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Abstract: Droughts are hazardous phenomena affecting practically all the sectors of the economy. Generally, agriculture is the 
most vulnerable sector, dependent on both the characteristics of the drought episode and the sensitivity of the crops of 
the existing crop pattern. Sensitive crops to water deficit (rainfed or irrigated) may lose significant part of their yield 
in case of an intense and long-lasting phenomenon. To face the drought phenomena and their consequences, the 
responsible authorities devise preparedness plans including strategic long-term and short-term measures. Among the 
most important long-term mitigation measures is the modification of the crop pattern of the agricultural area which is 
vulnerable to droughts. The paper evaluates this option using the approach of the annualised drought risk assessment 
applied to rainfed agricultural systems. Drought risk is a metric representing the average annual loss in revenue due to 
the detrimental activity of the drought hazard. To implement this approach, a long series of drought events should be 
analysed and the sensitivity of the crops to water deficit should be known. For the demonstration of the proposed 
procedure a numerical example is presented involving rainfed crops. 
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1. INTRODUCTION  

Droughts are hazardous phenomena affecting practically all the sectors of the economy. 
Municipalities, industry and agriculture suffer from each intense and persisting drought episode. 
The agricultural sector seems to suffer more than the others due to its partially direct dependence on 
rainfall (green water) and the huge amounts needed for irrigation (blue water). During severe 
drought events, the sensitive crops to water deficit may lose significant part of their yield and their 
economic revenue. For comprehensive information on drought identification and characterisation, 
the reader may consult specialised books on the subject (e.g., Rossi et al., 2003; Iglesias et al., 2009; 
Pereira et al., 2009). 

To face drought hazards and the associated acute consequences, the responsible authorities have 
to devise and implement Drought Preparedness and Mitigation Plans in order to limit the negative 
consequences to manageable levels. For the successful implementation of these plans all important 
stakeholders (farmer unions, representatives from industry, NGOs, etc.) have to be involved in the 
formulation of these plans.  

The Preparedness Plans for a territorial unit or a system (e.g. a river basin) generally include a 
module for the assessment and monitoring of drought events, a module for the estimation of the 
anticipated losses and damages, and a module of measures which should be implemented in short 
and long term (Rossi et al., 2007; IDMP, 2014; Tsakiris et al., 2015). 

This paper focuses on the estimation of impacts of droughts on the loss in yield and revenue of 
rainfed crops, using the approach of the annualised drought risk. Based on the same approach, one 
of the most important long-term series of measures, the “crop pattern modification”, is analysed and 
assessed. 
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2. THE METHOD 

2.1 Water deficit and crop yield reduction 

As known, the water deficit in agriculture can be characterised as the most negative factor for the 
crop production process. The impact is more profound if the deficit occurs during the period of 
growth with high sensitivity of the crop. It is therefore important for the calculation of the total 
yield loss to know the level of water deficit caused and its timing. We can then model the 
production process and estimate the anticipated crop yield and revenue reduction due to deficient 
water supplied to the crops. The modelling of the crop production process is a very cubersome task 
with several uncertainties introduced by the variability of the parameters involved in the production 
process. Simplifying assumptions can lead to a wide range of crop models, from those highly 
detailed models, to simple dated crop production functions. 

Among the most popular dated crop production functions are those presented by FAO 
(Doorenbos and Kassam, 1979) and the production functions of Jensen (Jensen, 1968; Tsakiris, 
1982). The latter functions are either additive or multiplicative. 

As known, the actual yield depends on various factors, such as soil characteristics, cultivation 
techniques, plant diseases, etc., therefore the crop modelling would be more appropriate. Since the 
purpose of this study is to assess the effects of droughts on yield, which is determined by the 
climatic conditions, the AquaCrop model is the most appropriate tool to use for the simulation of 
crop yield (Steduto et al., 2012). It is assumed that, all other influencing factors (apart from rainfall) 
have a neutral role in crop growth, without affecting the interpretation of the results (Tigkas and 
Tsakiris, 2015). 

