizontally) and due to
the lack of detailed description of relevant physical processes. To investigate the future
climate change in cities, surface models provide a scientifically sound and cutting-edge
solution for the previous problem. In this study, the behavior of SURFEX externalized
land surface model including the TEB urban canopy scheme and coupled to the
ALADIN-Climate regional climate model in offline mode is investigated. A 10-year-long
simulation for 2001–2010 was achieved on 1 km resolution for Budapest. The main goals
of our investigation are i) to assess how the biases of the regional climate model inherited
and modified by SURFEX, ii) what is the added value of SURFEX to ALADIN-Climate,
and iii) what are the capabilities of SURFEX in terms of describing urban and suburban
seasonal temperature cycle and daily urban heat island (UHI) evolution in Budapest.
Quantified validation is conducted using the measurements of two stations located in the
city center and in the suburban area. It was found that SURFEX overestimates the 2 m
temperature in both locations throughout the year, in spite of the too cold ALADIN
forcings. The strength of nocturnal UHI is overestimated from autumn till spring, while it
is slightly too weak in summer. Moreover, the evolution and collapse of daily UHI is
imperfectly simulated, namely some delay and slower daily dynamics occur, which might
be caused by the method applied for deriving the atmospheric forcings.
Key-words: urban climate change, urban heat island, land surface modelling, SURFEX,
TEB, ALADIN-Climate, validation
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1. Introduction
More than half of the world’s population lives in cities nowadays, and this rate
is projected to increase to 66% by 2050 (UN, 2014). The growing number of
cities’ inhabitants has been detected also in Hungary in the past decades, which
currently counts 70% of total population (KSH, 2013). The air of cities is
warmer, drier, and more polluted than of natural areas due to the specific surface
characteristics (i.e., impervious surfaces, narrow streets, high buildings, large
heat capacity of buildings) and anthropogenic activity (e.g., internal heating and
transportation; Oke, 1987). All these cause that cities are especially exposed to
the impacts of climate change.
To tackle these challenges, proper adaptation and mitigation strategies
– supported by targeted vulnerability studies – are needed. Different
methodologies with different complexity exist to quantitatively estimate the
impact of climate change in cities. Wilby (2003) developed a multivariate
statistical model, in which a relationship was set up between the atmospheric
variables (e.g., near surface wind speed, relative humidity, vorticity) and the
nocturnal urban heat island (UHI) for London. They used the statistical model to
project the future changes. Although this method does not require large
computing capacity, its greatest drawback is that it lacks the physical
relationship between the atmospheric and land surface processes, which might
alter the statistical relations as time goes by. Large-eddy simulation (LES)
models take place on the other end of complexity, they partially resolve
turbulence and are able to investigate atmospheric processes in cities on meterscale with an appropriate urban surface module, such as the PALM-USM
(Parallelized Large-Eddy Simulation Model – Urban Surface Model) model
(Resler et al., 2017). Their very high resolution and elaboration require
extremely large computation capacity; therefore, they are used for short periods,
but it is almost impossible to apply them for a whole city for several decades in
transient mode. Urban canopy surface balance models (Masson, 2006) simulate
surface energy balance components and energy transfer in the Prandtl-layer on
the neighborhood scale, i.e., individual building characteristics (e.g., geometry,
material) are averaged, streets are considered as a unit. These simplifications
enable to apply them on long timescale (decades) with km-scale resolution. For
example, Hamdi et al. (2015) examined the urban climate change in Brussels
and Paris in the mid-21st century using SURFEX (Surface Externalisé) driven
by1 the ALARO2 model. McCarthy et al. (2010) simulated the global response
of cities to doubling CO2 by inline coupling the MOSES (Met Office Surface
Exchange Scheme) land surface model to the HadAM3 (Hadley Centre
1

2

SURFEX can be coupled to its driving model in two ways. Offline coupling refers to standalone mode, when
SURFEX has no feedback to its driving model. Inline coupling means two-way coupling, in which case
SURFEX outputs influence the driving model as well.
ALARO stands for ALADIN-AROME, and it is a development of ALADIN mesoscale model with a physics
parameterization package designed specifically for convection-permitting resolutions.
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Atmospheric Model version 3) global climate model. Lemonsu et al. (2015)
assessed the impact of different urban expansion scenarios under heat waves in
Paris using the TEB (Town Energy Balance) urban scheme driven by the MesoNH (Mesoscale Non-hydrostatic Model) numerical model.
At the Hungarian Meteorological Service, the SURFEX (Le Moigne, 2009)
surface model coupled to the ALADIN-Climate (climate version of the
ALADIN3 numerical weather prediction model; hereinafter ALADIN) is applied
for urban climate investigations. A detailed validation procedure has been
started, in order to familiarize the model behavior and reveal its capabilities
from the aspect of our needs. Vértesi (2011) analyzed 2 m temperature and 10 m
horizontal wind field of a 10-year (1961–1970) SURFEX simulation over
Budapest. The study compared grid point model data against urban and
suburban station measurements. It was concluded that SURFEX adds extra heat
to the ALADIN fields principally over the city, catching the urban heat island
phenomenon (especially in spring and autumn). On the other hand, the study
revealed that the simulated diurnal summer temperature in the urban point is
colder than in the suburban point. Krüzselyi et al. (2016) performed similar
investigation for the period of 1991–2000 and compared the results to those of
1961–1970. They examined i) whether the temperature biases in the two
gridpoints change with time, and ii) whether using the land cover dataset based
on recent surface information in SURFEX simulations explains the relatively
warmer temperature of the suburb of Budapest in the 60s (note that these areas
were greener at that time). They found that the investigated gridcells are
characterized with the same type (temperate suburban) in the land cover dataset,
which explains the lack of urban heat island emergence in SURFEX, contrary to
measurements. Therefore, other grid point – which is described as urban point in
the database – has to be selected to study the UHI. It implies also to choose a
more recent validation period, since new measurement stations inside the city
have been installed only from the 2000s.
In this paper, the applicability of SURFEX land surface model was
investigated from the aspect of describing the urban climate of Budapest.
Validation results of SURFEX and its driving model, ALADIN are presented for
Budapest for the period of 2001–2010. We explore more in detail the impact of
ALADIN results on SURFEX daily and sub-daily temperature and UHI results
in a newly selected urban gridpoint, where the land cover database performs
better. The paper is organized as follows: the overview of the model and
experimental design is presented in Section 2, in Section 3, the performance of
ALADIN over Budapest is assessed and temperature results of SURFEX and its
added value to the regional climate model (RCM) are investigated. Finally, the
conclusions of our results and future plans are given in Section 4.

3

ALADIN stands for Air Limitée Adaptation Dynamique Dévéloppement International.
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2. Models and methods
2.1.

The SURFEX land surface model

SURFEX simulates energy, momentum, and moisture fluxes between the
surface and the surface boundary layer (SBL; lower 10% of the planetary
boundary layer). In order to bridge the gap between the model resolution
(typically 1 km) and the heterogeneity of land cover, the model applies the tiling
method, i.e., a grid cell may be composed of four different surface types (nature,
sea, inland water, and town). For each tile, different parameterization scheme
computes the relevant fluxes, which are then area weighted aggregated over the
grid cell. Advection is not taken into account in SURFEX, meaning there is no
interaction between neighboring grid points.
From the aspect of urban climate investigation, in Hungary two surface
types, the urban and natural surfaces are in focus. Over urban surfaces the Town
Energy Balance (TEB) scheme (Masson, 2000) is applied, which approximates
the complex geometry of cities with the canyon concept. It means that streets are
represented by roads with homogenous, uniform buildings on their two sides.
Real orientation of roads is not taken into account it is integrated over all
directions instead. Town characteristics are described by three main parameters:
building height, building aspect ratio (rate of building height and roof width),
and canyon aspect ratio (rate of building height and canyon width). TEB
computes moisture budget for roof and road and energy budget for roof, wall,
and road separately. Heat conduction is parameterized with considering several
layers in urban surfaces. Heating, traffic, and industrial sourced anthropogenic
energy and moisture fluxes are also taken into account.
Physical processes of natural surfaces are computed by the ISBA
(Interaction Soil Biosphere Atmosphere) scheme (Noilhan and Mahfouf, 1996),
which applies the force-restore method (Noilhan and Planton, 1989) to
determine surface temperature and water content evolution. Ground is divided
into three layers (Boone et al., 1999) for describing heat and moisture
conduction.
Atmospheric forcings for the model are short and longwave downward
radiation, temperature, wind speed and wind direction, specific humidity,
surface pressure and precipitation which are prescribed on a few tenth of meter
above surface. These forcings can be supplied either by measurements or
available atmospheric model results.
In the model, surface boundary layer is resolved by the Surface Boundary
Layer scheme (Masson and Seity, 2009; Hamdi and Masson, 2008) that
introduce several model levels between the surface and the forcing level, and
computes temperature, humidity (e.g., on 2-m height), wind speed (e.g., on 10-m
height), and turbulent fluxes in prognostic equations.
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2.2. The ALADIN-Climate model
Atmospheric forcings for SURFEX were provided by the ALADIN-Climate
version 5.2 regional climate model (Colin et al., 2010). ALADIN-Climate was
developed at the Météo-France by combining the dynamical core of the
ALADIN hydrostatic weather prediction model (Termonia et al., 2018) and the
physical parameterization package of the ARPEGE-Climat (climate version of
ARPEGE; Action de Recherche Petite Echelle Grande Echelle; Déqué et al.,
1994) general circulation model. The land surface model of ALADIN is
SURFEX, in which ISBA computes the fluxes over natural tiles, and urban
covers are not taken into account.
2.3. Experimental setup
In order to investigate how the model describes the urban climate features, a 10year-long simulation was conducted for 2001–2010 with the 5.1 version of
SURFEX over Budapest. The 1 km resolution domain consists of 72x72
gridpoints (Fig. 1). The 10-km horizontal resolution ALADIN was driven by the
ERA-Interim re-analysis (Dee et al., 2011), which fields on 30 m above surface
were interpolated to 1 km horizontal resolution over the SURFEX domain using
the EE927 configuration (Fig. 1). This configuration is for horizontal and
vertical interpolation of the ALADIN outputs to prepare lateral boundary
conditions for a nested model simulation. Its main advantage is that it takes into
account the topography as well. These forcings were provided 3 hourly for
SURFEX, which linearly interpolates them to its own timestep, i.e., 5 minutes.
Land cover information was obtained from the 1 km resolution ECOCLIMAP-I
database (Masson et al., 2003), which combines satellite data, climate maps, and
other existing land cover maps and provide parameters for 255 different cover
types. Over our domain it distinguishes eight different urban types, amongst
them the most important ones are dense urban, temperate suburban, industries
and commercial areas, and urban parks. These differ in fraction of urban and
nature tiles, canyon parameters (e.g., building height, canyon width, roughness
length), vegetation parameters (e.g., leaf area index), etc. Table 1 summarizes
the main features of the SURFEX setup and the achieved simulation.
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Fig. 1. Flow chart about the use of SURFEX. Top left: domain and topography of the 10
km resolution ALADIN-Climate; top right: ALADIN model fields interpolated to a 1 km
resolution domain over Budapest. Bottom: land cover type of grid cells according to the
ECOCLIMAP database for Budapest. The two validation gridpoints are marked with x.

Table 1. Main parameters of SURFEX setup
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Atmospheric forcings

3-hour outputs of ERA-Interim driven
ALADIN-Climate v5.2

Height of forcing coupling

30 m

Resolution

1 km

Scheme for urban tiles

TEB

Scheme for nature tiles

ISBA

Land cover

ECOCLIMAP

Domain

Budapest

Integration period

2001–2010

First we briefly validated the 10 km resolution ALADIN fields against the
10 km resolution CarpatClim gridded dataset based on observations (Szalai et
al., 2013) over the Budapest domain. Then urban climate characteristics
simulated by SURFEX were studied investigating the spatial pattern and
temporal evolution of 2 m temperature. In Budapest, the number of operational
SYNOP (Surface Synoptic Observations) stations are quite scarce compared to
the 1 km model resolution, hence quantitative validation is possible only in a
few gridpoints. Based on location and data availability, 2 m temperature time
series of two stations were used to validate SURFEX (Fig. 2): one in the city
center (Lágymányos; 19°3’43”E, 47°28’29”N) and one in the suburban area
(Pestszentlőrinc; 19°10’56”E, 47°25’45”N). From SURFEX, the corresponding
nearest gridpoints were chosen. In ECOCLIMAP, these two gridpoints are
associated with dense urban and temperate suburban cover types, respectively
(Fig. 1). Table 2 shows their main parameters.

Lágymányos

Pestszentlőrinc

Fig. 2. Two validation points: meteorological stations located in the city center
(Lágymányos) and in the southern part of Budapest (Pestszentlőrinc).

Table 2. Urban parameters in the selected gridpoints according to ECOCLIMAP
Land cover type

Dense urban

Temperate suburban

Fraction of urban tile

0.9

0.6

Fraction of nature tile

0.1

0.4

30 m

10 m

Building aspect ratio

1

0.5

Canyon aspect ratio

1

0.5

Building height
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3. Results and discussion
3.1. Validation of ALADIN-Climate
The performance of regional climate model providing atmospheric forcings has
a great influence on the behavior of the land surface model, therefore, we briefly
evaluate the ALADIN near surface fields (2 m temperature and relative
humidity, 10 m windspeed and precipitation) over Budapest for 2001–2010. The
validation domain consists of 70 grid points data of which were compared to the
CarpatClim data. It has to be noted that the spatial and temporal representations
of the compared fields differ to some extent. While an ALADIN gridpoint
represents the mean value of the corresponding gridbox, CarpatClim consists of
pointwise data, although the interpolation technique ensures that they are
spatially representative. Daily mean of instantaneous variables (temperature,
windspeed, and relative humidity) was computed from 3-hourly ALADIN
outputs, while in CarpatClim, only 3–4 data measured in the main standard
synoptic hours were considered, except mean temperature, which was derived as
the average of daily minimum and maximum temperature values. Nevertheless,
we believe that these discrepancies lessen as applying multiyear monthly and
seasonal means.
The 2 m temperature is underestimated with -1.0 – (-1.5) °C in all seasons
except summer, as can be seen on the left panel of Fig. 3, in Fig. 4 and Table 3.
However, probably due to the insufficient representation of the hilly area on the
northwestern-western part of the domain (i.e., the elevation is lower than in the
reality), higher temperatures compared to reference occur in the related
gridpoints. The temperature interpolated with ALADIN EE927 (recall that the
applied method considers elevation) and aggregated to 10 km reveal some
improvement over these areas (right panel of Fig. 3).
The 2 m relative humidity is overestimated by ALADIN on average
throughout the year, except summer, when the model nearly perfectly simulates
the observed values (Fig. 4). However, in this season 37% more precipitation
falls in ALADIN (Table 3), which, together with the positive temperature bias,
is a well-known attribute of the model over Hungary (Illy et al., 2015). It may be
supposed that the too warm near-surface air layer contains more moisture as
well (since relative humidity is unbiased), therefore precipitation overestimation
may be related to the enhanced convective activity. Krüzselyi (2013) also found
that ALADIN produces too much convective precipitation in summer compared
to the ERA-Interim re-analysis. Concurrent to Illy (2017), we also identified too
weak near-surface wind speed simulated by ALADIN in every season.
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ALADIN_1km

DJF

SON

JJA

MAM

ALADIN_10km

Fig. 3. 2 m temperature bias of the 10 km resolution ALADIN and 1 km resolution
interpolated field aggregated to 10 km, with reference to CarpatClim for 2001–2010.
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Temperature

Relative humidity

Precipitation

Wind speed

Fig. 4. Area-averaged monthly mean 2 m temperature (in °C), relative humidity (in %),
precipitation (in mm/month), and 10 m wind speed (in m/s) according to ALADIN and
CarpatClim for 2001–2010.

Table 3. Seasonal mean area-averaged bias of different variables of ALADIN compared
to CarpatClim for 2001–2010
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Temperature
[°C]

Relative humidity
[%]

Precipitation
[%]

Wind speed
[m/s]

MAM

-1.5

8

25

-0.7

JJA

0.5

0

37

-0.3

SON

-1.4

2

-27

-0.4

DJF

-1.0

6

-16

-0.5

3.2. Validation of SURFEX
An important feature of TEB is the specific, urban relevant repartitioning of the
net radiation into turbulent fluxes. Fig. 5 illustrates the surface energy balance
components over the urban and suburban reference points. It can be seen that the
available net radiation slightly differ in these two locations, while in the diurnal
hours the energy is transported in the form of sensible heat flux rather than latent
heat flux in the urban point, thanks to the larger urban land cover fraction.
Moreover, more energy is conducted and stored during the day, and slightly
more energy is emitted during the night in the urban objects than in the natural
surfaces, that leads to the emergence of the nocturnal heat island.
Therefore, due to the detailed representation of surface physical processes
and to the fine horizontal resolution, SURFEX simulates mean seasonal 2 m
temperature over Budapest and its vicinity more realistically than ALADIN does
(Fig. 6). Urban heat island can be detected in every season and the city center is
approximately 2 °C warmer than the rural areas. Moreover, the detailed
orography implemented in SURFEX and the applied interpolated atmospheric
forcings result in a realistic spatial distribution of 2 m temperature outside the
city as well, namely the Buda, Pilis, and Visegrád Hills on the northwest-west
and the Gödöllő Hills on the east stand out with cooler temperatures, among
which the warmer Pest Plain is located.

Fig. 5. Summer mean daily cycle of surface energy balance components (G: ground heat
flux, H: sensible heat flux, LE: latent heat flux, RN: net radiation) in the urban and
suburban reference points in 2001–2010.
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SURFEX_1km

DJF

SON

JJA

MAM

ALADIN_10km

Fig. 6. Seasonal mean 2 m temperature in the 10 km resolution ALADIN (left panel) and
1 km resolution SURFEX (right panel) in 2001–2010.
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It can be said that SURFEX is able to simulate the main characteristics of
the climate of Budapest and the surrounding complex orography. To validate the
surface model more quantitatively, the annual cycle of 2 m temperature in the
reference urban and suburban gridpoints resulted by SURFEX and interpolated
from ALADIN outputs is presented in Fig. 7. As it was already mentioned,
ALADIN is too cold in almost every season, except summer, when its bias is
significantly reduced. Comparing the two locations, larger underestimation
appears in the urban point, that can be explained by the lack of urban
representation in ALADIN. As Fig. 6 also suggests, SURFEX adds extra heating
to the ALADIN fields resulting in a 0.5–3 °C overestimation throughout the
year, mostly from July to October. This warming is more intense in the urban
point (thanks to TEB), therefore, the differences between the bias in the two
points reduced. It results in an improved description of the urban heat island,
since the systematic bias of SURFEX is eliminated when UHI is derived.
Fig. 7 shows that both minimum and maximum daily temperatures
contribute to the mean temperature overestimation. Apart from summer, there is
no big difference between the magnitude of daily minimum and maximum
overestimation, but in summer, the model has significant shortcomings in
simulating nocturnal temperatures.
We also examined the performance of SURFEX describing the diurnal
cycle of UHI in each season in the reference points (Fig. 8). From autumn to
spring too strong nocturnal urban heat island is simulated, while in summer the
daily maximum values do not reach the observed ones. From May to August
larger positive bias is found in the suburban point which cause weaker UHI
intensity (Fig. 7). This relation between the biases in the two points shift in the
rest of the months, which explains the nocturnal UHI overestimation. A delay in
the daily UHI cycle can be detected: nocturnal UHI develops slower than
observed, and it collapses later as well. A possible explanation behind this
deficiency is that we introduce some error, when atmospheric forcings are
prepared for SURFEX. Certain variables that are stored cumulatively in
ALADIN files (such as radiation and precipitation) in 3-hourly steps are
transformed to instantaneous values using linear interpolation. During sunrise
and sunset, the linear interpolation method fails to determine correctly the
radiation intensities from 3-hourly cumulative values. Therefore, in the morning
less energy is provided to the surface that may cause slower warm-up of natural
surfaces and longer lasting UHI. In contrast, during sunset larger radiation
intensities are produced that delays the development of temperature difference
between the urban and rural surfaces.
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Monthly 2 m temperature bias

Monthly 2 m minimum and maximum
temperature bias

Fig. 7. Monthly 2 m temperature (left) bias of interpolated ALADIN and SURFEX and
minimum and maximum temperature bias (right) of SURFEX in 2001–2010 in the urban
(_u) and suburban (_su) reference points with respect to station measurements.

