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Adverse weather conditions for European wheat
production will become more frequent with
climate change
Miroslav Trnka1,2*, Reimund P. Rötter3, Margarita Ruiz-Ramos4, Kurt Christian Kersebaum5,
Jørgen E. Olesen6, Zdeněk Žalud1,2 and Mikhail A. Semenov7

Europe is the largest producer of wheat, the second most widely grown cereal crop after rice. The increased occurrence and
magnitude of adverse and extreme agroclimatic events are considered a major threat for wheat production. We present an
analysis that accounts for a range of adverse weather events that might significantly a�ect wheat yield in Europe. For this
purpose we analysed changes in the frequency of the occurrence of 11 adverse weather events. Using climate scenarios based
on the most recent ensemble of climate models and greenhouse gases emission estimates, we assessed the probability of
single and multiple adverse events occurring within one season. We showed that the occurrence of adverse conditions for 14
sites representing the main European wheat-growing areas might substantially increase by 2060 compared to the present
(1981–2010). This is likely to result in more frequent crop failure across Europe. This study provides essential information for
developing adaptation strategies.

Recent global warming has markedly shifted the distribution of
temperature variability and extremes1,2 and precipitation pat-
terns3, although uncertainty remains regarding the relation-

ship between global warming and climatic variability4. These shifts
have consequences for the production environments of most crops,
including wheat, which is globally the second most widely grown
cereal crop after rice5. A recent study1 showed that, by 2030, we
should expect a twofold increase in the global wheat-growing area
threatened by extremely high temperatures during critical develop-
mental stages in a typical year, and amore than threefold increase of
the area at risk by 2050. Other studies project6,7 a significantly higher
frequency of extremely unfavourable years under future climate
conditions, possibly resulting in poor economic returns in many
European regions. This projection is especially true for situations
with global warming exceeding 2 ◦C compared to the pre-industrial
era. Although the observed annual temperature (adjusted for short-
term variability) so far closely follows the central projections of
the Intergovernmental Panel on Climate Change (IPCC; refs 7,8),
it should be stressed that several climate projections for the mid-
century point far exceed the 2 ◦C threshold9.

Wheat production in Europe (Fig. 1), representing 25% of the
global wheat area and 29% of global wheat production10, is affected
not only by the frequency of days with high temperatures but also by
the occurrence of drought, of late spring frosts and of severe winter
frosts associated with inadequate snow cover. In addition, overly
wet and/or coolweather enhances disease occurrence, contributes to
lodging and complicates crop management. The projected increase
in extremeweather events (for example, periods of high temperature
and drought) over at least some parts of Europe is projected to

increase yield variability7,11. Concomitantly, there is evidence of
a slowing rate of yield increase, due to multiple factors—mainly
the closing of the gap between realized and potential yields12,13
as well as policies such as stricter environmental regulation14.
The consequences of shortfalls in European wheat production for
global supply (and prices) have been manifested in recent years,
including 2007 and 201215. Realizing the critical importance of
European growing areas, we aimed to analyse whether and how the
various agroclimatic risks for wheat production are likely to develop
under long-term climate projections for the period 2051–2070
(subsequently denoted as 2060’).

Crop model based analysis6 has already emphasized the
importance of changes in high temperature events relative to
drought effects on wheat productivity across a range of European
sites. Here, we used a set of agroclimatic indices combined with
local-scale climate scenarios based on the most up-to-date CMIP5
(ref. 16) multi-model ensemble and the high-end Representative
Concentration Pathway (RCP8.5; ref. 17) to project the adverse
condition probability during the wheat-growing season (autumn
sowing) inmid-twenty-first-century Europe.We quantified changes
for a wide range of adverse conditions, both individually and
combined. To our knowledge, this is the first time that multiple
stress occurrence risks under climate change have been analysed
systematically for an agricultural crop.

Impact on phenology and potential productivity
Simulated dates of sowing, flowering (anthesis) andmaturity for the
14 locations were mostly in agreement with the observations from
local authorities; however, deviations were found for some locations
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Figure 1 | Overview of the wheat-growing area and environmental zones in Europe. a, Wheat-growing area in Europe based on ref. 30 and the locations of
the 14 sites where the frequency of agroclimatic extremes was analysed. Colour coding is used to divide the stations into three groups: north (blue), central
(black) and south (red). A more detailed description of the sites is provided in Supplementary Table 1. b, Coverage of the main environmental zones in
Europe25 by the 14 selected sites.

