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Abstract⎯ The regional response over Southeast (SE) Europe to the climate warming in
global and continental scales has been confirmed to have essential impact on the
agriculture and forestry since the middle of twentieth century. Normal variations in
weather throughout a growing season cause variations in harvest and, generally, the
impact could be large in terms of production amounts and economic returns. Agriculture
is sensitive to the changes in weather and climate, and the occurrence of extreme events
threaten the agricultural systems. Forests are particularly sensitive to climate change,
because the long life-span of trees does not allow for rapid adaptation to environmental
changes. This study provides an overview of the spatial patterns and the long-term
temporal evolution of the following agrometeorological indices: growing season length,
accumulated active temperatures and biologically effective degree days. Hence the focus
is on the Growing season length, its start and end dates are analyzed separately. All
indices are computed from the daily mean temperatures which, in turn, are derived from
the output of the MESCAN-SURFEX system analysis of the collaborative initiative
UERRA. The geographical domain of interest is Southeast Europe, and the assessment is
performed at a very high spatial resolution on annual basis for the period 1961–2018. We
find strong evidences of essential increase in the considered indices which dominates
spatially over the low-elevated areas of the domain and is statistically significant at 5%
level. Key message is also the revealed asymmetry of the increase in the most relevant
index, the growing season length: its total lengthening is linked more to the shifting to
earlier date of the start, rather than to its later cessation.
Key-words: UERRA MESCAN-SURFEX, daily mean temperature, agrometeorological
indices, Southeast Europe, regional warming
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1. Introduction
According to the high-level synthesis report of the United Nations, titled ’United
In Science’ (https://public.wmo.int/en/resources/unitedinscience), the climate
change is the defining challenge of our time. The globally averaged surface
temperature of the Earth increased 0.85 °C over the 1880 to 2012 period
(Janković et al., 2019). The climate change will exert influence on the
ecosystems, on all branches of the international economy, and on the quality of
life. That is why an operation plan for adaptation to climate changes has to be
based on scientifically well-grounded assessments, giving an account of regional
features in the climate changes and their consequences.
Food security is a fundamental precondition for human well-being, and the
agricultural and food sector is of major economic importance. Agriculture is
arguably the sector most dependent on climate. Crops and livestock are directly
impacted by adverse local weather and climate. Indirectly, food production is
affected by climate-driven fluctuations in water resources as well as in the
processing, transport, and storage of agricultural products.
Associated with climate change there are several factors affecting forest
ecosystems, which can act independently or in combination. As evidenced in
many recent publications, the changes in climate have direct and indirect impact
on biotic (frequency and consequences of pest and disease outbreaks) and
abiotic (changes in occurrence and intensity of severe weather episodes)
disturbances with strong implications for forest ecosystems. The comprehensive
study of Lindner et al. (2010) compiles and summarizes the existing knowledge
about observed and projected impacts of climate change on forests in Europe.
Key message in this study is that the negative impacts of the climate change are
very likely to outweigh positive trends (connected mainly with the increasing
atmospheric CO2 concentration and higher temperatures) in the southern and
eastern parts of Europe. The impact of the climate change on the population of
widespread conifer species with high economic and ecological value like silver
fir and Norway spruce is considered in the local studies for Romania (Mihai G,
et al., 2018, 2020). The studies outline the high adaptive genetic variation of the
Norway spruce in Southeast (SE) Europe and the resilience of the silver fir to
climate change in the region.
Temperature is one of the major environment factors affecting the growth,
development, and yields of crops, especially the rate of development. On one
hand, crops have basic requirement for temperature to complete a specific
phenophase or the whole life cycle. On the other hand, extremely high and low
temperatures can have detrimental effects on crop growth, development, and
yield, particularly at critical phenophases such as anthesis Luo (2011).
The study of near past climate provides an essential baseline, from which
changes in the contemporary and future climate can be understood and
contextualized. Past and future climate norms, documenting of climate change
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are required to support transformational decisions, such as breeding new crop
varieties, investments in irrigation, or relocation of production areas.
The global warming effects and the associated regional climatic changes
over Central and Southeast (SE) Europe have been widely documented in the
last decades based on in situ measurements (Alexandrov et al.,2004; Bartholy
and Pongrácz, 2006; Pongrácz et al., 2009a, 2009b; Croitoru et al., 2012),