Fig. 8. Daily cycle of UHI in each season according to the SURFEX and station
measurements in the reference points for 2001–2010.
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4. Conclusions
In this study, the SURFEX surface model was investigated from the aspect of
simulating urban climate of Budapest for the period of 2001–2010. The model
was coupled in offline mode to the 10 km resolution ALADIN-Climate with
3-hourly update of atmospheric forcings. On the one hand, added value of the
detailed TEB urban parameterization scheme of SURFEX was explored
compared to the regional climate model results; on the other hand the simulated
temperature and UHI seasonal and daily cycles were validated in an urban and a
suburban grid point against station measurements. The main findings are as
follows:
• ALADIN underestimates the temperature over Budapest with (-1.0) –
(-1.5) °C throughout the year except summer, when a slightly positive
bias, followed with a strong precipitation overestimation is observed.
• SURFEX warms the ALADIN fields but too heavily, leading to a 0.5–3 °C
seasonally varying positive temperature bias.
• The abovementioned two conclusions coincide with the findings of
Vértesi (2011) and Krüzselyi et al. (2016), regardless the investigated time
period, gridpoints and the newer re-analysis applied in ALADIN.
However, as far as UHI is concerned, a different urban gridpoint selection
largely improved the pointwise validation results.
• Nocturnal UHI is overestimated from spring to autumn which can be
explained by the larger overestimation in the urban point compared to the
suburban one. This relation is veered in summer, therefore nocturnal UHI
is weaker as well.
• A delay in the evolution and collapse of UHI is found which may be the
outcome of the inadequate linear method of forcing creation.
These results suggest that with a higher forcing frequency update, better
daily UHI evolution may be reached. On the other hand, due to the complex
orography of Budapest, one cannot purely distinguish the impact of interpolation
and the impact of urban scheme on the final results. Therefore, to better
understand the behavior of SURFEX, the investigation will be continued over
flat terrain, using a more simple spatial interpolation method for deriving
atmospheric forcings.
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Abstract⎯
⎯ Agro-ecosystem services are the various benefits (e.g., crop yield) that people
freely obtain from the properly functioning agricultural lands. The estimated changes in
climatic conditions including increasing temperature, with particular attention to the
summer means, together with the expected changes in the temporal precipitation
distribution pose enormous challenge to the agriculture. Currently, dynamic system models
are most frequently used tools that are capable of estimating the prospective effects of
climate change on agro-ecosystems. A deterministic biogeochemical model is presented
that is developed by Hungarian scientists within the framework of the AgroMo project. The
main goal of the AgroMo project is to develop climate-smart strategies in order to mitigate
the effect of potential future hazards in the context of climate change by 1) creating a
complex, state-of-the-art experimental platform; 2) producing ten new, 0.1° spatial
resolution climate scenarios based on the RCP (Representative Concentration Pathway) 4.5
and RCP8.5 scenarios; 3) developing an integrated assessment and modeling framework
that is capable of simulating every major land use types; 4) analyzing/simulating a great
number of adaptation strategies that can be used to support decision makers. Based on the
preliminary simulation results, climate change will most likely expose significant negative
impact on the spring sown crops in Hungary. Although, the yield losses could be avoided
with irrigation or could be mitigated with earlier sowing, the role of winter crops is likely
to become more significant in Hungary in the future.
Key-words: model, simulation, climate change, crop yield, nitrate leaching, decision support

1. Introduction
Ecosystem services are the various benefits that people freely obtain from the
properly functioning natural environment. Agricultural ecosystems cover nearly
40% of the terrestrial ecosystems (FAO, 2017). Their role is essential in human
wellbeing, while food, forage, natural fibre, timber and biomass fuels,
pharmaceuticals, and other biochemicals and products from floriculture are
essential agro-ecosystem services as well as such non-marketed services like
regulation of soil and water quality, carbon sequestration, support of biodiversity
and cultural services (Power, 2010), pest and disease regulation as well as climate
regulation (Jarvis et al., 2011). Malfunctioning agro-ecosystems also can be a
source of disservices, like loss of wildlife habitat, nutrient runoff, sedimentation
of waterways, greenhouse gas emissions, pesticide poisoning of humans and nontargeted species (Power, 2010). Global food security is a major area of interest of
all these agro-ecosystem services and disservices. According to relevant statistics,
at present over 800 million people remain food insecure (FAO, 2017). Scientists
repeatedly call attention on climate change that could potentially interrupt
progress toward a world without hunger. Studies support the need for considerable
investment in adaptation and mitigation actions toward a “climate-smart food
system” that is more resilient to climate change influences on food security
(Wheeler and von Braun, 2013).
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Recent global climate change is thought to be caused by increasing
atmospheric greenhouse gas concentration, which is in large part the consequence
of human activity, mainly fossil fuel combusting, cement production, and land use
change (Stocker et al., 2013). The global mean surface temperature has increased
since the late 19th century, and each of the past three decades has been warmer
than all the previous ones (Stocker et al., 2013). In Hungary, the first decade of
the 21st century (2001–2010) was the warmest period since 1901. The average
temperature was 0.7 °C warmer than the 30-year (1970–2000) average (Lakatos
and Bihari, 2011). Precipitation measurements suggest that the overall intensity
and frequency of extreme precipitation events – related to both the excess and lack
of precipitation – increased in the 1901-2009 period and, at the same time, the
total precipitation slightly decreased (Bartholy and Pongrácz, 2005; Lakatos et
al., 2011).
In order to quantitatively evaluate the future climate change, global climate
models (GCMs) were applied in the framework of climate model intercomparison
projects (e.g., CMIP3, CMIP5; (Knutti and Sedláček, 2012; Meehl et al., 2007;
Taylor et al., 2011). Continuous warming is projected for Europe according to
climate model simulations with an annual mean temperature of 1–5.5 °C higher
in 2071–2100 than in 1971–2000. A continental warming of 1–4.5 °C and 2.5–
5.5 °C is projected by the new ensemble of regional climate model (RCM)
simulations from the EURO-CORDEX program for RCP4.5 and RCP8.5,
respectively (Jacob et al., 2014).
Pieczka et al. (2018) has provided downscaled temperature time fields for
the Carpathian Basin with 10 km horizontal resolution using the RCP4.5 and
RCP8.5 scenarios. Simulations for the whole 21st century using either scenario
show a clear warming trend with the largest estimated changes in summer, and
the smallest changes in spring. Spatial average temperature changes are 2.4 °C
and 5.1 °C in the last 20 years of the 21st century compared to the 1981–2000
reference period, with 3.6 °C and 6.9 °C projected warming in the summer
months. In case of temperature related extreme events, e.g., hot days (when daily
Tmax > 30 °C) and tropical nights (when daily Tmin > 20 °C), significant increase
is projected for the 21st century. Precipitation projections for the Carpathian Basin
indicate that substantially drier climatic conditions are likely for summer (Kis et
al., 2017) on the basis of the results of 11 RCM simulations. In addition, the length
of summer dry periods and the total number of dry days are projected to increase.
The temporal precipitation distribution seems to be restructured by the end of the
21st century, namely the currently wettest season (summer) can become the driest
and the currently driest season (winter) will become the wettest if greenhouse gas
concentration continue to increase throughout the century (Pongrácz et al., 2014).
As the Carpathian Basin is located in a transitional zone between a warmer
Mediterranean (where a general drying is expected) and a colder continental
climate (where overall wetter conditions are projected), the uncertainty of GCM
projections are quite high (Stocker et al., 2013). It means that further
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investigations on finer spatial resolution are needed to get more precise
information on the future climatic conditions (Kis et al., 2017).
The estimated changes in climatic conditions including increasing annual
mean temperature, with particular attention to the summer means, together with
the expected changes in the temporal precipitation distribution pose enormous
challenge to the agriculture. Currently, dynamic system models (crop models) are
the most frequently used tools that are capable of estimating the prospective
effects of climate change on agro-ecosystems (Fodor et al., 2017). Coupling of
crop models with climate change scenarios, this crop-climate modeling is
essential to the development of future agricultural outlooks that can inform policy
processes and/or field-level decisions (Porter et al., 2014). It can be suitable for
(i) deriving stakeholder-driven portfolios of options for farmers, communities,
and countries; (ii) ensuring that adaptation actions are relevant to those most
vulnerable to climate change; and (iii) combining adaptation and mitigation
(Campbell et al., 2016). Possible applications of crop modeling are understanding
the drivers of yield levels under climate change and promoting adaptation
planning and response to changing production risks (Webber et al., 2018). In this
paper, a deterministic biogeochemical model is presented that is developed by
Hungarian scientists within the framework of the AgroMo project.
2. Materials and methods
Modeling is an essential tool in agricultural systems science (Jones et al., 2017).
Different types of models are developed and used depending on the purpose of
use and spatial and temporal scales (Fodor et al., 2017). Climate or environmental
index-based methods determine the vulnerability of the studied agricultural area
on production factors that are characterized by multidimensional scoring system
(Olesen et al., 2011). Statistical models use regression equations to show linkage
between yield or yield components and climate variables (Kern et al., 2018; Leng
and Huang, 2017; Lobell and Burke, 2010). Niche-based models define the
geographical distribution of a crop species and specify the concerning
environmental suitability expressed on a scale (0-1) (Estes et al., 2013). Process
based or dynamic crop models synthesize the latest scientific understanding of
biophysical processes and are currently the primary scientific tools available to
assess potential impacts of climate change on crop production (Bindi et al., 2015).
The complexity of risks posed by climate change and possible adaptations for crop
production requires integrated assessment and modeling (IAM) approaches
linking biophysical, geochemical, and economic models (Ewert et al., 2015).
Jones et al. (2017) pins out that recent trends in broader collaboration across
institutions, across disciplines, and between the public and private sectors suggest
that the stage is set for the major advances in agricultural systems science that are
needed for the next generation of models, databases, knowledge products, and
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decision support systems. International model comparison projects like the
Agricultural Model Intercomparison and Improvement Project (Rosenzweig et al.,
2013) and the Modelling European Agriculture with Climate Change for Food
Security (Bindi et al., 2015) show that there is a major international effort linking
the climate, crop, geochemical, and economic modeling communities with
cutting-edge information technology to produce improved systems models and
the next generation of climate impact projections for the agricultural sector.
2.1. The AgroMo project
The main goal of the AgroMo project is to develop climate-smart strategies in
order to mitigate the effect of potential future hazards in the context of climate
change. The AgroMo project is carried out by a multidisciplinary group of
scientist from the related research areas: meteorology, climatology, soil physics,
soil chemistry, soil biology, plant physiology, plant nutrition, plant breeding,
agro-economy, and informatics implementing four major tasks:
1) To create a complex experimental platform by combining multiple long-term
experiments and newly established state-of-the-art experiments with the
latest info-communication, remote sensing, and data mining techniques in
order to produce large amount, good quality observed data for developing
and calibrating deterministic simulation models.
2) To produce 10 continuous, bias-corrected, daily-step climate projections for
the 2006–2100 period based on the RCP4.5 and RCP8.5 scenarios using
different GCM-RCM combinations. These projections, together with the 10
already existing SRES A1B based projections (Dobor et al., 2015) will be
used to predict the potential impact of climate change on the agricultural
sector of the Carpathian Basin.
3) To develop an integrated assessment and modeling framework (AgroMo) by
combining the 4M crop simulation model (Fodor et al., 2003), the BiomeBGC biogeochemical model (Thornton, 2000), and a simple agroeconomical model in order to support decision makers at multiple scales:
from plot level to country level. The AgroMo system will be capable of: (a)
simulating every major land use types (arable land, pasture, forest) as well
as the key soil processes including CO2 and N2O emissions; (b) simulating
plots; (c) simulating extended areas (using a gridded database of soil and
climatic data). It will work for Hungary as a default, but European and even
World wide datasets can be linked in a plug&play manner; (d) carrying out
inverse modeling for calibration (parameter estimation); (e) supporting
ensemble runs: using many climate projections and/or using alternative
routines for key processes (e.g., photosynthesis based on the Farquhar model
vs Beer-Lambert Law); (f) calculating the economic consequences of

213

specific agromanagement changes (e.g., intensification of fertilization or
starting irrigation) as well as of land use changes.
4) To analyze/simulate a great number of adaptation strategies (irrigation,
earlier sowing, etc.) that can be used for supporting decision makers in
promoting sustainable and climate-smart agricultural activities.
2.2. The AgroMo experimental platform
Beside installing a great number of environmental monitoring sensors (soil
respiration, soil moisture content, soil temperature, NDVI, etc.) in several longterm field experiments, the project is supported by a newly launched experimental
infrastructure comprising a 3-ring FACE experiment, two eddy-covariance
stations, and a 12-column lysimeter station.
Free-air carbon dioxide enrichment (FACE) is a climate manipulation
technique performed in open field conditions (Ainsworth and Long, 2005). Using
FACE technology, CO2 concentration is increased within circular areas and is
kept at a relatively stable level (typically 100–200 ppm above current atmospheric
levels) for longer time intervals. Elevated CO2 concentration is expected to affect
photosynthetic activity, evapotranspiration, plant growth and many other
processes that affect crop yield quantity and quality. FACE is believed to provide
the most realistic measure to estimate the effect of increasing CO2 concentration
on plant processes (Ainsworth et al., 2008). In the FACE rings at Martonvásár, 3
different cultivars are planted in 2 fertilizer levels, and the target CO2
concentration is 600 ppm. This dataset will be used to benchmark the AgroMo
system in terms of parameterization of the model for simulating the response of
plant processes to increasing atmospheric CO2 burden.
Eddy covariance (EC) is a micrometeorological measurement technique that
is widely used to quantify the exchange of CO2 and water vapor between
terrestrial ecosystems and the atmosphere (Baldocchi, 2003). Eddy covariance
systems use fast response gas analyzers and sonic anemometers to sample
atmospheric turbulence. Based on the turbulent signal it is possible to estimate the
so-called net ecosystem exchange of CO2 (typically called NEE), which is the net
CO2 flux between the atmosphere and the plant/soil system at the field scale.
Using state-of-the-art mathematical methods NEE is further processed to calculate
gross primary production (GPP, which is equivalent with plant photosynthesis)
and total ecosystem respiration (TER or Reco, which is the sum of autotrophic and
heterotrophic respiration of the ecosystem). Latent heat flux is also routinely
measured by the EC towers and then is used to calculate evapotranspiration (ET).
EC measurements are typically operated continuously for many years, thus they
provide invaluable and rich dataset to quantify plant carbon and water balance
processes. Within the framework of AgroMo, two EC towers were established
close to Martonvásár (near Pettend and Kajászó) providing NEE, GPP, TER, and
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ET at half hourly resolution. Long term operation of these EC towers will provide
substantial information about the carbon balance of typical crop rotations in
Hungary.
The AgroMo lysimeter station comprises twelve 2 m high and 1 m2 crosssection area undisturbed soil columns. Soil temperature, soil water content, and
soil water potential sensors were inserted in the columns at 10 different depths,
and the columns were set on sensitive scales that are capable of detecting 1 mm
of precipitation or evaporation. The drain water exiting the columns at the bottom
is also collected in vessels that are also placed on sensitive scales. Measurements
are taken in every minute. Data collected within a day are uploaded to the FTP
server of the AgroMo project at the end of each day. The collected data will be
used for testing and improving the water and heat balance related subroutines
(e.g., evapotranspiration calculation) of the AgroMo model.
2.3. The AgroMo biogeochemical model
The core element in the AgroMo system is the hybrid 4M – Biome-BGCMuSo
simulation model. The 4M crop simulation model (Fodor et al., 2012) is a dailystep, deterministic model whose computations are determined by the numerical
characteristics (defined by input parameters) of the atmosphere-soil-plant system.
Besides the data that describe the physical, chemical, and biological profile of the
system, it is also necessary to set its initial, boundary, and constraint conditions
in the input file of the model. The parameters regulate the functions and equations
of the model: the development and growth of plants and the heat, water, and
nutrient balance of the soil. The initial conditions are the measured system
variables at the beginning of the simulation run, e.g., the water or nutrient content
of the soil. The boundary conditions are primarily the daily meteorological data,
such as global radiation, temperature, and precipitation. The constraint conditions
cover the numerical representation of human activities, e.g., data about planting,
harvest, fertilization, or irrigation. Besides the plant development and growth, the
model calculates the water, heat, and nitrogen flow as well as the nitrogen
transformation processes of the soil: for example, the amount of nitrate that
percolates down under the root zone and the amount of NOx gases released from
the soil due to denitrification (Fig. 1).
Biome-BGCMuSo was developed from the Biome-BGC family of models
(Thornton, 2000), and in this sense it is an extension and generalization of the
Forest-BGC model for the description of different vegetation types including C3
and C4 grasslands (Running and Coughlan, 1988; Thornton, 2000; Trusilova et
al., 2009). During the past years, our research group developed an updated version
of Biome-BGC (called Biome-BGCMuSo – where the abbreviation refers to
Multilayer Soil Module) to improve the ability of the model to simulate carbon
and water cycle in managed ecosystems, with options for managed croplands,
grasslands, and forests. The modifications included structural improvements of
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the model (e.g., the simple, outdated, one-layer soil module was replaced by a
multilayer soil module; drought related plant senescence was implemented; model
phenology was improved) and also management modules were developed (e.g.,
to simulate mowing, grazing, fertilization, ploughing, sowing, harvesting, forest
thinning, and clearcut) (Fig. 1). Beyond these modifications, additional modules
were developed to simulate cropland management (e.g., planting, harvest,
ploughing, and application of fertilizers). Forest thinning was also implemented
as a possible human intervention, and dynamic (annually varying) whole plant
mortality was implemented in the model to enable more realistic simulation of
forest stand development. The modifications were published in detail in Hidy et
al. (2012, 2016).
Biome-BGCMuSo uses meteorological data, site-specific data,
ecophysiological data, carbon-dioxide concentration and nitrogen deposition data
to simulate the biogeochemical processes of the given biome. The main simulated
processes assessed are photosynthesis, allocation, litterfall, carbon, nitrogen and
water dynamics in the plant, litter as well as in the soil. The most important blocks
of the model are the carbon flux block, the phenological block, and the soil flux
block. In the carbon flux block, gross primary production of the biome is
calculated using Farquhar’s photosynthesis routine (Farquhar et al., 1980).
Autotrophic respiration is separated into maintenance and growth respirations.
Maintenance respiration is the function of the nitrogen content of living material,
while growth respiration is calculated proportionally to the carbon allocated to the
different plant compartments. The phenological block calculates foliage
development; therefore, it affects the accumulation of carbon and nitrogen in leaf,
stem, root, and litter. The soil block describes the decomposition of dead plant
material and soil carbon pools (Running and Gower, 1991).
The 4M model was integrated in the Biome-BGCMuSo by reimplementing
the algorithm codes of 4M in the Biome-BGCMuSo program code, and including
the 4M specific input parameters in the Biome-BGCMuSo input files. The
AgroMo model simulation consists of two main phases. The first is the spinup
simulation (in other words self-initialization, or equilibrium run), which starts
with very low initial level of soil carbon and nitrogen, and runs until a climate and
soil specific steady state is reached in order to estimate the initial values of the
state variables (mostly soil carbon and nitrogen pools including recalcitrant soil
organic matter, the latter is being the primary source of nitrogen mineralization in
the model (Thornton, 2000). The second phase is the normal simulation that uses
the results of the spinup simulation as initial values for the carbon and nitrogen
pools.
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Fig. 1. Major processes simulated by the AgroMo model.

3. Results and case studies
In general, biogeochemical models could be successfully applied in the following
areas: (1) Education: by promoting the system-oriented thinking, a comprehensive
overview of the interrelations of the soil-plant system as well as of the
environmental protection related aspects of the human activities could be
presented. (2) Research: The results of observations and experiments could be
extrapolated in time and space, thus, for example, the possible effects of climate
change could be estimated. (3) Practice: Model calculations could be used in
intelligent irrigation control and decision supporting systems as well as for
providing scientific background for policy makers. AgroMo is designed to mimic
the Hungarian agriculture (Fig. 2): the impacts of actions in the reality (R) are
simulated in the virtual reality (VR). A graphical user interface (GUI) was
designed for translating real life problems into modeling tasks as well as for
publishing model results in easily comprehensible ways. AgroMo stores its data
in a SQLite database (SQLite, 2019) designed to provide quick and complex
queries but, it also uses data from external data sources (DS) such as Hungarian
Central Statistical Office datasets.
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Fig. 2. Structure of the AgroMo system. DS: external data sources, DATABASE: SQLite
tables, GUI: graphical user interface, R: reality, VR: virtual reality.

Undoubtedly, the most important way of using biogeochemical models is
decision support. Models can even be used for resolving scientific arguments
between experts. Representatives of the European Union revise the practical
realization of the Nitrate Directive (91/676/EEC) in every five years (European
Comission, 2018). Based on the collected experiences, the EU proposes
amendments to the Directive for every member state in order to minimize the risk
of one of the most important ecosystem disservices: the nitrate leaching of
agricultural origin. One of the most recent proposed amendments is the idea of
extending the spring fertilization prohibition period. At present, it is allowed to
apply fertilizers starting from February 1. According to the proposal, this date
would be moved to March 1. Though one can assume that it is highly unlikely that
a portion of the fertilizer applied on the soil surface can go through the
continuously deepening root zone without taken up by the plants, someone else
can be more aware of the environment protection aspects. The Hungarian experts
usually emphasize the yield safety in this matter, while EU experts tend to focus
on the increasing risk of subsurface water contamination. A debate has been
developed along the following questions: Does the earlier fertilization increase
the risk of nitrate leaching significantly? Could the initiative to lengthen the
fertilization prohibition period be substantiated scientifically? Experimentally,
these questions could be answered only by time-consuming and expensive longterm field trials. Since we do not have years to find the answers by measurements,
the only remaining scientific tool that is able to handle this problem is a
biogeochemical model. Using the available soil (Pásztor et al., 2013) and climatic
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(Spinoni et al., 2015) databases, 50-year-long crop rotations (maize – winter
wheat, winter wheat – rapeseed, winter barley – rapeseed, silage maize – winter
barley) were simulated for every major soil type (from sand to clay) in Hungary.
Three fertilization scenarios were investigated for each of the rotation that differed
only in the date of the first spring fertilization: I) February 1; II) February 15; III)
March 1. The yields as well as the annual nitrate leaching amounts were calculated
by the model, and the latter is presented in Fig. 3. According to the results, the
amount of nitrate leaching does not increase as the date of the first spring
fertilization moves from the end of February to the beginning of the month. On
the other hand, if the prohibition period have been lengthened with one month,
the yields of the winter crops would significantly decrease independently of the
soil type due to the increased nutrient shortage in the early vegetative phase.
Consequently, there is no need for extending the fertilization prohibition period
by moving its end to March 1, as in fact it may cause yield loss. Leaving the
prohibition period as it is today will not increase the risk of contaminating the
subsurface water reservoirs due to nitrate leaching.

Fig. 3. Annual nitrate leaching rates as a function of the first spring fertilization date
(dd/MM) of winter crops based on 50-year-long simulations (1961–2010).
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Unquestionably, the most important ecosystem service of agricultural lands
is the yield or production of the plants. In the context of climate change, one of
the most burning questions is how the level of production will change due to the
gradually changing environmental conditions. This question could also be
answered by coupling biogeochemical models with regional gridded
geodatabases. Within the frame of a pilot project, we analyzed the possible
impacts of climate change on Hungarian crop yield. In this case, the climatic
database was based on daily meteorological data measured at the weather stations
of the Hungarian Meteorological Service and spatially interpolated for a cc. 10×10
km2 resolution grid in the framework of the CarpatClim project (Spinoni et al.,
2015). The observation-based dataset is freely available for the 1961–2010 period.
The applied data contained future climate simulations based on the IPCC SRES
A1B scenario (Nakicenovic and Swart, 2000). The climate scenario was
constructed based on the outputs of the ARPEGE-CLIMATE GCM (Déqué et al.,
1998) and ECHAM GCM (Roeckner et al., 2006), which were then dynamically
downscaled for Hungary with two different the regional climate models:
ALADIN (Csima and Horányi, 2008) and REGCM (Torma et al., 2008),
respectively. These future climate projections were available for the 2021–2050
and 2071–2100 periods with the same 10×10 km2 spatial resolution as of the
observation-based data. The model simulations were run using the baseline
(1981–2010) and future (2051–2070 and 2071–2100) climate time series. The
difference in the yield and biomass levels simulated with the baseline and future
climatic conditions was assumed to be the potential impact of climate change on
crop production (Table 1).