(especially the somewhat late estimated dates for Madrid (MD)) as
a consequence of using the same parameterization for all of Europe.
Figure 2a shows sowing dates being moved forward on average by
15 ± 7 days in 2060 compared to the present. Simulations showed
that the anthesis and maturity dates were two weeks earlier across
all sites (Fig. 2b,c). This advancement was linked to enhanced crop
development rates with higher temperatures (Fig. 2d). Figure 2e
shows that the site potential productivity indicator (effective global
radiation considering suitable temperatures and soil water content,
as defined in the Methods and the Supplementary Information)
is expected to increase slightly at northern sites from sowing to
anthesis, whereas southern sitesmostly show declines. This decrease
was caused by the vegetative period shortening from sowing to
anthesis, the shift of this period towards shorter day lengths (that
is, more towards the winter months) and the increased drought
incidence at some sites. The results for anthesis to maturity (Fig. 2f)
mostly showed a decrease in the effective global radiation. At 13
out of 14 sites, the results of more than half of the CMIP5-based
climate model runs showed decreasing effective global radiation,
thus reducing the potential for plant biomass accumulation and for
crop yields.

Probability of individual adverse event occurrence
The risk of a severe frost event in the absence of snow cover
increased at the twomost northern sites but was lower or unchanged
at all of the remaining sites (Fig. 3a). In the case of late spring

frost risk, we noted a decrease at one site, whereas increases
were likely at six other sites (Fig. 3b). An excessive wet period
with the possibility of water logging between sowing and anthesis
was becoming increasingly likely at three sites in the UK, the
Netherlands and Denmark (Fig. 3c), with little or no change at the
other sites. The frequency of heavy precipitation events that are
considered precursors of severe lodging was more likely to decrease
than increase at seven sites, mostly in central and southern regions.
There was only one site where the risk increased according to most
scenarios (Fig. 3d). Fewer than one third of the sites showed an
increased chance of unusually dry conditions during the entire
growing season (Fig. 3e), with three southern sites being most
affected. The drought risk in the period from sowing to anthesis
was more likely to increase than decrease at four sites (three of
them in the south), whereas the remaining sites showed no or very
small changes (Fig. 3f). The likely increase of a severe drought
event after anthesis affected only the southern locations along the
western Mediterranean (Fig. 3g). The heat stress risk at anthesis,
which would affect floret fertility, is likely to increase at ten sites
(Fig. 3h), with northern sites being those least affected. Heat stress
during grain filling is more likely to increase at six sites (most
markedly in the southern sites), with another three sites showing a
slightly increased risk according to some scenarios from the CMIP5
ensemble (Fig. 3i).

The probability of adverse conditions during sowing was shown
to be more likely to increase than decrease at seven sites (Fig. 3j).
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Figure 2 | Dates of key phenological stages and values of agroclimatic indicators for baseline and projected climate conditions. a, Sowing date.
b, Anthesis date. c, Maturity date. d, Temperature rate during sowing to maturity. e, E�ective global radiation from sowing to anthesis. f, E�ective global
radiation from anthesis to maturity. Black rectangles indicate the 1981–2010 baseline and box plots indicate the 2060 (RCP8.5) climate scenarios. The
locations are ordered from north to south along the x axis. DOY represents day of year.

This risk of deteriorating conditions for sowing was pronounced
for all of the northern sites and two western sites (WA and RR).
However, the suitability for harvesting seemed much less likely
to be a problem (Fig. 3k), with at least two sites showing an
improvement in harvesting conditions. This improvement was
partly a consequence of the date of maturity advancement.