AquaCrop is a water-driven simulation model that has been developed by FAO. The model uses 
the water production function approach (Doorenbos and Kassam, 1979) as a starting point, and 
evolves from it by calculating the crop biomass based on the amount of water transpired, and the 
crop yield as the proportion of biomass that goes into the harvestable parts. The model requires a 
relatively small number of parameters and input data to simulate the yield response to water for 
most crops. AquaCrop has been used in many applications around the world (e.g., Andarzian et al., 
2011; Abedinpour et al., 2012; Kumar et al., 2014) and its simulation results appear to be 
satisfactory, despite of the simplifications introduced in the model. 

2.2 Drought severity modelling 

Drought severity is conventionally estimated by drought indices. A large variety of indices have 
been proposed and used all over the world. For detailed presentation of various popular indices (e.g., 
SPI, RDI, PDSI, etc.) the reader can consult the specific or review publications (Mishra and Singh, 
2010; Tsakiris et al., 2007, 2013; Tsakiris 2017). For the facilitation of drought indices calculation, a 
software package has been developed (Tigkas et al. 2015). The criterion for the selection of the 
appropriate drought index in our study is its ability to be associated with the crop production.  

Recently, modified versions of two popular drought indices, the SPI (McKee et al., 1993) and 
RDI (Tsakiris and Vangelis 2005; Tsakiris 2007), have been used successfully in crop production 
studies. The new versions of the above indices are similar to the originals, apart from the 
precipitation, which is replaced by the effective precipitation (Tigkas et al. 2017). Tigkas et al. 
(2017) recently concluded that for the evaluation of drought impacts, the eRDI can enhance the link 
between drought severity and the reduction of agricultural production. Further, the same authors 
concluded that the entire development period of each crop is sufficient for characterising the 
drought severity.  

2.3 Drought risk assessment 

As known from various publications in the literature, the concept of drought risk in agriculture of 
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a certain drought episode is a metric of losses in revenue due to the drought event which is 
associated with a certain probability of occurrence. Needless to say, that the magnitude of risk, apart 
from the level of severity, duration and timing of the drought episode, is highly dependent on the 
sensitivity of the crop to water shortage (in general named “vulnerability” in the glossary of natural 
hazards). 

Since the drought hazard is in fact described by a long time-series of drought events, it is wise to 
assess all these activities of concurrent events and their impact on the agricultural sector by 
calculating the average (annualised) drought risk, using the following equation: The average 
(annualised) risk of each parcel of land in which a certain crop is grown (Rjk) can be calculated 
using the following equation, considering 3 crops (Tsakiris, 2009): 

ijR = xijk ⋅
1

3
∑ Vijk ⋅ fk   (1)  

in which xijk  is the potential consequences/losses of the parcel of land (element) ij, in quantitative 
terms (e.g. monetary units), Vijk is the vulnerability of the element ij under the drought pressure of 
class k and fk  is the relative frequency of drought pressure of class k. 

It is to note that Rij is expressed in quantitative terms, such as monetary units as the 
consequences. 

The expected total annualised drought risk of the entire agricultural system, Rtotal, can be 
calculated as the sum of annualised risks of all the crop parcels. 

Rtotal = Σi=1

n

Σ
j=1

m

ijR  (2) 

The total annualised risk represents the average (annual) level of losses of the entire system (in 
monetary units) due to drought hazard (that is the sequence of drought events in a historical 
timeseries). It is, therefore, a very powerful tool to test possible changes in the crop pattern in the 
direction of minimizing revenue losses due to recurrent drought events in the area under study.  

3. APPLICATION  

The application of the proposed methodology is demonstrated through a synthesized example 
with rainfed crops. The three main rainfed crops of an agricultural area (1200 ha) and the 
corresponding land parcels (acreage) of each crop can be found in Table 1. 

 
Table 1. The data of the three main rainfed crops of the selected agricultural area 

 Acreage Max marketable yield Unit price 
          (ha) (kg/ha) (€/kg) 
Crop 1    700 10000 0.1 
Crop 2      300 5000 0.2 
Crop 3      200 12000 0.3 

 
The analysis of drought events through the 7-month eRDI drought index corresponding to the 

total duration of growth of the crops, is calculated for large number of years, indicated that the 
frequency of moderate drought is 0.30, whereas the frequency of severe and extreme droughts is 
0.10 and 0.05, respectively.  