Table 1. Potential impact of climate change on the major crops in Hungary. (Ensemble
average of the yields (Y) and biomass (BM) obtained with all the available climate
projections.)
2051–2070
Y, t/ha
BM, t/ha
maize
sunflower
winter wheat
winter barley
rapeseed
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-0.86
-0.37
0.83
0.72
0.48

-0.77
-0.82
1.52
1.34
1.72

2071–2100
Y, t/ha
BM, t/ha
-2.26
-0.92
1.36
1.23
0.99

-2.61
-2.33
2.68
2.46
3.70

Based on the simulation results, climate change will most likely expose
significant negative impact on the spring sown crops primarily due to the more
frequently occurring summer droughts and the heat weaves around flowering.
Though the yield losses could be avoided with irrigation or could be mitigated
with earlier sowing, the role of winter crops is likely to become more significant
in Hungary in the future.
4. Conclusions and further developments
The objectives and the first indicative results of the AgroMo project has been
presented. Preliminary simulation results show that the AgroMo integrated
assessment and modeling framework could be successfully used for providing
scientific background for stakeholders as well as for policy makers at various
scales. Beyond the complex scientific content (model development and
improvement), the most important challenge of the project is to provide a user
interface that can be effectively used for communicating the simulation results.
Simulations, even at the default 0.1° spatial resolution grid of Hungary (1104 grid
points) produce enormous amount of data; literally billions of data records for
only one single simulation. Using the services of the powerful SQLite (SQLite,
2019) database application, the simulation results could be presented on graphs
(TimeSeries, BarChart, XYplot), in tables as well as on color coded maps. Users
can use prewritten regular sentences (e.g., Average yield in the 2071–2100 period)
to query the database of the results. AgroMo translates the regular sentence into
an SQL query and presents the query results in the requested form (e.g., on a map).
With this feature, AgroMo can support the work of any actor in the agriculture
sector who does not necessarily has high level ICT skills.
Agro-economical considerations are in need to raise economic importance
of sustainable development in changing biophysical conditions. The AgroMo base
model produces the potential future crop yields and biomass under different
climate scenarios. Hence, researchers may calculate the estimated costs of
adaptation trajectories and develop accurate financial strategy plans to take
control of climate change at individual level. The observed choices of farmers'
managerial decisions, realized profits, and land values across the range of climate
conditions allow us to assess the changes of future eco-systems at a given farm
location and thus realize the essential developments in infrastructure, technology,
and water supply management.
Though the current version of AgroMo is able to simulate the most important
elements of the Hungarian agriculture (e.g., the effects of recurring heat stress and
drought on crop yield, net primary production, and greenhouse gas balance, etc.),
new developments are foreseen to extend the modeling possibilities in the future.
Model self-initialization (or in other words spinup) is typically used to estimate
initial conditions for the subsequent simulations. Due to the well-known
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weaknesses of the self-initialization, efforts are in progress to improve the spinup
process and harmonize its results with the observed soil organic matter pools of
Hungarian soils (Pásztor et al., 2013). Another exciting possibility in model
development is the consideration of ozone damage in crop yield. As climate
change is expected to increase the length of dry periods in Hungary that may be
associated with high tropospheric ozone concentration, this effect may be
important and cannot be neglected in the long term projections. Another feature
that is currently missing from the AgroMo model is the quantification of the
carbon cost of nitrogen acquisition via symbiotic mycorrhizal fungi, which is
believed to consume a relatively large amount of primary production of plants
(Brzostek et al., 2014). Moreover, crop yield quality (e.g., gluten content) related
simulation possibilities are also missing from AgroMo, so the model is planned
to be improved with this feature as well.
Owing to its user friendly, flexible, and cross-platform interface as well as
to the adjoined databases of climatic, soil, agromanagement, and experimental
data, AgroMo will be able to effectively serve the stakeholders of the agricultural
sector in their everyday work.
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Abstract⎯ The influence of climate on the vitality and growth of European beech
(Fagus sylvatica L.) has become a focus of forest research over the last decade. Beech
locally reaches its continental xeric limit in Hungary within its European distribution
area, giving a unique opportunity to study the climatic sensitivity of the species, based on
tree-ring analysis. A comparison of four geographically and climatically different sites is
presented from Hungary, combining data collected on stand level with systematic forest
inventory plots. Tree-ring width chronologies covering the past 90–100 years of the
lifetime of mature and middle-aged trees and different climatic variables were used to
evaluate the growth-climate relationships and recent growth trends of the selected beech
stands by multivariate regression analysis. Strong relationships were found between
annual radial growth and (mainly water availability related) meteorological variables of
the vegetation season, exceeding previous results from elsewhere in Europe. A clear
spatiotemporal variability of the growth sensitivity was also revealed, following a
(climatic) gradient from the northern to the southwestern parts of the country. In the
northern sites, climatic sensitivity was found to be more fluctuating, while southwestern
sites facing more continuous effects of changing climatic conditions seem to show
weakening correlation over time. Trends of relative basal area increments and climatic
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sensitivity of growth over the past decades may be due to unfavorable climatic changes,
though extreme and recurrent drought events superimposed on the long-term trends seem
to have a decisive impact on growth patterns and associated resilience of beech.
Key-words: beech, climate change, drought index, tree-ring, basal area increment, xeric edge

1. Introduction
Among various other ecosystem services, forests play a decisive role in the
regulation of their own environment and habitat factors, including climate on a
scale ranging from stand to global (Bonan, 2008). Forests, therefore, are of key
importance in the mitigation of and adaptation to climate change (e.g., Smith et
al., 2014), however, they are not static systems – similarly to the climate itself –,
but undergo continuous change, closely interacting with their environment (e.g.,
Meier et al., 2012). Changing environmental (climatic) conditions are currently
posing a great challenge to forests, especially to those located at the margins of
their distribution and/or with reduced ecological functionality (Mátyás, 2010). In
the face of climate change induced xeric limit shifting, predicting distribution
changes of beech (Fagus sylvatica L.) became a great interest to European forest
science. Being a widely dominant tree species across the (intensively managed)
forests of the continent (Fig. 1), a possible loss in competitiveness could raise
significant ecological concerns (Geßler et al., 2007; Mátyás et al., 2010).
Although decline had already been demonstrated at places from its southern
edge of distribution (Jump et al., 2006b; Peñuelas et al., 2007), the topic gained
further attention following severe droughts in the early 2000s affecting major
parts of Europe (Czajkowski et al., 2005; van der Werf et al., 2007; Fotelli et al.,
2009; Mátyás et al., 2010; Jezík et al., 2011).

Fig. 1. Location of study sites within the range of distribution of beech (Fagus sylvatica L.)
in Europe (left) and Hungary (right). The rectangle on the European distribution map
marks the crop area corresponding to the country scale map. (Map sources: EUFORGEN
2009, NÉBIH 2015).
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Different studies have reached different conclusions and opinions
concerning the future and adaptability of beech, approaching the subject from
various perspectives, including modeling, monitoring, and field experiments.
Many of the modeling results predicted a widespread beech decline in Central
and Southern Europe (e.g., Czúcz et al., 2011; Stojanović et al., 2013), while
others suggested a more decisive resilience to climate change and adaptive
capacity (e.g., Jump et al., 2006a; van der Maaten, 2012; Tegel et al., 2014).
More complex models dealing with species migration and genetic adaptability
gave more complex results, indicating a mosaic of habitats in the future at the
continental xeric margins of distribution (e.g., Kramer et al., 2010).
Incorporating extreme climatic events (e.g., droughts) and their frequency in
bioclimatic models can also lead to a better understanding of future beech
persistence at its distribution limit (Rasztovits et al., 2014). More recent studies
showed the importance of stand characteristics, associated with different forest
management techniques, such as effects of species composition on stand-level
drought tolerance (Mölder and Leuschner, 2014; Metz et al., 2016). Field
experiments and monitoring studies, artificial drought experiments and
provenance trials also provide important data to quantify the climatic
adaptability of beech (e.g., Mátyás et al., 2009; Thiel et al., 2014).
Tree-ring analysis is also considered as a powerful research tool for
tracking the effects of the changing habitat conditions on tree biomass
production of temperate tree species. In the case of beech, these methods are
particularly useful on account of the usually clear relationships between treering widths and climatic factors (Dittmar et al., 2003; Lebourgeois et al.,
2005). Climate sensitivity of beech has been studied on several scales in time
and space also with conclusions referring to the issue of climate change and
regional aspects (e.g., Čufar et al., 2008; van der Maaten, 2012; Weber et al.,
2013; Garamszegi and Kern, 2014; Tegel et al., 2014; Cavin and Jump, 2016;
Hacket-Pain et al., 2016; Roibu et al., 2017). Besides interannual climatic
impact on growth, longer term effects of ecological and climatic changes on
radial growth were usually investigated (e.g., Piovesan et al., 2008; Gillner et
al., 2013).
Contributing to the several on-going researches, the primary aims of our
study were to evaluate, compare, and track any shift in growth-climate
relationships over the last century and trends of growth associated with
climatic changes and drought frequency in four Hungarian forest sites
dominated by beech as a (mixing) tree species. Considering the special
locations close to a local continental xeric edge within the European beech
distribution area, an emphasized climatic sensitivity was supposed to find
among the sample sites. Nevertheless, as documented changes in
environmental conditions vary from site to site even within the relatively small
and integrated geographical region represented by Hungary, we also searched
for possible differences. We also tried to find relations to reported decisive
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mortality events of beech prior to our study (Lakatos and Molnár, 2009; Janik
et al., 2016) and emerging trends of drought damages in Hungarian forests
(Hirka et al., 2018), including an outlook to climate indices defining the climatic
needs of the species, as well.
2. Materials and methods
2.1. Study areas and climate data
Two submontane beech stands from northern Hungary (MALY, BEFA), and
two sites at lower elevations in western and southern Hungary (REZI, BAAP)
were selected as core study areas (Fig. 1). At all but one of the investigated
stands, beech is dominant, and possible disturbances on growth due to other
species are weak. At the southernmost BAAP site, the species was present only
as a rare mixing species, though still in form of dominant individuals. Site
characteristics, such as soil type and hydrological conditions were similar
among all four sites (Table 1). Due to the modest water retention capacity of
soils and limited water availability, each site depends on balanced intra-annual
distribution of precipitation.

Table 1. Location of the investigated beech stands and comparison of selected site and
stand characteristics
MALY
coordinates
elevation a.s.l.
slope, aspect
soil type
soil texture
soil depth
beech mixing
ratio
main mixing
species
stand age
(2014)
avg. tree height
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BEFA

REZI

500 m

48.02°N
20.36°E
500 m

46.87°N
17.25°E
200 m

5-20°, N

10-15°, NW

5-10°, NE

10-15°, SW

Cambisol/Luvisol

Cambisol

Cambisol

Cambisol/Luvisol

48.14°N 20.54°E

BAAP
46.20°N 18.61°E
200 m

loam

loam

sand

loam

0.5-0.9 m

0.4-0.6 m

0.6-1.0 m

85-100%

80%

Quercus petraea

Quercus
petraea,
Carpinus
betulus

0.6-1.0 m
70%
(overstory)
Quercus cerris,
Carpinus
betulus

Tilia sp., Quercus
cerris,

93±15 yr

65±5 yr

86±10 yr

n.a.

31 m

21 m

28 m

n.a.

<5%

Site climate was evaluated using gridded meteorological datasets, first of
all, monthly precipitation and temperature data and 3-month standardized
precipitation evaporation index (SPEI; Vicente-Serrano et al., 2010) from the
CARPATCLIM project (Szalai et al., 2013). This dataset, with a spatial
resolution of 0.1°x0.1°, is currently considered as the most representative
gridded climate data source available for the region, but on the other hand, it
covers only a relatively short, 50-year period from 1961 to 2010. For longer
term investigations, the CRU TS4.01 temperature (Harris et al., 2014) and the
GPCC V8 analysis precipitation (Schneider et al., 2018) datasets served with
basic meteorological information for the period 1901–2016, though at a coarser
(0.5°x0.5°) spatial resolution.
Besides the climatic variables above, two further types of drought indices
were used to visualize long-term changes in stand climate, namely the Ellenberg
quotient (EQ; Ellenberg, 1988) and the simplified forest aridity index (FAI;
Führer et al., 2011). Both indices were developed for evaluating the main
climatic forest type distribution zones within Central Europe and Hungary,
respectively. EQ is computed from the precipitation sum of the entire year and
July mean temperature, while FAI combines monthly precipitation and
temperature of the main vegetation season. Higher values of both indices
represent more arid conditions. The associated climatic limit for beech is usually
considered to be 30 by EQ (Ellenberg, 1988; Standovár and Kenderes, 2003)
and 4.75 based on FAI (Führer et al., 2011).
Climate diagrams of the study areas (including changes between 1961–
1985 and 1986–2010) are presented in Fig. 2 based on the CARPATCLIM data;
alternatively, EQ and FAI moving average time series are shown in Fig.3
comparing a climatically representative site from northern (BEFA) and western
Hungary (REZI) from the beginning of the previous century (1901–2016) based
on the joint CRU/GPCC data. The use of different climate datasets raises the
question about representativeness and homogeneity of the results. High
covariance and correlation between the two data sources (CARPATCLIM and
joint CRU/GPCC; Table 2) allowed parallel use of them for well-defined
purposes, though. Major differences between the mean values in the case of
MALY site can be explained by bias originating in the mean elevation
difference between the grid cells compared to the actual target site.
Consequently, precipitation is very likely overestimated in CARPATCLIM and
underestimated in GPCC for the MALY site, while temperature is, conversely,
under- and overestimated by them.
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Fig. 2. Climate diagrams for the study sites, based on the CARPATCLIM dataset. Intraannual patterns of changing climate can be tracked by comparison of the periods 19611985 (light colored bars and line) and 1986-2010 (darker colors). Minimum and
maximum monthly mean temperature and annual precipitation sum during the second
period 1986-2010 were -4.5 °C, 15.7 °C, 803 mm at MALY; -2.2 °C, 19.0 °C, 661 mm at
BEFA; -0.8 °C, 19.7 °C, 751 mm at REZI, and -0.5 °C, 20.3 °C, 741 mm at BAAP.
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Fig. 3. Trends of EQ from the beginning of the last century (Ellenberg, 1988;
CRU/GPCC) and of the FAI index for the shorter period of 1961–2010 (Führer et al.
2011; CARPATCLIM), both smoothed by 10-year moving averages. Shaded horizontal
grey line represents the hypothetical xeric limit of beech habitats, associated with each
index.
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Table 2. Comparison of the CARPATCLIM (a) and CRU/GPCC (b) climate datasets for
the four study sites during the period 1961-2010. Basic climate variables such as annual
precipitation sum (Pann; in mm) and mean temperature of July (Tjul; in °C) are compared
with the use of the statistics of mean value (mean), (relative) difference between subperiods 1961-1985 and 1986-2010 (δm25-yr/Δm25-yr), standard deviation (sdev), and the
correlation (correl) between the datasets
MALY
a
mean
Pann

δm25-yr
sdev

b

a

REZI
b

a

BAAP
b

a

b

801

603

660

625

758

677

727

611

+0.3%

-0.1%

+0.3%

+0.5%

-1.7%

-1.4%

+3.6%

+3.1%

194

147

157

138

135

120

143

115

correl

Tjul

BEFA

0.935

0.967

0.958

0.971

mean

14.7

19.6

18.3

18.9

19.0

20.8

19.5

21.0

Δm25-yr

+1.50

+1.24

+1.45

+1.34

+1.36

+1.64

+1.49

+1.72

1.53

1.36

1.48

1.41

1.31

1.45

1.38

1.48

sdev
correl

0.990

0.992

0.976

0.989

2.2. Tree sampling, measurement, and data standardization
At BEFA, MALY, and REZI sites, 7–7 disc samples from freshly-cut logs and
additional increment cores from 3–4 (co-)dominant trees were collected between
2010 and 2015 in multiple collection campaigns, while two disc samples and
increment cores from ten dominant individuals (2 per tree) were collected at
BAAP site, earlier, in 2002. Part of the REZI samples originated from a sanitary
felling following drought damages, which effect will be discussed later.
Extending the sample taken from the central study areas and also to further
mitigate possible bias due to differences in tree age and other unknown local
disturbances, some additional cores from (co-)dominant trees were also assorted
from the regular fieldwork plots coinciding with beech dominated stands of the
National Forest Inventory (NFI; NÉBIH, 2016). This extension was spatially
adjusted to the grid cell size of the used climate data. The increment cores were
extracted at breast height (~1.3 m above ground level), while the disk samples
were collected from fallen tree trunks typically from part of the log representing
the 0.5 to 1.5 m height segment above the original ground level.
Samples were processed following standard dendrochronological protocols
(Stokes and Smiley, 1968) and ring-width measurements were made at a
resolution of 0.01 mm along two radii per each sample tree, using LINTAB
measuring table and TSAP-Win 4.67 software (Rinn, 2005). Ring-width series
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were cross-dated, first by visual comparison and finally checked using the
COFECHA program (Holmes, 1983). The measuring and cross-dating were
largely performed using the facilities of the Budapest Tree-Ring Laboratory
(Kázmér and Grynaeus, 2003). Parameters of sample trees and measured
variables are shown in Table 3.

Table 3. Information on sample trees and derived tree-ring chronologies: sample depth
(n); mean age (age; yrs) and breast-height stem diameter of sample trees (DBH; in cm)
with their standard deviation; mean tree-ring width (mTRW; in mm) and standard
deviation of tree-ring widths (sdTRW); first (FDR) and last (LDR) dated ring and first
(FAY) and last (LAY) accepted years to final chronologies. FAY and LAY indicate the
length of the used standard chronologies with the given mean interseries correlation
(Rbar) and expressed population signal (EPS) and selected autoregression order (ARord)
MALY

BEFA

REZI

BAAP

20

21

22

18

age

76±25

70±25

74±16

80±21

DBH

39±9

30±7

41±12

31±11

mTRW

2.11

1.89

2.52

1.90

sdTRW

1.23

1.03

1.33

1.07

FDR

1882

1882

1902

1892

LDR

2015

2015

2016

2015

FAY

1914

1930

1931

1921

LAY

2015

2015

2015

2013

Rbar

0.432

0.342

0.365

0.440

EPS

0.916

0.895

0.915

0.923

1

1

1

1

n

ARord

In order to remove age-related trend and growth disturbances due to forest
dynamics, tree-ring width (TRW) measurements were detrended (Cook et al.,
1990). Based on earlier comparison of multiple detrending methods
(Garamszegi and Kern, 2014), we chose a 30-year cubic smoothing spline to
model the growth trend of the individual series (Cook and Peters, 1981). This
flexible model of non-parametric regression retains any expected interannualsubdecadal variation of the radial increments. Detrending and index calculation
were processed by ARSTAN software (Cook and Krusic, 2006), deriving
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individual TRW indices as a ratio between the raw measurement and modeled
growth. Pre-whitened, residual versions of the produced TRW chronologies were
used, with the order of the autoregressive model being selected via the Akaike
information criterion (AIC) (Table 3). Variance adjustment, adapting the running
window approach was applied to the derived chronologies to minimize variance
bias due to changing sample replication and effects of fluctuating interseries
correlation (Frank et al., 2007). The final chronologies were calculated as biweight robust mean of individual series. Mean basal area increments (BAI) were
also derived from the raw TRW measurements, using the TSAP software. BAI
was estimated for the core sites directly from tree-ring measurements along the
two representative radii for stem diameter including the pith, and it was derived
back from measured breast height diameter in case of NFI trees.
Signal strength of the TRW index chronologies was checked using the
expressed population signal (EPS) statistics (Wigley et al., 1984; Buras, 2017).
Mean interseries correlation (Rbar) and EPS were calculated within 30-year
running windows. The periods of further analysis were set between when a
minimum replication of 5 sample trees occurs and where the running EPS
statistics exceed the traditional 0.85 acceptance level (Wigley et al., 1984). By
these means, juvenile growing phrases were also coarsely excluded from the
analysis. Signal-strength statistics of the accepted periods suggest a robust signal
(Table 3). The significant cross-correlations found between the site chronologies
also confirm this and reveal a macroclimatic connection even between the
contrasting eco-regions (Table 4).

Table 4. Cross correlation between each site tree-ring index chronologies for the common
period 1931-2013. Each correlation is at p < 0.01 significance level
MALY

BEFA

BEFA

0.841

REZI

0.672

0.625

BAAP

0.528

0.581

REZI

0.666

2.3. Data processing and analysis
The evaluation of the site conditions and processing of climate indices and tree
ring chronologies were followed by a preliminary Pearson correlation analysis
between climatic variables of the more local CARPATCLIM dataset and TRW
chronologies of core study areas. Here, monthly climate elements of the
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preceding and the growing year were involved in the analysis, as suggested by
previous studies (e.g., Di Filippo et al., 2007), namely monthly precipitation
sums, mean temperatures and SPEI values from the previous year’s April to the
growing year’s September. Statistical significance of the relationships was tested
by the bootstrap response method using the ‘bootRes’ package (Zang and
Biondi, 2013) under the R statistical program environment (R Development
Core Team, 2014).
To identify shifts in growth-climate relationships, multivariate linear regression
analysis with 31-year windows and 10-year steps was done, modeling TRW
indices of the entire growth series with monthly climate records from
CRU/GPCC datasets. Potential monthly climatic determinants were selected via
the preliminary correlation analysis, focusing also on hypothetical main growing
months, besides checking statistical significance. Coefficient of determination
(R2) of the regression model was used for evaluation of decadal shifts in climate
influence on growth, while (moving) partial correlation coefficients between
climatic predictors and TRW indices served as indicators of intra-annual
meteorological dependence of increment formation. By using the same climatic
predictors for each site and periods, overparameterization of the regression
models may have happened, however, this enabled a uniform handling of data
and an easier direct comparison of the results. With the use of partial
correlations, potential biases due to a notable degree of autocorrelation in the
mean temperature of consecutive months and a frequently occurring negative
correlation between temperature and precipitation during summer months were
also tried to eliminate.
Finally, changing site climate and frequency of drought events were
assessed using the SPEI indices (CARPATCLIM), in search of possible
relations to the basal area growth in the studied four stands since 1981 and with
a special focus on the REZI beech mortality case. Here, BAI chronologies were
used instead of TRW, since those were found to be better approximators of total
annual tree growth and so of the vitality and competitivity of trees (e.g., Jump et
al., 2006b; Gillner et al., 2013). For a better comparison, relative BAI ratios
were calculated for the period 1980–2010 with a reference period of 1971–1990
by each series and sites. Slopes of the individually fitted linear trends of each
period were also compared.
3. Results
3.1. Changing stand climate
During the latter half of the 20th and first decade of the 21st century, mean
annual temperatures rose by 0.6–0.8 °C at the study sites, with the highest rate in
mid-summer (1.2–1.6 °C), comparing the periods 1961-1985 and 1986–2010.
Meanwhile, annual precipitation stayed practically unchanged. Only the REZI
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site faced a slight precipitation decrease of ~1.5% and the BAAP site an increase
of ~3–3.5% (Table 2). More detailed intra-annual patterns of changing climate
can be seen in the climate diagrams (Fig. 2). At the northern sites (BEFA,
MALY), a notable increase was detected in the July precipitation, while in case
of REZI, a clear shift to the late summer and autumn months was visible in the
distribution of annual precipitation. At the southern BAAP site, autumn
precipitation also increased, but without significant decrease or even slight
increase in late spring and in the summer months.
These patterns also mark the differences between EQ and FAI climate
indices (Fig. 3). The REZI site clearly faced the most monotonous trend of
aridification, already beyond the hypothetical xeric distribution limit of beech
during the latter decades, agreed by both indices and climate datasets. BAAP
and BEFA sites were continuously over and near to these xeric limits,
respectively. Taking the more site-specific CARPATCLIM based FAI time
series into consideration, MALY was the most humid habitat, even though the
larger scale climate data indicated this region controversially as more arid.
However, as noted before, any values should be handled with caution for this
area, due to the inconsistency of climate datasets. Both northern sites (MALY,
BEFA) faced a peak of driest conditions during the early 1990s.
3.2. Climate influence on the radial growth
Regarding the basic climatic variables (precipitation and temperature), the
strongest correlations were found with precipitation, particularly with the
rainfall of late spring and early summer months (Fig. 4). Mean temperatures
showed a slight non-significant negative influence on growth during the same
period. Apparent correlations with weather conditions of the early previous
autumn were also observed usually with similar sign as in the growing period.
The four study sites showed similar patterns of monthly correlation coefficients,
though some differences can be observed, as well (e.g., the lack of August
precipitation’s relationship with REZI and BAAP site’s growth). Combining
effects of temperature, evaporation and precipitation within SPEI in a 3-month
window resulted in higher correlation with growth, increasing correlation
coefficients up to 0.72 during July in case of MALY.
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Fig. 4. Growth-climate correlations between CARPATCLIM monthly precipitation and
temperature as well as 3-month standardized precipitation evaporation index (SPEI) data
and TRW site chronologies for period 1961-2000. Months from the previous year’s April
to the growing year’s September are employed in the correlation analysis. Precipitation
and temperature of months April-August in the growing year were selected for further
investigations; * marks significant relationships tested by the bootstrap method.