Probability of multiple adverse event occurrence
Although the reported increase in the individual frequency of
adverse events is worrisome, the most unsettling possibility is
illustrated by the combined probability of having at least one of 11
indicators crossing the defined threshold during one season (Fig. 3l).
Under the projected climate for 2060, the agroclimatic extremes
probability was likely to increase at all of the sites for all of the wheat
cultivar types, with the exception ofCF for early cultivars (Fig. 4a–c).
Whereas for all of the sites on average, the risk of at least one adverse
event was likely to increase by 30%, at some sites (UP, RR, MA, VI
and SL) the risk was likely to double. Using a medium-duration
cultivar (Fig. 4b) as a reference, the mean probability of a single
adverse event occurring per season was found to be 11.2% under
the baseline and 20.7% in 2060 (according to RCP8.5). Furthermore,
the probability of two adverse events occurring for a medium-type
cultivar in any given season (Fig. 4e) was shown to be likely to
increase at 11 out of 14 sites. Considering the lowest impact that was
projected from the global climate model (GCM) ensemble for each
site, only a slight reduction in the probability (9.7% compared to
11.2%) of adverse events may be expected. However, the realization
of the most severe case from the GCM ensemble would result in
a more than threefold increase in the adverse event probability.
The mean likelihood of two adverse events per season was 1.7%
under the baseline but more than twice that (4.0%) under the
projected climate change, with the lowest GCM mean value being
0.9% (Fig. 4e). The likelihood of two events per season considering
the highest GCM value at each site increased more than sixfold
(to 10.4%) compared to the baseline. Furthermore, the probability of

three adverse events occurring within a location during one season
was evaluated, recognizing that three events per season would
represent an exceptional season. Such extreme cases were found
under the baseline conditions only at the DC, MD and SL sites, and
even then very rarely (less than once per 125 years), whereas under
the projected future climatic conditions only three sites (TR, RR and
VI) show no risk of such a season. The mean return period for three
adverse events occurring in 2060 was projected to be between 20
and 30 years at Spanish sites and between 75 and 250 years at the
remaining sites.

Excluding adverse conditions for sowing and harvest did not
affect the overall results of the analysis. Obviously, the probability
of any given season being affected by adverse conditions (when the
sowing and harvest conditions were not considered) decreased, but
the overall effect on the number of sites that were negatively affected
under the future climate remained almost unchanged.

E�ect of crop timing and soil conditions
Exposure to several of the adverse events depends on the timing
of anthesis and maturity, which was influenced by the cultivar
type used (Fig. 4). Whereas the cultivar type did not influence
the number of sites facing a higher probability of at least one
event per season (Fig. 4a–c), it had a marked effect on the
chances of at least two adverse events (Fig. 4d–f). The probability
of at least one adverse event per season increased at most of
the sites, especially for the late cultivar (Fig. 4c). Because we
were concerned about potentially overestimating the frequency of
adverse and extreme events occurring owing to the longer-than-
observed phenological development in the more southern sites,
we altered the photoperiod sensitivity. This alteration led to a
decrease in the adverse event exposure, especially at southern and
some central European locations (Supplementary Fig. 2), but their
increased frequency was still considerable. It should also be noted
that one of the main adaptations to climatic warming in many areas
of Europe would be switching to cultivars with a longer growth
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Figure 3 | Probability of the occurrence of adverse agroclimatic conditions under baseline and projected climate. a, Severe winter frost without snow
cover. b, Late frost. c, Excessive soil moisture with water logging from sowing to anthesis. d, High precipitation event with the possibility of widespread
lodging. e, Severely dry growing season (sowing–maturity). f, Severe drought event between sowing and anthesis. g, Severe drought event between
anthesis and maturity. h, Heat stress at anthesis. i, Heat stress during grain filling. j, Adverse conditions during sowing. k, Adverse conditions during
harvest. l, At least one extreme event of the type a–k during the period from sowing to maturity. Black rectangles indicate the 1981–2010 baseline and box
plots indicate the 2060 (RCP8.5) climate scenarios. The calculations consider a medium-ripening cultivar. The locations are ordered from north to south
along the x axis. The red boxes mark the sites where the results for at least 14 out of the 16 CMIP5 models showed an increased probability of adverse
events compared to the baseline. The orange boxes mark the sites where more than half of the CMIP5 models showed an increased probability of the
adverse event. The green boxes mark the sites where results for all of the CMIP5 models showed a decreased probability of extreme events. The grey boxes
mark all of the other cases.

duration17, which may increase exposure to adverse weather events.
Our results demonstrate that the risk of a season being affected
negatively by adverse conditions depends on the changes in the
occurrence probabilities of such events, on the potential exposure
length and on the sensitive period timing. For example, in cases of
late cultivars, for which anthesis andmaturity occur later in the year,
the chance of heat and drought stresses increases.