The calculation of Rtotal is presented in Table 2. In this example, the three crops grown in the area 
specified in Table 1, are used to demonstrate the proposed methodology. The vulnerabilities which 
appear in Table 2 represent the expected percentage of loss in yield and consequently the loss in 
revenue from the corresponding agricultural activity. 
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Table 2. The calculation of Rtotal in a simplified example with three crops 

Severity level Relative frequency Vulnerability 
Crop 1  Crop 2  Crop 3 

1 (moderate) 0.30 0.10  0.50  0.33 
2 (severe) 0.10 0.33  0.75  0.66 
3 (extreme) 0.05 0.66  1.00  0.90 
Potential losses (monetary units) 700x10000x0.1  300x5000x0.2  200x12000x0.3 

Rtotal =  0.30 (0.10x700x10000x0.1 + 0.50x300x5000x0.2 + 0.33x200x12000x0.3) 
            + 0.10 (0.33x700x10000x0.1 + 0.75x300x5000x0.2 + 0.66x200x12000x0.3) 
            + 0.05 (0.66x700x10000x0.1 + 1.00x300x5000x0.2 + 0.90x200x12000x0.3) = 300900  €/yr 

 
It should be emphasised that the estimation of damages/losses for any level of pressure class 

(severity level) and, therefore, the vulnerability of each element/crop, is a rather complex task. In 
most cases, droughts create water shortages and the water shortages losses. In other cases, such as 
the rainfed agriculture, droughts affect directly the soil moisture and the crop yield production. In 
the former case, we deal with blue water problems, whereas for the latter with green water 
problems. In both cases, however, the consequences can be direct or indirect, tangible or intangible. 

Using the procedure described above, we are able to estimate the loss in yield and revenue for 
each drought year associated with a certain probability of occurrence. 

Finally, using the annualised risk estimation (Eqs. 1 and 2), the total annualised revenue 
reduction due to drought is produced for the area under study for this crop pattern (base line 
scenario) is 300900 €/yr. For this crop pattern, the max annual revenue without the effect of 
droughts is 1720000 €/yr. 

Then, a number of viable changes in the crop pattern can be analysed through the above 
procedure. The selected scenarios of crop pattern changes proposed by the stakeholders are 
presented in Table 3. The total annualised drought risk of each of these new crop patterns is 
calculated and compared with the baseline scenario of Table 2. Needless to say, that only the 
scenarios which are proposed or accepted by the stakeholders are processed further. 

 
Table 3. Three alternative crop patterns proposed by the stakeholders 

   Acreage (ha) 
                      CP1 CP2 CP3 
Crop 1 600 800 600 
Crop 2 400 200 300 
Crop 3  200 200 300 

 
From the results obtained, the total annualised drought risk of CP1 is 318800, CP2 is 283000 and 

CP3 is 366900 €/yr. The max revenue from these crop patterns is 1720000 for CP1 and CP2 and 
1980000 for CP3. Therefore, ranking the crop patterns based on the anticipated annualised revenue 
results (after the subtraction of yield reduction due to droughts), Table 4 is produced. As can be 
seen, the crop pattern CP3 can be selected because it results in the highest anticipated annualised 
revenue after the subtraction of the drought risk. 

 
Table 4. Ranking of crop patterns with respect to the best possible revenue 

Crop Pattern Anticipated annualised revenue (€/yr) 
CP3 1613100 
CP2 1437000 
CP0 1419100 
CP1 1401200 

4. CONCLUDING REMARKS 

The paper presented a methodology for the rational modification of the crop pattern to face 
intense and persistent droughts. The methodology is based on the anticipated annualised revenue 
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from the entire agricultural area after the subtraction of the total annualised drought risk. All viable 
and acceptable by the stakeholders crop pattern modifications are tested versus the historical 
drought episode probabilities of occurrence. The crop pattern leading to the highest net annualised 
revenue can be selected. 

Since the proposed methodology is a rather mathematical methodology, it is of outmost 
importance to be guided by the opinion and preferences of stakeholders. 
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