assimilated surface observations (Birsan et al., 2014; Chervenkov and Slavov,
2019a; Cheval et al., 2014; Lakatos et al., 2013a, 2013b), reanalyses (Malcheva
et al., 2016; Spinoni et al., 2015), global (Sillmann et al., 2013), Chervenkov and
Slavov (2020a)) and regional climate models (Belda et al., 2015; Gadzhev et al.,
2018; Pieczka et al., 2019; Spiridonov and Valcheva, 2019). Most of these
studies are focused on the second half of the 20th and the first decade of the 21st
century, clearly evidencing that, similarly to the global and continental trends,
the regional temperature got warmer during the period. Investigations of the
changes in annual variation patterns under current climatic conditions across SE
Europe aim to increase the current knowledge of recent climate changes in this
region, and also to provide the baseline for the foregoing assessments of
possible responses of the regional climate to global warming (Birsan et al.,
2014).
Main aim of the present study is to analyze the spatial patterns and the
temporal evolution of the near past and present thermal conditions over SE
Europe from agrometeorological (AM) point of view using up-to-date data
sources. These conditions are quantified by a set of AM indices with focus on
the growing season length (GSL) index computed on annual basis from the daily
mean temperatures. The daily mean temperatures are, in turn, derived from the
output of the MESCAN-SURFEX model in the frames of the UERRA project
(Unden, 2018) for the full 58-year-long time span of the data set (1961–2018)
and in very high grid spacing of 0.05°×0.05°.
The article is structured as follows. The used data and the considered
indices are described in Section 1. The core of the article is Section 2, containing
3 subsections and performed calculations and obtained results. The concluding
remarks are in Section 3.
2. Data and methods
2.1. Concise remarks on UERRA and MESCAN-SURFEX
The objective of the project-driven collaborative initiative UERRA
(Uncertainties in Ensembles of Regional Reanalyses (RRA); www.uerra.eu ) is
to produce ensembles of European RRA of essential climate variables for
several decades and to estimate the associated uncertainties in the data sets
(Ridal et al., 2018; Unden, 2018). It also includes recovery of historical (last
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century) data and creation of user friendly data services. Within UERRA, three
different numerical weather prediction (NWP) models have been employed to
generate European RRA and subsequent surface reanalysis products.
The MESCAN-SURFEX system analysis uses the 2D-analysis system
MESCAN (Soci et al., 2016) and the land surface platform SURFEX (Bazile et
al., 2017) to generate a coherent surface and soil analysis. The UERRA-NWP
HARMONIE-ALADIN at 11 km grid spacing is used as a starting point to
further downscaling. Besides the other parameters, MESCAN-SURFEX
produces air temperature at 2 m above the surface in 6-hour temporal resolution,
i.e., at 00, 06, 12, and 18 UTC for the period 1961–2018. Based on the
availability of this data, the daily minimum, mean, and maximum temperatures,
noted henceforth tm, tg, and tx correspondingly, are derived in a regular
0.05°×0.05° grid and validated against independent data sets (Chervenkov and
Slavov, 2021).
2.2. Agrometeorological indices
This study exploits part of the results of the work of Chervenkov and Slavov
(2020b), namely the MESCAN-SURFEX derived data for the daily mean
temperature, tg.
Identification of the effects of mean temperature on crop production under
various field/controlled environmental conditions can be used to improve crop
models for accurate representation of the impacts of temperature change on crop
production at regional level. The impacts of tg on crop production could be
quantified by various AM indices (Seemann et al., 1979). Similar to other
sector-oriented indicators which have no internationally agreed definitions, the
computation of the most of the AM indicators can be performed in different
ways, depending on the available data, region of interest, nature and scope of the
study (Harding et al., 2015). A certain exception is the GSL, which is
standardized in frames of collaborative initiatives like STARDEX, European
Climate Assessment & Dataset (ECA&D) project (van Engelen et al., 2008),
and Expert Team on Climate Change Detection and Indices (ETCCDI, Zhang et
al., 2011). According to the unified definition, the GSL is the annual count
between the first span of at least 6 days with tg > 5 °C and first span after July 1
(in Northern Hemisphere) of at least 6 days with tg > 5 °C. The units of
measurement of the GSL are, obviously, days.
It must be emphasized that in some parts of the considered domain, mainly
along the coastline of southern Greece, Italy, and Asia Minor, the daily mean
temperature is over 5 °C practically over the whole year. Thus the GSL, at least
with this threshold temperature, could not be defined in the current way.
In the last decades, significant research has been done in many countries on
temperatures critical to plants, and this, along with the aggregate evaluation of
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thermal resources, made a substantially more accurate determination of climatic
heat provision to crops possible (Luo, 2011).
The total active air temperature or accumulated active temperature (AAT)
index is commonly used AM index mostly for heat assurance characteristics
during the growth of some cultivars for example winter wheat (Seemann et al.,
1979). AAT is calculated as
i= DOYC