A group of growing months from April to August was selected for the more
detailed multiple regression analysis with temperature and precipitation data
(Fig. 5), even when mean temperature values did not show significant
correlations with the growth during the entire period of 1961–2000. By the
longer-term analysis, positive effects of precipitation were emphatically present,
with the dominance of June rainfall highlighted. The limiting role of temperature
was described as more influential by partial correlations. Negative relationships
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were confirmed in general, with significant months of May and July at MALY
and BEFA, and April at REZI and BAAP sites during several periods. In a
single case at BEFA, a significant positive correlation with July temperature was
also found during the earliest period of the previous century. The limiting role of
late spring temperatures compared to effects of precipitation was most
pronounced at the southernmost, climatically marginal BAAP site, although
with the highest rate of unexplained variance. Relationships of the marginal
months of the growing season (April and August) showed sometimes greater
fluctuations and clearer trends, though varying to a great degree from site to site.
Significance of temperature determination was changing much more
remarkably, than those of precipitation.

Fig. 5. Results of the multiple regression analysis of TRW site chronologies with AprilAugust climate variables. R2 value of regression strength represents changing climate
influence (black curves with diamonds), while relative magnitudes of partial correlation
coefficients (in absolute values; |ρi|) imply the distribution of the annual increment’s
formation in months of the main growing season in 31-year windows with 10-year
overlap, using climate data of CRU/GPCC. Horizontal axis labeling indicates the midyear of 31-year periods.
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In case of the two northern sites (MALY, BEFA), an overall strengthening
climatic determination of growth was visible over the last decades, involving
also several monthly variables as significant determinants (Table 5), however,
stronger relationships could be observed during the earlier periods of the last
century, followed by an intermediate depression around the mid-20th century. In
contrary, at the REZI and BAAP sites, the climatic influence was stronger
around the mid-last century with a more recent slight fallback (Fig. 5). Despite
this weakening in the total explained variance, many individual monthly
variables were identified as significant in case of REZI, as well, for the period of
1985–2015 (Table 5). The overall climatic determination of growth was
strongest in case of MALY (R2=0.69 during 1985–2015) and REZI (R2=0.69
during 1945–1975), but it was also similarly high in case of BEFA for the last
period of analysis (R2=0.68 during 1985-2015). Regression coefficients, their
significance and R2 statistics of the used multivariate linear models are
summarized in Table 5 for the latter mid-20th century (1945–1975) and the last
available period for each site.

Table 5. Estimates of the regression coefficients for each monthly climatic variable (with
indicating their p<0.05 significance) and R2 and adjusted R2 statistics of the used
regression models for the period 1945–1975 (a) and the last available period for each site
(b; 1975–2005 for BAAP and 1985–2015 for the other three sites)
MALY
a

BEFA
b

a

REZI
b

a

BAAP
b

a

b

P(APR)

0.0016

-0.0027*

0.0006

-0.0016

0.0014

0.0011

0.0007

0.0004

P(MAY)

0.0005

0.0012

0.0005

0.0010

0.0016*

0.0041*

0.0012

0.0037

P(JUN)

0.0014*

0.0025*

0.0016*

0.0026*

0.0018*

0.0037*

0.0012

0.0037*

P(JUL)

-0.0002

0.0015

0.0001

0.0016*

0.0007

0.0029*

-0.0007

0.0023

P(AUG)

0.0010

0.0020*

0.0003

0.0021*

0.0004

-0.0008

0.0002

0.0007

T(APR)

-0.0307

-0.0111

-0.0292

-0.0134

-0.0282

0.0275

-0.0766*

0.0196

T(MAY)

-0.0255

-0.1132*

-0.0277

-0.0823*

0.0036

0.0654*

-0.0491

0.0223

T(JUN)

0.0078

-0.0225

-0.0268

-0.0438

-0.0178

-0.0288

-0.0017

0.0302

T(JUL)

0.0142

-0.0684*

0.0369

-0.0662*

-0.0046

0.0558

0.0250

-0.0584

T(AUG)

-0.0065

0.0498

-0.0215

0.0506

0.0177

0.0193

-0.0080

-0.0304

Intercept

1.0978

3.2369*

1.5647

2.9229*

0.8974

-2.2116*

2.1191

1.0102

0.502

0.693

0.446

0.681

0.691

0.555

0.477

0.420

0.252

0.540

0.170

0.522

0.536

0.332

0.215

0.130

R

2
2

adj. R
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3.3. Trends of basal area increments
Radial growth slowed down in the 1990s at the core sites, regardless of age and
site conditions (relative BAI<1, Fig. 6). Note here that growth rates at drier
habitats (BEFA, BAAP) having lower yield potential were initially lower
(Table 6). Increments also became more unstable with age and higher BAI rates,
both intra-series and between individual sample trees, with higher relative
interannual variability and diverging quartiles of individual series (Fig. 6,
Table 6). The mean increment curve of some REZI trees, those were affected by a
drought induced mortality event beginning with the early 2000s, even turned into
a strong decrease with some of them already stopping xylem formation 5–6 years
prior to their sanitary harvesting in 2015. Most of the other trees from this site
(both stand and NFI) also showed a clear growth decline for the corresponding
years. The other three sites faced a slight growth release during the last years of
the investigated period. Number of available BAI series generally represent almost
full sample depth (MALY: n=20, BEFA: n=19, REZI: n=20, BAAP: n=17),
however, in case of BAAP there was a fast reduction in available series after 2001
with only n=5 sample trees remaining in 2010, which could cause bias in possible
conclusions for the last decade at this single site. The other study sites faced only
a minor sample reduction in the very last year of 2010, with a decrease in
available individual series by 4 and 2 samples at MALY and REZI, respectively.

Fig. 6. Relative basal area increments (rel. BAI; shaded area indicates interquartile range)
with the reference period of 1971–1990 and time series of the July 3-month standardized
precipitation evaporation index (SPEI-3 July; CARPATCLIM) during the period 19802010. Sample depth at BAAP site reduces monotonously after 2001 to 5, while it is stable
and represents almost the whole available sample size at the other three sites.
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Table 6. Mean basal area increment (BAI) of the sample trees and mean slope of the linear
trend (regression beta parameter; BAI trend) fitted on individual trees for the reference
period of 1971–1990 (a) and the investigated decades of 1980–2010 (b); with
interquartile range indicated in brackets
mean BAI (mm2)
a
b

BAI trend (mm2/yr)
a
b

MALY

1972
(1053–2732)

2248
(1374–2971)

59.1
(17.2–72.6)

3.9
(-27.1–20.1)

BEFA

1226
(822–1532)

1260
(1054–1565)

6.1
(5.5–31.4)

9.9
(-11.6–18.2)

REZI

2856
(1874–3660)

2370
(1632–2547)

25.8
(-5.7–52.7)

-63.0
(-100.6–-33.9)

BAAP

1453
(708–1705)

1613
(1104–1958)

19.5
(-1.0–23.4)

27.1
(-19.3–44.6)

Looking behind the general trends of BAI curves, effects and severity of
particular drought periods of the past decades can be also differentiated (Fig. 6).
Major drought events were selected by the July values of the 3-month SPEI
index (showing previously the closest relationship with growth variations) and
checked also by pointer year analysis. Extreme droughts were associated to
SPEI values lower than -1. A return periodicity of such events seemed to be
usually 5–10 years. The severest country-scale summer droughts were identified
during the years 1992–1994, affecting first of all the norther region (MALY,
BEFA). Here, individual years of less extreme, but notable additional droughts
were 1990, (1996), 2000, and 2007. At the southwestern sites, individual years
with drier summers were already present (1983, 1988), and they were also
affected by several extreme droughts beginning with 2000. In case of BAAP,
however, these happened mostly in individual years with breaks in-between,
while REZI faced continuous summer droughts between 2001–2003, meaning
that altogether this site was affected by the most frequent and prolonged extreme
drought periodicity.
The relative BAI values followed rather well the SPEI indices (Fig. 6).
After the 1992–1994 droughts, growth at most sites recovered relatively fast,
exceeding the 1971–1990 average BAI values with exception of the REZI trees,
where a slower recovery of growth was noticeable. With the beginning of the
new drought period in 2000 (severest at BAAP site in that year) increments at all
sites dropped in the same year all over the country. After that, in the northern
region, MALY and BEFA started to recover again, while in case of REZI, a
clear and lasting growth decline started, affecting most of the sample trees.
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4. Discussion and conclusion
Forest tree species, close or in a changing climate getting closer to their xeric
(retreating) range edge, are generally facing increased sensitivity to climatic
conditions (Jump et al., 2010; Mátyás et al., 2010). This phenomenon is
generally revealed by our case study, in terms of regression analysis between
climatic variables and radial growth traits and by the course of basal area
increments compared to recurrent droughts. Higher sensitivity at the originally
more mesic sites, compared to the drier ones can be evinced due to the naturally
higher resistance of the more drought-adapted marginal populations (Dittmar et
al., 2003; Weber et al., 2013; Cavin and Jump, 2016). This could be confirmed
by the growth decline at the originally beech-favored REZI or probably also by
the stronger correlations found at the most humid MALY site. The partial
correlation analysis in 31-year windows, however, also showed that the expected
strengthening impact of climate on growth was not uniform among trees from
different sites and considering monthly climate elements, but a varying
sensitivity to climatic factors over time can be also concluded for all sites
(Weber et al., 2013). Another study pointed out recent decreased climatic
determination of Scots pine growth on the edge of its climatic tolerance in the
vicinity of the REZI site (Misi and Náfrádi, 2017), that might be also applicable
in case of REZI trees (and partially BAAP) during the last 31-year period,
assuming the same climatic trends. This attribute of decreasing interannual
growth-climate correlation does not necessarily contradict high climatic
sensitivity in other terms though (cf., decreased drought resistance of REZI
trees).
Similarly to a range of previous findings, strong correlation of radial
growth was found with precipitation data, in particular with the rainfall of the
late spring and early summer months (e.g., Geßler et al., 2007; van der Werf et
al., 2007; Hacket-Pain et al., 2016), sometimes also referred to as the main
growing season (Führer et al., 2011). Mean temperature in this same period also
seemed to have a negative influence on radial growth, most probably as a
consequence of the stimulation of transpirative water loss (Čufar et al., 2008;
Führer et al., 2016; Hacket-Pain et al., 2016). Therefore, the more complex
climatic variable of the 3-month SPEI, showed the strongest relationships with
growth, is widely used in other studies, as well (e.g., Hacket-Pain et al., 2016).
Concluding the results from each site, usually very high correlation coefficients
were found with climatic variables (up to r=0.67 in case of June precipitation
and r=0.72 in case of July SPEI), exceeding growth-climate correlations of most
previous analyses from Europe (e.g., Čufar et al., 2008; van der Maaten, 2012;
Tegel et al., 2014; Cavin and Jump, 2016; Roibu et al., 2017; Stojanović et al.,
2018). Apparent and significant correlations with the meteorological conditions
of previous autumn and late summer could be also observed (Fig. 4), reported by
other studies (e.g., Hacket-Pain et al., 2016; Roibu et al., 2017), probably also
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due to the connections to physiological processes of the storage period and with
a possible relation to reproductive traits (Drobyshev et al., 2010; Hacket-Pain et
al., 2015). Differences in climatic sensitivity between study sites may be also
due to the natural genetic diversity and high phenological plasticity of beech
(Jump et al., 2006a; Prislan et al., 2013; Thiel et al., 2014), but differences in
climatic conditions of the study sites might be seen as a principal driver
combined with effects of other site factors (Table 1; Figs. 2 and 3 and 6).
Climate change usually results in an earlier leaf unfolding and beginning of the
vegetation season (Čufar et al., 2012; Prislan et al., 2013), but a possible
elongation of the growing season on the other cutting edge with increment
formation delayed to late summer months is widely reported, as well (van der
Werf et al., 2007; Jezík et al., 2011; Tegel et al., 2014; Führer et al., 2016).
Moving partial correlations of the multivariate analysis could reveal both
tendencies at some extent by increasing importance of April-May, July-August
in the total climatic determination of growth.
Multidecadal trends of basal area increments indicate more stagnating
growth rates or even decline (REZI) for the investigated sites during the past 3040 years (Fig. 6). This finding is similar to reports from Mediterranean countries
(Jump et al., 2006b; Piovesan et al., 2008), but also from Southern Germany
(Dulamursen et al., 2017) and another site in western Hungary (Führer et al.,
2016). Under optimal conditions, basal area growth curves increase almost
monotonously, but later asymptotically with age. Decreasing trend usually
appears when approaching the end of the individual beech tree’s lifetime,
therefore, clearly reduced stem growth rates can be a (predictive) sign of a longterm decline (Piovesan et al., 2008; Gillner et al., 2013; Delaporte et al., 2016).
In comparison to other, especially to norther sites, some of the REZI trees
underwent a drastic growth reduction, that could be interpreted as a predictive
sign of vitality loss, which lead to drought-induced mortality event accounting
also for the later sanitary interventions. This event was also well-linked to a
reported mass mortality affecting widespread beech stands of western Hungary
(Lakatos and Molnár, 2009). Beech decline in the region also raised the question
of accurate projection of favorable beech habitats by time-averages of specific
climate indices. The use of more complex indices may bring considerable
benefits (Führer et al., 2011; Mellert et al., 2016), meanwhile, the common lack
of knowledge of precise stand level climatic conditions should also be noted.
Drought is an important extreme climate phenomenon that can strongly
affect physiology and growth of temperate tree species even on the longer term
(Bréda et al., 2006). In case of beech, these stress effects could be even more
notable (Scharnweber et al., 2011; Rasztovits et al., 2014; Roibu et al., 2017).
Including extreme and more importantly recurrent drought events in the analysis
improved the understanding of growth reduction and decline, also in our case.
When talking about effects of drought on the vitality and growth of beech, most
of the studies usually refer to the 2003 drought, that was widely reported and
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investigated in many parts of Europe (e.g., Czajkowski et al., 2005; Bréda et al.,
2006; van der Werf et al., 2007). However, looking at the time series of the
SPEI indices (Fig. 6), the impression is that the abiotic side of tree mortality
events in/after 2003 was more like a denouement in a chain of recurrent drought
events of different severity. This observation is in line with the coincidence
between biotic damages and mortality of beech and droughts in Hungary (Janik
et al., 2016). Early-1990s droughts affected northern Hungary more strongly
(represented by MALY and BEFA), while the early-2000s drought period was
more expressed over western Hungary, causing significant damages there
(Lakatos and Molnár, 2009; Janik et al., 2016). It should be also noted that the
(south)western sites (REZI and BAAP) seemed to face some years of severe
droughts already during the 1980s. Timing, frequency, and severity of dry
periods combined with soil properties seemed to play a key role in determining
the resilience capacity of individual forest stands (e.g., Móricz et al., 2018). The
drought-induced tree decline phenomenon in the closer region of the REZI site
was not limited to only beech trees either. After another severe drought later in
2012, extensive damages took also place among black pine stands in this region
(Móricz et al., 2018). In addition to the higher exposure to droughts, this site
was the only one with sandy soil texture, thus, with lowest water retention
capacity, amplifying further the effects of the discussed drought events. Smallscale mosaics of remaining standing trees in sanitary felling patches at REZI site
showed regained vitality during a later field visit, despite of the disrupted stand
structure leading to higher exposure. The marginal habitats of south Hungary
interestingly avoided major abiotic and associated biotic damages, also due to
the different climatic impact and the lack of the continuous multiannual drought
period of 2000–2003 (Fig. 6). Management plans and reforestation activity at
the BAAP site, however, neglected beech in the more recent regeneration
periods.
Our findings altogether confirm the pronounced climate sensitivity of
beech growth at the continental xeric limit, but also reveal its variability both in
interannual patterns comparing the different sites and over the investigated
periods. Recent trends of climate change and additional extreme events could be
also tracked along the changing climatic sensitivity of growth and in basal area
growth decline, however, some of the sites faced recently less remarkable
effects, and periods of more pronounced climatic sensitivity can be found also in
the earlier part of the 20th century. Since tree rings are unique indicators of
growth in respect of both time frequency and spatial availability, their
application to more precise and dynamic forest growth estimation and forest
inventories could be also significant (Rohner et al., 2016), in which context our
results also gave evidence for a working and useful merge of regular NFI plot
sampling with a more traditional dendrochonological sampling design. On the
other hand, this combination of data revealed the relatively young average age
of Hungarian beech forests, which may limit research attempts on long-term
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beech dendroclimatology. Nevertheless, under the projected climate change,
growth sensitivity assessments performed on a wider scale can also serve with
useful information for future species and reproductive material selection for
forest regeneration, including the search for potentially better adapted
provenances from the xeric-marginal habitats (Mátyás, 2016).
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Abstract⎯ Nowadays, urban areas are increasingly identified as strategic fields of climate
change-related actions. Climate change is an increasingly complex challenge for these
territories. Tackling climate change, moreover, in a sustainable way, is a priority in the
European Union, which has set several ambitious short- and long-term mitigation, adaptation,
and sustainability targets. It is a central issue of how society can respond to the climate
emergency that is affected by and depends on the vertical and horizontal interrelations among
different stakeholders, organizations, governance actors, etc., and their activities. Countries,
regions, counties, and cities around the world react by developing climate strategies. The
operationalization of the high-level political agreements and discourses is uncertain, and the
policies in practice should also be evaluated on regional and city levels, just as the milestones
of related strategic planning processes fostering local adaptive capacity. According to regional
and urban governance, it is pivotal addressing not only mitigation but adaptation issues to be
able to foster sustainable regional development, also considering the UN Sustainable
Development Goals (SDGs) specified in the Agenda 2030. Adaptation to climate change is
increasingly becoming a priority for policy action. It also has high relevance to find the
synergic interrelations towards an adaptive future. This paper evaluates the recent changes in
Hungarian regional and urban planning in relation to climate policy approach and reports a
state of adaptation oriented spatial planning on NUTS-3 (Nomenclature of Territorial Units
for Statistics) and LAU-1 (Local Administrative Units) levels. The results are based on the
collection of all relevant climate change-related strategic documents on these levels in
Hungary and on the analysis of specific information. There is a lack of knowledge related to
the comprehensive adaptation policy and planning on regional and local levels in Hungary.
The results of the evaluation show the state-of-art knowledge related to possible adaptation
pathways and the various engagement level for climate policy approach on different spatial
levels in Hungary. In the case of the examined research area, the development of more
mitigation oriented planning documents and low level of adaptation measures and monitoring
process management tools is seen as critical.
Key-words: climate strategies, SECAP-Sustainable Energy and Climate Action Plan,
adaptation pathways, sustainable regional development, NUTS-3, LAU-1, Hungary
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1. Introduction
Reducing adverse effects of climate change by taking into consideration both
mitigation and adaption activities are at the forefront in current policies
(European Commission, 2011; UNFCCC, 2015) and international scientific
interests (Sharifi and Yamagata, 2016; Mendizabal et al., 2018). Dated back to
Agenda 21 proposals from the Rio Earth Summit in 1992, various spatial levels
are urged by the UN at the end of the Climate Summit in 20191 to develop and
to perform concrete actions and implementations in the field of climate change.
Hungary is facing numerous challenges regarding changing climatic
patterns (Bartholy et al., 2007, 2009; Szépszó, 2008; Krüzselyi et al., 2011;
Torma et al., 2011; Pongrácz et al., 2013, 2014; Kis et al., 2017); therefore, it
can be stated that climate change adaptation is a crucial part of the long-term
sustainability in the center of the Carpathian Basin. Based on the review of the
international literature, numerous studies regarding climate adaptation in a
Hungarian context can be found concerning various relevant sectors, such as
tourism (Csete et al., 2013; Kovács and Unger, 2014; Csete and Szécsi, 2015;
Kovács et al., 2017); natural assets (Malatinszky et al., 2013; Mezösi et al.,
2013; Hlásny et al., 2014; Mezősi et al., 2014; Szabó et al., 2016); human health
(Páldy et al., 2005; Páldy and Bobvos, 2010; Solymosi et al., 2010; Törő et al.,
2010; Bobvos et al., 2015); agriculture (Jolánkai and Birkás, 2007;
Zemankovics, 2012; Gaál et al., 2014; Li et al., 2017a, 2018); water
management (Werners et al., 2009; Lóczy, 2010; Blanka et al., 2013; Mezösi et
al., 2013; Rojas et al., 2013); energy supply and demand from different
perspectives (Bartholy et al., 2003; Tánczos and Török, 2007; Szlávik and Csete,
2012; Hrabovszky-Horváth et al., 2013); transport (Szendrő et al., 2014); or
urban development issues (Csete and Horváth, 2012; Czakó, 2013; Buzási,
2014; Csete and Buzási, 2016; Li et al., 2017b; Kántor et al., 2018). Apart from
the relative richness of literature with regards to adaptation issues, highly
heterogeneous knowledge can be found if we try to analyze climate adaptation
activities on a different spatial level. On NUTS-1 level (countries), among other
things, Berkhout et al. (2015), Heidrich et al. (2016), and Pietrapertosa et al.
(2018) aimed at comparing climate change policies and plans, however, the
regional and local scale regarding analysis of climate change strategies and other
related thematic development plans is almost completely lacking with an
emphasis on adaptation issues in Hungary. It is worth mentioning that some
studies have been dealing with a comparison of local climate plans across
Europe (Heidrich et al., 2013; Reckien et al., 2014, 2015, 2018); however, the
selection of analyzed Hungarian cities is based on their total population;
therefore, a small pool of Hungarian settlements have been involved and
evaluated. Cities or more precisely, local level play a crucial role in climate
1
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adaptation activities (Rosenzweig et al., 2010; Hunt and Watkiss, 2011; MillardBall, 2013; Wamsler et al., 2013; Ürge-Vorsatz et al., 2018), but NUTS-3 level
is often out of scope of analysis of climate change plans from both mitigation
and adaptation point of view, while counties are highly important actors on
climate adaptation issues in Hungary. During the previous years, numerous
Hungarian cities and counties were engaged in developing their climate
strategies to reduce GHG emissions and to be prepared concerning changing
climatic patterns and the adverse of climate change. Based on previously stated
reasons, the present study aims at analyzing climate strategies of Hungarian
counties and county seats by paying particular attention to adaptation issues.
Relationships between planning procedures and outcomes of the selected
strategies are analyzed; therefore, all documents were evaluated by applying a
detailed survey that can grasp the most important strengths and weaknesses of
the planning processes. In the following chapters, firstly, the applied
methodology is introduced, then the main results grouped by counties and cities
are revealed; finally, conclusions and potential opportunities are highlighted.
2. Methodology
There is an increasing demand on both the science and policy sides to deliver
some performance evaluation related to climate planning on different spatial
levels. It is pivotal to be able to see the current status of climate oriented urban
planning, especially when the focus is on adaptation. Spatial adaptation actions,
interventions, and options can be examined through the systematic evaluation
and detailed analysis of Hungarian counties and county seats. Considering
county (NUTS-3) and county seat (LAU-1) level, there is a lack of climate
planning assessment in Hungary. However, in this country, it is traditionally a
well-functioning and effective territorial level. Thus, the engagement of the
examined areas towards the climate planning approach and notable adaptation
can play a pivotal role in further sustainable regional development perspectives.
Fig. 1 shows the territorial scope of the evaluation, namely the 19
Hungarian counties and county seats plus the capital. Budapest, as the capital of
Hungary, compared to the 19 counties and county seats, has special rights
according to law. Due to the significant contribution to GDP and the dominant
percentage of the Hungarian population, it was examined together with the
group of counties in this evaluation process.
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Fig. 1. Examined area: The 19 Hungarian counties (including the capital) and county seats.

