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Climate risk modelling in agriculture 

- Agricultural production has been increasingly exposed to 
unfavourable/extreme weather and climate events 

- Future climate change is projected to exacerbate in terms of 
frequency, severity, and spatial extent of extreme events 

- A number of stress factors affects crop growth, including 
heat stress, drought stress, excessive rainfall (water 
logging and water lodging) and frost kill. 
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Climate risk modelling in agriculture 

• Increased evapotranspiration rates have increased crop water 
requirements
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Climate risk modelling in agriculture 

- The increasing risk of crop failures due to biotic and abiotic 
factors points to the need of joint modelling and experimental 
efforts to better quantify and then predict the effects of 
these events during sensitive crop development stages 

- The development of sectoral climate services to support 
and inform agricultural decisions (and become a key 
component of adaptation strategies) is essential to build 
more resilient, efficient and sustainable agriculture

Share of Mediterranean arable land affected by heat stress  
(blue - 1975-1995; red - 1996-2018)
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Motivation for Clisagri development 

- Climate impact assessments dealing with risks in agricultural 
production are usually addressing the longer time scales, 
ranging from several decades up to a century ahead 

- Shorter time scales, from the next season to the next 5-10 
years, still largely unexplored.  

- We would like to bridge this gap by proposing a tool able to 
integrate observations as well as climate predictions and 
projections.  

- A dynamic approach to assess the risk associated with 
unfavourable/extreme weather and climate events occurring 
during sensitive crop phenological stages.  

- We integrate a dynamic crop phenology model with a 
suite of dedicated agro-climate risk indicators.
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Clisagri R package 

- Dynamic modelling approach 

- Phenological development simulated as a response to 
temperature and day length 

- Phenological development modelling 
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observed climate conditions as well as climate predictions and 
projections, ranging from seasonal to multi-decadal time scales. 
Indeed, different time scales can provide useful information for a 
range of farm activities as well as on crop breeding. 

The paper, which is structured around the functionality of Clisagri, 
describes its key features and practical implications on a case 
study focused on durum wheat production in the Mediterranean 
environment. Possible future extensions are also discussed.   

1. Introduction 

Global agricultural production has been increasingly exposed to 
unfavourable/extreme weather and climate events, with future climate 
change projected to exacerbate in terms of frequency, severity, and 
spatial extent of extreme events (Ceglar et al., 2019a; Zampieri et al., 
2019; Zhu and Troy, 2018). A number of stress factors affects crop 
growth, including heat stress, drought stress, excessive rainfall (water 
logging and water lodging) and frost kill (e.g. Toreti et al., 2019; Trnka 
et al., 2014; Zampieri et al., 2017). 

The increasing risk of crop failures due to biotic and abiotic factors 
points to the need of joint modelling and experimental efforts to better 
quantify and then predict the effects of these events during sensitive 
crop development stages such as flowering and harvest (Porter and 
Semenov, 2005). The development of sectoral climate services to sup-
port and inform agricultural decisions (and become a key component of 
adaptation strategies) is essential to build more resilient, efficient and 
sustainable agriculture (Falloon et al., 2018). 

Crop models represent an indispensable tool in agricultural decision 
processes (Jones et al., 2017) as they integrate the combined effect of 
agro-management practices and climate conditions into informative 
indicators such as crop yield at the end of growing season. The appli-
cation of crop models to inform the agricultural decision process usually 
requires a carefully designed sensitivity analysis and calibration, which 
brings the model output closer to the observed crop related variables (e. 
g. crop yield) from field experiments (Wallach et al., 2018). 

On the other hand, indicator-based approaches represent a valuable 
alternative to assess the risk when it comes to the impacts of unfav-
ourable/extreme weather and climate events on crop growth (e.g. 
Caubel et al., 2015, 2017; Trnka et al., 2014). This approach can provide 
clear and simplified, yet robust, representation of crop exposure along 
the entire growing season. It is especially convenient for climate change 
studies as it provides simple and synthetic information that can be used 
by stakeholders at all levels (Caubel et al., 2015). Indicator-based 
frameworks can also support the identification of climate-related limi-
tations to crop yield potential by estimating the likely impact on agri-
cultural suitability zones (Caubel et al., 2017; Holzk!amper et al., 2013, 
2011) as well as climate risks associated with projected climate condi-
tions (Caubel et al., 2015). 

Climate impact assessments dealing with risks in agricultural pro-
duction are usually addressing the longer time scales, ranging from 
several decades up to a century ahead. While, the shorter time scales, 
from the next season to the next 5–10 years, are still largely unexplored. 
Here we aim to bridge this gap by proposing a tool able to integrate 
observations as well as climate predictions and projections. For this 
purpose, we developed a dynamic approach to assess the risk associated 
with unfavourable/extreme weather and climate events occurring dur-
ing sensitive crop phenological stages. We integrate a dynamic crop 
phenology model with a suite of dedicated agro-climate risk indicators. 
This complete tool has been implemented as an R package named Cli-
sagri. While it can be applied to a wide range of agro-climatic conditions 
and crops, it is here presented in a case study for durum wheat pro-
duction in the Mediterranean region. 

2. Methods 

2.1. Dynamic modelling approach 

Winter wheat quantity and quality can be severely affected by 
unfavourable/extreme weather and climate events occurring during 
sensitive growth stages. For instance, heat stress and drought, occurring 
around the short period of flowering, can substantially reduce yield 
potential (e.g. Barnab"as et al., 2008; Porter and Semenov, 2005). 

Accurate simulation of the phenological development is therefore 
essential, and it is here provided by a dynamic model of crop phenology. 
The derived development stages are then used to calculate the agro- 
climate indicators (i.e. the indicators are linked to specific phenolog-
ical stages). 

2.1.1. Phenological development – standard approach 
The phenological model used here to simulate the crop development 

is based on the accumulation of daily effective temperature; the latter 
being calculated as the difference between daily average temperature 
and a base temperature, for winter wheat assumed to be 0 !C. In case this 
difference is negative, the effective temperature is set to 0 !C. This daily 
accumulation is named development rate. This rate remains constant 
above a certain maximum effective temperature (for winter wheat 
assumed to be 30 !C) and is corrected for the effects of vernalization and 
photoperiod (Ewert et al., 1996; Porter, 1993): 
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where DVS represents the development stage (0 – emergence, 1 – 
flowering and 2 – maturity), Tb is the base temperature, Ti represents the 
daily average temperature, Tmax,e is the maximum effective daily 
average temperature, Vf !i represents the vernalization factor and Pf !i is 
the photoperiod factor on day i, and TSUM1 and TSUM2 represent the 
length (in effective degrees days) of vegetative and reproductive pe-
riods, respectively. Detailed description of this phenological model 
together with its calibration for winter wheat in Europe can be found in 
Ceglar et al. (2019b). This approach has been also implemented in the 
WOFOST crop growth model (de Wit et al., 2019). 

The output of this phenological model consists of daily DVS values, 
which can be linked to different crop growing stages, such as emergence, 
tillering, booting, heading, flowering and maturity (Fig. 1). The crop 
growing season can therefore be analysed in terms of phenological 
development, which allows to link the occurrence of unfavourable/ 
extreme weather and climate events with specific crop development 
stages (phenological timing) rather than using fixed calendar period 
(Fig. 1). However, using the standard 2-phase approach we can only 
control the thermal requirements between sowing and flowering 
(TSUM1) and/or flowering and maturity (TSUM2). To control the 
duration of different sub-phases (such as booting-flowering), a multi- 
phase model must be introduced. 

2.1.2. Multi-phase model 
Certain developmental phases, such as the period between terminal 

spikelet formation and flowering, are crucial for yield determination. It 
is therefore important for breeders to manipulate the duration of these 
phases to customize cultivars for specific environments (Reynolds et al., 
2011). For instance, the breeding of durum wheat varieties in Spain has 
reduced the duration of the period between sowing and flowering (Isidro 
et al., 2011). However, in those varieties the sub-phases changed 
differently – a reduction has been observed for the period between 
sowing and terminal spikelet formation, while the duration of the period 
between booting and flowering has increased. To support variety 
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selection based on breeding, which is targeting different sub-phases, a 
multi-phase model is made available in the Clisagri package. 