AAT =

 max (tg(i) − tb,0 ),

(1)

i= DOYB

where DOYB is the day of year (DOY) at the start, and DOYC is the day of year
at the end (cessation) of the growing seasons. The threshold temperature, tb, is
5 °C for the cold-tolerant and 10 °C for the thermophile species (Lakatos et al.,
2013b); we use the lower one in the current study. AAT is calculated in units
called degree-days, °D (see Janković et al., 2019).
The degree-day method, which expresses numerically the relationship of
plant development and growth to atmospheric temperature, was developed in the
United States in the first half of the twentieth century. In the degree-day method,
the mean diurnal air temperatures above the minimum plant heat requirements
are totaled (in essence, this is analogous to the total active temperature method).
This method was used in connection with the determination of crop maturation
times (Seemann et al., 1979).
The biologically effective degree days (BEDD) index has been specifically
targeted to describe grape growth (Gladstones, 1992). The BEDD index is based
on a growing degree days measure and is calculated by:
i= 30.09

BEDD=

∑

i= 01.04

min (max ( tgi − th ,0) ,tl ),

(2)

where th=10 °C and tl=9 °C are the upper and lower threshold temperatures
correspondingly. Similarly to the AAT, the unit of BEDD is °D.
Total active and effective temperatures, subsequently the values of AAT
and BEDD, as well as ranges for GSL have been established for many crops.
These methods of expressing crop heat requirements are widely used for
agricultural climate evaluation in the former Soviet Union, Bulgaria, Poland,
Romania, and a number of other countries (Seemann et al., 1979), which
motivates their selection in the present study.
These indices could be regarded not at least and beyond their AM scope as
proxies of the cumulative thermal conditions during the warm period of the year.
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3. Calculations and results
3.1. Verification of the GSL
The presented definitions on the one hand and the presence of data for the daily
mean temperatures on the other give the opportunity for straightforward
computation of the considered indices. They are computed with purpose-build
procedures by the authors for the whole 58-year-long time span of the input data.
First, the obtained results for the GSL are verified against independent data.
The database ClimData (Chervenkov et al., 2019; Chervenkov and Slavov,
2019a, available for free at https://repo.vi-seem.eu/handle/21.15102/VISEEM343.) contains the full set of STARDEX and ETCCDII climate indices (Cis)
derived from CARPATCLIM and E-OBS daily temperature and precipitation
data. It is intended to serve as convenient and versatile single-point access
resource for any user interested in the CIs-based regional climatology. The GSL
in the STARDEX CIs-collection is calculated with the original input data for the
daily mean temperature and not with approximation using the arithmetic average
from the tn and tx as in the ETCCDII-collection. Thus, it is reasonable to expect
that it represents better this agrometeorological index. The GSL from
STARDEX, based on CARPATCLIM data is compared to the one computed in
this study as shown in Fig. 1.