Soil conditions play an important role in the course and severity
of some adverse events, especially those affected by lack or excess
of soil water. Supplementary Fig. 3 shows that light soils (with
maximum water content in the rooting zone available to plants
at 150mm) would face higher mean frequency of the adverse
event occurrence under baseline and future climates than medium
soil (available water content at 270mm). The effect was more
pronounced on the southern sites and for the late-maturing cultivar.
It is interesting to note that the relative increase of the adverse event
probability under future climate compared to baseline was smaller
on light soils, mainly owing to the fact that the probability of such
events under the baseline climate was already high.

Consequences for potential adaptation strategies
An adaptation option that might be pursued based on the results
we presented (Fig. 4) is a focus on early-ripening cultivars seeking
‘stress avoidance’. Although it seems that this strategy would allow
for a significant decrease in the adverse condition risk at most of

the sites, it comes at a price (see, also, ref. 18). Supplementary Fig. 1
clearly indicates that shortening the growing season reduced the
effective global radiation, thus probably decreasing yield potential.
The pros and cons of the benefits and risks of such a strategy
are further highlighted in Table 1 (the locations are ordered from
north to south). This illustrates the trade-offs of using early or
late cultivars instead of a medium cultivar. Switching to an earlier
cultivar reduced the exposure to extreme events and shifted the
time of anthesis to a period with less heat and drought stresses
(in some cases alleviating other stresses as well). At most sites,
and especially in the southernmost locations, the effect of such
a cultivar shift was substantial, and using earlier cultivars led to
greatly reduced risks. The results imply that there is a greater scope
for introducing earlier cultivars than was tested here. However,
Supplementary Fig. 1 also documents that under most scenarios
and at all sites, the effective global radiation that we used as
the indicator of potential productivity (more details in Methods
and Supplementary Information) decreased, and that this decrease
could be worsened by switching to earlier cultivars, especially at
southern sites.

Using later-maturing cultivars had the opposite effect and led
to an increased probability of adverse events, especially in the
central and southern sites. When using the relative increase of the
adverse event probability as an indicator, it was clear that using a
late cultivar would be a risky adaptation strategy, as the likelihood
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Figure 4 | E�ect of the selected cultivar type on the probability of occurrence of adverse events from sowing to maturity. a–c, Probability of occurrence of
at least one adverse event. d–f, Probability of occurrence of two adverse events. a,d, Represent an early-maturing cultivar. b,e, Represent a
medium-maturing cultivar. c,f, Represent a late-maturing cultivar. The colour coding follows that of Fig. 3.

Table 1 |The benefits/risks of using early/medium/late wheat cultivars for the 2060 (RCP8.5) scenario expressed as a change in
the probability of at least one adverse weather event per season and e�ective global radiation from the baseline (1981–2010) values
of a medium cultivar.

Early Medium Late Early Medium Late Early Medium Late
Jyvaskyla JY 0.08 0.11 0.18 0.45 0.68 1.06 −0.15 −0.03 0.02
Uppsala UP 0.12 0.14 0.16 1.38 1.56 1.86 −0.18 −0.03 0.08
Tylstrup TR 0.01 0.02 0.04 0.30 0.44 0.90 −0.18 −0.04 0.07
Warsaw WS 0.01 0.05 0.19 0.08 0.43 1.69 −0.25 −0.09 0.01
Wageningen WA 0.06 0.11 0.16 0.38 0.70 1.01 −0.23 −0.07 0.03
Rothamsted RR 0.11 0.13 0.16 1.90 2.14 2.63 −0.26 −0.08 0.04
Mannheim MA 0.02 0.07 0.37 0.29 1.28 6.58 −0.18 −0.06 −0.01
Vienna VI 0.00 0.04 0.23 −0.09 1.29 7.21 −0.21 −0.07 −0.01
Debrecen DC 0.00 0.09 0.40 0.02 0.59 2.59 −0.23 −0.13 −0.06
Clermont-Ferrand CF −0.03 0.04 0.45 −0.46 0.70 6.97 −0.21 −0.12 −0.08
Montagnano MO −0.12 0.15 0.76 −0.64 0.81 4.03 −0.28 −0.27 −0.33
Madrid MD −0.04 0.15 0.77 −0.23 0.86 4.48 −0.20 −0.13 −0.19
Athens AT −0.01 0.04 0.40 −0.06 0.34 3.54 −0.27 −0.27 −0.32
Seville SL −0.01 0.18 0.76 −0.05 1.07 4.64 1.87 0.27 −0.57