The multi-phase model predicts the beginning and the end of six crop 
growth phases: PH1 – sowing to emergence, PH2 – emergence to 
tillering, PH3 – tillering to stem elongation, PH4 – stem elongation to 
booting, PH5 – booting to flowering, and PH6 – flowering to maturity 
(Rossi et al., 1997): 
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where TSUM1!6 represent the thermal requirements and Tb1!b6 the base 
temperature for each sub-phase. The photoperiod and vernalization 
factors are considered from PH2 to PH5. The DVS in this case ranges 
between 0 (sowing) and 6 (maturity). 

The multi-phase approach should be a preferred choice to simulate 
phenological development to inform crop breeders who target specific 
sub-phases. 

2.1.3. Agro-climate conditions during sensitive growth stages 
Agro-climate conditions during sensitive phenological stages are 

derived by using a set of indicators. An initial set of 16 indicators has 
been developed based on a co-design exercise involving Italian durum 
wheat farmers, done in the framework of the H2020-MedGOLD project. 
These indicators can be grouped into four categories: hydrological bal-
ance, excessive wetness, cold stress and heat stress (Fig. 1). 

Hydrological balance indicators are used to estimate drought and/or 
wetness severity during different stages of crop growth (Table 1). For 
this purpose, the Standardized Precipitation-Evapotranspiration Index 
(SPEI, Vicente-Serrano et al., 2010), a multi-temporal-scale index 
quantifying persistent anomalies in soil water balance over different 
time periods, is used. The SPEI is based on climatic water balance, i.e. 
the difference between water availability (precipitation) and atmo-
spheric water demand (reference evapotranspiration, referring to 
evapotranspiration above well-watered actively growing grass of uni-
form height, completely shading the ground). Reference 

evapotranspiration is estimated using the modified Hargreaves-Samani 
method (Droogers and Allen, 2002), which requires daily minimum 
and maximum temperatures, daily precipitation and location latitude as 
inputs (the latter is necessary to calculate extraterrestrial radiation). The 
ability of SPEI to capture well the impact of drought on European 
agricultural production has been shown in recent studies (Ceglar et al., 
2018; Zampieri et al., 2017; Stagge et al., 2015). Here we have devel-
oped and implemented a non-parametric SPEI calculation procedure, 
which translates empirical cumulative distribution of climatic water 

Fig. 1. Different types of agro-meteorological indicators are needed to fully characterize meteorological conditions during different stages of winter wheat growth. 
Four groups of indicators are here chosen to characterize hydrological balance, excessive wetness, cold stress and heat stress conditions. 

Table 1 
Hydrological balance indicators characterizing conditions during different pe-
riods of winter wheat growth. All indicators are based on the Standardized 
Precipitation Evapotranspiration Index (SPEI).  

Indicator Phenological stage Impacts on crop growth considered* 

1 Pre-sowing Drought or overwet conditions can influence 
field preparation activities, restricting the 
possibility of using appropriate sowing 
windows 

2 Sowing - emergence Drought can adversely impact seed 
germination, which can result in decreased 
germination rate, coleoptile length, seedling 
vigor, root length and shoot length. On the 
other hand, over-wet conditions lead to 
increased risk for disease occurrence. 

3 Tillering Drought limits the development of root 
system which can lead to decrease in: leaf 
area, leaf number per plant, leaf size and leaf 
longevity (Zhang et al., 2018, and reference 
therein). Contrarily, over-wet conditions lead 
to increased risk for disease occurrence. 

4 Stem elongation – 
booting 

Drought can lead to decreased plant height, 
number of grains per panicle or panicle 
number per plant or area (Zhang et al., 2018). 
Wetness increases the risk of diseases. 

5 Heading – maturity Drought can lead to reduced seed setting rate 
and reduce grain filling rate, leading to lower 
total biomass per plant at harvest. Over-wet 
conditions can cause severe reduction of yield 
and grain quality, increased harvest losses and 
exposure to diseases. 

6 Sowing – maturity 
(entire season) 

Drought can cause severe reduction of yield or 
crop die-back. Over-wet conditions can cause 
spread of diseases, severe reduction of growth 
or crop die back. 

* Potential impacts on crop growth were collected from farmers feedback 
(MEDGOLD project), and literature review. 
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Clisagri R package 

- Dynamic modelling approach

- Phenological development 
stage depends on variety 
thermal requirements and 
prevailing climate conditions 
during the growing season



9

Clisagri R package 

- Addressing different time scales
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quantity, occurrence of diseases and weeds, problems related to grain 
storage after harvest and difficulties related to crop fertilization. During 
the co-design approach we translated their perceived harmful weather 
and climate events into a set of agro-climate indicators. Farmers also 
identified measures and actions to be taken to reduce the impacts of 
these events. These measures are described in terms of their technical 
value and potential applicability in Table S1. Given the co-design nature 
of Clisagri development, an important added value resides in the ease of 
interpretation of indicator values for farmers. Nevertheless, an inter-
mediate agent may be necessary in some cases to convert the output into 
clear operative recommendations. Thus, Clisagri has already been inte-
grated into a Decision Support System (DSS) developed by HORTA 
(https://www.horta-srl.it), a permanent platform for enhancing results 
from research in the agro-alimentary sector. This is highly relevant step 
in the information outreach, as the HORTA DSS has the capability to 
reach out hundreds of farmers in Italy and in other regions of the world. 

Clisagri can be applied to climate observations of the past to get both 
risk evaluation and better process-understanding of impacts. When 
combined with seasonal-to-decadal climate predictions and climate 
projections, this tool can serve as a decision supporting system. A range 
of lead time scales can be used, from monthly and seasonal forecasts (up 
to a year) to decadal predictions (up to 10 years) and climate projections 
(up to the end of the century). 

Fig. 2 shows the applicability of Clisagri on different time scales and 
explains the actions that may be taken. When considering the recent 
past, the Clisagri indicators can be used for the assessment of risks based 
on measured field data (e.g. crop yield quantity and quality and disease 
occurrence); this can provide an efficient method for the determination 
of specific thresholds for the selected indicators (see Section 3.1). 
Assessment of risk for the future is clearly probabilistic, given the nature 
of climate predictions and projections. Seasonal-to-decadal predictions 
based on climate models combine a boundary condition problem 
(simulating the response to forcings and the feedbacks between them) 
with an initial condition problem (depending on the current state of 
climate system, Doblas-Reyes et al., 2013). In such cases, an ensemble of 
near-future climate realisations must be used within a probabilistic 
framework to provide probability to expect certain climate conditions 
(e.g. being close to normal, above normal or below normal; Ceglar et al., 
2018, and references therein). Section 3.2 provides an example of using 
seasonal climate predictions and climate projections with Clisagri. 

Clearly, these different time scales are associated with different 
levels of decision making (e.g. Ceglar et al., 2018, and references 
therein). Short-term weather forecasts can be used to plan field opera-
tions, such as field preparation for sowing, ploughing, fertilization, 
slurry and harvesting. Seasonal forecasts, from one month to one year 
ahead, can provide strategic information for farmers, such as variety 

selection and fertilization requirements. While, predictions on decadal 
time scale could provide information on infrastructure investments (e.g. 
irrigation), crop breeding, and regional-to-national policy planning 
(Fig. 2). Table S1 provides more detailed information on the technical 
value and potential usability of Clisagri indicators, as identified by 
farmers and agronomists during the co-design process. Clisagri is 
designed to primarily provide climate information to help farmers 
making climate smart decisions. These include decisions that farmers 
make before, during and immediately after the crop growing season 
(Table S1). Before sowing, the tool can help answering questions such as: 
(i) is a more drought resistant variety for the next growing season 
needed? (ii) what is the optimal sowing date to avoid unfavourable 
weather conditions? During the growing season, the provided climate 
information: supports planning of field operations and selection of the 
optimal timing for fertilization; helps to reduce the negative effects of 
unfavourable/extreme weather and climate events during the sensitive 
growing stages (e.g. irrigation in the case of expected heat wave and/or 
drought events); supports controlling pests and diseases; supports the 
planning of the harvesting campaign. 