Fig. 1. Upper pane: multiyear means of the GSL (unit: days) for the periods [1961, 1970],
[1971, 1980], [1981, 1990], [1991, 2000], and [2001, 2010] in the first, second, third,
fourth, and fifth column, correspondingly, from STARDEX/CARPATCLIM (first row)
and from UERRA MESCAN-SURFEX derived tg (second row). Lower pane: time series
of the area-weighted averages (AA) of the GSL over the CARPATCLIM-domain from
STARDEX/CARPATCLIM (red line) and from UERRA MESCAN-SURFEX derived tg
(blue line). Fat lines are the running 3-year means.
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Besides the different graphical appearance of the both sets caused by the
different grid spacing (0.1°×0.1° for STARDEX/CARPATCLIM and
0.05°×0.05° in current case), it is most obvious in the superimposition of the
spatial patterns, that the GSL is generally underestimated in the present study
compared with STARDEX/CARPATCLIM. The evolution of the AAs from
both sets is coherent in time with almost constant positive shift of an 15 days of
STARDEX/CARPATCLIM calculations in the present study. This fact is a
direct consequence of the underestimation of the daily mean temperatures
compared to the CARPATCLIM-output (Chervenkov and Slavov, 2020b). As
emphasized in Chervenkov and Slavov (2020b), a part of this bias could be
attributed to the principally different origin and nature of the considered data
sets, which makes it practically unavoidable.
3.2. Long-term inter-annual changes
The GSL is certainly the most recognizable AM index and subject of many
studies, considering the regional climate (Bartholy and Pongrácz, 2006; Birsan
and Dumitrescu, 2014; Chervenkov and Slavov, 2019a). Most of them
investigate the GSL solely, whereas little attention is paid on the start date
(DOYB) of the vegetation period as well as to its end (cessation) date, DOYC.
Part of the problem lies in the fact that the most standardized software tools for
computation of CIs, like RclimDex of ETCCDI, output GSL only and not
DOYB/DOYC. In some recent papers, like the study by Szyga-Pluta and
Tomczyk (2019), the anomalies are analyzed in the length of the growing season
in Poland in the period 1966–2015. The authors reveal statistically significant
increase of the GSL on the east coast as well as in the central and southern parts
of the country. The changes of the start date over the Carpathian Region in the
period 1961–2010 are considered also in Lakatos et al. (2013b) evidencing
significant shifting to earlier date. Experimenting with different approaches for
calculation of DOYB and DOYC, Mesterházy et al. (2018) reveal that that the
GSL in Hungary becomes significantly longer during the 21st century.
The present study is focusing on the GSL. Hence our main aim is not only
to assess the impact of the climate change on the GSL but also to find seasonal
shift in the vegetation period, DOYB and DOYC are analyzed together with GSL
simultaneously.
First, in order to reveal long-term interannual changes for the considered
indices, the spatial patterns of the multiyear means for the first 30-year-long
period 1961–1990 are superimposed to the multiyear means for the second 30year-longperiod, 1989–2018 as shown in Fig. 2.
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Fig. 2. Multiyear means of DOYB, DOYC, GSL, AAT, and BEDD in in the first, second,
third, fourth, and fifth column, correspondingly, for 1961–1990 (first row) and 1989–
2018 (second row). The unit of the GSL are days; AAT and BEDD are presented
in1000°D unit.

The spatial patterns of the considered variables are generally consistent in
the both time spans. The vertical gradients, especially along the main Carpathian
ridge (MCR) are better expressed than the gradients in the latitude. As expected,
the analysis shows increase of all variables, except the DOYB which
demonstrates opposite tendency.
The interannual shift of the vegetation period could be quantified simply by
the middle day of the growing season, DOYM = (DOYB+DOYC)/2, which is
independent from the GSL itself. If the DOYM is shifted to an earlier date,
independently from the absolute change of the GSL, the vegetation period begins
earlier (negative shift); the opposite case, when the detected shift of the DOYM
moves towards later dates (positive shift), means later occurrence of the
vegetation period.
The logical next step is to assess the absolute difference between the
multiyear means of both time spans as well as the relative change in respect to
the earlier period. Both of these quantities, which are shown in Fig. 3, could be
regarded as measures of the climate change impact on the considered variables.
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Fig. 3. First row: absolute difference between the multiyear means for 1989-2018 and
1961-1990 for DOYB, DOYM, DOYC, GSL, AAT and BEDD in in the first, second, third,
fourth, fifth and sixth column, correspondingly. The units are as in Fig. 2. Second row:
relative changes (in %) in the same order.