Urban areas are expected to become increasingly crucial actors both in
mitigation and adaptation issues, which can be an especially revise assumption
in Europe, where the 74%2 of the population lives in these areas. The
municipalities on different spatial levels are usually more engaged towards
climate-friendly and sustainable ways of developments in those cases and
places, where they have the possibility to receive financial and expert support
from central governments (Eckersley et al., 2018; Bellinson and Chu, 2019;
Kern, 2019). Regarding the international scientific literature, several research
results can be found mainly dealing with general aspects, EU (Castán Broto,
2017; Mendizabal et al., 2018; Reckien et al., 2018, 2019) or country-specific
(Berkhout et al., 2015; Heidrich et al., 2016; Pietrapertosa et al., 2018),
territorial scope aiming attention at climate change in urban planning processes.
According to the review of the above mentioned relevant research papers and
methodologies, the main steps of recent evaluation is based on the following:
1. Identification of the existing types of climate change-related strategic and
planning documents on the relevant spatial levels (counties and the capital,
county seats);
2. Examination of the availability of relevant climate change-related strategic
and planning documents;

2

https://www.statista.com/statistics/270860/urbanuzation-by-continent/
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3. Selection of the relevant climate change-related strategic and planning
documents;
4. Adaptation oriented questionnaire development for the in-depth analysis
considering the main research questions;
5. Online collecting form development and conduct the in-depth analysis;
6. Evaluation of the research results.
On county, capital and county seat level identified relevant climate
strategies and other planning documents types belong to climate strategies or
Sustainable Energy and Climate Action Plans (SECAPs). Related to countylevel climate strategies, common methodology and guideline development were
supported by the central government as well as the elaboration of the
documents. All of the identified document was available online. In cases where
both types of document are existing, the climate strategy was prioritized. The
main research question emphasized the recent knowledge and the state of
adaptation planning on different spatial levels in Hungary. The main examined
topics according to adaptation oriented questionnaire have the following
structure:
A) General information:
-

County/county seat name

-

Weblink of the document

-

Year of document development

-

Type of document

-

Existence of document history

B) Content related information:
- Spatial characteristics
o General climate related outlook (global, regional, local)
o Area-specific impacts based on identified local characteristics
o Vulnerable social groups
-

Adaptation aims related information
o Sectors related to the adaptation aims
o Impacts related to the adaptation aims
o Number of adaptation aims
o Types of adaptation oriented actions, interventions

-

Monitoring phase
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o Existence of monitoring phase
o Features of existing monitoring phase
- Document development and general layout
o Stakeholder involvement
o Proportion of adaptation compared to mitigation
An online collecting form was developed and used for the feasibility of the
in-depth analysis. The data collection was conducted from the beginning of
September to the end of October 2019.
3. Results
In the present chapter, results regarding the detailed analysis of counties and
county seats will be presented in that order. Budapest is involved in the group of
counties, due to its specific rights, size, and importance with regards to both
mitigation and adaptation issues. The structure of the visualization is almost the
same for both groups; however, it can be seen that there are some differences
between the presentation of the results since some questions are more relevant
and provide more specific outcomes in the case of cities rather than counties.
The first question was focusing on the date of approval concerning climate
change strategies of counties. Since the Hungarian government decided to support
the development of climate change strategies on NUTS-3 level through the
Environment and Energy Operational Programme in 2016, consequently majority
of strategies was developed and approved in 2018 (16 of 20), only Heves County,
Győr-Moson-Sopron County, Bács-Kiskun County, and Vas County released their
documents in the year of 2017. All of the analyzed documents on the county level
are stand-alone climate strategies in terms of their type; moreover, the vast majority
of them are the first attempt due to the lack of climate strategies on the NUTS-3
level in Hungary. 18 of 20 strategies have a general outlook on climate change with
regards to global or local impacts, risks, and other related issues. In the climate
strategy of Békés and Fejér counties, this thematic outlook is completely lacking.
Similar to the previously presented results, highlights of local-specific impacts
of climate change concerning different time-scales are a well-documented part of
the selected strategies, since 17 of them defined observed changes from the past, 19
of 20 have dedicated chapter regarding present impacts, and 19 of them paid
attention to future projections (see Fig. 2). By focusing on the existing differences
across strategies, it is worth mentioning that in the strategy of Békés County had
nothing to do with past and present impacts, Baranya County Climate Strategy is
not detailing future risks; moreover, the analysis of observed changes lacks in case
of both Jász-Nagykun-Szolnok and Komárom-Esztergom counties.

258

20

No. of mentions

19
18
17
16
15
14

Observed changes
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Fig. 2. Absolute number of mentions of local-specific impacts in climate strategies on county
level.

Besides the collection of different impacts via a long time-scale, defined
climate-related risks and actions were also revealed by analyzing the selected
strategies. Based on the previously cited regional climate models, increasing
temperature and changing precipitation patterns are the two significant impacts
of climate change in the Carpathian Basin. Apart from them, it can be stated that
other impacts can also be distinguished, such as waterlogging, flood, drought,
extreme storms, etc., that affect counties and other spatial levels in a different
way. Fig. 3 represents the total number of mentions of different climate-related
impacts in climate strategies of county level. Increasing temperature, drought,
and storms were mentioned in every stand-alone document, while changing
precipitation patterns have been defined in the case of 16 strategies. Risks
regarding flood and waterlogging are less emphasized due to geographical
differences of counties.
After collecting and analyzing climate-related impacts in selected climate
strategies, detailed evaluation regarding distinguished actions has been
performed to reveal potential lacks and opportunities to improve the quality of
climate strategies by bridging the gap between defined impacts and related
actions. Table 1 shows this relationship as mentioned earlier between impacts
and defined actions in the case of every county and by using a three-step
approach. Green cells refer to the best scenario, where a given climate impact is
distinguished in the analyzed document; moreover, at least one dedicated action
(related to the impact) is also developed. The light yellow color means that
actions can be found in the given strategy without a previously defined impact.
Dark orange cells represent the worst case when a given impact is previously
distinguished and marked as an important challenge for the county; however,
there is no developed action related to that significant risk. Finally, N/D means
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there is neither impact(s) nor action(s) in the analyzed strategy. It can be seen
that increasing temperature and drought are the two impacts, where all county
documents defined them and assigned related actions as well. In the case of
storms, some strategies distinguished as associated climate impacts, but related
actions have not been developed (Baranya, Csongrád, Győr-Moson-Sopron, and
Jász-Nagykun-Szolnok counties). Flood and waterlogging are the two most
heterogeneous impacts due to their strong local-specific and geographic-related
features. In the climate strategy of Hajdú-Bihar County, Nógrád County, and
Vas County, dark orange cells refer to the lack of actions besides the defined
challenges regarding flood, while waterlogging is a relevant adverse effect of
climate change in Hajdú-Bihar, Nógrád, Somogy, Szabolcs-Szatmár-Bereg, and
Zala counties, related actions have not been found in their documents.

Waterlogging
Flood
Drought
Storms
Changing precipitation patterns
Increasing temperature
8

10

12
14
16
Number of mentions

18

20

Fig. 3. Total number of mentions of climate-related impacts.

Considering adaptation issues through document analysis, distinguishing
vulnerable social groups with regards to changing climate patterns and related
weather extremes is a crucial component of effective climate strategies. For that
purpose, Fig. 4. shows the total number of mentions of different vulnerable
groups appearing in the selected and analyzed strategies on the county level. It
can be stated that infants, elderly people, and people with cardiovascular disease
are well involved in the documents as the most vulnerable social groups to
heatwaves. People with disabilities have been mentioned in 8 of 20 documents;
however, it is a much better inclusion compared to outdoor workers and poor
people with only one mention. It cannot be found such a stand-alone document
that took into consideration all of these vulnerable social groups: the majority of
the strategies was focusing on the previously mentioned first three groups. Risks
regarding outdoor workers appear in the climate strategy of Budapest, and poor
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people were distinguished as a vulnerable societal dimension in the strategy of
Tolna County. It is worth mentioning and emphasizing that the climate strategy
of Vas County specified only one vulnerable social group (poor people) in the
document.

Table 1. Pairs of climate-related impacts and dedicated actions
Increasing
temperature
Bács-Kiskun
County

Changing
precip.
patterns

Storms

N/D

Drought

Flood
N/D

Baranya County

N/D

Békés County

Waterlogging

N/D

N/D
N/D

Borsod-AbaújZemplén County
Budapest

N/D

Csongrád County

N/D

Fejér County
Győr-MosonSopron County
Hajdú-Bihar
County

N/D

N/D

N/D

Heves County
Jász-NagykunSzolnok County
KomáromEsztergom County

N/D

Nógrád County
Pest County
Somogy County
Szabolcs-SzatmárBereg County
Tolna County
Vas County
Veszprém County

N/D
N/D

N/D

Zala County
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Fig. 4. Total number of mentions of vulnerable social groups.

Well-structured aims focusing on both existing and projected adverse
effects of climate change are cornerstones of effective climate strategies. Based
on this assumption, the following two sections are introducing the primary
outcomes of our survey focusing on the aims regarding analyzed strategies.
Firstly, Fig. 5 represents the total number of mentions regarding whether a given
sector is defined and distinguished through the adaptation aims in a given
strategy or not. Based on the evaluation of the results, it can be stated that two
main groups of sectors are appearing: in the first, pool, water management,
agriculture, tourism, health, urban planning, and natural values are all well
emphasized with between 17 and 20 mentions, respectively. However, forest
fire, industry, transport, and energy supply are mentioned much less by the
county-level climate strategies. It is worth emphasizing that the natural and
social-based differences between counties entail different structures of aims and
related sectors, but this gap, as mentioned earlier, between the two groups shall
be emphasized.
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Fig. 5. Total number of mentions of sectors among the aims of climate strategies.

Developed and distinguished adaptation actions are crucial in the
implementation phase and efficiently contribute to reducing the overall
vulnerability of counties by covering as many critical issues as they can.
Naturally, it cannot be declared that more adaptation actions entail less
vulnerability in a linear relationship. However, complete with the previously
introduced results, slightly more transparent conclusions can be made regarding
the adaptation-oriented aim structure of the climate strategies of Hungarian
counties. Therefore, Fig. 6 aims at visualizing the total number of adaptation
actions grouped by counties, respectively. Fejér and Komárom-Esztergom
counties have the highest number of adaptation actions (with 25 and 19 actions),
while the Baranya County Climate Strategy defined only five interventions. The
average number of adaptation actions is approximately 11.
Besides the unquestionable importance of aims and their structure,
evaluation of adaptation oriented interventions contributes to analyzing the
county-level climate strategies more transparently. For that reason, our survey
has a dedicated question about the main characteristics of interventions based on
their types. The majority of climate strategies include technical solutions, policy
tools, and awareness-raising projects, whit much less attention to education,
financial tools, and research and development (R+D) actions. The presence of
financial tools among adaptation actions is the least, only 5 of 20 climate
strategies (Budapest, Nógrád County, Szabolcs-Szatmár-Bereg County,
Veszprém County, and Zala County) have mentioned them as potential tools for
improving adaptive capacity within the administrative borders.
263

Bács-Kiskun County
Baranya County
Békés County
Borsod-Abaúj-Zemplén County
Budapest
Csongrád County
Fejér County
Győr-Moson-Sopron County
Hajdú-Bihar County
Heves County
Jász-Nagykun-Szolnok County
Komárom-Esztergom County
Nógrád County
Pest County
Somogy County
Szabolcs-Szatmár-Bereg County
Tolna County
Vas County
Veszprém County
Zala County

9

5

11
11
8
13
7

10
11
10

8

19

9
9

14
10
14

7
0

5

25

10

15

16

20

25

30

Number of adaptation actions
Fig. 6. Total number of adaptation actions in the analyzed climate strategies.

Monitoring phases in development strategies ensure the effectiveness of
these documents by controlling and evaluating the processes which are needed
to enhance climate adaptivity. In the case of Hungarian county-level climate
change strategies, Jász-Nagykun-Szolnok and Vas counties’ documents had
nothing to do with the monitoring phase. On the opposite side, the vast majority
of analyzed strategies have a comprehensive set of indicators, time frame, and
budget allocation to enhance the effectiveness of their interventions. However, it
shall be emphasized that preference order and responsibility issues have not
been involved in the monitoring chapters at all. In a close context of the
monitoring phase, the developed strategy-analysis survey has taken into
consideration stakeholder inclusiveness during the preparation phase of the
strategies. Only the Békés County Climate Strategy has not mentioned the list of
involved stakeholders during the planning procedure, while the majority of
climate strategies listed numerous NGOs, universities, public authorities,
companies and other economic and social actors who were active contributors to
the development of the county-level climate change strategies.
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Finally, the last evaluated aspects regarding the strategies are the length of
mitigation and adaptation-oriented pages. It is worth repeatedly emphasizing
that the total length of adaptation-centered content is not closely related to its
effectiveness, but an overview can be made by using this information about the
strategies. Fig. 7 summarizes the relative share of mitigation and adaptationrelated contents in the face of the total length of the strategies in descending
order. It means that the relatively lengthiest adaptation part of climate strategies
can be found in the case of Vas County with 39%, while the shortest adaptationoriented sections can be read in the Jász-Nagykun-Szolnok County Climate
Change Strategy. It shall be emphasized that the majority of strategies have paid
more attention to adaptation issues (except Szabolcs-Szatmár-Bereg County and
Somogy County), which is related to a clear trend of shifting the main
intervention points from mitigation actions to adaptation ones in the
international policy-making processes. The role of industry, transport, and
energy supply concerning improvement of adaptive capacity is clear, however,
these sectors were barely specified in the county-level strategies.
Vas County
Zala County
Csongrád County
Komárom-Esztergom County
Tolna County
Borsod-Abaúj-Zemplén County
Pest County
Békés County
Nógrád County
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Bács-Kiskun County
Baranya County
Győr-Moson-Sopron County
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Szabolcs-Szatmár-Bereg County
Budapest
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Somogy County
Jász-Nagykun-Szolnok County
0%
Mitigation
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40%
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% of total pages

Adaptation
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100%
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Fig. 7. Relative share of adaptation- and mitigation-oriented contents in the strategies.
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There are 19 county seats on LAU-1 level in Hungary. Out of the 19 cities,
63% have accepted some type of climate-related strategic or planning document.
These documents were involved into the in-depth evaluation process considering
the same questionnaire as in case of the counties and the capital. Two main
types of documents can be found on this level, one of them is urban climate
strategy, the other one is Sustainable Energy and Climate Plan (SECAP). 62%
of the county seats have SECAPs and the other 38% goes for the urban climate
strategy. According to the year of the document developments it can be seen,
that the oldest and still existing one was accepted in 2007, that is the urban
climate strategy of Tatabánya. This county seat is a founding member city of the
Climate-friendly Municipality Association and was among the first three cities
in Hungary which worked out urban climate strategy. The latest climate
strategy, that belongs to the county seat of Miskolc, was accepted in 2017. The 8
SECAPs has been developed between 2017 and 2019. Only 23% of the
evaluated documents have some existing history in the form of a planning
document that is related to climate approach. A bit more than half of the
examined documents includes paragraphs or chapters that are dealing with some
general climate-related outlook on global, regional, or local level. It puts the
climate change approach into context and provides a good background for easier
understanding for the reader.
The absolute numbers of area-specific impacts are shown in the Fig. 8. All
of the three types so the observed changes, the present impacts and the future
projections are well represented in the examined documents. The most popular
were the projection for the future. These information can be descriptive enough
for decision makers or local residents as well.
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Fig. 8. Absolute number of mentions of area-specific impacts based on identified local
characteristics (county seats).
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There are mentioned a wide range of climate-related impacts in the
evaluated county seat documents, as can be seen in Fig. 9. The three most
significant impacts are the temperature increase, the changing of the
precipitation patterns and floods. Droughts, floods, forest fires belong to the
next group based on the number of mentions. On the county seat level, the
emphasis of local features may justify this diversity.

Decrease in karst water
Loss of biodiversity
Spread of infectious diseases
Forest fire
Vegetation fire
Allergens
Landslide
Extreme weather events
Waterlogging
Flood
Flash flood
Drought
Storms
Changing precipitation patterns
Increasing temperature
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5 6 7 8 9 10 11 12 13 14
Number of mentions

Fig. 9. Total number of mentions of climate-related impacts (county seats).

As was mentioned previously, according to the methodology, the next step is
to check and analyze the consistency of the evaluated documents considering
climate-related impacts and dedicated actions. Table 2 shows the results of this
evaluation in case of county seats with SECAPs. There is not any action without
impact. The significant proportion of the non-defined category is apparent. The
existence or the lack of adaptation aims is independent of the date of the document
development or assessment. Due to the requirements of the Covenant of Mayors for
SECAPs, it is necessary to deal with the strengths and weaknesses of a territory,
develop risk and vulnerability assessments that can allow convenient adaptation
strategy development that can be converted into SECAP’s actions.
The latest climate strategy was accepted in 2017 by the representative body
of the municipality of Miskolc. However, not that document shows the best
interrelations concerning climate-related impacts and adaptation actions. The
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best results, according to the consistency evaluation, can be seen related to the
county seat of Eger that is shown in Table 3. This document was developed in
2012. The lack of knowledge transfer can be seen related to other cities.
Table 2. Climate-related impacts and dedicated actions in county seat SECAPs

N/D

non-defined
impact and action(s)
action(s) without impact
impact without action(s)

Table 3. Climate-related impacts and dedicated actions in county seat climate strategies

N/D
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non-defined
impact and action(s)
action(s) without impact
impact without action(s)

Altogether 3 examined document deals with the vulnerable social groups
despite the importance of this aspect in adaptation planning and concerning
adaptation pathways. These documents mention as vulnerable social groups, the
infants and younger children, the elderly population, and people with chronic
cardiovascular disease.
Almost half of the evaluated documents do not define any sector related to
adaptation aims (see Fig. 10). The most emphasized sector among the adaptation
aims is water management due to its unpredictability and importance according
to living standards, quality of life, and sustainability. The same importance was
given to the following four as agriculture, health, energy industry, and urban
planning. These are followed by transport, tourism, nature conservation, and
finally, waste and disaster management can be found in the chart.
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Fig. 10. Total number of mentions of sectors among the aims of examined county seat level
documents.

Based on the evaluation of the 13 climate-related strategic documents on
the county seat level, it can be seen that in the case of 69% of the examined
documents, the overall lack of adaptation aims can be stated. Thus, only 31% of
the documents discuss some details according to the adaptation aims.
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Fig. 11 gives an overview of the adaptation actions and shows the high
percentage of the non-defined category. The core actions belong to the technical
solution or awareness-raising, followed by education and policy-related actions.
Only 31% of the evaluated documents gives at least a general overview,
according to monitoring. In two cases, indicators and timeframe were also
mentioned as necessary parts of the monitoring phase. None of the evaluated
document mentions the importance and meaning of partnership. Only four cases
deal with an open discussion about the planned document with different local
actors and stakeholders.
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Fig. 11. Total number of mentions of adaptation actions among the aims of examined county
seat level documents.

According to Fig. 12 on the county seat level, the representation of the
relative share of adaptation and mitigation-oriented content can be seen. Clearly,
the least represented approach is an adaptation to climate change despite the
importance of this kind of activities, interventions, and tools in order to support
the transition towards sustainable regional development. The most adaptationfocused documents were formulated in Szeged and Dunaújváros, that is
followed in the row by Tatabánya, Szekszárd, Eger, Salgótarján. There is a
complete lack of adaptation content that can be found in the case of Debrecen.
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Fig. 12. Relative share of adaptation- and mitigation-oriented content in the examined
documents.