Beyond the seasonal time scale, the tool can be used with decadal 
predictions and climate projections to, e.g., better characterize changes 
in occurrence and intensity of extreme events during the crop growth 
cycle, providing important information to plant breeders for the devel-
opment of climate resilient crop varieties (Fig. 2). 

3. Results 

Clisagri allows users to calculate and visualize all the agro-climate 
indicators described in the Methods section. The development version 
of the package is available for download on GitHub (https://github. 
com/ec-jrc/Clisagri). Table 4 provides a list of core functions avail-
able. The current approach supports the calculation of 16 indicators 
with either static or dynamic time periods (defined by crop development 
stage). Additionally, the graphical tool allows mapping intensity of 
climate events that could affect growth and yield of pre-identified crop 
varieties, as given by the combination of TSUM1 and TSUM2 (thermal 
requirements for vegetative and reproductive periods, respectively) for 
the standard approach or combination of TSUMs (characterizing each 
sub-phase) in the multi-phase phenological model. 

Input climate data consists of minimum and maximum daily air 
temperature and daily precipitation cumulates. All the functions can run 
with observational as well as with predictions and projections (Fig. 2). 
COPERNICUS Climate Data Store (CDS, https://cds.climate.copernicus. 
eu/) can be considered as potential data source of climate predictions 
and projections. 

Fig. 2. Applicability of Clisagri for risk assessment on different time scales, and actions that can be taken given the Clisagri output.  
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selection based on breeding, which is targeting different sub-phases, a 
multi-phase model is made available in the Clisagri package. 

The multi-phase model predicts the beginning and the end of six crop 
growth phases: PH1 – sowing to emergence, PH2 – emergence to 
tillering, PH3 – tillering to stem elongation, PH4 – stem elongation to 
booting, PH5 – booting to flowering, and PH6 – flowering to maturity 
(Rossi et al., 1997): 

DVS !

!
"""""""""#

"""""""""$

%

i

max"0!min""Ti # Tb1$!Tmax!e$$
TSUM1

for 0 " DVS % 1

%

i

max"0!min""Ti # Tb2!b5$! Tmax!e$$
TSUM2!5

∙Vf !i∙Pf !i for 1 " DVS % 5

%

i

max"0!min""Ti # Tb6$!Tmax!e$$
TSUM6

for 5 " DVS % 6

(2)  

where TSUM1!6 represent the thermal requirements and Tb1!b6 the base 
temperature for each sub-phase. The photoperiod and vernalization 
factors are considered from PH2 to PH5. The DVS in this case ranges 
between 0 (sowing) and 6 (maturity). 

The multi-phase approach should be a preferred choice to simulate 
phenological development to inform crop breeders who target specific 
sub-phases. 

2.1.3. Agro-climate conditions during sensitive growth stages 
Agro-climate conditions during sensitive phenological stages are 

derived by using a set of indicators. An initial set of 16 indicators has 
been developed based on a co-design exercise involving Italian durum 
wheat farmers, done in the framework of the H2020-MedGOLD project. 
These indicators can be grouped into four categories: hydrological bal-
ance, excessive wetness, cold stress and heat stress (Fig. 1). 

Hydrological balance indicators are used to estimate drought and/or 
wetness severity during different stages of crop growth (Table 1). For 
this purpose, the Standardized Precipitation-Evapotranspiration Index 
(SPEI, Vicente-Serrano et al., 2010), a multi-temporal-scale index 
quantifying persistent anomalies in soil water balance over different 
time periods, is used. The SPEI is based on climatic water balance, i.e. 
the difference between water availability (precipitation) and atmo-
spheric water demand (reference evapotranspiration, referring to 
evapotranspiration above well-watered actively growing grass of uni-
form height, completely shading the ground). Reference 

evapotranspiration is estimated using the modified Hargreaves-Samani 
method (Droogers and Allen, 2002), which requires daily minimum 
and maximum temperatures, daily precipitation and location latitude as 
inputs (the latter is necessary to calculate extraterrestrial radiation). The 
ability of SPEI to capture well the impact of drought on European 
agricultural production has been shown in recent studies (Ceglar et al., 
2018; Zampieri et al., 2017; Stagge et al., 2015). Here we have devel-
oped and implemented a non-parametric SPEI calculation procedure, 
which translates empirical cumulative distribution of climatic water 

Fig. 1. Different types of agro-meteorological indicators are needed to fully characterize meteorological conditions during different stages of winter wheat growth. 
Four groups of indicators are here chosen to characterize hydrological balance, excessive wetness, cold stress and heat stress conditions. 

Table 1 
Hydrological balance indicators characterizing conditions during different pe-
riods of winter wheat growth. All indicators are based on the Standardized 
Precipitation Evapotranspiration Index (SPEI).  

Indicator Phenological stage Impacts on crop growth considered* 

1 Pre-sowing Drought or overwet conditions can influence 
field preparation activities, restricting the 
possibility of using appropriate sowing 
windows 

2 Sowing - emergence Drought can adversely impact seed 
germination, which can result in decreased 
germination rate, coleoptile length, seedling 
vigor, root length and shoot length. On the 
other hand, over-wet conditions lead to 
increased risk for disease occurrence. 

3 Tillering Drought limits the development of root 
system which can lead to decrease in: leaf 
area, leaf number per plant, leaf size and leaf 
longevity (Zhang et al., 2018, and reference 
therein). Contrarily, over-wet conditions lead 
to increased risk for disease occurrence. 

4 Stem elongation – 
booting 

Drought can lead to decreased plant height, 
number of grains per panicle or panicle 
number per plant or area (Zhang et al., 2018). 
Wetness increases the risk of diseases. 

5 Heading – maturity Drought can lead to reduced seed setting rate 
and reduce grain filling rate, leading to lower 
total biomass per plant at harvest. Over-wet 
conditions can cause severe reduction of yield 
and grain quality, increased harvest losses and 
exposure to diseases. 

6 Sowing – maturity 
(entire season) 

Drought can cause severe reduction of yield or 
crop die-back. Over-wet conditions can cause 
spread of diseases, severe reduction of growth 
or crop die back. 

* Potential impacts on crop growth were collected from farmers feedback 
(MEDGOLD project), and literature review. 
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selection based on breeding, which is targeting different sub-phases, a 
multi-phase model is made available in the Clisagri package. 

The multi-phase model predicts the beginning and the end of six crop 
growth phases: PH1 – sowing to emergence, PH2 – emergence to 
tillering, PH3 – tillering to stem elongation, PH4 – stem elongation to 
booting, PH5 – booting to flowering, and PH6 – flowering to maturity 
(Rossi et al., 1997): 
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where TSUM1!6 represent the thermal requirements and Tb1!b6 the base 
temperature for each sub-phase. The photoperiod and vernalization 
factors are considered from PH2 to PH5. The DVS in this case ranges 
between 0 (sowing) and 6 (maturity). 

The multi-phase approach should be a preferred choice to simulate 
phenological development to inform crop breeders who target specific 
sub-phases. 

2.1.3. Agro-climate conditions during sensitive growth stages 
Agro-climate conditions during sensitive phenological stages are 

derived by using a set of indicators. An initial set of 16 indicators has 
been developed based on a co-design exercise involving Italian durum 
wheat farmers, done in the framework of the H2020-MedGOLD project. 
These indicators can be grouped into four categories: hydrological bal-
ance, excessive wetness, cold stress and heat stress (Fig. 1). 

Hydrological balance indicators are used to estimate drought and/or 
wetness severity during different stages of crop growth (Table 1). For 
this purpose, the Standardized Precipitation-Evapotranspiration Index 
(SPEI, Vicente-Serrano et al., 2010), a multi-temporal-scale index 
quantifying persistent anomalies in soil water balance over different 
time periods, is used. The SPEI is based on climatic water balance, i.e. 
the difference between water availability (precipitation) and atmo-
spheric water demand (reference evapotranspiration, referring to 
evapotranspiration above well-watered actively growing grass of uni-
form height, completely shading the ground). Reference 

evapotranspiration is estimated using the modified Hargreaves-Samani 
method (Droogers and Allen, 2002), which requires daily minimum 
and maximum temperatures, daily precipitation and location latitude as 
inputs (the latter is necessary to calculate extraterrestrial radiation). The 
ability of SPEI to capture well the impact of drought on European 
agricultural production has been shown in recent studies (Ceglar et al., 
2018; Zampieri et al., 2017; Stagge et al., 2015). Here we have devel-
oped and implemented a non-parametric SPEI calculation procedure, 
which translates empirical cumulative distribution of climatic water 

Fig. 1. Different types of agro-meteorological indicators are needed to fully characterize meteorological conditions during different stages of winter wheat growth. 
Four groups of indicators are here chosen to characterize hydrological balance, excessive wetness, cold stress and heat stress conditions. 