Site Acronym

Absolute change in the 1-event probability
with the change of the cultivar type

compared with baseline

Relative change in the 1-event probability
following the change of the cultivar

type compared with baseline

Relative change of the effective global
radiation following the change of the

cultivar type

Green colour bars stand for favourable changes and red colour bars stand for unfavourable changes; the bar length indicates the magnitude of the change. The values for the medium cultivar represent a
change in the 1-event probability or e�ective global radiation between the baseline and 2060 (RCP8.5) scenarios. The values for the early and late cultivars represent the cumulative change that is
caused by a change in the climate and cultivar. The change in the e�ective global radiation covers the period from sowing to maturity.

of adverse event exposure greatly increases. However, according
to Supplementary Fig. 1, the use of late-maturing cultivars also
improved levels of effective global radiation. At northern sites, late-
cultivar use could almost ameliorate the decrease in the effective
global radiation index without the penalty of increased exposure
to adverse agroclimatic conditions. In central Europe, switching
to late-maturing cultivars considerably increased the adverse event
frequency, and late-maturing cultivar use seemed not to be an
option for southern sites.

These findings highlight that the adaptation strategies must be
a compromise between using early-ripening cultivars to provide
‘stress avoidance’ and maintaining a growing season length with the

highest possible effective global radiation to sustain current yields
or minimize yield decrease.

Our results further show the urgent need to consider multiple
adverse events in impact analyses. For example, for sites where
the increase of high-temperature stress events at anthesis is
accompanied by increased drought stress, improved water
management and/or supplementary irrigation might partially
relieve both stresses.

Discussion and conclusions
Previous studies assessing agricultural impacts have demonstrated
that the effects depend on the crop, cropping season and region
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within Europe19, but few studies have considered the cropping
system responses to changes in the frequency and severity of climatic
extremes (see, for example, ref. 20 for the Iberian Peninsula).
However, it is well known that the impacts of such extreme events
can be substantial5. Previous studies have emphasized the possibility
of considerable northward expansion of the thermal suitability of
crop production in Europe (indirectly suggesting major shifts in
the location of agriculture production) without fully considering
changes in the risk of adverse events19,21. Our results show that,
despite large uncertainty in climate projections within the CMIP5
ensemble, the overall adverse event frequency is much more likely
to increase than decrease, which is the case for all of the sites in the
analysed European domain.

From the standpoint of production stability, it is encouraging
that some central (WS and VI) and north-western European (WA,
MA and TR) growing areas are likely to face comparatively small
increases in adverse event occurrence. Nevertheless, the fact that
the majority of the sites show a greatly increased probability of
single adverse events suggests, in turn, that risk of crop failure would
increase across large portions of the European wheat-cropping
area. Such a development would have profound repercussions given
the importance of European wheat production in the global food
trade. Moreover, more frequent adverse conditions for wheat at
any particular location would probably be accompanied by yield
reductions in other crops (both cereals and non-cereals), as their
growing seasons and sensitive periods at least partly overlap. We
stressed that the results are valid for wheat that is grown on free-
draining soils with the ability to hold a significant amount of water
available to plants. The severity and frequency of someof the adverse
events (for example, drought stress or water logging) could be
different on sandy or heavy clay soils.

Our results highlight the potential of adverse impacts of a
changing climate on wheat and show that the associated potential
adaptations to these impacts should consider adverse and extreme
weather event effects in a more comprehensive way than is usually
done in impact assessments based on crop models, which very
often do not include such event effects22. Moreover, focusing on
single adverse events may lead to an incomplete risk perception.
Impact severity will depend on the cultivar characteristics and,
obviously, on the spatial and temporal climate change patterns.
This dependence calls for a regionalization of adaptation strategies:
whereas for some regions it is important to breed cultivars that
are capable of coping with an increased frequency and magnitude
of heat stress around flowering, in some regions it will be equally
important to maintain tolerance of low temperatures. In other
regions, research should focus on water logging, lodging or field
accessibility. Therefore, national and EU research and agricultural
policies should encourage and promote response diversity of wheat
varieties23, which would enhance climate resilience by enabling the
crop to cope with different region- and season-specific threats,
rather than focusing on one or two particular issues.