The most obvious result from the analysis of Fig. 3 is the substantial
increase of DOYC, GSL, AAT, and BEDD over the entire area. The DOYC is
shifted towards later dates up to a week, and the GSL is sifted latermore than
two weeks over the bigger part of the domain. The increase of the AAT, and
especially BEDD, is spatially more heterogeneous than the increase for the other
variables. The vertical gradient of the detected changes is most clearly expressed
in relative terms for the BEDD. It is worth noting, however, that the latter index
has limited applicability in high-elevated areas.
The negative shift of the DOYB also appears clearly. It is spatially
dominating except a few grid cells mostly along the coast lines of Greece and
Turkey. In these grid cells, as emphasized before, the vegetation period begins
in the first days of the year and small (less than a day) differences results in big
relative changes. The decrease of the DOYB over the flat parts of the domain is
generally in the interval of -21 to -9 days which, in absolute terms, is more than
the increase of the DOYC over the same places. As a result, the DOYM, i.e., the
whole vegetation period, is shifted to earlier dates with generally 2 to 10 days.
The relative share of the negative shift of the DOYB in the total increase of
the multiyear mean of the GSL for 1989–2018 relative to 1961–1990 as well as
the temporal evolution of the area-weighted over land averages of DOYB,
DOYM, DOYC, GSL are shown in Fig. 4.
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Fig. 4. Left pane: relative share (in %) of the negative shift of the DOYB in the total
increase of the GSL. Right pane: temporal evolution of the DOYB ((blue line), DOYC (red
line), DOYM (green line, left ordinate) and GSL (black line, right ordinate, units: days).
Fat lines are the running 3-year means.

In agreement with the results from the analysis of Fig. 3, the left pane of
Fig. 4 shows that the total increase of the multiyear mean of the GSL for 1989–
2018 relative to 1961–1990 is caused over the flat parts of the domain by more than
70% from the negative shift of the DOYB. The vertical gradients are clearly
distinguishable: over the mountains this share is significantly smaller, suggesting
that in these regions the negative shift of the DOYB has equal, even smaller
contribution than that of the positive DOYC-shift in the total increase of the GSL.
The evolution of DOYB, DOYC, and especially of GSL, as well as in
smaller degree of DOYM shows fairly clear tendencies, despite of some colder
episodes as, for example, 1965. These episodes are distinguishable also in the
lower pane of Fig. 1. The GSL demonstrates significant oscillations from year to
year. The uprising tendency, however, especially after 1980–1985, is notable.
The temporal evolution of the AAs of the AAT and BEDD are shown in
Fig. 5.

Fig. 5. Temporal evolution of the AAT (upper pane) and BEDD (lower pane) indices. The
units are 1000°D. Fat lines are the running 3-year means.
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Consistent with the similar results for the GSL, the evolution lines of the
AAT and BEDD demonstrate steady increase of these values since the 1980s.
3.3. Trend analysis
The importance of assessing trends in climate extremes is often emphasized
(e.g., Chervenkov et al., 2019) and, consequently, the trend analysis is an
essential part of the most recent studies considering either regional (Bartholy
and Pongrácz, 2006; Birsan et al., 2014; Chervenkov and Slavov, 2020a;
Croitoru et al., 2012; Lakatos et al., 2013, and many others) or global (Sillmann
et al., 2013) long-term climate changes.
The Mann–Kendall (MK) test is a non-parametric procedure, especially
suitable for non-normally distributed data, data containing outliers, and
nonlinear trends (Birsan et al., 2014). Subsequently, it is used as practically
standard tool for estimation of the statistical significance of trends in time series
of climate variables (see references above).
The estimation of the magnitude of the trend is performed with the Theil–
Sen estimator (TSE), which is also a non-parametric procedure, using a linear
model to estimate the slope of the trend (Croitoru et al., 2012). It is increasingly
applied in many geophysical branches, including climatology, as superior
alternative of the ordinary least squares (see Chervenkov and Slavov, 2019b, and
references therein). The MK test as well as the TSE were applied for each of the
considered variables, on the time series of 58 annual values (from 1961 to 2018)
and for all 301×321 grid cells individually. The results are presented in Fig. 6.