Table 1 
Hydrological balance indicators characterizing conditions during different pe-
riods of winter wheat growth. All indicators are based on the Standardized 
Precipitation Evapotranspiration Index (SPEI).  

Indicator Phenological stage Impacts on crop growth considered* 

1 Pre-sowing Drought or overwet conditions can influence 
field preparation activities, restricting the 
possibility of using appropriate sowing 
windows 

2 Sowing - emergence Drought can adversely impact seed 
germination, which can result in decreased 
germination rate, coleoptile length, seedling 
vigor, root length and shoot length. On the 
other hand, over-wet conditions lead to 
increased risk for disease occurrence. 

3 Tillering Drought limits the development of root 
system which can lead to decrease in: leaf 
area, leaf number per plant, leaf size and leaf 
longevity (Zhang et al., 2018, and reference 
therein). Contrarily, over-wet conditions lead 
to increased risk for disease occurrence. 

4 Stem elongation – 
booting 

Drought can lead to decreased plant height, 
number of grains per panicle or panicle 
number per plant or area (Zhang et al., 2018). 
Wetness increases the risk of diseases. 

5 Heading – maturity Drought can lead to reduced seed setting rate 
and reduce grain filling rate, leading to lower 
total biomass per plant at harvest. Over-wet 
conditions can cause severe reduction of yield 
and grain quality, increased harvest losses and 
exposure to diseases. 

6 Sowing – maturity 
(entire season) 

Drought can cause severe reduction of yield or 
crop die-back. Over-wet conditions can cause 
spread of diseases, severe reduction of growth 
or crop die back. 

* Potential impacts on crop growth were collected from farmers feedback 
(MEDGOLD project), and literature review. 
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balance into standardized water balance anomalies. The entire set of 
hydrological balance indicators in Table 1 is based on SPEI, calculated 
for different periods during the growing season. Hydrological balance 
indicators effectively support farmers on decisions related to: variety 
selection, sowing date, most suitable field operations, irrigation, appli-
cation of fertilizers and optimal crop protection strategies (Table S1). 

Excessive wetness indicators are based on counting the number of days 
with daily rainfall exceeding specified threshold and are, similar to hy-
drological balance indicators, calculated for different phenological 
stages. These indicators aim to capture the conditions that could lead to 
anoxia/hypoxia in the root zone, increasing the risk of diseases and 
impaired canopy structure caused by lodging (Table 2). The excessive 
wetness indicators can provide useful guidance for the selection of 
optimal crop protection strategy, application of optimal amount of fer-
tilizers and planning of the most suitable grain storage strategy (Table S1). 

The cold stress indicator counts the number of days when the mini-
mum daily temperature (measured at the standard level of 2 m) drops 
below 2 !C (Table 3). Temperatures below this threshold, after the 
overwintering period, may increase the risk of permanent damage to 
stems, tillers and reduce the number of spikes. Heat stress indicators 
capture the number of hot days with maximum daily temperature above 
a pre-defined threshold (here set to 28 !C). These temperatures can 
cause partial or complete sterility of florets and a decline in photosyn-
thetic rate, when occurring during the flowering period. During the 
grain filling period, they speed up the development, accelerate leaf 
senescence and lower yield biomass (Table 3). The frost and heat stress 
indicators can provide guidance on sowing dates selection, variety se-
lection and irrigation planning (Table S1). 

Tables 1, 2 and 3 provide the full information and description of the 
proposed set of indicators here selected according to the growth phases 
of winter wheat (Fig. 1). To provide users a more flexible software, as 

well as to take into account cases when limited agronomic information is 
available, the temporal aggregation period for deriving the indicators 
can be selected either as static (i.e. calendar period when specified 
growing stages generally occur) or dynamic by using the implemented 
phenological model. As for the latter one, the temporal aggregation 
period is defined by DVS limits for each sensitive growing period and its 
inter-annual variability is temperature driven. For example, the flow-
ering period might occur earlier (later) with respect to the fixed calendar 
period in case of warmer (cooler) preceding period. 

2.1.4. Quantifying the risk 
Agro-climate indicators describe the risk associated with different 

types of weather and climate events that can cause losses of crop yield 
quantity and quality as well as increase the chance of disease breakout. 
However, the quantification of the risk levels is not always 
straightforward. 

The intensity of drought, as estimated by the SPEI, is generally 
classified as follows: moderate (SPEI between "1.5 and "1), severe 
(SPEI between "2 and "1.5) and extreme (SPEI below "2). Positive 
SPEI values indicate wetter conditions with respect to the climatological 
norm: moderately wet (SPEI between 1 and 1.5), very wet (SPEI between 
1.5 and 2) and extremely wet (SPEI above 2). Indicators of excessive 
wetness and cold and heat stress are based on the number of days when 
the event occurs. The duration of an event (number of days) indicates 
the associated risk, with higher number increasing the risk of negative 
impact on crop growth (i.e. more days with specified climate event will 
likely cause more relevant crop damages). 

Thresholds may be objectively determined when sufficient impact 
local data are available, such as crop yield quality and quantity at har-
vest, occurrence of various diseases during different phases of crop 
growth and damages on plant tissue (e.g. leaves) due to frost and/or heat 
stress. This way the values of indicators may be directly used to quantify 
risk levels. To appreciate the importance of local data, a few examples 
can be used. When a crop is grown on sandy soils it will experience 
drought stress earlier than the same crop grown on clay soils with higher 
water retention capacities. Similarly, a wheat variety that is less resis-
tant to heat stress might experience yield loss already during few days 
exposed to high temperatures, while more resistant varieties would be 
less responsive (Akter and Rafiqul Islam, 2017). We illustrate the risk- 
based evaluation for disease occurrence in section 3.1. 

2.2. Clisagri as climate service 

Clisagri has been co-designed with farmers and agronomists, who 
characterized weather and climate events during the wheat growing 
season that can potentially result in losses of crop yield quality and 

Table 2 
Excessive wetness indicators characterizing conditions during different periods 
of winter wheat growth.  

Indicator Phenological 
stages 

Description Impacts on crop growth 
considered 

7 Pre-sowing Rainfall cumulate Delayed sowing and 
reduced sown areas 

8 Tillering Number of days with 
rainfall above 10 mm 

Higher number of wet days 
can lead to soil saturation 
and increased exposure to 
diseases 

9 Tillering Number of days with 
heavy rain above 40 
mm 

Waterlogging can cause 
hypoxia or anoxia in the 
root zone, plants cannot 
absorb nitrogen from the 
soil, in the worst case 
tillering does not occur. 
Increased risk of diseases 
and reduced radiation use 
efficiency (M!akinen et al., 
2018; Trnka et al., 2014). 

10 Heading- 
maturity 

Number of days with 
rainfall above 5 mm 

Higher number of wet days 
can lead to soil saturation 
and increased exposure to 
diseases 

11 Heading – 
maturity 

Number of days with 
rainfall above 40 mm 

Lodging destroys canopy 
structure, it can cause 
severe reduction of yield 
and of grain quality, 
through increased harvest 
losses and increased 
exposure to diseases ( 
M!akinen et al., 2018). 

12 Heading- 
flowering 

Maximum number of 
consecutive days with 
rainfall above 5 mm 

Increased risk of diseases 

13 Flowering- 
maturity 

Maximum number of 
consecutive days with 
rainfall above 5 mm 

Increased risk of diseases  

Table 3 
Temperature related indicators characterizing conditions during different pe-
riods of winter wheat growth.  