4. Conclusion
The Hungarian counties made an unquestionably enormous effort by developing
their climate change strategies during the past years. Content analysis of
documents revealed their complexity and heterogeneity; however, a strict
methodological guideline developed by the Alliance of Climate-friendly
Settlements were available. The survey applied for identifying key strengths and
weaknesses of climate change strategies on the county level was a crucial part of
this process and entailed to define several further recommendations. Firstly, it
shall be emphasized that county-level climate change strategies cover all of the
relevant climate-related impacts regarding both the present and future.
Nevertheless, after a detailed analysis of actions, it can be stated that best
practices regarding the planning phase in terms of impacts-actions pairs are
severely limited, since numerous climate strategies can be found in which
relevant impacts were mentioned without any related actions or vice versa.
Vulnerable social groups are also defined and introduced by the analyzed
documents. However, it is worth mentioning that the inclusiveness of vulnerable
people is weak: outdoor workers, people with disabilities, and poor people have
not been taken into consideration in an emphasized way regardless of their
vulnerability to changing climatic patterns.
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A further weakness of strategy-making processes can be characterized by
paying attention to the outcomes of content analysis regarding the number of
mentions of different sectors through the adaptation-oriented goals. From the
planning perspective, diversification of tools regarding the implementation of
actions is crucial to enhance the effectiveness of a given strategy. The majority
of climate strategies include technical solutions, policy tools, and awarenessraising projects, with much less attention to education, financial tools, and R+D
actions. Besides the lack of given types of actions, some deficiencies concerning
the monitoring phase have also been characterized: a complete lack of contents
regarding priorities between aims and goals and of responsibilities during the
implementation phase. Last but not least, the share of adaptation-related content
varies significantly from 39% (Vas County) to 10% (Jász-Nagykun-Szolnok
County) that represents a significant heterogeneity in terms of the relative
importance of adaptation issues in a given strategy. It cannot be stated clearly
that lengthy adaptation contents are related to an improved quality of strategies;
however, it shall be declared that paying more attention to climate adaptation
issues is in parallel with EU-level activities nowadays and the near future.
Considering climate planning documents on the county seat (LAU-1) level,
more diverse and heterogeneous results can be seen compared to the county
level. This heterogeneity of adaptation issues can be found both in the evaluated
climate change-related strategies and SECAPs in the case of the Hungarian
county seats. Based on our in-depth evaluation of this level, according to
adaptation in several cases, the lack of the appropriate planning document is the
most striking. This diversity visible, for example, in the case of climate-related
impacts. On county seat level, the planned adaptation aims, related sectors, and
actions are significantly underrepresented in the evaluated documents. The
monitoring phase can also be seen as a crucial point in further developments for
an adaptive future on different spatial levels.
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Abstract⎯ In this study, the AquaCrop model was used to quantify climate change
impact on yield and net irrigation in maize and soybean production. Daily observed
climate data (1961–1990) from Osijek weather station were used for past climate
simulation, and output data from ECHAM model were dynamically downscaled under
two IPCC SRES scenarios (A1B, A2) for two integration periods 2041–2070 and 2071–
2100. The soil properties and crop data were presented from 6-year-long (2010–2015)
field study of the Agricultural Institute in Osijek, Osijek-Baranja County. The climate
results showed expected rise in air temperature up to 5 ºC and significantly lower
precipitation up to 43.5%. According to results from the AquaCrop model, there is no
change in maize yield in non-irrigated conditions, while in irrigated conditions there is a
yield increase of 1.4 t ha-1 of dry matter (dm), with 80 mm higher net irrigation in
comparison with the 1961–1990 period. As for soybean production, the increase in yield
is expected in both non-irrigated and irrigated conditions. The yield increases up to 1.9
dm t ha-1 in irrigated conditions with 90 mm higher net irrigation in comparison with the
1961–1990 period. As for crop water indices, in non-irrigated conditions the water use
efficiency (WUE) has a trend to decrease in the future, while in irrigated conditions it can
slightly increase. Irrigation water use efficiency (IWUE) showed significantly higher
increase in irrigated maize and soybean production.
Key-words: climate change, maize, soybean, yield, net irrigation, water efficiency
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1. Introduction
Farms in Croatia can be characterized as considerably smaller than the EU
average (14.4 ha) considering that the average farm size is 5.6 ha per holding,
where one half of holdings are less than 2 ha (Eurostat, 2017). This fact is one
of the most important specific restrictive effects on expansion of irrigation areas
in Croatia. According to the recent published official data, in Croatia only
13,430 ha (1.4% of arable lands) is irrigated (MEE, 2014). In the Osijek-Baranja
County, the study region, total equipped area for irrigation is 1,390 ha, whereby
512 ha with groundwater, while 878 ha with surface water (Crostat, 2006).
Future expansion of irrigation areas in Croatia is encouraged by government and
policy measures, so the goal is to provide infrastructure to implement irrigation
on 65,000 ha of arable lands until the year 2020 (Holjević et al., 2008). In
Croatia, irrigation is manly used on supplementary basis to improve production
of summer crops. Above 56% of agricultural areas in Croatia are categorized as
arable lands, while in Osijek-Baranja County nearly 95% (200892 ha). Total
agricultural land in Osijek-Baranja County is 212,095 ha, whereby 200,892 ha is
arable land. In average 60.8% of arable lands are sown with maize, while 14.6%
with soybean. The considerable yield variation of summer crops is mainly
caused by unfavorable weather conditions. Not only because of the lack of
rainfall but because of the dry periods which prolonged for fifteen years, local
authorities proclaimed natural disaster of drought (2000, 2003, 2007, 2011,
2012, 2013, and 2015). According to Perčec Tadić et al. (2014) among all
natural hazards in Croatia, drought causes the largest economic losses (39%). A
more detailed analysis of drought phenomena in the Republic of Croatia have
been done by Cindrić et al. (2016). Authors claim that the examined 2011/2012
drought in Osijek-Baranja County was characterized by extremely long duration
with the highest magnitudes since the beginning of the twentieth century.
Branković et al. (2009) have stated that during the twentieth century, the decline
in annual amounts of precipitation in Osijek area is –4.1% in spring and –3% in
autumn. As a result, in dry growing seasons, the yields of main summer crops
grown in farm conditions are reduced as follows (CBS, 2018): maize yield was
reduced by 39.7% (2010), 38.3% (2003), 28% (2007), 1.2% (2011), 22.1%
(2012), 4.5% (2013), and 4.2% (2015), while soybean yields were reduced by
41.7% (2010), 29.3% (2003), 20.8% (2007), 25% (2013), and 8.3% (2015).
Therefore, the importance of irrigation practice in this region is unquestionable.
Furthermore, the yields of summer crops in several field studies are considerably
increased by compensating the lack of rainfall with irrigation water. Some
previously published results have evaluated the effect of irrigation treatments on
maize yield in the study region. For example, in full irrigated plots, which was
set to achieve soil water content of 80 to 100% of field capacity (FC), maize
yield was by 25% (2011) and by 40% (2012) higher compared to control
(dryland) plots (Marković et al., 2015). As for soybean, in full irrigated plots
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yields were by 9.4% (2007), 12.2% (2009), 46% (2012), and 18.8% (2013)
higher compared to control plots (Josipović et al., 2011, 2013). The irrigation
efficiency (IE) is usually interpreted as the yield increase or reduction in
irrigated agriculture. According to Irmak et al. (2011), irrigation efficiency (IE)
is generally defined from three points of view: (1) the irrigation system
performance, (2) the uniformity of water application, and (3) the response of the
crop to irrigation. Some DSSAT crop simulations were done in term of climate
changes and influence on maize production, and it was shown that in the future
Croatia would belong to the area of decreased maize yields (Vučetić, 2008). The
maize yield was simulated in non-irrigated conditions. This research emphasizes
the importance of adaptation for summer crop production in terms of
implementation of irrigation practice. The AquaCrop model was chosen in this
paper to simulate the non-irrigated and irrigated production as the adequate and
ideal crop model for irrigation evaluation, developed by Food and Agriculture
Organisation of United Nation (FAO). According to Farahani et al. (2009), the
FAO AquaCrop model provides a theoretical framework to investigate crop
yield response to environmental stress, especially water and salinity. It simulates
soil water balance and crop growth processes, based on input parameters and
data, as a function of climate, soil, and plant interaction (Foster et al., 2017).
The model precisely simulates the crop production, as it operates on a daily
input data. In literature, AquaCrop model is well known in research community
and successfully validated through many regions and various crops for field
production: wheat (Rezaverdinejad et al., 2014), maize (Ahmadi et al., 2015;
Paredes et al., 2014; Stricevic et al., 2011), sugar beet (Stričević et al., 2014),
and sunflower (Todorovic et al., 2009) crop production. The aim of this paper
was to validate the AquaCrop model in non-irrigated and irrigated maize and
soybean production for climate and soil conditions of Osijek-Baranja County
(eastern Croatia). In the next step, the AquaCrop model was used to simulate
maize and soybean production for future climate conditions for the 2041–2070
and 2071–2100 periods. Further results are presented: (a) the relative change in
yield of maize and soybean in non-irrigated and irrigated conditions; (b) the
change in net irrigation, water use efficiency (WUE), and irrigation water use
efficiency (IWUE).
2. Materials and methods
2.1. Location
The field study was conducted at the research site of the Agricultural Institute in
Osijek (45º32'N and 18º44'E). The area of Osijek (Osijek-Baranja County,
eastern Croatia) has an altitude of 90 m. According to the Köppen climate
classification system, the climate of Osijek is classified as moderately
continental climate (Cfwbx) with an average annual precipitation of 650 mm, an
279

average air temperature of 10 ºC, and an annual sunshine of 1649 h. Mentioned
climate data are expressed as an average for the 1961–1990 period. The soil is
classified as gleysol (hydro-meliorated) WRB with its main characteristics
presented in Tables 1 and 2. The soil analyses included mechanical, chemical,
and soil water characteristics, sampled in two to four profile depth.

Table 1. Mechanical and hydrological characteristics of the soil at the research site
Profile
(cm)

Clay
(%)

Silt
(%)

Sand
(%)

BD
(g/cm3)

PWP
(vol.%)

FC
(vol.%)

SAT
(vol.%)

TAW
(mm)

0–32

32.5

64.7

2.8

2.58

23.65

36.57

39.52

129

32–50

31.3

66.4

2.3

2.65

24.52

35.59

40.88

110

50–70

25.5

68.2

6.3

-

-

-

-

200

70–105

21.6

71.8

6.6

-

-

-

-

200

BD = bulk density; PWP = permanent wilting point; FC = field capacity; SAT = saturation;
TAW = total available water

Table 2. Chemical characteristics of soil at the research site
Profile
(cm)

Organic carbon
(%)

Nitrogen
(%)

0–40

0.91

0.13

40–95

0.77

0.13

2.2. Past and future climate data
The past climate (1961–1990) presents daily weather data, observed at the
weather station Osijek (45º32'N and 18º44'E) located nearby the experimental
field. The data set includes maximum and minimum air temperature (ºC),
insolation (h), precipitation (mm), vapor pressure (mbar), and wind speed (m/s).
The reference evapotranspiration was calculated applying the FAO PenmanMonteith method (Allen et al., 1998). For the future climate conditions, the data
were assumed from the integrated coupled model ECHAM, developed at the
Max Planck Institute for Meteorology (Roeckner et al., 2003). The modeled data
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were dynamically downscaled for two periods: from 2041 to 2070 and from
2071 to 2100. All simulations were done under the A1B and A2 (IPCC, 2001)
scenarios for greenhouse gas (GHG) emissions for two the integration periods
mentioned above, considering CO2 effect. The average CO2 concentration was
333.4 ppm for the 1961–1990 period, 545.7 mm (A1B scenario) and 551.0 ppm
(A2 scenario) for the 2041–2070 period, and 662.4 ppm (A1B scenario) and
731.1 ppm (A2 scenario) for the 2071–2100 period.
2.3. Field study and crop management
Maize and soybean yield data, presented in this paper, were observed from a
long-term field experiment for the 2010–2015 period. For the purpose of this
study, yield data are presented for maize hybrids FAO 500 and 600, and soybean
varieties 0–1 group. The region and field plots as well as the crop management
were previously presented by Josipović et al. (2013) and Marković et al. (2017).
Planting date, density, as well as observed phenology (sowing, emergence,
flowering, and maturity) are presented in Table 3. The size of the maize hybrid
plot was 19.6 m2. Each year, maize hybrids were planted at 0.7 m row spacing,
0.25 m inter-row spacing, and depth of approximately 5 cm. The size of the
soybean variety plot was 30 m2. Seeding density for soybean crop was 550
seeds/m2. Grain yield for both crops was measured after harvesting of each
experimental plot, adjusted to 14% grain moisture and expressed as kg ha-1.
Since the maize and soybean yield data for this study are expressed for
irrigation treatment, here follows a more detailed description of the irrigation
scheduling. Studied irrigation treatments included dryland (I0-control) in both
crop production, while the irrigated plot was designed to irrigate at 60–80%
field water capacity (FWC) for maize (I1) (Hoogenboom et al., 2012) and 80–
100% FWC (I2) for soybean, which is more vulnerable on the deficit in soil
moisture. The size of irrigation plots for maize crop was 78.4 m2, while for
soybean it was 120 m2. Irrigation was scheduled with the use of Watermark soil
moisture sensors (model 200SS). The sensors were set up at two depths (15–20
cm and 25–30 cm) after the maize and soybean sowing, and were kept in soil
until the harvest time. The Watermark sensors were calibrated for the soil on a
trial site by comparing gravimetric measurements and sensor readings
(Marković, 2013). The calibration curve is presented in Fig. 1. The maize and
soybean were irrigated by use of traveling sprinkler system, which performed at the
average speed of 15 m h-1 and provided 35 mm of irrigation water (1.5 l min-1).
Total amounts of water added in each growing season and irrigation treatments
are presented in Table 3. Water for the system was pumped from 37 m deep well
at a 5 to 7 l s-1 flow rate using an electric pump (5.5 kW). The analysis of
chemical quality of irrigation water showed that the composition and
concentrations of salts do not induce toxicity problems. The analysis was
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interpreted according to FAO standards (Ayers and Westcot, 1985). The
irrigation water use efficiency (IWUE) was determined as
= ܧܷܹܫ

൫ – ൯
ூ

,

(1)

where IWUE is the irrigation water use efficiency (kg m-3), Yd is the yield (kg) on
dry plots, Yi is the yield (kg) on irrigated plots, and I (m3) is the net irrigation water
(Nakayama et al., 1979). The water use efficiency (WUE) was determined as
ܹܷܻ = ܧ/ܶܧ ,

(2)

where WUE is the water use efficiency (kg m-3), Y is the economic yield (kg m-3)
for irrigation level, and ET0 (m3) is the reference crop evapotranspiration (Kang
et al., 2000). The reference crop evapotranspiration (ET0) was calculated
according to the Penman-Montheith method by using the AquaCrop model.
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Fig. 1. Calibration curve of the Watermark sensors for the soil type at the study site.
(Marković, 2013)
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Table 3. Planting date, density, and observed phenology for maize and soybean crops
Year

Plant
density
(plant/m2)

Sowing
(date)

Emergence
(date)

Flowering Harvest Precipitation Irrigation
(date)
(date)
(mm)
(mm)

Maize

I1

2010

5.84-5.31

May 6

May 16

July 26

Oct 5

605.1

35

2011

5.98-5.87

May 3

May 15

July 14

Sep 25

210.7

105

2012

5.89-5.36

Apr 28

May 6

July 29

Sep 15

247.2

175

2013

5.92-5.38

Apr 30

May 12

July 21

Oct 2

388.3

105

2014

5.71-6.42

May 6

May 18

July 25

Oct 4

395.0

140

2015

6.02-6.45

Apr 30

May 11

July 27

Sep 20

292.2

140

June 24

Sep 20

522.7

105
245

Soybean

I2

2010

59-61

Apr 28

May 5

2011

60-64

Apr 20

May 2

June 8

Sep 8

216.4

2012

59-64

Apr 27

May 3

June 16

Sep 6

215.4

245

2013

60-62

Apr 25

May 5

June 20

Sep 12

252.1

210

2014

59-62

May 6

May 18

June 19

Sep 20

457.7

175

2015

58-62

Apr 21

May 5

June 12

Sep 10

280.7

210

2.4. Data analyses
Two statistical methods were used to analyze, evaluate, and compare observed
yield data from field experiments and simulation yield results, to measure the
AquaCrop model goodness of fit in our environmental conditions. First the
relative deviation (Törnvist et al., 1985) was calculated between the simulated
and observed dry matter yields for each year. The method was chosen to show
how the model works and its sensitivity to various climate conditions each year
under the same or similar crop management activity:
(���)

�=

(� � ���)

,

(3)

where r is the relative deviation (%), M is the observed yield (dm t ha-1), and S is
the simulated yield (dm t ha-1). The crop model fits when r is less than 15%
(Tsuji et al., 1998). The second method selected for quantitative summary of
goodness of fit was the root mean square error (RMSE):
�

���� = �� � ∑����(�� � ��� )� ,
�

(4)
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where RMSE is the root mean square error (dm t ha-1), yi is measured value, ŷi is
the corresponding simulated value, and n is the number of measurements
(Wallach et al., 2018). The RMSE has the same unit as the measured value y.
2.5. AquaCrop model, input data, calibration, and validation
The AquaCrop model is developed by FAO to simulate the crop response on the
environmental stress. It is described by Steduto et al. (2009) in details. The
model calculates daily biomass based on daily transpiration data, using reference
evapotranspiration (ET0), and normalized water productivity. The simulated
yield is calculated as the product of daily biomass using the harvest index (HI).
As the water is of the main importance in the AquaCrop model, it also simulates
the changes in the soil water content during the growing season by means of a
soil water balance. The soil water balance consists of the incoming water
(rainfall, irrigation, and capillary rise), and outgoing water (runoff,
evapotranspiration, and deep percolation) contained in different profiles of soil
root zone depth. The moment for irrigation is possible to be calculated in the
model, as the fixed amount of water retained and depleted in the root zone at any
moment of the season. That possibility gives an opportunity to simulate
irrigation efficiency on crop productivity (Greaves and Wang, 2017). To safely
use simulation results by the AquaCrop model, it is necessary to do local
calibration and validation for the chosen crop. The model requires a relatively
small number of input data which describes the soil–crop–weather environment
in which the crop develops (Stricevic et al., 2011). Using input data, observed
daily weather data, soil characteristics, field management data, and crop
parameters, the AquaCrop model was calibrated for maize and soybean
production. For maize production, the model version 5.0 provides files with
parameters suitable for the simulation of maize production, but with default
values. These values were chosen only as a starting point, then the final key
parameters were modified to fit the local crop management. All crop parameters
were calibrated for the FAO 500–600 type maize hybrids, so that the crop model
may simulate and present the real crop production in our local conditions. In
Table 4 final parameters are given, which are used for AquaCrop model
calibration for maize and soybean production. Initial canopy cover was 0.37%
with maximum canopy cover 96% in maize production (Table 4). The base air
temperature was set to 8 ºC and the upper temperature to 30 ºC. Water
productivity was 33 g m2 and harvest index was 44% (Table 4). The crop
management was standard for our agro-ecological conditions for maize and
soybean growing. Soil fertility was considered as sufficient to achieve an ideal
yield genetic potential, thus we could estimate only the effects climate change
conditions. Net irrigation for maize and soybean is presented in Table 3. The
AquaCrop model was calibrated for maize production for year 2010, results are
and shown in Table 5. The relative deviation between the non-irrigated observed
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and simulated dry matter yields was 3%, and it was 3.9% between the irrigated
observed and simulated yields. The absolute change for net irrigation was
20.7 mm.

Table 4. Default and final parameters for the Aquacrop model calibration for maize and
soybean production
Maize
default

Description

Maize Soybean Soybean
final
default
final
(value)
(value)

Units/meaning

Base temperature

8

8

5

8

ºC

Cut-off temperature

30

30

30

30

ºC

Initial canopy cover (CCo)

0.49

0.37

1.65

2.95

%

Canopy expansion (CGC)
Maximum canopy cover
(CCx)
Canopy decline coefficient
(CDC) at senescence
Water productivity. (WP*)

16.3

23.1

1.6

9.6

% / day

96

96

98

98

%

11.7

11.7

2.9

2.9

% / day

33.7

33

16

16

48

44

40

30

as fraction of TAW (%)
common for good
conditions (%)

Reference harvest index (HIo)

Table 5. Calibration (2010) and validation of maize grain yield (dm t ha-1) for the
2010–2015 period

Year

Observed
yield
(dm t ha-1)

Non irrigated
Simulated
yield
(dm t ha-1)

Relative
deviation
(%)

Observed
yield
(dm t ha-1)

Irrigated
Simulated
yield
(dm t ha-1)

Relative
deviation
(%)

2010

7.9

7.7

-2.5

7.9

7.6

-3.9

2011

6.4

7.0

9.4

7.6

7.7

1.8

2012

6.4

5.7

-10.9

7.7

7.8

0.8

2013

7.4

6.9

-6.8

7.2

7.5

3.8

2014

10.5

7.8

-25.7

11.9

7.8

-34.2

2015

7.4

6.8

-8.1

9.3

7.8

-16.5
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The validation was done for a six-year period from 2010 to 2015, at the
same location (Table 5). The relative deviation between simulated and observed
dry matter yields was calculated for each year according to Törnvist et al. (1985)
indicating how model fits in various climate conditions under the same crop
management. The relative deviation between non-irrigated simulated and
observed yields varied from 3 to 11%, while in irrigated conditions from 0.8 to
16.5%, except in year 2014. The absolute change in net irrigation varied from
2.3 to 38.8 mm, except for 2014. The highest deviation in yield as well as the
absolute change in net irrigation (93.9 mm) occurred in 2014. In that year, the
number of rainy days was above the long-term average, with very significant
higher precipitation at the end of the growing season.
This significant difference between simulated and observed yield values is a
consequence of the model inability to simulate the plant reaction to stress in
extreme conditions, such as high variations in daily air temperature and
precipitation sum in short time intervals (Lalic et al., 2011). The second method
selected for quantitative summary of goodness-of-fit was the RMSE method
(Wallach et al., 2018). For the 5-year-long period (without the extreme weather
year, 2014), it was 0.3 dm t ha-1 under non-irrigated maize production and 0.4 dm t
ha-1 under irrigated maize production. The RMSE value was below 0.5 dm t ha-1
and showed that the model fits under our environmental conditions. The AquaCrop
model was also calibrated for soybean 0 to 1 maturity group variety for year 2011
(Table 6). The relative deviation between non-irrigated simulated and observed dry
matter yields was 1% and 3.8% in irrigated conditions. Absolute change for net
irrigation was 3.2 mm. The model was validated for the 6-year-long experiment at
the same experimental field (Table 6). The relative deviation between simulated
and observed yields varied from 0 to 9% in non-irrigated conditions and from 0.4 to
5.1% in irrigated conditions, except in year 2010, when the relative deviation was
22 and 25.2%, due to heavy precipitation. The absolute change for net irrigation
varied from 1.6 to 30 mm, except in year 2014, when the precipitation was
considerably higher than the long-term average at the end of the growing season.
The RMSE for 6-year-long period was 0.07 dm t ha-1 under non-irrigated conditions
and 0.09 dm t ha-1 under irrigated conditions, which improves the model validation
under our environmental conditions.
To estimate the climate change impact on yield, net irrigation, and WUE in
future conditions, it is necessary to keep same crop management operations and
crop parameters in model as in the period of 2010–2015. The crop parameters
and phenology stages, which were kept the same for the 1961–1990 period and
future conditions are presented in Table 7. In the model, sowing and phenology
were set at the average sowing date, emergence, maximum canopy cover, flower
appearance and maturity date (Table 7). Additionally, under irrigated conditions,
the readily available water was set to 80%, below which the soil water content in
the root zone may not drop. This irrigation method in the model, including
defined and set local soil hydrological characteristics, gave similar net irrigation
quantities to measured net irrigation from field experiments.
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Table 6. Calibration (2011) and validation of I group maturity soybean grain yield
(dm t/ha) for the 2010 to 2015 period
Non irrigated
Simulated
yield
(dm t ha-1)

Relative
deviation
(%)

Observed
yield
(dm t ha-1)

Irrigated
Simulated
yield
(dm t ha-1)

Relative
deviation
(%)

Year

Observed
yield
(dm t ha-1)

2010

2.9

3.5

22

2.8

3.5

25.2

2011

3.0

3.0

-1

3.9

3.7

-3.8

2012

2.4

2.5

5

3.7

3.7

-0.4

2013

2.9

2.9

0

3.8

3.7

-4.2

2014

3.1

3.3

7

3.5

3.7

5.1

2015

2.7

2.9

9

3.8

3.8

-1.4

Table 7. Calendar days of maize and soybean by phenological phases for crop simulations
for the 1961–1990 period and expected climate conditions
Phenological phase

Maize

Soybean

(calendar days)

(calendar days)

To emergence

9

10

Maximum canopy cover

44

73

Maximum rooting depth

85

93

Start of canopy senescence

104

104

Maturity

152

137

Start of flowering

82

56

Length building up HI

70

82

Duration of flowering

20

46

3. Results
3.1. Past and future climate conditions
In the 1961–1990 period, the observed data were analyzed: air temperature and
precipitation in the growing season AS (from April to September) and the
drought period JJA (from June to August) (Table 8). The temperature was
19.1 °C in the AS period and 20.3 ºC in the JJA period, while the precipitation
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was 290.7 mm for the growing season and 211.2 mm for JJA period (Table 8).
For future conditions, the absolute change in temperature and relative change in
precipitation was calculated for the 2041–2070 and 2071–2100 periods under
two scenarios (A1B, A2) in compare to 1961–1990 (Table 9). In future
conditions, rise in temperature in both periods under two scenarios is expected.
There was no significant difference between the two scenarios from 0.3 to
0.5 ºC. In the AS period, the expected increase in temperature for the 2041–2070
period is 2.8 ºC (A1B) and for 2071–2100 is 4.6 ºC (A2). In the JJA drought
period, the expected increase in temperature is 2.9 ºC (A1B) in 2041–2070 and
5.0 °C (A2) in 2071– 2100 (Table 9). The analyzed precipitation amount showed
a significant decrease in future conditions compared to the past climate data of
the period 1961–1990. In a comparison of the two scenarios, the A1B scenario
showed lower precipitation for future conditions, especially for the 2041–2070.
In AS period, for 2041–2070, lower precipitation by 28.2% (A1B) and 16.5%
(A2) is expected. In the 2071–2100 period, more decrease in precipitation is
expected, by 34.8% (A1B) and 33.7% (A2) in AS compared to 1961–1990.
During JJA summer months, a considerable decrease in precipitation is expected
as well. In the 2041–2070 period, the expected reduction in precipitation is
35.2% (A1B) and 25.8% (A2). Furthermore, for the 2071–2100 period, 43.55%
(A1B) and 43.4% (A2) reduction is expected compared to the 1961–1990 period
(Table 9).