Fig. 6. Trend magnitude for DOYB, DOYM, DOYC, GSL, AAT, and BEDD in the first,
second, third, fourth, fifth, and sixth column, correspondingly The units for DOYB,
DOYM, DOYC, and GSL are days/10 years; for AAT is °D/year, and for BEDD is
°D/10 years. Stippling indicates grid points with changes that are not significant at the 5%
significance level.

Many conclusions could be drawn from Fig. 6. The first and foremost
conclusion is the notable increasing trend for GSL, AAT, and BEDD. This trend
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dominates practically over the whole domain and is statistically significant at the
5% significance level over the low-elevated regions which, generally, are the
biggest importance for the agriculture. As it is expected, mountains have the
weakest trend for GSL, AAT, and BEDD without statistical significance. The
vertical gradient in the spatial pattern of the trend is most notable for the BEDD
index. DOYB demonstrates clear decreasing trend which, with values typically
between -5 days/10 years and -1 days/10 years, is statistically significant over
the flat regions. This result, in particular, confirms the finding in Lakatos et al.
(2013b), where it is revealed that the DOYB shows significant change over the
low-elevated areas of the Carpathian Region in 1961–2010 period. The areas
experiencing decreasing trend of DOYM and increasing trend of DOYC are
spatially dominating. These trends, however, are relatively week and, generally,
statistically not significant.
As noted in Birsan et al. (2014) in their study of the thermal extremes over
the Carpathian Region, the signal of the significant trends of the considered
parameters is spatially consistent as there are no areas of mixed trends within the
study domain.
4. Conclusion
The present study provides an overview of the spatial patterns in very high
resolution and the long-term temporal evolution on annual basis of the selected
AM indices over SE Europe in the period 1961–2018. Generally, it confirms the
essential impact of the ongoing climate change on the agriculture and forestry in
the region. As noted in Section 2.2., however, the application of the selected
indices cannot be limited to their agricultural implementations only, hence they
could be treated as measures of the cumulative thermal conditions during the
warm half of the year.
Consistently with the long-term changes of the mean temperatures over the
domain, documented in the most recent papers, the present study reveals strong
evidences for the role of the regional climate warming on the considered indices.
The GSL, AAT, and BEDD indices experienced essential increase which
dominates spatially over the low-elevated areas of the domain and is statistically
significant at the 5% significance level. Key message is also the revealed
asymmetry in the increase of the most relevant index, the GSL: its total
lengthening is linked more (more than 70% as relative share over the bigger part
of the domain) to the shifting to earlier date of the start, rather than to later
cessation. Our proposal is to use the middle day of the GSL, DOYM, as indicator
for such long-term shifts appears also novel in this regard. Our computations
show that DOYM is shifted to earlier dates practically over the whole domain,
but this shift is statistically not significant over its bigger part.
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The estimated changes of the AM indices in the near past and recent
climate could be also prerequisite for deep ecological and economical
consequences. Longer growing seasons, as well as bigger AAT and BEDD, may
allow for a greater diversity of crops (including those with long maturation
periods), and the potential for multiple harvests on the same land. Conversely,
both irrigation needs and the risk from invasive species, pests, and pathogens
may increase (Harding et al., 2015).
The study could be extended and continued in many directions. The logical
next step is to accomplish the work assessing the future changes and trends
based on climate simulations. Hence the temperatures in all CMIP5 scenarios
are projected to rise further, it is reasonable to expect additional increase of
these indicators. Our preliminary computations with the regional climate model
RegCM confirm this assumption. The study could also be extended backwards
in time, as far as possible, in order to capture more general and robust trends.
However, as for many other efforts in the regional climatology, the necessary
prerequisite for such task is the (free) availability of reliable data with proper
spatial coverage and spatio-temporal resolution.
The data sets with the AM indices, as well as the trend measures (p-value
and trend line slope) are in standard form (GrADS binary/descriptor files) and
could be supplied from the corresponding author upon request.
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