Indicator Phenological 
stages 

Description Impacts on crop growth 
considered 

14 Booting- 
flowering 

Number of days with 
minimum 
temperature below 
2 !C 

Reduction of tiler and spike 
number, pollen sterility, 
stem damage (Frederiks 
et al., 2015) 

15 Booting- end of 
flowering 

Number of days with 
maximum daily 
temperature above 
28 !C 

Partial/complete sterility 
of florets, decline in 
photosynthetic rate (Akter 
and Rafiqul Islam, 2017; 
Porter and Semenov, 2005) 

16 End of 
flowering – 
maturity 

Number of days with 
maximum daily 
temperature above 
28 !C 

Exposure to heat speeds up 
development and 
decreases yield, decline in 
photosynthetic rate (Akter 
and Rafiqul Islam, 2017; 
Porter and Semenov, 2005)  
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balance into standardized water balance anomalies. The entire set of 
hydrological balance indicators in Table 1 is based on SPEI, calculated 
for different periods during the growing season. Hydrological balance 
indicators effectively support farmers on decisions related to: variety 
selection, sowing date, most suitable field operations, irrigation, appli-
cation of fertilizers and optimal crop protection strategies (Table S1). 

Excessive wetness indicators are based on counting the number of days 
with daily rainfall exceeding specified threshold and are, similar to hy-
drological balance indicators, calculated for different phenological 
stages. These indicators aim to capture the conditions that could lead to 
anoxia/hypoxia in the root zone, increasing the risk of diseases and 
impaired canopy structure caused by lodging (Table 2). The excessive 
wetness indicators can provide useful guidance for the selection of 
optimal crop protection strategy, application of optimal amount of fer-
tilizers and planning of the most suitable grain storage strategy (Table S1). 

The cold stress indicator counts the number of days when the mini-
mum daily temperature (measured at the standard level of 2 m) drops 
below 2 !C (Table 3). Temperatures below this threshold, after the 
overwintering period, may increase the risk of permanent damage to 
stems, tillers and reduce the number of spikes. Heat stress indicators 
capture the number of hot days with maximum daily temperature above 
a pre-defined threshold (here set to 28 !C). These temperatures can 
cause partial or complete sterility of florets and a decline in photosyn-
thetic rate, when occurring during the flowering period. During the 
grain filling period, they speed up the development, accelerate leaf 
senescence and lower yield biomass (Table 3). The frost and heat stress 
indicators can provide guidance on sowing dates selection, variety se-
lection and irrigation planning (Table S1). 

Tables 1, 2 and 3 provide the full information and description of the 
proposed set of indicators here selected according to the growth phases 
of winter wheat (Fig. 1). To provide users a more flexible software, as 

well as to take into account cases when limited agronomic information is 
available, the temporal aggregation period for deriving the indicators 
can be selected either as static (i.e. calendar period when specified 
growing stages generally occur) or dynamic by using the implemented 
phenological model. As for the latter one, the temporal aggregation 
period is defined by DVS limits for each sensitive growing period and its 
inter-annual variability is temperature driven. For example, the flow-
ering period might occur earlier (later) with respect to the fixed calendar 
period in case of warmer (cooler) preceding period. 

2.1.4. Quantifying the risk 
Agro-climate indicators describe the risk associated with different 

types of weather and climate events that can cause losses of crop yield 
quantity and quality as well as increase the chance of disease breakout. 
However, the quantification of the risk levels is not always 
straightforward. 

The intensity of drought, as estimated by the SPEI, is generally 
classified as follows: moderate (SPEI between "1.5 and "1), severe 
(SPEI between "2 and "1.5) and extreme (SPEI below "2). Positive 
SPEI values indicate wetter conditions with respect to the climatological 
norm: moderately wet (SPEI between 1 and 1.5), very wet (SPEI between 
1.5 and 2) and extremely wet (SPEI above 2). Indicators of excessive 
wetness and cold and heat stress are based on the number of days when 
the event occurs. The duration of an event (number of days) indicates 
the associated risk, with higher number increasing the risk of negative 
impact on crop growth (i.e. more days with specified climate event will 
likely cause more relevant crop damages). 

Thresholds may be objectively determined when sufficient impact 
local data are available, such as crop yield quality and quantity at har-
vest, occurrence of various diseases during different phases of crop 
growth and damages on plant tissue (e.g. leaves) due to frost and/or heat 
stress. This way the values of indicators may be directly used to quantify 
risk levels. To appreciate the importance of local data, a few examples 
can be used. When a crop is grown on sandy soils it will experience 
drought stress earlier than the same crop grown on clay soils with higher 
water retention capacities. Similarly, a wheat variety that is less resis-
tant to heat stress might experience yield loss already during few days 
exposed to high temperatures, while more resistant varieties would be 
less responsive (Akter and Rafiqul Islam, 2017). We illustrate the risk- 
based evaluation for disease occurrence in section 3.1. 

2.2. Clisagri as climate service 

Clisagri has been co-designed with farmers and agronomists, who 
characterized weather and climate events during the wheat growing 
season that can potentially result in losses of crop yield quality and 

Table 2 
Excessive wetness indicators characterizing conditions during different periods 
of winter wheat growth.  

Indicator Phenological 
stages 

Description Impacts on crop growth 
considered 

7 Pre-sowing Rainfall cumulate Delayed sowing and 
reduced sown areas 

8 Tillering Number of days with 
rainfall above 10 mm 

Higher number of wet days 
can lead to soil saturation 
and increased exposure to 
diseases 

9 Tillering Number of days with 
heavy rain above 40 
mm 

Waterlogging can cause 
hypoxia or anoxia in the 
root zone, plants cannot 
absorb nitrogen from the 
soil, in the worst case 
tillering does not occur. 
Increased risk of diseases 
and reduced radiation use 
efficiency (M!akinen et al., 
2018; Trnka et al., 2014). 

10 Heading- 
maturity 

Number of days with 
rainfall above 5 mm 

Higher number of wet days 
can lead to soil saturation 
and increased exposure to 
diseases 

11 Heading – 
maturity 

Number of days with 
rainfall above 40 mm 

Lodging destroys canopy 
structure, it can cause 
severe reduction of yield 
and of grain quality, 
through increased harvest 
losses and increased 
exposure to diseases ( 
M!akinen et al., 2018). 

12 Heading- 
flowering 

Maximum number of 
consecutive days with 
rainfall above 5 mm 

Increased risk of diseases 

13 Flowering- 
maturity 

Maximum number of 
consecutive days with 
rainfall above 5 mm 

Increased risk of diseases  

Table 3 
Temperature related indicators characterizing conditions during different pe-
riods of winter wheat growth.  

Indicator Phenological 
stages 

Description Impacts on crop growth 
considered 

14 Booting- 
flowering 

Number of days with 
minimum 
temperature below 
2 !C 

Reduction of tiler and spike 
number, pollen sterility, 
stem damage (Frederiks 
et al., 2015) 

15 Booting- end of 
flowering 

Number of days with 
maximum daily 
temperature above 
28 !C 

Partial/complete sterility 
of florets, decline in 
photosynthetic rate (Akter 
and Rafiqul Islam, 2017; 
Porter and Semenov, 2005) 

16 End of 
flowering – 
maturity 

Number of days with 
maximum daily 
temperature above 
28 !C 

Exposure to heat speeds up 
development and 
decreases yield, decline in 
photosynthetic rate (Akter 
and Rafiqul Islam, 2017; 
Porter and Semenov, 2005)  
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10 Number of days 
with rain above 5 
mm between 
heading and full 
maturity

The index can give support for the 
decisions on crop protection from 
diseases, in particular for Fusarium 
Head Blight (FHB). FHB is caused by a 
complex of fungal species of the genus 
Fusarium, which infect wheat heads at 
flowering and can cause both a 
decrease in grain yield and quality, and 
the grain contamination from 
mycotoxins.

The application of the optimal crop 
protection strategy has a direct 
impact on grain yield and quality. 
The possibility to have seasonal 
prediction for this index can help the 
farmer in planning the field 
operations in advance, and in the 
choice of the most suitable crop 
protection products, i.e. on the base 
of their efficacy.

11 Number of days 
with rain above 40 
mm between 
beginning of 
heading and full 
maturity

The index can give an indication on 
the expected yield and quality of grain 
at harvest. In the absence of heavy 
rain during this period, quality of 
harvested grain will probably be high 
(protein content), while in case of 
heavy rain events there is an 
increased risk for quality decrease 
(fungal infections, black point 
problems and/or mycotoxin 
contamination.