Methods
The simulation of adverse weather events for wheat was performed for 14
European sites (Supplementary Table 1 and Fig. 1) that were mostly located in
lowland areas, and the study domain covered the area between 5.9◦ W–25.7◦ E
and 37.4◦ N–62.4◦ N. Thirteen European countries are represented in the
database, covering the current major wheat-producing regions of the EU (Fig. 1a)
as well as areas where wheat might be grown in the future24. Environmental
zones25 with the highest proportion of arable land were included (Fig. 1b). For
each site and each GCM from the CMIP5 ensemble16 (in total, 16 GCMs were
used—see Supplementary Table 2), we generated 300 years of daily weather
series, representing the baseline scenario corresponding to 1981–2010, and 300
years for the future climate scenario corresponding to 2051–2070 for RCP8.5
(Supplementary Methods), which was denoted as 2060 (RCP8.5). Both the
baseline and future climate scenarios were generated by the LARS-WG 5.5
weather generator26; in each run, the first 50 years were used to initiate the
calculation, and only the results from the remaining 250 years of data were

retained for the subsequent analyses. For each site, we used three types of
cultivars according to the maturity date and two levels of photoperiod sensitivity
(Supplementary Tables 1 and 3). The mean sowing, anthesis and maturity dates
for the baseline conditions (Supplementary Table 1) were estimated using the
AgriClim software27. It is assumed that these cultivars represent winter wheat in
all locations, except for SL and AT where current temperatures constrain
vernalization. The simulated cultivars represent spring wheat in these locations,
currently sown there in both autumn and winter. Autumn sowing was chosen to
keep the sowing within the same season for all locations and make comparison
among them easier.

The duration of phenological phases was calculated according to
Olesen et al.17 using accumulated degree days (◦Cd) above the base temperature
combined with the day-length response for the period from emergence to
anthesis. It was assumed that these cultivars represent winter wheat in all
locations but in SL and AT, which present constraints to the vernalization
requirements. The simulated cultivars represented spring wheat in these
locations, currently sown there in both autumn and winter. Autumn sowing was
chosen to keep the sowing within the same season for all locations and allow
comparison among them. The sowing dates were determined automatically as the
first day after the mean air temperature dropped below 13 ◦C for more than five
subsequent days with the soil moisture above one third of its relative
water-holding capacity. When calculating evapotranspiration, an adjustment for
the atmospheric CO2 concentration was made by reducing the reference
evapotranspiration by a scaling factor28. The value of the scaling factor for 2060
was estimated to be 0.94 of the baseline values. We used one soil profile for all of
the sites, with homogeneous soil properties assumed throughout the top and
subsoil layers to enable comparison among sites. The plant-available water at field
capacity in the top 0.1m of the soil was assumed to be 20mm, with 83mm being
stored in the topsoil (up to a depth of 0.4m) and 270mm in the entire profile (a
depth of 1.3m). We used a single free-draining soil with good water-holding
properties and a relatively deep profile, allowing us to easily perform between-site
comparisons of the climate signal.

To describe the major adverse conditions for wheat production, we used the
set of 11 indicators that is described in Supplementary Table 4 to cover the major
causes of low yields of wheat across Europe. The final set of indicators was
required not only to represent conditions negatively affecting growth but also to
hamper the ability to sow and harvest the crop at the optimal time. The selection
of factors negatively affecting crop yield relied on the analysis of ref. 29 and
included the following: indicators of frost damage, water logging, lodging, heat
stress, drought stress and adverse conditions during sowing and harvest. The
indicator formulation and its rationale are described in detail in the
Supplementary Methods. Although the 11 indices focused on the agroclimatic
extremes (adverse conditions), we also calculated the sum of the effective global
radiation27. This indicator provides a measure of the potential productivity and
represents the sum of global radiation of days with a daily mean air temperature
above 5 ◦C, daily minimum air temperature above 0 ◦C, no snow cover and actual
to reference evapotranspiration ratio above 0.4.
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