Table 8. Climate conditions for the 1961–1990 period at Osijek location (t - temperature;
p - precipitation)

1961–1990

April-September

June-July-August

t (ºC)

p (mm)

t (ºC)

p (mm)

19.1

290.7

20.3

211.2

Table 9. Absolute change in temperature (°C) and relative change in precipitation (%) for
2041–2070 and 2071–2100 using ECHAM model under A1B and A2 scenarios
(t - temperature; p - precipitation)
A1B
April- September
t (°C)
2041–
2.8
2070
2071–
4.3
2100
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A2

June-July-August

April- September

June-July-August

p (%)

t (°C)

p (%)

t (°C)

p (%)

t (°C)

p (%)

-28.2

2.9

-35.2

2.3

-16.5

2.4

-25.8

-34.8

4.5

-43.5

4.6

-33.7

5.0

-43.4

3.2. Climate change impact on maize and soybean yields, net irrigation, WUE,
and IWUE
In past climate conditions (1961–1990), the simulated maize yield in nonirrigated conditions was as usual in real conditions, about 7.3 dm t ha-1, and
7.1 dm t ha-1 in irrigated conditions (Tables 10 and 11). For the same period of
time, the WUE ranged from 1.32 kg m3 in non-irrigated to 1.28 kg m3 in
irrigated conditions. As for IWUE, net irrigation (40 mm) reduced the maize
yield for 3.53 kg mm-1. According to the analyzed yield results, in future
conditions it is expected a little lower or the same yield in non-irrigated maize
production, and higher yield values when the maize is under irrigated conditions
(Tables 10 and 11). In the 2041–2070 period, in non-irrigated conditions, the
maize should have 0.4 dm t ha-1 lower (A1B) or 0.2 dm t ha-1 (A2) higher yield.
During the same period, the WUE for non-irrigated conditions for A1B scenario
is 1.14 kg m3 and 1.28 kg m3 for A2 scenario. In the further period, till 2100, it
is expected that the yield slightly decrease from 0.6% (A1B) to 0.3% (A2)
compared to the 1961–1990 period. Furthermore, the WUE for this period is
1.07 kg m3 for A1B and 1.11 kg m3 for A2 scenario (Table 10). In irrigated
conditions, maize production showed an increase in yield from 1.0 dm t ha-1 in
2041–2070 and 1.4 dm t ha-1 in 2071–2100. There were no significant
differences between the results of the two scenarios. In irrigated conditions, it is
important to mention that the net irrigation is expected to increase in both
periods. In 2041–2070, the absolute change in net irrigation was 74.8 mm (A1B)
and 38.3 mm (A2). For 2041–2070, the WUE is 1.34 kg m3 and IWUE is 11.8 kg
mm for A1B scenario while for the A2 scenario WUE is 1.37 kg m3 and IWUE is
7.64 kg m3 (Table 11). In 2071–2100, further increase in net irrigation up to
80.7 mm under A2 scenario is expected. For this period, WUE is 1.33 kg m3 for
both scenarios, while IWUE is 14.01 kg mm for A1B and 12.16 kg mm for A2
scenario. In soybean production, the crop simulations for the 1961–1990 period
showed, that soybean yield was similar to real yield produced in Croatia,
2.9 dm t ha-1 in non-irrigated conditions and 3.2 dm t ha-1 in irrigated conditions
(Tables 12 and 13). As for WUE, it ranges from 0.56 kg m3 in non-irrigated to
0.60 kg m3 in irrigated soybean production, while the IWUE was 1.9 kg mm. In
future conditions, in both periods yield increase is expected. In 2041–2070, in
non-irrigated production, the expected increase is from 0.7 (A1B) to 0.9 dm t ha-1
(A2) in soybean yield, while the larger increase is expected in the period 2071–
2100, for 0.9 dm t ha-1 under A1B scenario and 1.1 dm t ha-1 under A2 scenario.
The WUE, for the mentioned period, ranged from 0.61 to 0.68 kg m3 for A1B
and A2 scenarios for 2041–2070, and from 0.63 to 0.66 kg m3 in 2071–2100
(Table 12). The rise in soybean yield in irrigated conditions is also noticeable,
1.3 (A1B) and 1.8 dm t ha-1 (A2) in the 2041–2070 period and 1.3 (A1B) to
1.9 dm t ha-1 (A2) in the 2071–2100 period. There was no significant difference
between the scenario results. In irrigated soybean production for that period
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WUE is 0.6 kg m3, while IWUE is 1.9 kg mm (Table 13). In irrigated production,
the net irrigation was significantly higher in both periods, than in the 1961–1990
period. The absolute change in net irrigation is expected to be 82.9 (A1B) and
46.3 mm (A2) in the 2041–2070 period and 103.5 (A1B) 93.3 mm (A2) in the
2071– 2100 period. The WUE for the 2041–2070 period ranges from 0.78 to
0.80 kg m3 for A1B and A2 scenarios. Furthermore, for the 2071– 2100 period it
ranges from 0.82 to 0.85 kg m3. As for IWUE for the 2041–2070 period, it
ranges from 4.89 to 4.27 kg mm for A1B and A2 scenarios, while for the 2071–
2100 period it ranges from 5.39 to 5.56 kg mm for A1B and A2 scenarios
(Table 13).

Table 10. Average yield (dm t/ha) and water use efficiency (WUE, kg/m3) for nonirrigated maize crop in 1961–1990 and future conditions under A1B and A2 SRES
scenarios
Period

Yield
(dmt/ha)

Precipitation
(mm)

ETo
(mm)

WUE
(kg/m3)

1961–1990

7.3

313

551

1.32

A1B

6.9

220

607

1.14

A2

7.5

205

629

1.28

A1B

6.7

260

591

1.07

A2

7.0

206

637

1.11

2041–2070
2071–2100

A1B; A2 = scenarios, WUE = water use efficiency

Table 11. Average yield (dm t/ha), water use efficiency (WUE, kg/m3) and irrigation
water use efficiency (IWUE, kg/mm) for irrigated maize crop in 1961-1990 and future
conditions under A1B and A2 SRES scenarios
Yield
Net irrigation Precipitation
(dmt/ha) (mm)
(mm)
1961–1990
2041–2070
2071–2100

ETo
(mm)

WUE
(kg/m3)

7.1

40

313

554

1.28

-3.53

A1B

8.2

110

220

609

1.34

11.8

A2

8.1

75

262

594

1.37

7.64

A1B

8.4

120

205

631

1.33

14.01

A2

8.5

120

206

640

1.33

12.16

A1B; A2 = scenarios; WUE = water use efficiency; IWUE = irrigation water use efficiency
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IWUE
(kg/mm)

Table 12. Average yield (dm t ha-1) and water use efficiency (WUE, kg m3) for nonirrigated soybean crop in 1961–1990 and future conditions under A1B and A2 SRES
scenarios
Period

Yield
(dmt/ha)

Precipitation
(mm)

ETo
(mm)

WUE
(kg/m3)

1961–1990

2.9

291

524

0.56

A1B

3.6

209

580

0.61

A2

3.8

243

564

0.68

A1B

3.8

190

602

0.63

A2

4.0

193

608

0.66

2041–2070
2071–2100

A1B; A2 = scenarios, WUE = water use efficiency

Table 13. Average yield (dm t/ha) and water use efficiency (WUE, kg/m3) and irrigation
water use efficiency (IWUE, kg/mm) for irrigated soybean crop in 1961–1990 and future
conditions under A1B and A2 SRES scenarios
Yield
(t/ha)

Net irrigation Precipitatio
(mm)
n (mm)

ETo
(mm)

WUE
(kg/m3)

IWUE
(kg/mm)

3.2

110

291

524

0.60

1.90

A1B

4.5

190

209

580

0.78

4.89

A2

4.5

155

243

564

0.80

4.24

A1B

5.0

210

190

602

0.82

5.39

A2

5.1

200

193

608

0.85

5.56

1961–1990
2041–2070
2071–2100

A1B; A2 = scenarios; WUE = water use efficiency; IWUE = irrigation water use efficiency

4. Discussion
4.1. Climate and production of maize and soybean in the1961–1990 period
The climate data from the 30-year-long period of 1961–1990 were observed and
two main agro climatic indices, temperature and precipitation were analyzed.
The mean temperature was 19.1 ºC for the growing season and 20.3 ºC for the
drought sensitive period. That were optimal conditions for maize and soybean
vegetative and generative growths (Miladinović et al., 2008). The agro-climatic
index, which mostly affects crop growth in interaction with air temperature and
has direct impact on yield is precipitation. The observed precipitation for the
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growing season was 290.7 mm. In the medium season, maize and soybean 0 to 1
variety, in our moderate continental climate under gleysol conditions has a water
demand of 250–300 and 520–1000 mm for the growing season (Komljenović
and Todorović, 1998; Miladinović et al., 2008). In the drought sensitive period
(JJA), when the temperature is the highest during the season, the optimal soil
moisture is necessary for field crops. The observed precipitation in this period
was 211.2 mm. The lack or excessive amount of rainfall (2010 and 2014)
accompanied with high temperatures have negative impact on crop growth and
yield. In such years, the irrigation is necessary, as an adaptation measure. The
observed climate data for the 1961–1990 period was described as moderate
continental climate, under hypogley soil type, gave an optimal condition for
maize and soybean growth and yield.
4.2. Climate change impact on yield for the 2041–2070 and 2071–2100 periods
In future conditions, higher air temperature from 2.3 ºC in 2041–2070 and up to
4.6 ºC in 2071–2100 is expected for the growing season. The reduction in
precipitation was also noted during the growing season from 16.5 to 34.8%, and
lower values are expected during the summer months (JJA) from 25.8 to 43.5%.
Such changes in climate were also predicted for this region by Vučetić (2011) and
for Eastern Europe by CECILIA (2006). As for Eastern Europe conditions,
Rolbiecki et al. (2017) have stated that for the region of northern Poland during
the 2021–2050 period, the increase of water needs of the forest nurseries from 12
to 15% is expected. Authors have compared the mentioned period to the reference
years of 1981–2010 and stated, that the water needs of nurseries in future climate
conditions will rise in the growing period (April-September) from 427 to 489 mm
on clay and from 498 to 560 mm on sandy soil. Higher air temperatures,
accompanied with lower precipitation and lack of soil moisture mainly causes
crop yield decrease (Prasad and Staggenborg, 2008). In the paper, in nonirrigated maize production slightly lower yield is expected under the A1B
scenario and no change in yield under the A2 scenario. The yield predictions in
maize production for Eastern Europe showed yield decrease from 10 to 24% on
chernozem and cambisol soils under climate change. In irrigated maize
production in this paper, analyses showed the possible increase in yield under
climate change in both climate periods and scenarios. The higher yield is expected
due to an adequate irrigation sprinkler method with higher net irrigation of 80
mm, or as two additional irrigation treatments (40 mm) than in 1961–1990. Under
climate change, in non-irrigated soybean production rise in yield from 0.7 to
1.1 dm t ha-1 is expected, and in irrigated conditions, the expected rise is from 1.3
to 1.9 dm t ha-1. This increase in yield together with a very reasonable increase in
CO2 concentration are also expected in the Eastern Europe predictions (CECILIA,
2006). Soybean is a C3 crop with high potential in yield increase under higher
level of CO2 concertation (Southworth et al., 2002; Wittwer, 1995). The primary
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reason is that increased concentration of atmospheric CO2 will reduce
photorespiratory losses of carbon in the C3 plant, thereby enhancing plant growth
and productivity (Allen et al., 1988). It has been reported that soybean yield will
rise by 30% under the predicted 555 ppm CO2 concentration in Illinois, assuming
that soybean is well-watered and not facing nutrient stress (Southworth et al.,
2002). In irrigated conditions, a rise in net irrigation up to 100 mm to 2100 is
expected, which means that three-times more than in 1961–1990.
4.3. Climate change impact on WUE and IWUE for the 2041–2070 and
2071–2100 periods
In average, the WUE for maize crop in non-irrigated conditions was the highest
in the 1961–1990 period and has a trend to decrease in the future climate
scenarios. This is in accordance with the results of Kang et al. (2015). Authors
have stated that water use indices of maize under non-irrigated conditions will
decrease, while the evapotranspiration efficiency, crop water use efficiency, and
total water use efficiency will be larger in future conditions. In our study, the
highest WUE is in periods with the lowest precipitation amount. In scenarios and
period comparison, there are no considerable differences in the WUE value in
the study. As for IWUE, it is noticeable that irrigation reduced maize yield
during the 1961–1990 period. During the 2041–2070 period, considerably
higher IWUE is expected in the A1B scenario, the scenario with a lower amount
of precipitation, compared to the A2 scenario. In further period, there is no
considerable differences between the IWUE values. The overall WUE in nonirrigated maize production, under climate change, is expected to decrease
compared to the 1961–1990 period. On the other hand, in irrigated conditions,
under climate change, higher WUE and IWUE values are expected as well,
which is in accordance with a previous research of Kang et al. (2015). The
lowest WUE in non-irrigated soybean production is in the 1961–1990 period,
when the lowest precipitation was observed, compared to the future climate
conditions. As the precipitation is expected to decrease, especially after year
2041 and further, the WUE will be increased under both scenarios and periods.
In a comparison of two scenarios, higher WUE is noticed under the A2 scenario.
For the 2041–2070 period, the higher IWUE is in scenario A1B, with lower
rainfall amount and higher net irrigation. In future climate conditions, in both
periods and scenarios, increase in WUE and IWUE is expected. Generally,
according to the results of our study, the higher IWUE in future climate
scenarios could be a result of the yield increase. Deihimfard et al. (2018) also
claim, that besides the yield increase, in future climate conditions the improved
WUE is the result of the decreased evapotranspiration, yet in our study this is not
the case. According to the results of our study, in the future climate, the ET0
increase is noticeable as well.
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5. Conclusions
Detailed analyses of climate and model results showed that
− Possible higher air temperature up to 5 ºC, accompanied with significantly
lower precipitation up to 43.5% are expected, especially during summer
months in future conditions.
− In maize production, in non-irrigated conditions, slightly lower or no
change in yield, while in irrigated conditions higher yield up to 1.4 dm t ha-1
with 80 mm higher net irrigation, or two extra irrigation treatments per
growing season are expected.
− In non-irrigated maize production, WUE is expected to decrease while no
change in irrigated production will occure.
− The IWUE results showed very significant increase trend in the future
climate.
− In non-irrigated soybean production, higher yield up to 1.1 dm t ha-1,
while in irrigated conditions 1.9 dm t ha-1 increase in yield are expected in
the future conditions. In irrigated conditions, net irrigation is expected to
be 90 mm higher, or three extra irrigation treatments will be needed
compared to the 1961–1990 period.
− In soybean production, a slight increase in WUE under both non-irrigated
and irrigated conditions is expected.
− In irrigated conditions, the IWUE results showed very significant increase
in the future conditions.
Based on the analyses, a possible benefit for both crops is observed under
climate change in non-irrigated and irrigated conditions as well. In maize
production, the benefit is expected only under irrigated conditions, due to crop
efficiency in irrigation and very significant increase in IWUE, while the increase
in soybean yield is expected in both non-irrigated and irrigated conditions. The
simulated higher yield is due to the expected increase in the CO2 concentration
in the future climate. Soybean is a C3 plant, which is more sensitive to higher
CO2 concentrations than C4 plants (maize, sorghum, millet), which can greatly
benefit productivity. The increase in WUE, and especially IWUE, in soybean
production is due to the expected increase in yield. The analyzed yield, net
irrigation, and IWUE results showed potential prosperity in irrigated conditions
under climate change. This could classify Osijek-Baranja County as priority area
for further irrigation action plans. Some small-scale irrigation programs
introduced by the government could assist the sustainable crop production in the
study area.
Acknowledgement: The research described here was funded by the Serbian Ministry of Science and
Technology under project No. III 43007 “Research of climate changes and their impact on
environment. Monitoring of the impact, adaptation and moderation” for 2011–2018.
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Abstract⎯ Observations at power plants have shown that smoke plumes from stacks
frequently merge with vapor plumes from cooling towers. Wind speed and direction play
a key role in merging vapor and smoke plume. Mergence of stack and cooling tower
plume leads to formation of undesirable substances such as sulfuric acid aerosols, acid
mist, and acid fly ash. The present study shows that smoke and vapor plume mergence is
a common phenomenon in Mátra power plant in Hungary; however more studies must be
conducted in the future to reveal the type and number of plume mergence in the
mentioned plant. The present work also indicates that the CALPUFF and AUSTAL 2000
modeling systems cannot provide enough information with regard to vapor and smoke
plume mergence.
Key-words: smoke, vapor, wind, Mátra plant, CALPUFF, AUSTAL 2000
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1. Introduction
Cooling towers eliminate heat from condenser cooling water by evaporation and
reject this heat to the air in the form of a hot and humid plume. Cooling tower
plumes consist of water vapor saturated air and liquid water in the form of
suspended droplets. The emissions from stacks of fossil-fueled plants are primarily
sulfur oxides and nitrogen oxides in addition to the usual constituents CO2, N2, O2,
and particulates such as fly ash and trace elements. Vapor plumes from the cooling
tower of a power plant are similar in most respects to smoke plumes from the stack;
however, the size difference is very great (USEPA, 1979).
2. Discussion
The potential effects of cooling tower and stack plume mergence include
enhanced sulfate production and the ensuing production of undesirable
substances such as sulfuric acid aerosols, acid mist, and acid fly ash. These
interaction products may be generated from reactions involving sulfur dioxide
and fly ash in stack plume with water vapor or water droplets contained in
cooling tower plume. It should be pointed out that aerosols which are mentioned
above refer to the dispersion of solid or liquid particles of microscopic size in
gaseous media such as dust, smoke, or mist (Rao and Rao, 1989).
The results of smoke and vapor plume mergence could manifest itself in
three ways as follows (Knudson, 1979):
1. Mist carried to the ground (subsequent to mergence with smoke plume)
could have a lower pH due to dissolved acid sulfates.
2. Evaporation of mist (subsequent to plume mergence) could release
dissolved sulfate aerosols resulting in the enhancement of plume sulfate
levels.
3. Smoke plume sulfate levels could be enhanced due to the presence of water
(vapor and droplets) associated with cooling tower plume.
Wind speed and direction play a key role in merging cooling tower and
stack plumes. Therefore, wind rose at plant location should be used in
determining the relative location of cooling tower with respect to stack when
establishing plant arrangement and layout (USEPA, 1979).
Shalkouhi et al. (2017) reported that most of the studies with regard to
stack and cooling tower plume mergence are dated back to the 70s and 80s. For
example, Kramer et al. (1976), Knudson (1979), and Haman and Malinowski
(1989) found that stack plumes frequently merge with cooling tower plumes in
power plants.
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There are multiple methods for determination of stack and/or cooling tower
plume properties. One of these methods is uding a dispersion model like the
CALPUFF modeling system (2011). Before 2011, the CALPUFF modeling
system has been widely used for prediction of smoke plume properties only. For
example, Protonotariou et al. (2005) reported that the overall performance of
the CALPUFF modeling system was satisfactory. It must be pointed out that
model evaluation studies involve selecting appropriate metrics or diagnostics
(parameters summarizing key aspects of the behavior of a model) showing that
the model can predict the metrics with appropriate accuracy compared with
observations (Fisher et al., 2015). In 2011, U.S.EPA included the ability of
calculation of vapor plume in version 6 of the CALPUFF modeling system.
Nevertheless, the CALPUFF modeling system cannot provide enough
information about smoke and vapor plume mergence, considering the following
argument:
As can be seen in Fig. 1 Sarma (1973) classified stack and cooling tower
plume mergence into three different types. In the first type, the cooling tower
plume mixes with the stack plume. In the second type, the stack plume mixes
with the cooling tower plume. In the third type, both plumes spread more or less
in parallel and merge at some distance away from their sources. For example,
Knudson (1979) reported the first and second type, while Dittenhoefer and de
Pena (1978), Haman and Malinowski (1989), and Kramer et al. (1976) revealed
the third type (see Table 1).