The possibility to have seasonal 
prediction for this index can help 
elevators to plan in advance the 
most suitable storage strategy for 
grain lots with different qualitative 
characteristics.

12 Maximum number 
of consecutive 
days with rain 
above 5 mm 
between heading 
and flowering

This index is a complementary to the 
information given by index 10. As 
such, it can support the decisions on 
the crop protection from diseases, in 
particular for FHB.

Similar to index 10. 

13 Maximum number 
of consecutive 
days with rain 
above 5 mm 
between flowering 
and full maturity

This index is a complementary to the 
information given by index 11. As 
such, it can provide a risk measure for 
grain quality at harvest. 

Similar to index 11. 

14 Number of days 
with minimum 
daily temperature 
below 2 °C 
between booting 
and flowering

The index can give an indication on 
the frost risk and related damage to 
the plants, leading to a reduction of 
grain yield.

The possibility to have seasonal 
prediction for this index can give the 
farmer an indication on the expected 
yield.

15 Number of hot 
days with 
maximum daily 
temperature above 
28 °C between 
stem elongation 
and flowering

The index can give support the 
decision on the irrigation, which can 
help counterbalancing the effect of the 
heat stress, with positive effect on 
yield. 

The seasonal prediction for this index 
gives farmers the possibility to plan 
the irrigation, and gives them an 
indication on the expected yield 
amount and quality. Additionally, 
having predictions early enough in 
season (sowing period) can help 
farmers to adapt sowing dates and 
select optimal variety to avoid the 
heat stress during the most sensitive 
growth stages. 
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balance for the entire growing season (Fig. 3d), the probability of having 
slightly wetter conditions will increase with climate change, mainly due 
to the shorter growing season and the projected increase in winter 
precipitation. 

3.2. Variety selection 

The observed meteorological data used in this section were obtained 
from the EC-JRC MarsMet, established and maintained for the purpose 
of crop growth monitoring and forecasting (Toreti et al., 2019b). 
Depending on the climate of the region under analysis, different 

combinations of TSUM1 and TSUM2 may lead to different exposure of 
wheat to unfavourable/extreme weather and climate events during the 
growing season. To assess the spectrum of varieties with different 
thermal requirements, Clisagri provides a function to explore wide 
ranges of TSUM1/TSUM2 combinations (dvs.calc). The possible range of 
TSUM1 and TSUM2 values, here shown, has been determined based on 
the calibrated values for different wheat varieties in southern Europe 
and the Mediterranean regions (Ceglar et al., 2019b) and the expert 
opinion from HORTA agronomists. To demonstrate how this function 
works, we focus on the 2002/3 growing season late spring and early 
summer, which usually coincide with flowering and grain filling period 

Fig. 3. a) Modelled dependence between Septoria complex disease severity and number of days with rainfall above 5 mm between heading and maturity for durum 
wheat grown in three Italian locations: Ravenna, Jesi and Foggia. Colours denote the probability of observed disease severity for different number of days with 
rainfall amount above 5 mm. Dots represent the observational pairs based on disease severity from the field experiments and agro-climate indicator calculated on 
measured rainfall data. b) Seasonal prediction of phenological development, initiated in November 2000, for durum wheat grown in Ravenna. Grey lines represent 
simulations based on 25 different ensemble members, and the thick black line represents the ensemble mean. Red line represents the simulated phenological 
development based on observed climate data. c) Probability density of the number of hot days during the grain filling period (durum wheat grown in Ravenna) for the 
reference period (1981–2010) and mid of 21st century (2041–2070). No adaptation measures were assumed in the simulations (i.e. the same sowing date, TSUM1 
and TSUM2 were used for both periods). d) Same as c, but for hydrological balance during entire growing period of durum wheat (i.e. between sowing and maturity). 

A. Ceglar et al.                                                                                                                                                                                                                                  

- Modelled dependence between Septoria 
complex disease severity and number of 
days with rainfall above 5 mm between 
heading and maturity for durum wheat 
grown in 3 Italian locations: Ravenna, 
Jesi, Foggia
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balance for the entire growing season (Fig. 3d), the probability of having 
slightly wetter conditions will increase with climate change, mainly due 
to the shorter growing season and the projected increase in winter 
precipitation. 

3.2. Variety selection 

The observed meteorological data used in this section were obtained 
from the EC-JRC MarsMet, established and maintained for the purpose 
of crop growth monitoring and forecasting (Toreti et al., 2019b). 
Depending on the climate of the region under analysis, different 

combinations of TSUM1 and TSUM2 may lead to different exposure of 
wheat to unfavourable/extreme weather and climate events during the 
growing season. To assess the spectrum of varieties with different 
thermal requirements, Clisagri provides a function to explore wide 
ranges of TSUM1/TSUM2 combinations (dvs.calc). The possible range of 
TSUM1 and TSUM2 values, here shown, has been determined based on 
the calibrated values for different wheat varieties in southern Europe 
and the Mediterranean regions (Ceglar et al., 2019b) and the expert 
opinion from HORTA agronomists. To demonstrate how this function 
works, we focus on the 2002/3 growing season late spring and early 
summer, which usually coincide with flowering and grain filling period 

Fig. 3. a) Modelled dependence between Septoria complex disease severity and number of days with rainfall above 5 mm between heading and maturity for durum 
wheat grown in three Italian locations: Ravenna, Jesi and Foggia. Colours denote the probability of observed disease severity for different number of days with 
rainfall amount above 5 mm. Dots represent the observational pairs based on disease severity from the field experiments and agro-climate indicator calculated on 
measured rainfall data. b) Seasonal prediction of phenological development, initiated in November 2000, for durum wheat grown in Ravenna. Grey lines represent 
simulations based on 25 different ensemble members, and the thick black line represents the ensemble mean. Red line represents the simulated phenological 
development based on observed climate data. c) Probability density of the number of hot days during the grain filling period (durum wheat grown in Ravenna) for the 
reference period (1981–2010) and mid of 21st century (2041–2070). No adaptation measures were assumed in the simulations (i.e. the same sowing date, TSUM1 
and TSUM2 were used for both periods). d) Same as c, but for hydrological balance during entire growing period of durum wheat (i.e. between sowing and maturity). 
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the calibrated values for different wheat varieties in southern Europe 
and the Mediterranean regions (Ceglar et al., 2019b) and the expert 
opinion from HORTA agronomists. To demonstrate how this function 
works, we focus on the 2002/3 growing season late spring and early 
summer, which usually coincide with flowering and grain filling period 

Fig. 3. a) Modelled dependence between Septoria complex disease severity and number of days with rainfall above 5 mm between heading and maturity for durum 
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development based on observed climate data. c) Probability density of the number of hot days during the grain filling period (durum wheat grown in Ravenna) for the 
reference period (1981–2010) and mid of 21st century (2041–2070). No adaptation measures were assumed in the simulations (i.e. the same sowing date, TSUM1 
and TSUM2 were used for both periods). d) Same as c, but for hydrological balance during entire growing period of durum wheat (i.e. between sowing and maturity). 

A. Ceglar et al.                                                                                                                                                                                                                                  



18

Clisagri R package 

- Risk assessment in practice 

- Application of seasonal weather forecasts (up to 1 year 
ahead)



19

Clisagri R package 

- Risk assessment in practice 

- Application of seasonal weather forecasts (up to 1 year 
ahead)

Sh
ar

e 
of

 a
ra

bl
e 

cr
op

la
nd

 a
re

a 

observed drought area 
correctly predicted drought area

−2

−1

0

1

2
SPEI

40 − 50 50 − 60 60 − 70 >70 40 − 50 50 − 60 60 − 70 >70 50 − 60 60 − 70 >7040 − 50
Probability of drought event Probability of normal event Probability of wet event

FEBRUARY APRIL MAY JUNE Observed SPEI

Skill No 
skill 0.25 0.50 0.75 1.00

observed wet area 
correctly predicted wet area

+ +

+

+

+ + +

+ + +

+ + +

+ + + + + + +

+ + + + + + + + + + +

+ + + + + + + + + + + + +

+ + + + + +

+ + + + + +

+ + + + + + +

+ + + + + + + + + +

+ + + + + +

+ + + + + + + + + + + + +

+ + + + + + +

+ + + +

+ + + + + + + + + + + +

+ + + +

+ + + + +

+ + + + + + + + + + + +

+ + + + + + + + + + +

+ + + +

+ + + +

+ + + + + +

+ + + + +

+ + + +

+

Correlation

-1   -0.8  -0.6 -0.4  -0.2   0.2  0.4   0.6  0.8   1.0

a) b)

c)

d)

JUNEMAYAPRILFEBRUARY

2000 2010 2020 2000 2010 2020 2000 2010 2020 2000 2010 2020
0

10

20

30
0

10

20

30



20

Clisagri R package 

- Risk assessment in practice 

Climate Services 20 (2020) 100197

9

TSUM2 below 700 GDD) could have been used to avoid intense drought 
and heat stress. Maturity in these varieties would have been reached at 
the beginning of June 2003, thus largely avoiding intense heat stress 
occurring later in the season. On the contrary, varieties with longer 
thermal requirements (TSUM1 and TSUM2 above 700 GDD) are severely 
exposed to drought and heat stress. 

