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Abstract. Agricultural production is largely determined by weather conditions during the crop growing season.
An important aspect of crop yield estimation concerns crop growth development. The occurrence of meteorolog-
ical events such as frosts, droughts or heat stress during the crop life cycle or during certain phenological stages
helps explain yield fluctuations of common arable crops. We developed a methodology and visualisation tool
for risk assessment, and tested the workflow for drought and frost risk for winter wheat, winter barley and grain
maize in Belgium. The methodology has the potential to be extended to other extreme weather events and their
impacts on crop growth in different regions of the world.

1 Introduction

Climate change has already had a marked influence on many
farming systems worldwide (Bindi and Olesen, 2011; Trnka
et al., 2016; Kahiluoto et al., 2019). The impacts of the
2003 heat wave in Europe with temperatures up to 6 ◦C above
long-term means, and precipitation deficits up to 300 mm
(Trenberth et al., 2007) resulted in an estimated loss of
EUR 13 billion for the European agricultural sector (Ciais et
al., 2005). Heat waves such as the summer of 2003 are not
unusual if compared to future climate simulations towards
the end of the century (Schär et al., 2004) and are heavily in-
fluenced by soil moisture-temperature interactions (Fischer
et al., 2007).

Cropping systems are managed with substantial inputs
and technological improvements that have in most years
outweighed the impacts of climate change (Reidsma et al.,
2009). Nevertheless extreme events have significant impacts
on agricultural production (e.g. for wheat see Mäkinen et
al., 2018; Kahiluoto et al., 2019) and pose severe limitations
to agro-ecosystem functioning and ultimately on sustainable
agricultural land management. Therefore the application of
climate services has received attention in many parts of Eu-
rope (Termonia et al., 2018). With climate being the average
weather type during a period of minimum 30 years, effects

are on a temporal scale that is unusual to agricultural deci-
sion making and farmers’ annual activities are therefore not
tracking the speed of climate change. Changes in air temper-
ature and rainfall have already resulted in increases in fre-
quency and intensity of extreme events with long-term impli-
cations for the viability of agro-ecosystems, such as drought
impacts on grassland (Zamani et al., 2015; Vanwindekens et
al., 2018) or late frost impacts on apple and pear cultivation
(Drepper et al., 2020).

The major objective of this research is to develop a
methodology for assessing climate risks and application ser-
vices for arable farming. The overlap between sensitive crop
phenological stages with extreme events was assessed in
terms of risk as composed of likelihood and impact on the
growth stage. We tested the methodology and developed a
visualisation tool for drought and frost risk for winter wheat,
winter barley and grain maize in Belgium.

2 Materials and methods

The modelling framework included crop growth and devel-
opment, water balance and subsequent risk assessment of ex-
treme weather events. The temporal overlap between weather
conditions and crop stages in arable cropping systems was
determined using a model that couples phenology to the soil
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Figure 1. Drought and frost risk for winter wheat, winter barley and grain maize in Belgium, 2010–2019.
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Figure 2. Drought and frost risk for winter wheat, winter barley and maize in Belgium, 1985–1994.
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Table 1. Crop characteristics of arable crops in Belgium (Gobin,
2010, 2012).

Unit Winter Winter Maize
barley wheat

Tbase Degree celsius 4 4 8
Sowing Date 15 Oct 15 Oct 1 May
Emergence cGDD 125 125 125
Anthesis cGDD 800 850 850
Maturity cGDD 1400 1700 1300
Harvesting Date 15 Jul 1 Aug 30 Sep

water balance and crop growth (Gobin, 2010, 2018; Durgun
et al., 2016). In addition to a shift in adverse temperature re-
lated events, crop development has advanced with up to 4 d
per decade (Gobin, 2018), which warrants a dynamic mod-
elling approach to simulate the different processes of crop
phenology and weather risk occurrence. The onset of crop
phenological stages was controlled by thermal time, in cu-
mulative growing degree days (cGDD), using annual median
planting dates and crop specific upper and lower threshold
temperatures (Table 1; Gobin, 2010; Durgun et al., 2020).
The soil water balance (Gobin, 2010) was calculated for a
deep well developed soil with an effective rooting depth of
1m and a crop readily available water holding capacity of
100 mm. Drought was assessed in days with available soil
water less than 3 mm, and frost in temperatures below 0 ◦C
for a period of more than 3 h. A frequency analysis during
the respective growth stages enabled a likelihood estimate
(in % of years) of the event during the different phenolog-
ical stages. The impact was subsequently assessed in terms
of sensitivity of the crop phenological stage with a higher
impact rate for frost during emergence, tillering and stem
elongation, and for drought during anthesis and grain filling.
The risk results from multiplying the likelihood estimate and
the impact rate. We compared the results for two decades:
1985–1994 and 2010–2019, and related the findings to ex-
treme events that occurred during the pandemic year 2020.

3 Results and discussion

The likelihood estimate of frost for winter cereals is twofold:
(1) early frost which covers a period from sowing around
mid-October to the time when vernalisation commences, and
(2) late frost after the vernalisation period. Though the like-
lihood of occurrence is high, the estimated impact rate is low
(Fig. 1). Likewise the likelihood of late frost occurrence for
maize is low, which is in tune with the date (14 May) of
the 20-year return period for late frost occurrence in Bel-
gium (Gobin, 2018). Despite the accelerated advancing of
the growing season in a warming climate, frost occurrences
will be lower for cereals. The likelihood of spring drought is
fairly high and impacts cereals in different ways: during grain

filling to maturity of winter wheat, during the dough stage to
maturity of winter barley and during the early stages of grain
maize. Summer drought impacts are highest for grain maize
when drought episodes occur frequently during anthesis and
grain filling.

The trend towards warmer and drier years is captured well
in the changes of crop specific risks per decade when com-
paring 1985–1994 (Fig. 2) to 2010–2019 (Fig. 1). Winter
wheat and winter barley in the last decade are subject to
higher drought risk at the beginning of the growing season up
to tillering as compared to the past (1985–1994). This is also
the case at later development stages from dough to harvest
and is more pronounced for winter wheat. Frost risk on the
other hand decreased in the early development stages from
leafing to tillering and stem elongation (Figs. 1 and 2). The
drought risk for grain maize shifts earlier in the season with
spring drought affecting earlier vegetative stages and summer
drought posing a risk to anthesis.

The pandemic year 2020 was the warmest year on aver-
age since measurements began in 1833 (RMI, 2021), and
included a 12 d heat wave during the beginning of august.
April and May were the driest months ever recorded, and
contributed to 2020 being the fourth driest year since 1981.
During the pandemic year harvests were earlier and crop de-
velopment was fast due to warm temperatures. However, in
the first half of May maize growth was slow due to the per-
sistent spring drought and some very cold days. The Au-
gust heat wave hit flowering or grain filling stages with yield
loss as a consequence. Winter cereal yields were variable
and depended largely on the soil available water conditions.
Overall the weather conditions were favourable during an-
thesis, and ripening benefitted from prolonged drought. The
2020 weather could be related to the general patterns that
demonstrated increased risks towards earlier stages in the
growing season (Figs. 1 and 2).

4 Conclusions

The growing season length, the succession of phenological
stages, the frost-free period, and water deficit are climatic
constraints that have changed on average during the past
decades. Therefore the analysis will be extended to include
a longer timeframe and enable a comparison of risks be-
tween different periods in an already changing climate. These
emerging patterns of shifting probability densities for differ-
ent extreme events and their rated impacts enable climate risk
services for arable farming now and under climate change.

Data availability. Data are available upon request.
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