Table1: Studies on different types of smoke and vapor plume mergences
Author/Authors

First type

Second type

√

Haman and Malinowski (1989)
Knudson (1979)

Third type

√

√

Dittenhoefer and Pena (1978)

√

Kramer et al. (1976)

√
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Fig.1. Different types of smoke and vapor plume mergence (Sarma, 1973).

In the first and second type, the plume height and length play an important
role in merging the two plumes; while in the third type, the plume radius plays a
key role in merging the two plumes (see Fig. 2).
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Fig. 2. Length, height, and radius of smoke and vapor plumes.

Moreover, in the CALPUFF modeling system, the momentum and
buoyancy are treated according to the plume rise equations of Briggs (Code of
Federal Regulations, 2009). These equations can be written as follows (U.S.
Materials Management Service, 1985).

303

For unstable or neutral atmospheric conditions, the downwind distance of
final plume rise is
xf = 3.5 x ∗ ,

where

(1)

5

4 −3
x ∗ = 14 F 8 , when F < 55 m s ,
2

4 −3
x ∗ = 34F 5 , when F ≥ 55 m s .

(2)

The final plume rise under these conditions is
1

(

)

2

Δh = 1.6 F 3 3.5 x ∗ 3 u −1 .

(3)

For stable atmospheric conditions, the downwind distance of final plume
rise is
−1

xf = π u s 2 ,

(4)

∂θ −1
T .
∂z

(5)

where
s=g

The plume rise is

[

]

Δh = 2.6 F / (u s ) 3 , for windy conditions,
1

1

−3

Δh = 5 F 4 s 8 , for near-calm conditions.

(6)
(7)

In the above equations, g is the gravitational acceleration (ms-2), d is the
stack inside diameter at the top (m), F is the buoyancy flax parameter
2

 d   Ts − T 
4 -3
∗
g
v


 s
 T  (m s ), x is the distance at which atmospheric turbulence
2


 s 


begins to dominate the entrainment (m), ∆h is the plume rise above the stack top
(m), x is the downwind distance from the source (m), T is the ambient air
temperature (°k), Ts is the stack gas temperature (°k), u is the mean wind speed
from the stack top to the plume top (ms-1), vs is the stack gas exit velocity (ms-1),
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∂θ/∂z is the vertical potential temperature gradient from the stack top to the
plume top (°k m-1), and s is the restoring acceleration per unit vertical
displacement for adiabatic motion in the atmosphere, a stability parameter (s-2).
The above equations do not include “smoke plume radius” as a predictor
variable. On the other hand, in the CALPUFF modeling system, the vapor plume
dimension is calculated by a processor named CTEMISS. There is no
information in the literature which equation (e.g., Hanna (1976) or the other
ones) is included in the CTEMISS. Among the vapor plume dimensions (height,
length, and radius) only the height and length are computed by this processor;
therefore, it can be stated that the CALPUFF modeling system is only valid for
the first and second types of smoke and vapor plume mergences (see Table 2).
Moreover, the radius of the plumes can also change change from time to time.

Table 2: The CALPUFF and AUSTAL 2000 modeling systems with regard to different
types of smoke and vapor plume mergences
Model/Software

First type

Second type

Third type

CALPUFF

Valid

Valid

Invalid

AUSTAL 2000

Valid

Valid

Invalid

Another method for determination of smoke and/or vapor plume properties
is using the AUSTAL 2000 (2009) modeling system. Plume rise in connection
with the discharge of exhaust by stacks is parametrically calculated according to
the VDI 3782 Standard for Gaussian plume models. Also, plume rise of exhaust
released by cooling towers is parametrically calculated according to VDI 3784
Standards for dispersions of natural-draft wet cooling emissions. There is no
information in the literature which equations are included in the mentioned
guidelines. Whereas among the smoke and vapor plume dimensions (height,
length, and radius) only the height and length of smoke and vapor plumes are
computed by the model, it can be stated that the AUSTAL 2000 is valid only for
the first and second types of plume mergences, too.
Therefore, as indicated in Table 3, in order to investigate the third type of
plume mergence, it is recommended to use other methods (e.g., satellite,
airplane, and so on) instead of the CALPUFF and AUSTAL 2000 modeling
systems. For example, Dittenhoefer and de Pena (1978) observed the third type
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of smoke and vapor plume mergences from an airplane. Also, Staylor (1978)
determined smoke plume radius from satellite imagery. Pettyjohn and Mckeon
(1976) reported that satellite imagery provides a convenient and inexpensive
means for monitoring smoke plumes.

Table 3: The ability of the CALPUFF and AUSTAL 2000 models and some other
methods with regard to smoke and vapor plume dimension
Model/Method

Plume height

Plume length

Plume radius

CALPUFF

Valid

Valid

Invalid

AUSTAL 2000

Valid

Valid

Invalid

Satellite, airplane, etc

Valid

Valid

Valid

Overall, it can be stated that to cover all types of smoke and vapor plume
mergences, plume radius as a predictor variable must be included in the
CALPUFF and/or AUSTAL 2000 modeling systems.
2.1. Study area
In this section, smoke and vapor plume mergences are investigated in a real
environment. Fig. 3 shows the first type of smoke and vapor plume mergence
pictured over the Mátra Power Plant, Hungary. As can be seen in the figure, the
wind direction of WSW (west-southwest) causes this type of plume mergence.
Fig. 4 indicates the second type of vapor and smoke plume mergence in the
mentioned plant. As shown in the figure, the wind direction of ENE (eastnortheast) causes this type of plume mergence. It must be stated that other wind
directions can cause the third type of plume mergence the Mátra plant.
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Fig.3. First type of plume mergence in the Mátra Power Plant, Hungary.

Fig. 4. Second type of plume mergence in the Mátra Power Plant, Hungary.
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In addition to wind speed and direction, a little distance between the stack
and cooling towers in the Mátra plant plays an important role in merging smoke
and vapor plumes. This distance is only about 370 meters (see Fig. 4). In
contrast, Knudson᾽s (1979) results revealed that smoke and vapor plume
mergence is a common phenomenon in a power plant in U.S.A., where the
distance between stacks and cooling towers was about 1000 meters.
According to Fig. 5, the distance between the Mátra plant and the
surrounding cities varies from 3–15 kilometers. Whereas up to 50 kilometers
from emission sources is considered as near field in air pollution, the first type
of plume mergence can affect Visonta city, the second type of plume mergence
can affect Vécs city, and the third type of plume mergence can affect the other
cities.
Therefore, for investigating the number of the first and second types of
plume mergences in the Mátra plant in the future, it is recommended to use the
CALPUFF and/or AUSTAL 2000 modeling systems. Also, for investigating the
third type of plume mergences in the mentioned plant in the future, it is
recommended to use satellite, airplane, etc observations.

Fig.5. The Mátra Power Plant and the surrounding cities.

308

3. Conclusions
The results of the present study showed that smoke and vapor plume mergence
is a common phenomenon in the Mátra Power Plant in Hungary; however, more
studies must be conducted in the future to reveal the type and number of plume
mergences in the mentioned plant. The results also showed that the CALPUFF
and AUSTAL 2000 modeling systems cannot provide enough information with
regard to vapor and smoke plume mergences.
References
AUSTAL 2000. 2009: Version 2.4, Federal Environmental Agency (UBA), Berlin.
CALPUFF modeling system. 2011: Version 6, U.S. Environmental Protection Agency.
Code of Federal Regulations. 2009: Protection of Environment. U.S. General Services Administration,
National Archives and Records Service, Office of the Federal Register.
Dittenhoefer, A. C. and de Pena, R.G., 1978: A study of production and growth of sulfate particles in
plumes from a coal-fired power plant. Atmos. Environ. 12, 297–306.
https://doi.org/10.1016/B978-0-08-022932-4.50033-1
Fisher, B.E.A., Chemel, C., Sokhi, R.S., Francis, X.V., Vincent, K. J., Dore, A.J., Griffiths, S., Sutton,
P., and Wright, R.D., 2015: Regional air quality models and the regulation of atmospheric
emissions. Időjárás 119, 355–378.
Haman, K.E., Malinowski, S.P., 1989: Observations of cooling tower and stack plumes and their
comparison with plume model “ALINA”’. Atmos. Environ. 23, 1223–1234.
https://doi.org/10.1016/0004-6981(89)90149-2
Hanna, S.R., 1976: Predicted and observed cooling tower plume rise and visible plume Length at the
John E. Amos power plant. Atmos. Environ. 10, 1043–1052.
https://doi.org/10.1016/0004-6981(76)90112-8
Knudson, D.A., 1979: Cooling Tower and Steam Plant Plume Mergence at the Watts Bar Site.
Tennessee Valley Authority, Air quality Branch, TVA/AQB-I79/13, 49 pp.
Kramer, M.L., Smith, M.E., Butler, M.J., and Seymour, D.E., 1976: Cooling towers and the
environment. J. Air Pollut. Cont. Assoc. 26, 582–584.
https://doi.org/10.1080/00022470.1976.10470287
Pettyjohn, W.A. and Mckeon, J.B., 1976: Proceedings of the first international symposium on acid
precipitation and the forest ecosystem; Gen. Tech. Rep. NE-23. Upper Darby, PA: U.S.
Department of Agriculture, Forest Service, Northeastern Forest Experiment Station, 337–347.
Protonotariou, A., Bossioli, E., Athanasopoulou, E., Dandou, A., Tombrou, M., Flocas, H., Helmis, C.,
and Assimakopoulos, V., 2005: Evaluation of CALPUFF modeling system performance: an
application over the Greater Athens Area, Greece. Int. J. Environ. Pollut. 24, 22–35.
https://doi.org/10.1504/IJEP.2005.007382
Rao, M.N. and Rao, H.V.N., 1989: Air pollution. Tata McGraw-Hill Education, New Delhi.
Sarma, K.R.H., 1973: A Method of Calculation of Ground Level Concentration of Particulates due to
Interaction of Cooling Tower Plumes with Stack Plumes of Large Power Plants. Paper presented
at the Environmental and Geophysical Heat Transfer Conference, ASME HTD, Vol.4, 26–30.
Shalkouhi, P.J., Atabi, F., Moattar, F., and Yousefi, H., 2017: Smoke and vapor plume mergence.
Croatian Meteorol. J. 52, 51–57.
Staylor, W.F., 1978: Determination of stack plume properties from satellite imagery. J. Spacecraft
Rockets 15, 92–99. https://doi.org/10.2514/3.57291
U.S. Materials Management Service. 1985: Union Oil Project/Exxon Project Shamrock and Central
Santa Maria Basin Area Study: Environmental Impact Statement, Volume 2.
USEPA (U.S. Environmental Protection Agency). 1979: Nonwater Quality Impacts of Closed-Cycle
Cooling Systems and the Interaction of Stack Gas and Cooling Tower Plume. EPA-600/7-79090, 215 pp.

309

INSTRUCTIONS
INSTRUCTIONSTO
TOAUTHORS
AUTHORSOF
OFID�JÁRÁS
IDŐJÁRÁS
The
purpose
ofofthe
the
journal
publish
The
Thepurpose
purposeof
thejournal
journalisis
istoto
topublish
publish
papers
ininany
any
field
meteorology
and
papers
papersin
anyfield
fieldofof
ofmeteorology
meteorologyand
and
atmosphere
related
scientific
areas.
These
atmosphere
related
scientific
areas.
These
atmosphere related scientific areas. These
may
bebe
may
maybe
• • research
papers
results
of
research
onon
new
results
of sci-of
• researchpapers
papers
on new
new
results
scientific
investigations,
entific
investigations,
scientific investigations,
• • critical
articles
summarizing
the
critical
review
articles
summarizing
• criticalreview
review
articles
summarizing
current
state
of
art
of
a
certain
topic,
the
current
state
of
art
of
a
certain
the current state of art of a certain
• short
topic,
topic,contributions dealing with a
question. dealing
• particular
short
with awith
par- a
• shortcontributions
contributions
dealing
Some
issues
contain
ticular
question.
particular
question.“News” and “Book
review”,
therefore,
such
contributions
are
Some
contain
“News”
and
Someissues
issues
contain
“News”
and“Book
“Book
also
welcome.
The such
papers
must be are
in
review”,
therefore,
such
contributions
review”,
therefore,
contributions
American
English
and
should
be
checked
are
also
welcome.
The
papers
must
be
in
also welcome. The papers must be in
byAmerican
a nativeEnglish
speaker
ifand
necessary.
American
should
Englishand
shouldbebechecked
checked
are
requested
to send their
bybyaAuthors
native
speaker
if
necessary.
a native speaker if necessary.
manuscripts
torequested
Authors
Authorsareare
requestedtotosend
sendtheir
theirmanumanu-

scripts
scriptstoto

Editor-in Chief of IDėJÁRÁS
P.O.
BoxChief
38,
H-1525
Budapest, Hungary
Editor-in
ofof
IDŐJÁRÁS
Editor-in
Chief
IDŐJÁRÁS
E-mail:
journal.idojaras@met.hu
P.O.
Box
38,
H-1525
Budapest,
Hungary
P.O.
Box
38,
H-1525
Budapest,
Hungary
E-mail:
journal.idojaras@met.hu
E-mail:
journal.idojaras@met.hu
including all illustrations. MS Word format
is
preferred in electronic
submission.
including
includingallallillustrations.
illustrations.MS
MSWord
WordforforPapers
will theninbeelectronic
reviewedsubmission.
normally by
mat
is
preferred
mat is preferred in electronic submission.
two independent
referees,
remain
Papers
reviewedwho
normally
Paperswill
will then
then be
be reviewed
normally
by
unidentified
for the author(s).
The
Editorby
two
independent
referees,
who
retwo independent referees, who remain
in-Chief
will inform
the
whether
main
unidentified
forauthor(s).
theauthor(s)
author(s).
The
unidentified
for the
The Editoror
not
the
paper
is
acceptable
for
Editor-in-Chief
will inform
the author(s)
in-Chief will inform
the author(s)
whether
publication,
andthe
what
modifications,
iffor
any,
whether
or
not
paper
is
acceptable
or not the paper is acceptable for
are necessary.and what modifications, if
publication,
publication, and what modifications, if
Please,
follow the order given below
any,
any,are
arenecessary.
necessary.
when
typing
manuscripts.
Please,
below
when
Please,follow
followthetheorder
ordergiven
given
below
when
Titlemanuscripts.
page: should consist of the title,
typing
typing manuscripts.
the
name(s) should
of the consist
author(s),
their
Title
Title page:
page should consist
of of
the the
title,
affiliation(s)
including
full
postal and
etitle,
the
name(s)
of
the
author(s),
their
the name(s) of the author(s), their
mail address(es).
In case of more
thanand
one
affiliation(s)
postal
affiliation(s) including
including full
full postal
and eauthor, address(es).
the corresponding
must
be
e-mail
caseofauthor
ofmore
more
than
mail address(es). InIncase
than
one
identified.
one
author,
correspondingauthor
authormust
mustbe
author,
thethecorresponding
Abstract: should contain the purpose,
beidentified.
identified.
the
applied should
data
and
methods
aspurpose,
well asthethe
Abstract:
contain
thethe
purpose,
Abstract:
should
contain
the
basic
conclusion(s)
of
the
paper.
applied
data
and
methods
as
well
applied data and methods as wellasasthethe
Key-words:
mustofof
be
included
basic
conclusion(s)
the
paper.
basic
conclusion(s)
the
paper. (from 5 to
10)
to
help
to
classify
the
topic.
Key-words:
Key-words:must
mustbebeincluded
included(from
(from55 to
to
Text:
has
be typed
in
single spacing
10)
totohelp
tototo
classify
the
10)
help
classify
thetopic.
topic.
onText:
an
A4
size
using
pt Times
New
has
totopaper
be
in 14
single
spacing
Text:
has
be typed
in
single
spacing
on
Roman
font
ifpaper
possible.
Use
are
on
size
paper
using
14
pt units
Times
ananA4A4
size
using
14 of
pt S.I.
Times
New
expected,
andfont
thepossible.
usepossible.
of negative
exponent
New
Roman
if
of S.I.
Roman
font
if
Use Use
of S.I.
is
preferred
to
fractional
sign.

Mathematical
formulae
are
expected
to be
units
are
and
use
ofof
negative
units
areexpected,
expected,
andthethe
use
negative
as simpleis as
possible
and
numbered
insign.
exponent
exponent
ispreferred
preferredto
tofractional
fractionalsign.
parentheses atformulae
the right are
margin.
Mathematical
expected totobe
Mathematical
formulae
are
expected
All
publications
cited
innumbered
the
text should
beasassimple
simple
as possible
and
inin
as
possible
and
numbered
be
presented
in
the
list
of
parentheses
at
the
right
margin.
parentheses at the right margin. references,
arranged
in alphabetical
order.
For an
All
cited
text
Allpublications
publications
citedininthethe
textshould
should
article:
name(s)
author(s)
Italics, year,
bebe
presented
ininof
thethe
listlistofofin
references,
presented
references,
title of in
article,
name oforder.
journal,
volume,
arranged
anan
arranged
inalphabetical
alphabetical
order.For
For
number
(the latter
two
in Italics)
and
pages.
article:
name(s)
of author(s)
author(s)
Italics,
article:
name(s)
of
in in
Italics,
year,
E.g.,title
K.K.,
A
on the
year,
of article,
name
of note
journal,
title
ofNathan,
article,
name 1986:
of journal,
volume,
relationship
volume,
number
(the latter
two
in Italics)
number
(the between
latter
twophoto-synthetically
in Italics)
and
active
radiation
and K.K.,
cloudK.K.,
amount.
IdĘjárás
and
pages.
E.g.,
Nathan,
1986:
Aon
pages.
E.g.,
Nathan,
1986:
A note
90, on
10-13.
For
a book: name(s)
author(s),
note
the
relationship
betweenofphotothe
relationship
between
photoyear,
title
of
the
book
(all
in
Italics
except
synthetically
active
radiation
and
synthetically active radiation andcloud
cloud
the year),
publisher
and
amount.
Időjárás
90,
For
amount.
Időjárás
90,10-13.
10–13.
Fora place
abook:
book:of
publication.
E.g., year,
Junge,
C.E.,
1963:
Air
name(s)
ofof
author(s),
ofof
thethe
book
name(s)
author(s),
year,title
title
book
Chemistry
and
Radioactivity.
Academic
(all
in
Italics
except
the
year),
publisher
(all in Italics except the year), publisher
Press,
New
York
and London.
Reference
and
place
ofof
publication.
E.g.,
Junge,
C.E.,
and
place
publication.
E.g.,
Junge,
C.E.,in
the
text
should
contain
the
name(s)
of the
1963:
Air
Chemistry
and
Radioactivity.
1963: Air Chemistry and Radioactivity.
author(s)Press,
inPress,
Italics
and
yearand
of
publication.
Academic
New
York
Academic
New
York
andLondon.
London.
E.g., in inthe
case
of
one contain
author:
Miller
Reference
text
should
Reference
inthethe
text
should
containthe
the
(1989);ofin
the
case of intwo
authors:
Gamov
name(s)
author(s)
Italics
and
year
name(s)
ofthethe
author(s)
in
Italics
and
year
and
ClevelandE.g.,
(1973);
there
more
ofof
publication.
thetheifcase
publication.
E.g.,ininand
caseofare
ofone
one
than two
authors:
Smith
etthe
al.
(1990).
If
the
author:
Miller
(1989);
ininthe
case
ofoftwo
author:
Miller
(1989);
case
two
name
of
the
author
cannot
be
fitted
into
the
authors:
Gamov
and
Cleveland
(1973);
and
authors: Gamov and Cleveland (1973); and
text:
(Miller,
1989);
etc.
When
referring
if if
there
are
more
than
two
authors:
Smith
et et
there
are
more
than
two
authors:
Smith
papers
published
inofthe
same
year
by the
al.al.
(1990).
If If
thethe
name
thethe
author
cannot
(1990).
name
of
author
cannot
same
author,
letters
a,
b,
c,
etc.
bebe
fitted
into
the
text:
(Miller,
1989);
etc.
fitted into the text: (Miller, 1989);should
etc.
follow
the yearpapers
ofpapers
publication.
When
referring
published
When
referring
publishedininthethe
Tables
should
be
marked
by
same
year
byby
the
same
author,
letters
a, a,
b,Arabic
c, c,
same
year
the
same
author,
letters
b,
numbers
and
printed
inyear
separate
sheets with
etc.
should
follow
thethe
year
of of
publication.
etc.
should
follow
publication.
their numbers
numbers
andreferences
legends bygiven
below
Tables
should of
be
marked
Arabic
DOI
should
be
them. and
Avoid
too inlengthy
complicated
numbers
separateorsheets
with
provided
if printed
applicable.
tables,
or tables
results
given
in
their
numbers
andduplicating
legends
given
below
Tables
should
be marked
by
Arabic
otherAvoid
form
in
thelengthy
manuscript
(e.g.,sheets
graphs).
them.
too
or complicated
numbers
and
printed
in separate
with
tables,
ornumbers
tablesshould
duplicating
results
given in
be marked
with
theirFigures
and also
legends
given
below
other
form
in thetoo
manuscript
(e.g.,
Arabic
numbers
and
printed
black and
them.
Avoid
lengthy
or ingraphs).
complicated
Figures
also be
marked
with
white or
color
special
arrangement)
tables,
orshould
tables(under
duplicating
results
given in
Arabic
numbers
and
printed
in
black
and and
in
separate
sheets
with
their
numbers
other form in the manuscript (e.g., graphs).
white
or color
(under
special
arrangement)
captions
given
below
JPG,with
TIF,Arabic
GIF,
Figures
should
also
bethem.
marked
innumbers
separate
sheets
with
their
numbers
and
BMP
or and
PNG
formats
should
be
used
printed in black and whitefor
or
captions
given
belowsubmission.
them.
JPG, TIF,
electronic
artwork
color
(under
special
arrangement)
in GIF,
separate
BMP
or PNG
should
beand
used
for
Reprints:
authorsnumbers
receive
30 captions
reprints
sheets
with formats
their
electronic
artwork
submission.
free ofbelow
charge.
Additional
reprints
may be
given
them.
JPG, TIF,
GIF, BMP
or
ordered
at the
authors’
expense
when
PNG
formats
should
be
used
for
electronic
More
information
authorstois available:
sending
back theforproofs
the Editorial
artwork
submission.
journal.idojaras@met.hu
Office.
More information for authors is available:
More information for authors is
journal.idojaras@met.hu
available: journal.idojaras@met.hu

Published by the Hungarian Meteorological Service
Budapest, Hungary

ISSN 0324-6329 (Print)
ISSN 2677-187X (Online)