Often, farmers also adapt by changing sowing dates. This factor can 
be also considered in Clisagri optimization strategy, by perturbing the 
associated value in the parameters matrix. Users can either repeat the 
procedure for optimal TSUM1/TSUM2 combinations under different 
sowing dates or run the clisagri function assuming constant TSUM1/ 
TSUM2 (i.e. representing currently grown variety) and perturb only 
sowing dates. By comparing the values of the selected agro-climate in-
dicators, users can then decide upon sowing date that minimises the risk 
of selected unfavourable/extreme weather and climate events. 

Perturbing TSUM1 and TSUM2 values in the standard approach af-
fects all sub-phases of wheat development proportionally (i.e. increasing 
TSUM1 results in increased length of all sub-phases from sowing to 
flowering). The multi-phase model addresses this shortcoming by 
simulating phenological development for six sub-phases, using a set of 
six TSUMs and Tb parameters for each sub-phase. Typical parameter 
values for durum wheat varieties grown in Italy are shown in Table 5. 
The parameter description for the multi-phase model can be invoked by 
calling function phenology.parameters(breeder ! TRUE). 

A systematic search of the optimal variety (as in the case of the base 
phenological model) in this case becomes computationally highly 
intensive as 

!
i!1:6ni possible combinations (ni representing the number 

of TSUM discretization classes for each sub-phase) must be analysed. We 
have therefore implemented an optimization method based on genetic 
algorithm (GA; Scrucca, 2013). In short, a genetic algorithm is a sto-
chastic search algorithm which reflects the process of natural selection 
where the fittest individuals are selected for reproduction. 

Five phases are important for the genetic algorithm: initial popula-
tion, fitness function, selection, crossover and mutation (Scrucca, 2013). 
The fitness function determines the performance of the individuals, i.e. 
their ‘score’, thus the probability to be selected in the subsequent gen-
eration of individuals. Clisagri provides a fitness function (breeder.calc) 
that can incorporate all the agro- climate indicators. The main idea 
behind is to maximize the fitness score by bringing selected agro-climate 
indicators to a value which minimizes the impact on the crop growth 
given the climate conditions during the growing season. The selection 
phase identifies the fittest individuals and passes them to the next 
generation. Crossover forms offspring from two parents by combining 
part of the genetic information from each; while, the mutation randomly 
alters the values of genes in a parent chromosome, thereby maintaining 
diversity within the population and preventing premature convergence 
and thus local optimization. In simplified terms, the breeder.calc function 
aims to find the best combination of thermal requirements for each 
wheat sub-phase that minimizes the unfavourable/extreme weather and 
climate events during the critical growth stages. 

We present here an example of searching for the optimal set of sub- 
phase thermal requirements for the durum wheat growing season 1999/ 
2000 in Ravenna. We optimize the variety selection on the climate im-
pacts during the pre-flowering and grain filling phases using indicators 

Fig. 5. Simulated hydrological balance between heading and maturity (a) and number of hot days between flowering and maturity, based on different combinations 
of TSUM1/TSUM2 (indicated by different colors). To distinguish between different combinations, the color of each simulated indicator is related to scale in (c), with 
each color representing a unique combination of TSUM1/TSUM2. The R code to produce the indicator of type 16 (number of hot days) is shown in (b). 
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of hydrological balance and heat stress (types 4, 5, 15 and 16; see Fig. 1). 
The GA converges towards a solution where ideally the selected wheat 
variety would experience neither drought nor wet conditions (i.e. values 
of hydrological indicator between !1 and 1) and it would be exposed to 
hot weather for the shortest possible period. The lower and upper 
boundaries for thermal requirements in each sub-phase (Fig. 7a) are 
given in Table 5. 

Fig. 7a represents the fitness score based on 200 iterations of the 
implemented GA. It takes roughly 100 iterations for the algorithm to 
converge towards quasi-stable solution, with fitness score moving be-
tween !0.3 and !0.2. The resulting thermal requirements maximizing 
the fitness score are as follows for each sub-phase (in GDD): 139 (PH1), 
77 (PH2), 148 (PH3), 125 (PH4), 51 (PH5) and 453 (PH6). 

Fig. 8 represents each phenological sub-phase (PH1-PH6) of the va-
riety having GA-optimized values of thermal requirements (OPT), ob-
tained using the breeder.plot function. For comparison purposes, the 
growing season is presented also for a reference variety (R), typically 
grown in Emilia-Romagna during the ‘90 s (Rossi et al., 1997). Along 
with the phenological development, Fig. 6 also shows the agro- 
meteorological indicators that were used in the GA-optimization pro-
cedure. The most notable difference is in the length of the growing 
season, which is altogether slightly shorter for OPT. The variety selec-
tion favours shorter tillering and longer stem elongation period, when 
compared to the reference variety. Earlier occurrence of flowering and 

maturity in the optimal variety results in a considerable reduction of 
heat stress exposure during the grain filling period and also in avoiding 
drought conditions between heading and maturity. 

Variety optimisation function breeder.calc can also be used with 
climate predictions and projections. At the decadal time scale, it may 
support crop breeders. When seasonal climate predictions are used, the 
breeder.calc considers all ensemble members equally when searching for 
optimal variety for the coming growing season. In this case, the opti-
mization targets farmers who need to decide on the type of variety and 
plan the field interventions. 

4. Future extensions 

Below is the list of additional functionalities already planned to be 
integrated in the Clisagri..  

(i) Skill assessment of seasonal-to-decadal climate predictions. Even 
though the skill of seasonal weather forecast has been shown 
useful for European agriculture (Ceglar et al., 2018; Falloon et al., 
2018), the integration of such products into Clisagri still requires 
spatio-temporal assessments. These should provide users with the 
complete information on seasonal forecast of the agro-climate 
indicators on the predicted phenological phases together with 
score indicators on the usefulness of these forecasts (i.e. on the 
added value in seasonal forecasts with respect to the climato-
logical information available from observations).  

(ii) Direct connection to COPERNICUS CDS and downloading of the 
relevant climate data for selected locations.  

(iii) Additional crop types and agro-climate indicators.  
(iv) Calibration of the phenological model with user’s field data.  
(v) Additional phenological models providing users the possibility to 

select the preferred model.  
(vi) Integration of dedicated sowing model, aiming to select optimal 

sowing date based on preceding weather conditions. 

Fig. 6. Exposure to drought between heading and maturity (a) and heat stress between flowering and maturity (b) during the growing season 2002/3 in Ravenna, 
depending on various combinations of variety thermal requirements (TSUM1 and TSUM2). Values below !1 in (a) indicate drought conditions. Values in (b) 
represent the number of hot days. Grey (black) lines represent the isolines of simulated flowering (maturity) date. 

Table 5 
Parameter values (representing typical Italian durum wheat varieties) for multi- 
phase phenological model.  

Phase TSUM range (GDD) Tb ("C) 

sowing – emergence 120–200 2 
emergence – tillering 35–140 !2 
tillering – stem elongation 100–220 !2 
stem elongation – booting 100–200 0 
booting – flowering 50–150 0 
flowering – ripening 450–550 9  
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Fig. 7. a) Best, mean and median fitness score values at each GA generation step. b) The R code to perform the optimal variety selection.  

Fig. 8. Phenological development stages of optimal (OPT) and reference (R) varieties for the growing season 1999/2000 in Ravenna along with the four agro- 
meteorological indicators selected for the GA-optimization. The values of the indicators are presented for both the optimal and the reference variety. 
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3.1. Durum wheat production in the Mediterranean region: a case study 

Durum wheat is mainly grown in the Mediterranean environment 
(Guzm!an et al., 2016), and mainly used in the production of pasta 
(Nazco et al., 2014). The Mediterranean crop growing environment has 
become and will be challenging due to increasing temperatures, changes 
in precipitation regimes, and more frequent and intense extreme events, 
such as droughts and heat waves (Naumann et al., 2018; Zampieri et al., 
2017; Fontana et al., 2015). By integrating seasonal climate predictions, 
Clisagri represents a useful tool to anticipate impacts and provide deci-
sion makers with timely information to support the agro-management 
process and the entire farming system. To demonstrate the current Cli-
sagri functionality, we have selected durum wheat production areas in 
Italy. 

3.1.1. Risk assessment integrating impact data 
To illustrate a risk evaluation based on Clisagri, we present here an 

estimation of risk for Septoria Complex occurrence between heading and 
maturity for durum wheat grown in three locations in Italy: Ravenna, Jesi 
and Foggia. The observations of disease severity were collected from 
controlled field experiments between 2014 and 2019, where durum 
wheat was not treated against the occurrence of disease. The dependency 
of disease severity is modelled using the number of days with rainfall 
above 5 mm as an indicator of climate impact (indicator 10 in clis.agri). A 
copula approach (Nelsen, 2006) is used to analyse the joint probability 
distribution between the climate indicator and the disease severity. 
Copula based approaches have recently gained attention in studies 
focusing on agricultural risks associated with adverse climate conditions 
(Ribeiro et al., 2020, and references therein), also due to their capability 
to model nonlinear dependency structure in data. Kernel estimator has 
been used here to fit the bivariate copula density (Nagler, 2018). 

Fig. 3a shows the dependency structure and probability of Septoria 
Complex severity for different number of days with rainfall amount 
above 5 mm. The probability of disease development is low if less than 5 
wet days occur between heading and maturity. The severity of disease 
sharply increases if more than 5 such days are recorded, as shown by 
modelled bivariate copula density. The latter remains high in upper 
right quadrant of the graph, indicating that more than 8 wet days would 
likely cause the disease severity above 40%. This example illustrates that 
for durum wheat grown in the three locations, a threshold of 5 days for 
selected agro-climate indicator can be used to indicate high risk of se-
vere of Septoria Complex occurrence. 

3.1.2. Using Clisagri with climate predictions and projections 
The entire set of agro-climate indicators can be calculated using both 

seasonal-to-decadal climate predictions and climate projections. This 
type of climate information is usually provided in terms of ensembles, 
reflecting the uncertainty in initial conditions of the climate system, 
climate model structure and/or boundary conditions. This data can be 
used with Clisagri to estimate the phenological development and the risk 
associated with unfavourable/extreme events in the future. Fig. 2b il-
lustrates the use of seasonal climate forecast to predict the phenological 
development of durum wheat variety grown in Ravenna. Seasonal pre-
dictions (from the ECMWF SEAS5 system; Johnson et al., 2019) were 
obtained from the COPERNICUS Climate Data Store. These predictions, 
belonging to a hindcast experiment, were initiated for November 2000 
and consist of an ensemble of 25 different realizations of climate con-
ditions (reflecting uncertainty in initial conditions) for the lead time of 6 
months. The seasonal prediction run, initiated in November each year, 
can provide beneficial information to farmers as it becomes available 
around sowing time and covers large part of the growing season ahead of 
time, thus providing predicted climate conditions for the sensitive wheat 
growing stages. 

The phenological development of durum wheat can be simulated by 
using the phenology function (Eq. (1)) of Clisagri, which requires daily 
meteorological data (daily minimum and maximum temperatures), 
sowing dates and a parameter matrix. The parameter description for 
phenological model can be invoked by calling the function phenology. 
parameters(). These parameters should reflect the wheat variety under 
consideration, since they are used to simulate daily development rate, 
vernalization and photoperiod sensitivity. The default set of parameters 
represents a typical Mediterranean durum wheat variety grown in Italy. 
The most relevant parameters are TSUM1 and TSUM2 representing, 
respectively, the thermal requirement to reach flowering and physio-
logical maturity. The function phenology can be used to simulate DVS for 
unique combination of TSUM1 and TSUM2, as provided in the param-
eters matrix. 

When predicted climate data is provided as an ensemble of different 
realizations, phenological development is calculated for each ensemble 
member separately, thus giving users the possibility to summarise the 
ensemble of phenological development predictions. Fig. 2b illustrates 
phenological development prediction for wheat variety grown in Rav-
enna sown towards the end of November 2000. Shown are the ensemble 
mean and each ensemble member, giving an overall overview of the 
ensemble spread and the uncertainty related to the phenological pre-
diction. The phenological development simulated using observed 
climate data (red curve) falls within the range of the ensemble spread. 
These simulations can further be used to calculate the agro-climate in-
dicators (not shown here). 

Fig. 3cd illustrates another example based on climate projections to 
estimate changes in the number of hot days during the projected grain 
filling period together with changes in the hydrological balance during 
the entire wheat growing period. To perform such an example, we have 
used an ensemble of five different climate model projections for Rav-
enna from the high-resolution and bias adjusted EURO-CORDEX simu-
lations (Dosio, 2016) under the RCP8.5 scenario (a detailed description 
of these models can be found in Ceglar et al. 2019a). Fig. 3c shows the 
estimated probability density functions of the number of hot days during 
the grain filling for the reference period (1981–2010) and mid of 21st 
century (2041–2070). The probability of having between 10 and 20 hot 
days substantially increases in the future, while the probability of having 
more than 30 days practically diminishes. This can be explained by 
considering that the grain filling period in the future is projected to 
shorten (not shown) due to the increased mean temperature. As for this 
specific example, the thermal requirements TSUM1 and TSUM2 as well 
as the sowing date have been assumed to remain the same of the control 
run (i.e. no adaptation). This example clearly shows that with no 
adaptation the grain filling will shorten, and at the same time crop 
would be exposed to higher risk of heat stress. As for the hydrological 

Table 4 
List of Clisagri core available functions.  

Function Description 

clis.agri Calculates a set of agro-climate indicators characterizing 
weather conditions during sensitive stages of durum wheat 
growth 

phenology Function calculating dynamic phenological development stages 
of wheat based on provided weather data and wheat variety 
related parameters characterizing thermal requirements for 
vegetative and reproductive growing periods 

phenology. 
parameters 

Description of phenological parameters used by phenology 
function 

hazard.map Displays 2D plot of occurrence of event based on provided 
range of TSUM1 and TSUM2 

clim.plot Displays time series plot of intensity of unfavourable events 
based on different combinations of TSUM1 and TSUM2 

phenology. 
breeder 

Function calculating dynamic phenological development stages 
of wheat based on provided weather data and wheat variety 
related parameters characterizing thermal requirements for 6 
different sub-phases 

breeder.calc Fitness function providing fitness score for genetic optimization 
algorithm 

breeder.plot Displays phenological development stages of optimal variety, 
selected by genetic algorithm, and indicators that were used to 
minimize the impact on crop growth  
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Conclusions 

- Clisagri provides user-oriented co-designed climate service tool 
for the agricultural sector 

- It is based on dynamic phenological models and offers an easy 
way to derive key air-climate indicators to assess risks and 
exposure of durum wheat 

- Clisagri allows: assessment of past, current and future impact on 
crops 

- Main added value: Clisagri provides farmers with climate 
information to support decisions at different stages of crop 
growth 
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Conclusions 

- Future extensions:  

- Skill assessment of seasonal-to-decadal climate predictions 

- Direct connection to COPERNICUS Climate Data Store 

- Additional crop types 

- Calibration of the phenological model with user’s field data 

- Integration of sowing model, aiming to select optimal sowing 
date based on preceding weather conditions 
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